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FOREWORD 

This Contractor  In format ion  Meeting was p a r t  o f  t he  FY 77 e f f o r t s  

of Task 4 ( o r i g i n a l l y  Task 5) o f  the  'waste I s o l a t i o n  Safety Assessment 

Program (WISAP) . I n  Fy 78, tasks 1  and 2 have been combined and tasks 3 

through 6 have been renumbered, so t h a t  t h e  cu r ren t  FY 78 task  equals 

FY 77, Task 1. Thus, i n  c e r t a i n  o f  t h e  presentat ions t o  fo l l ow ,  t h e  

sub jec t  o f  these proceedings i s  r e f e r r e d  t o  as Task 5. Ma te r ia l s  prepared 

before  October 1, 1977, and presented i n  t h i s  repo r t ,  w i l l  use the  o l d  

designat ion, Task 5. 

The ob jec t i ves  o f  Task 4 Nucl ide Transport Data a re  t o :  

1  . Evaluate sorpt ion-desorpt ion measurement methods and recommend 

standard procedures. 

2. Produce a  gener ic  data bank o f  nucl ide-geologic i n t e r a c t i o n s .  , .  . '  . . 
.. ,, . . / '  3. Perform s t a t i s t i c a l  ana lys i s  and synthes7s o f  these data. . . 
.. , 

4. Perform v a l i d a t i o n  s tud ies  t o  compare short - term labo ra to ry  

s tud ies  t o  long-term i n  s i t u  behavior. 

5. Develop a  fundamental understanding o f  sorpt ion-desorpt ion . ?  

processes. 

6. Disseminate r e s u l t i n g . i n f o r m a t i o n  t o  the  i n t e r n a t i o n a l  t echn ica l  

community. 

I n  order  t o  accomplish these ob jec t i ves  a  mul t i year ,  labora tory -  

dominated, experimental program was i n i t i a t e d .  The t a l e n t s  o f  approximately 

t e n  s c i e n t i f i c  g roups .a t  na t i ona l  labs  and p r i v a t e  i n s t i t u t i o n s  were 

mobi l i zed i n  FY 77. 

The purpose o f  t he  Cont rac tor  In format ion  Meeting was to :  

Present an overview o f  OW1 needs and schedules. 

Present an overview o f  WISAP goals and methodology. .- 

R e i t e r a t e  Task 4 ob jec t i ves .  

iii 



Present techn ica l  accompl i shments o f  subcontractors dur ing  

FY 77. 

Encourage in fo rmat ion  and idea exchange w i t h  o ther  representa t ives  

o f  re1  a ted programs. 

S o l i c i t  program c r i t i q u e s  and peer review. 

Conference p a r t i c i p a n t s  inc luded those subcontracted t o  WISAP Task 4 

rep resen ta t i ves  and independent subcontractors t o  the  O f f i c e  o f  Waste 

I s o l a t i o n ,  representa t ives  from other  waste d isposal  programs, and 

exper ts  i n  t h e  area o f  waste-geologic media i n t e r a c t i o n .  An attendee 

list is appended to t h l s  document. 

R. J. Serne, Manager 

Waste-Geological Media I n t e r a c t i o n s  Section, 

Water and Land Resources Department, 

B a t t e l l e  P a c i f i c  Northwest Laborator ies 

Conference Cha i rman 
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AN OVERVIEW 

THE NATIONAL WASTE TERMINAL STORAGE (NWTS) PROGRAM 



AN OVERVIEW OF THE OFFICE OF WASTE ISOLATION'S 

TECHNICAL SUPPORT PROJECTS 

TO SUPPORT THE DESIGN, CONSTRUCTION, AND LICENSING 

OF A DEEP GEOLOGICAL REPOSIT0R.Y FOR NUCLEAR WASTE 

: L. R. Dole 
O f f i c e  o f  Waste I s o l a t i o n  

INTRODUCTION 

Because I am documenting the  overview o f  t h e  O f f i c e  o f  Waste 

I s o l a t i o n  (OWI) Technical supp'ort Program i n  May 1978, I w i l l  review 

t h e  program as i t  now stands r a t h e r  than reconst ruc t  t he  s i t u a t i o n  o f  

September 1977. I w i l l  present  a b r i e f  o u t l i n e  o f  t he  program and 

d iscuss  some o f  t h e  background mate r ia l  on s i t e  se' lect ion. A'lso,' I 

w i l l  covcr  some of t h e  i t y  assurance program mate r ia l  t h a t  was 

o r i g i n a l l y  scheduled f o r  t h e  September meeting. The f o l l o w i n g  f i g u r e s  

and a t tendant  d iscussions c o n s t i t u t e  t h e  n a r r a t i v e  f o r  t h e  presenta t ion .  



Figure 1 : Goals of Deep Geological Disposal (OWI-77-523~2) 

\ The OW1 approach to salt repositories emphasizes that the principal 
goal of geological disposal is the complete containment of radioactive 
waste from the biosphere using the inherent stable properties of the 
disposal horizon or formation. Therefore, most,of the programs in the 
technical support area of OW1 are'aimed at designing and engineering a 
waste repository that does not insult the formation over geologic time. 

Jeff Serne's nuclide migration program is relevant to quantifying 
goals 2 and 3, in regard to nuclide migration resulting from a reposi- 
tory breach. This project relates to the long-term safety assessment of 
a repository. By "long-term" .in time and space, we mean that period of 
time after the decommissioning of a repository to a time from one to ten 
million years and over geologic distances of kilometers from the disposal 
.horizon. 

Figure 2: Schedule for Repository No. 1 (OWI-78-17) 

This figure presents the repository schedule as it stood in 
January 1978. Although not now an accurate schedule, it illustrates that 
this engineering project has milestones and a critical path. The output 

from these studies will be used in preparing environmental impact state; 
ments and safety analysis reports for specific sites. The work done in 

this task, "Nuclide Migration Studies," encompasses generic studies of 
materials in and around salt as well as other formations of interest for 
geological disposal. This program will also supply analyses of nuclide 
retardation properties of materials from specific sites in partial 
support of the site selection process. 

While this program has a strong mission/engineering orientation, we 
realize that the technology to characterize the retardation of nuclides 
in geologic media must be systematically and scientif ical 1;-developed. 
Therefore, Serne has tried to balance the mission milestones with long- 

range scientific studies, investigating the thermodynamics, kinetics, 

and mechanisms of nuclide migration. 



F I GUIRE<: -1 

GCALS OF DEEP GEOLOGICAL DISPOSAL 

GOAL 1 - - 

CONTAIN WASTE FOR LONG TERM ISOLATION FROM THE BIOSPHERE 

I N  A SMALL ZONE OF A GEOLOGICAI, FOP,MATIOl.JJ REGARDLESS OF 

WHAT LOCAL AND T IME-DEPENDENT CHANGES OCCUR 8 

GOAL 2 

MIGRATION OF NUCLIDES, REGARDLESS OF EXTERNAL FORCES) 

SUCH AS EARTHQUAKES, EROSION, I C E  SHEETS) WAR, METEORITES, 

ETC 

GOAL 3 

REACHING THE BIOSPHERE8 

OW I -77-5231i2 
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F igu re  , -- 3: I Give Up, Dear (OWI-77-478) 

I n  cons t ruc t i ng  an event t r e e  f o r  t h e  geologi.c d isposal  program, 

H. C. C la i rbo rne  o f  OW1 es tab l ishes p u b l i c  acceptance as a  top  p r i o r i t y .  

Personal ly ,  I have d i f f i c u l t y  seeing d i r e c t  r e l a t i o n s h i p s  between publ i c  

r e l a t i o n s  and conduct ing a  t e c h n i c a l l y  sound program. 

To support t h e  design and cons t ruc t i on  o f  a  nuc.lear r e p o s i t o r y  w i t h  

s c i e n t i f i c  s tud ies  t h a t  achieve a  good " s c i e n t i f i c "  basis as perceived 

by a cunsensus of knowledgeable experts i n  each ga r t i . cu la r  f i e l d  i s  

necessary, b u t  n o t  s u f f i c i e n t ,  t o  assure publ i c  acceptance. There may 

be a  d i r e c t  t i e  between a  good s c i e n t i f i c  study and nuclear  l i cens ing -  

puhl ir. r e l a t i o n s h i p s  contexts bu t  i t '  i s ,  un for tunate ly ,  very  weak. . 

F igu re  4: Long-Term S.toraqe.. Imp l ies  Unique Res t ra in ts  (OWI-77-506R1) 

Th is  combinat ion o f  engineering r e s t r a i n t s  d r i ves  many o f  t h e  , 

programs i n  t h e  OW1 techn ica l  support s tudies.  I f  t h e  na tu ra l  s t a b i l i t y  

o f  a  s a l t  fo rmat ion  i s  t o  be used, n u c l e a r  waste must be empl:aced i n  

such a  manner as t o  minimize t h e  i n s u l t  t o  t h e  format ion.  Therefore, we 

must be ab le  t o  p r e d i c t  t h e  thermal/mechanical responses of t he  f a r -  

f i e l d  thermal g rad ients  over t ime spans o f  200 t o  2000 years w i t h  reasbnable 

accuracy. R e t r i e v a l  per iods o f  up t o  25 years a l so  demand accurate 

p r e d i c t i o n s  o f  ho le  and room closures i n  n e a r - f i e l d  e f f e c t s .  I n  a d d i t i o n  

t o  t h e  thermallmechanical changes, geochemical changes a re  induced i n  

t h e  waste form and t h e  surrounding.host  rock  by heat and r a d i a t i o n  wh'ich 

p e r s i s t  up t o  2000 years. 

I tem 3 may appear redundant, bu t  i t  emphasizes t h e  geo log ica l  sense 

of t i m e  t h a t  pervades t h e  very  long-range considerat ions o f  a  r e p o s i t o r y  

whose f u n c t i o n a l  1  i f e  i s  t o  be upwards o f  one t o  ten  m i l l i o n  years. 

p r e d i c t  ions of s t a b i  1  i ty and breaching events over per iods o f  geologic 

t ime, encompassing m u l t i p l e  g l a c i a t i o n s  anb t h e  accompanying c l  i m a t i c a l  

cyc les,  represent  a  chal lenge. 1 

F igu re  5: Technical Support P ro jec ts  (OWI-77-507R1) 

The m a j o r i t y  o f  s tud ies  represented by t h e  f i r s t  t h ree  i tems a r e  

aimed a t  c h a r a c t e r i z i n g  the  thermal l y - d r i v e n  p roper t i es  w i t h i n  t h e  

r e p o s i t o r y  horizon. The heat t r a n s f  e r l thermal  ana lys i s  ' s tud ies  i n p u t  





FIGURE 4 

LONG TERM STORAGE OF HIGH-LEVEL WASTE IMPLIES 

UN I QUE RESTRA I NTS 

1, HIGH HEAT AND RADIATION 

2, PREDICTION IN LONG TIME AND SHORT TIME OF 

MECHANICAL RESPONSE 

3, TIME SPAN OF THE PREDICTION 
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i n fo rmat ion  i s  necessary t o  per form the  rock  mechanics modeling c a l c u l a t i o n s  

and scope t h e  t e s t  cond i t i ons  o f  t h e  c lose  i n  waste/rock i n t e r a c t i o n .  Serne 's  

program t o  measure t h e  nucl  i d e  i n t e r a c t i o n s  w i t h  var ious  geo log ic  m a t e r i a l  s  

p e r t a i n s , t o  t he  t r a n s p o r t  o f  nuc l i des  beyond t h e  boundary of t h e  d isposa l  h o r i -  

zon through the  i n t e r v e n i n g  rock  s t r a t a  t o  t h e  biosphere. I n  t he  case o f  a  

s a l t  r e p o s i t o r y ,  such hyd ro log i c  t r a n s p o r t  would be the  resu1.t o f  an improbable 

breaching event.  

.Sa fe ty  and r e l i a b i l i t y  s tud ies  a re  performed under Harry  Burkholder a t  

B a t t e l l e  P a c i f i c  Northwest Labora tor ies ,  and represent  t h e  e f f o r t  t o  p r e d i c t  

and cha rac te r i ze  t h e  p r o b a b i l i t y  o f  breaching scenarios f o r  bo th  s p e c i f i c  and 

gener ic  r e p o s i t o r i e s .  Burkholder descr ibes the  Waste I s o l a t i o n  Safe ty  Assess- 

ment Program (WISAP) i n  more d e t a i l  l a t e r  i n  t h i s  r e p o r t .  

Borehole p lugg ing  s tud ies  i n c l u d e  t h e  development o f  spec ia l  cement tech-  

no log ies  and a  demonstrat ion program t o  be begin i n  FY ' 1978. 

The data management t ask  i s  aimed a t  developing a  computerized geo log ica l  

data base and a  f l e x i b l e ,  graphic  r e t r i e v a l  system. 

F igure  6: Technical  Support P ro jec t s  (OWI-77-509R2) 

Th is  f i g u r e  conta ins  a  l i s t  o f  waste/rock i n t e r a c t i o n  s tud ies  p resen t l y  

underway through OW1 . Figures 7-1 3  summarize those s tud ies  no t  d i r e c t l y  re l ' a t  !:. 

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

F igure  7: The E f f e c t s  o f  Water i n  S a l t  Repos i to r ies  (OWI-77-811) 

F igure  8: USGS P-1 Physica l  Chemistry o f  S a l t  and B r ine  (OWI-77-809) 

F igure  9: Chemical Reactions w i t h  Reposi tory  Rocks/Waste (OWI-77-815) 

F igure  10: .Consol idat ion and B r i n e  M i g r a t i o n  i n  Rock S a l t  .(OWI-77-814) 

F igu re  11 : USGS M-1 M ine ra log i ca l  Cha rac te r i za t i on  (OWI-77-810) 

F igu re  12: Geothermometry (OEI-77-813) 

F igu re  13: Strain-Re1 a ted  Rad ia t ion  Damage Measurements on Rock Sal t 

F igure  14: Nuc l ide  M i g r a t i o n  Program Organ iza t ion  (OWI-77-418R2) 

The OW1 t echn i ca l  program guidance m a t r i x  i s  composed of Clyde Cla iborne,  

Glenn Jenks, 'and Les Dole. Cla iborne has admin is t , ra t i ve  respons ib i  1  i t i e s  f o r  



TECHNICAL SUPPORT PROJECTS. 
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TECHNICAL SUPPORT PROJECTS 

I I, WASTE/ROCK INTERACTION 

1, NUCLIDE TRANSPORT DATA (WISAP TASK 5) 
, , , BATTELLE PACIFIC NORTHWEST LABORATORIES 

(SUBCONTRACTORS -  LIST^^ 
2, NATURAL FISSION REACTOR PROGRAM (NFRP) 

, , , LOS ALAMOS SCIENTIFIC LABORATORY 

4, CONSOLIDAT~ON AND BRINE MIGRATION I N  ROCK SALT 
, , , PENNSYLVANIA STATE UNIVERSITY 

5, USGS P - 1  PHYSICAL CHEMISTRY OF SALT AND BRINE 
, , , U, S,  GEOLOGICAL SURVEY 

7, USGS M-1  Ms NERALOG I CAL CHARACTER I ZATI ON 

, , , U, S,  GEOLOGICAL SURVEY 

8, GEOTHERMOMETRY OF SHALE 
, , , GEORGIA INSTITUTE OF. TECHNOLOGY 

10, CRITICALITY STUDY OF I~UCLEAR WAST.E 
, , , OAK RIDGE NATIONAL LABORATORY ENGINEERING TECHNOLOGY 
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3) RATE OF CANISTER CORROSION AND HYDROGEN 

GAS PRODUCT I ON 

4) INTERACTION OF WASTE AND TRANSPORT MECHANISM 

A) B R I N E  MIGRATION 

B) E P I S O D I C  FLOODING 

C)  FLOWING AQUIFERS 
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EIGURE '8 

USGS P-1  ;PHYSI CAL 'CHEMISTRY : '  - 

OF SALT AND BRINE 

, . 

PHASE RELATIONSHI PS OF NACL-CASO~-H~O AND 

N A C L - C A S ~ ~ - M G C L ~ - C A C L ~ - H ~ ~  SYSTEM AS FUNCTION 
. . 

OF TEMPERATURE AND COMPOS I TI ON, 
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FIGURE '! 

CHEMICAL REACTIONS w ITH REPOS ITORY 

ROCKS/WASTE 

CONTACT METAMORPHI SM OF WASTE w ITH 

HOST ROCK DURING 'THERMAL PERIOD OF 

WASTE STORAGE 
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BEHAVIOR FOR A WIDE RANGE OF C O N D I T I O N S  

3) BRINE MIGRATION IN POLY-CRYSTALLINE SALTS:.: 

I N  A THERMAL GRADIENT 
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USGS M - 1  M I N E R A L O G I C A L  CHARACTERIZATION 
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FIGURE 12 

GEOTHERMOMETRY 

ARGILLACEOUS ROCKS B Y  COMPARING 

1) MINERALOGY 

18 1 6  3) 0 /O R A T I O S  
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STRAIN RELATED RADIATION DAMAGE 
MEASUREMENTS ON ROCK SALT 
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FIGURE 114 

NUCLIDE MIGRATION PROGRAM ORGANIZATION 

NUCLIDE TRANSPORT 

G I  COWAN 

SOURCE TERM 

PNL3 

BATTELLE - PNL 
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t asks  1  through 3 of  Burkho lder 's  . . WISAP program, and Dole has a d m i n i s t r a t i v e  

r e s p o n s i b i l i t i e s  f o r  Task 4 under Serne. A f i f t h  WISAP task, "Soc ie ta l  A f fa i r s , ' '  

i s  under t h e  techn ica l  guidance and a d m i n i s t r a t i v e  c o n t r o l  o f  A. S. Q u i s t ,  

OW1 , Regulatory A f f a i r s  Department. The miss ion  o f  t h e  nucl  i d e  m ig ra t i on  

program i s  t o  supply data f o r  use i n  t h e  consequence ana lys i s  o f  var ious 

breaching scenarios generated by t h e  p r o b a b l i s t i c  modeling p o r t i o n  o f  t he  

WISAP program. 
I ' 

The main p o i n t  o f  t h i s  meeting i s  t o  discuss the  d e t a i l s  o f  the  sub- 

c o n t r a c t o r s '  work under Serne's program. Burkholder w i l l  summarize the  

o t h e r  WLSHP tasks.  

F igu re  15: Deep Geological  Hydrologic  Transport  Condi t ions (OWI-77-666) 
. , 

I n  r e a l i t y ,  t he  l i t e r a t u r e  does n o t  deal adequately w i t h  expected hydro- 

l o g i c  t r a n s p o r t  cond i t i ons  i n  t he  case o f  a  deep geo log ica l  repos i to ry .  The 
i 

general pe rcep t i on  i s  t h a t  t he  r e t a r d a t i o n  c o e f f i c i e n t s  found i n  the  l i t e r a t u r e  

a r e  i n c o n s i s t e n t  and n o t  f u l l y  character ized;  t h a t  i s ,  t he  experimental  j 

methods, geo log i ca l  ma te r i a l s ,  and so lu t io 'n  chemist ry  a re  n o t  u s u a l l y  s p e c i f i e d  

i n  adequate d e t a i l .  Therefore, OW1 sponsored t h i s  systematic s tudy t o  develop 

a  da ta  base. 

F igu re  16: I n t e r n a l  Subtask o f  Task #4 o f  t he  Waste I s o l a t i o n  Safety 

Assessment Program (WISAP) (OWI-77-665R1) 

These subtasks, i d e n t i f i e d  by Serne, a re  among those addressed i n  Task 

#4 o f  t he  WISAP program. Serne w i l l  d iscuss these s p e c i f i c  i tems i n  a  f o l l o w i n g  

presenta t ion .  
I 

F igu re  17: Uklo, Natura l  F i s s i o n  Reactor Program (OWI-77-807) 

This  study under George Cowan, Los A1 a~iios S c i e n t i f i c  Laboratory, I s  d i v ided  

Snto two pa r t s .  The f i r s t  task, t he  Natura l  F i s s i o n  Reactor Program i s  being 

phased o u t  i n  FY 1978, and a  second task,  Charac ter iza t ion  o f  Nuc l ide  D i f f u s i o n  i 

through U r a n i n i t e  Minera ls ,  i s  being s ta r ted .  

F igu re  . l 8 :  C r i t i c a l  i ty  Study o f  Nuclear Waste (OWI-77-812) 

This  study was completed by Ed A l l e n  o f  t h e  Oak Ridge Nat ional  Laboratory. 

H i s  data i npu ts  i n t o  a  s tudy r e c e n t l y  begun, under Doug Brookins o f  t he  U n i v e r s i t y  

o f  New Mexico, t o  cons t ruc t  and model geochemical scenarios t h a t  cou ld  poss ib l y  

i 
I 



FIGURE 15 

DEEP GEOLOGICAL HYDROLOG I C TRANSPORT CONDITIONS 

1, ANOXIC R'EDUCING 

2 ,  STEADY-STATE, SATURATED FLOW 

3,  N a C l  CONCENTRATION GRAD1 ENT 
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INTERNAL SUBTASK OF TASK #4 
WASTE I SOLAT I ON SAFETY ASSESSMENT PROGRAM 

(WISAP) 
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FIGURE 17 

1 
OKLO, NATURAL FISSION REACTOR PROGRAM 

Los ALAMOS SC I ENT I F I c LABORATORY 

STUDIES OF RADIONUCLIDE - GEOLOGIC MEDIA 

INTERACTIONS THAT CONTROL THE TRANSPORT 
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. FIGURE 1.8 

CRITICALITY STUDY OF NUCLEAR WASTE 

OAK RIDGE W A T I  ONAL LABORATORY 

CALCULATE CRITICAL MASS FOR ANY 

1) A C T I N I D E  COMPOSITION 

2) MODERATOR C O M P O S I T I O N  

3) R E F L E C T O R  C O M P O S I T I O N  
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r e s u l t  i n  a  c r i t i c a l  assembly from nuclear  waste. I f  such scenar ios can be 

determined, a  t h i r d  study o f  t h e  probabi 1  i ti es and consequences o f  t h e  scenar ios 

w i l l  f o l l o w .  

F igure  19: OW1 S i t e  Se lec t i on  Study (OWI-78-390) 

The OW1 geo log ica l  c r i t e r i a  f o r  r a d i o a c t i v e  waste r e p o s i t o r i e s  a re  presented 

i n  Y/OWI/TM-47, November 28, 1977. Regional screening s p e c i f i c a t i o n s  f o r  bedded 

s a l t  i n  t he  Sal i n a  Basin and Gu l f  Coast S a l t  Domes a re  presented i n ,  Y/OWI/TM-48. 

and Y/OWI/TM-54, respec t i ve l y  . 
To p lace nuc l i de  r e t a r d a t i o n  i n  perspect ive  w i t h  o the r  s i t e  s e l e c t i o n  c r i -  

t e r i a ,  i t  i s  necessary ' to  understand t h e  r e l a t i v e  weight o f  t he  n u c l i d e  m i g r a t i o n  

s tud ies  i n  r e l a t i o n  t o  o ther  geo log ica l  p rope r t i es  and o the r  se ts  o f  s i t e  c r i t e r i a .  

F igure  20: S i t e  Se lec t i on  f o r  a  Geological Reposi tory Must be Based on Several 

Sets o f  C r i t e r i a  )OWI-78-389) 

Here i s  a' l i s t  o f  c r i t e r i a  requ i red  f o r  considerat ion.  i n  t he  s e l e c t i o n  o f  

a  p a r t i c u l a r  s i t e  f o r  a  nuc lear  waste r e p o s i t o r y .  

F igure  21 : Hierarchy . o f  Terms Used i n  S i t e  Se lec t i on  (OWI-77-398) -- .- . . -- 

This represents a graph ica l  i l l u s t r a t i o n  o f  t he  r e l a t i v e  h ie rarchy  o f  con- 

s ide ra t i ons  i n  s i t i n g  a  nuclear  waste repos i to ry .  Each o f  the  s i t i n g  c r i t e r i a ,  

f ac to rs ,  measures, and s p e c i f i c a t i o n s  has a  r e s t r i c t e d  d e f i n i t i o n  t h a t  i s  

spe l l ed  o u t  i n  Y/OWI/TM-47. 

Nuc l ide  m ig ra t i on  would be one f a c t o r  among many o thers  i n  dec id ing  t h e  

s u i t a b i l i t y  o f  a  p a r t i c u l a r  s i t e .  I n  t h e  case o f  a  s a l t  r e p o s i t o r y ,  t he  

probabi 1  i ty o f  a  breac'h o f  containment and subsequent hydro log ic  t r a n s p o r t  i s  

considered extremely low, and the  need f o r  n u c l i d e  r e t e n t i o n  by surrounding 

s t r a t a  i s  l e s s  than t h a t  of a  r e p o s i t o r y  i n  a  f r a c t u r e d  c r y s t a l  1  i n e  rock. I n  

t h e  l a t t e r  case, t h e  nuc l i de  r e t e n t i o n  becomes more s i g n i f i c a n t ,  because a  

hydro log ic  pathway i s  a  reasonable c e r t a i n t y  w i t h i n  the  f i r s t  20 t o  200 years.  

Pa ren the t i ca l l y ,  we do n o t  know b u t  would expect t o  be ab le  t o  s i t e  a  nuc lear  

r e p o s i t o r y  i n  f r a c t u r e d  c r y s t a l l i n e  rock  t h a t  would have a  very  low hyd ro log i c  

g rad ien t .  Nevertheless, i t  would be necessary t o  descr ibe t h e  .nuc l ide  t r a n s p o r t  

from such a  c r y s t a l l i n e  rock nuc lear  repos, i tory w i t h  g rea te r  accuracy, than f rom 

a  s a l t  r epos i to ry .  Hence, OW1 has a  g rea t  i n t e r e s t  i n  developing an accurate 

nuc l i de  data base, even though hyd ro log i c  t r a n s p o r t  i s  a  smal l  p r o b a b i l i t y  i n  

t he  case o f  a  s a l t  r epos i to ry .  



OW I SITE SELECTION STUDY 

THE CURRENT STUDY WAS DEVOTED ONLY TO GEOLOGIC 

C R I T E R I A ,  

- THEY ARE NECESSARY TO THE REPOSITORY 
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S I T E  SELECTION FOR A GEOLOGIC REPOSITORY MUST BE 
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QUALITY ASSURANCE REQUIREMENTS 

Fo l low ing  i s  a b r i e f  d iscuss ion  o f  t h e  q u a l i t y  assurance program f o r  

WISAP and i t s  subcontractors.  Th is  t o p i c  was o r i g i n a l l y  scheduled f o r  t h e  

September 1977 In fo rma t i on  Meeting b u t  was om i t t ed  because o f  i n s u f f i c i e n t  

t ime. The d e f i n i t i o n ,  goals, and r e l a t i o n s h i p  o f  q u a l i t y  assurance t o  the  

program a r e  n o t  w e l l  understood. Therefore, I w i l l  o u t l i n e  t h e  background 

of Appendix By Qua1 i ty  Assurance Requirements, and p e r t i n e n t  sec t ions  o f  t h e  

OW1 q u a l i t y  assurance manual which a r e  t o  be a p p l i e d  t o  these programs. 

F igu re  22: Qual i t y  Assurance (QA) Program (OWI-77-406) 

Here i s  a l i s t  o f  p r o j e c t  elements t h a t  must comply w i t h  10 CFR 50 

Appendix B. Th is  t ask  i s  t h a t  o f  t e s t i n g  f o r  s i t e  eva lua t i on  and w i l l  be 

covered under Appendix B. 

F igu re  23 and 24: 10 CFR 50, Appendix B (OWI-77-408) 

Th i s  presents an 18-po in t  ". laundry l i s t "  o f  program f u n c t i o n s  t o  which 

Appendix B requirements must be appl i ed .  The work under WISAP Task #4 i s  iden-  

t i f i e d  i n  t h e  OW1 q u a l i t y  assurance program as a spec ia l  process, No. 9 on 

F igu re  23. 

F igure  25: Geology ( A c t i v i t i e s  Covered by Appendix B-Type QA) (OWI-77-410) 

A summary o f  a c t i v i t i e s  assoc ia ted  w i t h  t h e  n u c l i d e  m i g r a t i o n  program which 

must be conducted i n  compliance w i t h  Appendix B i s  presented. The s t a t u s  o f  t l ~ c :  

q u a l i t y  assurance program,under OW1 i s  t h a t  t h e  OW1 q u a l i t y  assurance manual 

was submit ted t o  DOE-Headquarters and has n o t  y e t  been approved. Some excerpts  

from t h e  OW1 manual t h a t  apply  t o  t h e  WISAP program and t h e  n u c l i d e  m i g r a t i o n  

measurements f o l l o w s .  

F igure  26: 9.0 Contro l  o f  Specia l  Processes (OWI-77-613) 

Th i s  i s  taken f rom the  s e c t i o n  o f  t h e  OW1 q u a l i t y  assurance manual which 

i d e n t i f i e s  t h e  sample t a k i n g  and t e s t i n g  assoc ia ted  w i t h  t h e  WISAP program. 

F igure  27: 9.2.1 Qual i t y  Assurance i s  Responsible For:  (OWI-77-614) 

Here' i s  an o u t l i n e  o'f t h e  elements i n  t h e  coopera t ive  e f f o r t  t h a t  must be 

achieved by O W I ,  B a t t e l l e  Northwest, and t h e  subcontractors.  

F igu re  28: 6.0 Document Cont ro l  (OWI-77-616) 

A coord ina ted  and t raceab le  documentation system must be achieved by a l l  

p a r t i e s  i nvo l ved  w i t h  s i t e  data. Th is  i nvo l ves  t h e  e n t i r e  sample-hand1 i n g  and 



QUALITY ASSURANCE (QA) PROGRAM 

QA PROGRAM RESPONSIVE TO THE 18 SECTIONS OF 10 CFR 50 
APPENDIX B MUIST BE ESTABLISHED 

REQUIREMENTS OF APPENDIX B APPLY TO ALL ACTIVITIES 
AFFECTING SA.FETY-RELATED FUNCTIONS, .INICLUDING: 0 

P 

e DESIGN PROCUREMENT @ FABRICATION 
CONSTRUCTION T,ESTING a OPERATION 

SITE EVALUATION 



I I .  

IV.  

FIGURE 23 

10 CFR 50 APPENDIX B 

ORGANIZATION 

QUALITY ASSURANCE PROGRAM 

DESIGN CONTROL 

PROCUREMENT DOCUMENT CONTROL 

INSTRUCTIONS, PROCEDURES, AND DRAWINGS 

DOCUMENT CONTROL 

CONTROL OF PURCHASED MATERIAL,, EQUIPMENT, 
AND SERVICES 

IDE-NTI FICATION AND CONTROL OF MATERIAL, 
PARTS AND COMPONENTS 

I X. CONTROL OF SPECIAL PROCESSES 

(CONTINUED Oh.: c;VI.'!-77-409 



10 CFR 50 APPENDIX 5 
(CDNTI PbIUED) 

X. INSPECTION 

XI. TEST CONTROL 

XI I. CONTROL O F  MEASURING AND TEST EQUIPMENT 

XIII. ' -  HANDLING, STORAGE AND SHIPPING 
- .  

W 

XIV. INSPECTION, TEST, AND OPERATING STATUS 
rn 

XV. NONCONFORMING MATERIALS, PARTS, OR 
COMPONENTS 

XVI. CORRECTIVE ACTIONS 

XVII. QUALITY ASSURANCE RECORDS 

XVI I I. AUDITS 



GEOLOGY 
(ACT.IVITI,ES COVERED BY APPENDIX B-TYPE Q A )  

ACTIVITIES RELATING T,O COLLECTION OF lN.FORMATlON 
ON WHICH SEISMIC AND GEOLOGIC. DESIGN BASES ARE 
DETERMINED 

Y a COLLECTION OF SAMPLES, DATA,.AND RELATED RECORDS 

ANALYSES OF SAMPLES AND TESTS 

a EVALUATION OF COLLECTED DATA 



9,O C O N T R O l  OF SPECIAL PROCESSES 

9,1,0 FOR THE PURPOSE OF THE REPOSITORY, S P E C I A L  

PROCESSES ARE CORE BORING, GEOPHYSICAL TESTING, 

AND DOWN HOLE HYDROLOG I C A L  T E S T 1  NG , 

OW 1-77-613 
LRD 9/19/77 



9;2,1 QUALITY ASSURANCE I S  RESPONSIBLE FOR: 

OW 1-77-614 
LRD 9/19/77 



+ .  . , 6,O -DOCUMENT CONTROL 

PREPARED TO . . PROV1DE.A UNIFORM SYSTEM OF DOCUMENT 
.., , - 

I DEN.TI F ICATION AND CONTROL, SEPARATE PROCEDURES 

SHALL BE PKE.PAKEU FUR TH.E CONTROL OF DO.CUMENTS 

WITHIN QUALITY ASSURANCE, TECHNICAL PROJECTS, 

FACILITY PROJECTS, ' PLANNING AND ANALYSIS, 

REGULATORY AFFA I RS, AND PROCUREMENT IN ACCORDANCE 

WITH THE STANDARD SYSTEM, 

LRD 9/19/77 .r 



date- tak ing  process, from the  d r i l l e r  i n , t h e  f i e l d  t o  the  l a b o r a t o r y  exper i -  

men t e r  . 
F igure  29: Q u a l i t y  Assurance Requirements fo r  Generic and Regional Studies 

(OWI-77-61 2) 

OW1 considers t h e  f u l l  and e labora te  q u a l i t y  assurance requirements o f  

Appendix B  t o  apply t o t h o s e  e f f o r t s  t h a t  i n v o l v e  the  s e l e c t i o n  o f  a  s p e c i f i c  

s i t e .  However, t he  gener ic  s tud ies  and the  reg iona l  s tud ies  now under way 

should n o t  r e q u i r e  such in tense documentation. Therefore, a t  t h i s  stage o f  

t he  program, OW1 has determined t h a t  q u a l i t y  assurance requirements s h a l l  be 

met by conduct cons i s ten t  w i t h  good i n d u s t r y  and s c i e n t i f i c  p r a c t i c e .  This  

i s  a  l i s t  o f  q u a l i t y  assurance elements t o  be i n  force through B a t t e l l e -  

Northwest and OW1 p ro jec ts .  Meetings such as t h e  one 'he ld  i n  S e a t t l e  accom- 

p l  i sh t h e  documented, p e r i o d i c  independent-project-revi ew by peers. Normal 

c o n t r a c t  procedures and p r o j e c t  notebook p rac t i ces  accomplished i n  t h e  f i r s t  

two ,goals. 

I n  t he  case o f  Bat te l le-Northwest ,  we have n o t  es tab l ished a  w r i t t e n  

q u a l i t y  assurance p o l i c y  nor  i d e n t i f i e d  a  program p lan  ,to implement q u a l i t y  

assurance requirements. Such nego t i a t i ons  are  inc luded i n  FY 1978 Form 189C 

negot ia t ions ,  p resen t l y  underway. 

This  concludes t h e  summary of t he  background and s ta tus  of t h e  q u a l i t y  

assurance program associated w i t h  n u c l i d e  m i g r a t i o n  t r a n s p o r t  data task.  As 

t h i s  program evolves i n t o  the  c h a r a c t e r i z a t i o n  o f  s p e c i f i c  s i t e s ,  t h e  i n t e n s i t y  

and r i g o r . o f  t he  q u a l i t y  assurance program w i l l  increase, making i t  necessary 

' f o r  a l l  o f  us t o  work o u t  mu tua l l y - func t i ona l  t e s t i n g  and documentation pro-  

cedures. 

DISCUSSION - L. R. Dole 

DOEINRC Over1 ap 

Q. I s n ' t  t he re  a  subs tan t i a l  amount o f  over lap  between what OW1 i s  doing f o r  

DOE and what NRC I s  doiny i n  t he  saliie a rea?  

A. The Nat ional  Environmental P o l i c y  Ac t  (NEPA) .g i ves  both DOE and NRC a  mandate 

t o  assess t h e  sa fe ty  o f  var ious plans t h a t  have been proposed f o r  i s o l a t i n g  rad io -  

a c t i v e  wastes. Although t h i s  dual mandate does c rea te  a  c e r t a i n  degree of over lap,  

t he re  i s  a  d i f f e r e n c e  i n  t he  focus of t he  agencies'  e f f o r t s :  OW1 w i l l  use i t s  

data t o  prepare a  gener ic  environmental impact statement, w h i l e  NRC w i l l  be 



QUALITY  ASSURANCE REQU I REMENTS : 
FOR GENERIC. AND REGIONAL STUDIES 

. ,  0 .  

1, DOCUMENT CONTRACTOR SELECTION IN ORDER TO DOCUMENT 

CONTRACTOR COMPETENCE, ' 

,# . 

TO IMPLEMENT THE ABOVE REQUIREMENTS, 

OW 1-77-612 
" LRD 9/19/77 



i n v o l v e d  i n  t h e  s e l e c t i o n  o f  s p e c i f i c  s i t e s  and i n  l i c e n s i n g  a c t i v i t i e s .  The 

methods and da ta  developed by OW1 d u r i n g  t h e  p r e p a r a t i o n  of t h e  impact  s t a t e -  

ment can then  be used by NRC, e i t h e r  d u r i n g  t h e  s i t e  s e l e c t i o n  process o r  as a  

safety- .analys is  t o o l  a f t e r  a  p a r t i c u l a r  s i t e  has been se lec ted .  I t  was f u r t h e r  

p o i n t e d  o u t  t h a t ,  s i nce  t he  f i n a l  l e g a l  r e s p o n s i b i l i t y  r e s t s  w i t h  NRC, t h a t  

agency needs t o  be a b l e  t o  assess t h e  accuracy and completeness o f  t h e  i n f o r -  

mat ion  p rov ided  t o  i t  by O W I ;  t h e r e f o r e ,  t o  a  c e r t a i n  ex ten t ,  i t  must develop 

s i m i l a r  c a p a b i l i t i e s .  

I n f o r m a t i o n  Disseminat ion 

Q. W i l l  a l l  those a t t e n d i n g  t h i s  conference rece ive ,  on a  r e g u l a r  bas is ,  cop ies  

of r e p o r t s  and o t h e r  i n f o r m a t i o n  on t h e  progress o f  t h e  OW1 e f f o r t ?  

A. Th i s  has n o t  been done t o  date,  b u t  i t  cou ld  be done. 

Q u a l i t y  Assurance and Peer Review 

Q. Does " q u a l i t y  assurance" r e f e r  t o  t h e  development o f  a  s tandard method f o r  

measuring Kd? 

A. OWI's use o f  t h e  term. " q u a l i t y  assurance" does n o t  r e f e r  t o  t h e  accuracy o r  

r e l i a b i l i t y  o f  t h e  p roduc t .  A l though one purpose o f  t h e  program i s  t o  come up 

w i t h  a  method o f  measuring Kd t h a t  i s  c o n s i s t e n t ,  use fu l ,  and r e l i . a b l e ,  " q u a l i t y  

assurance" r e f e r s  n o t  t o  t he  exper imenta l  methods used b u t  t o  t h e  documentat ion 

o f  t h e  program's e v o l u t i o n ,  i n  terms of bo th  gene r i c  and s i t e - s p e c i f i c  c r i t e r i a .  

The r o l e  o f  peer  rev iew as a  q u a l i t y  assurance t o o l  i s  t o  h e l p  shape t h e  program 

so t h a t  no o v e r s i g h t s  occur.  

Q. How does peer r ev i ew  t i e  i n  w i t h  q u a l i t y  assurance? 

A. Peer r ev i ew  a l l ows  p a r t i c i p a t i n g  c o n t r a c t o r s  t o  i d e n t i f y  t h e i r  areas of  con- 

cern,  so t h a t  these may be i nco rpo ra ted  in . to  t h e  program. Al though a l l  t h e  sug- 

ges t i ons  may n o t  be fo l lowed,  a t  l e a s t  t h e r e  w i l l  be a  documentat ion of t h e  

f a c t  they  were made. 



AN OVERVIEW OF PNL'S WASTE ISOLATION 

SAFETY ASSESSMENT PROGRAM (WISAP) 

H. C. Burkholder 

B a t t e l l e  P a c i f i c  Northwest Laborator ies 

ABSTRACT 

The major o b j e c t i v e s  o f  t he  PNL Waste I s o l a t i o n  Safety Assessment 

h'i)yl'dlll (WISAP)  were descr ibed (F igu re  1).  Tn FY 77, WISAP was d i v ided  

i n t o  s i x  s p e c i f i c  b u t  i n t e r r e l a t e d  tasks. Conceptual ly the  i n t e r r e l a t i n n s  

and fSnal  products from each task a re  shown i n  F igure  2 .  Figures 3-8 

descr ibe  major a c t i v i t i e s  w i t h i n  each task.  



FIGURE I WASTE ISOLATION SAFETY ASSESSMENT 
PROGRAM 

DEVELOP GENERIC METHODS TO ASSESS SAFETY OF 
GEOLOGIC ISOLATION REPOSITORIES 

OBTAIN GENERIC AND SITE-SPECIFIC DATA 
NECESSARY TO APPLY METHODS 

DEMONSTRATE ASSESSMENT METHODS FOR SPECIFIC 
SITE f -  

APPLY klETHODS AND DATA TO MAKE SITE-SPECIFIC 
SAFETY ASSESSMENTS FOR NATIONAL WASTE TERMINAL 
STORAGE NWB PROGRAM 

IDENTIFY SOCIETAL ACCEPTANCE ISSUES AND DEVELOP 
METHODS OF COMMUNICATING ASSESSMENT RESULTS 
WHICH ENHANCE RATIONAL RESOLUTION OF THOSE ISSUES 



FIGURE 2 WASTE ISOLATION SAFETY ASSESSMENT 
PROGRAM TASK BNTERRELATIONSHIPS 



FIGURE 3 TASK l a  ACTIVITIES: 

EVALUATE GEOLOGIC ISOLATION SAFETY 
ASSESSMENT METHODS . . 

e DETERMINE OUTPUT FORMAT FOR 
ASSESSMENT RESULTS 



FIGURE 4 TASK 1 b ACTIVITIES: 

IDENTIFY AND EVAWATE.INTERDEPENDEMCY OF EVENTS' 
AND PROCESSES WHICH CAN INDIVIDUALLY OR IN 
CONCERT CAUSE CONTAINMENT FAILURE 

DEVELOP DETERMINISTIC AND/OR STOCHASTIC ANALYSIS 
METHODS- 

* DETERMINE PROBABILITIES FOR EVENTS AND RATES 
FOR PROCESSES 

DEMONSTRATE METHOD FOR SPECIFIC SITE 

APPLY METHOD TO SITES OF NWTS PROGRAM 



FIGURE 5 TASK .2 ACTIVITIES: 

CHARACTERIZE WASTE FORMS DESTINED 
FOR GEOLOGIC ISOLATION 

MEASURE RADIONUCLIDE LEACH RATES 

EVALUATE THE EFFECTS OF PHYSICAL PARAMETERS 
ON LEACHING 



FIGURE 6 TASK 3 . .  ACTIVITIES: . 

. . . . .  

EVALUATE EXISTING RADIONUCLIDE TRANSPORT 
MODELS . 

DEVELOP INTEGRATED TRANSiPORT MODELING 
SYSTEM FOR: 

- GEOSPHERE TRANSPORT 

DETvlONSTRATE SYSTEM FOR SPECIFlC SITE 

APPLY SYSTEM TO SlTlES OF WVTS PROGRAM 



FIGURE 7 TASK 4 ACTIVITIES: 

EVALUATE SORPTION MEASUREMENT METHODS 
AND ESTABLISH STANDARDIZED MEASUREMENT 
PROCEDURES 

MEASURE I N  LABORATORY THE SORPTION BEHAVIOR 
OF BIOLOGICALLY SIGNIFICANT LONG-LIVED 
NUCLIDES BOTH FOR VARIOUS GEOLOGIC MATERIALS 
AND FOR ISOLATION CONDITIONS 

EVALUATE ACCURACY TO WHICH NEAR-TERM - 

LABORATORY STUDIES PREDICT LONG-TERM 
IN-SITU BEHAVIOR 



FIGURE 8 TASK 5 ACTIVITIES: 

fiSSESS MAJOR LEGAL, INSTITUTIONAL. SOCIOLOGICAL, 
&ND POLITICAL ISSUES WHICH IMPACT N W S  
PROGRAM 

lDENTlFY PERCEPTUAL SAFETY ISSUES 

DEVELOP METHODS OF COMMUNICATING TECHNICAL 
SAFETY INFORMATION TO NONTECHNICAL 
AUDIENCES 



DISCUSSION--HARRY C. BURKHOLDER 

Implementation o f  WISAP Ob jec t ives  

Q. W i l l  t h e  WISAP ob jec t i ves  be c a r r i e d  ou t  i n  t he  order  l i s t e d  (see 

F igure  1  ) , o r  concur ren t ly?  

A .  O f  t h e  f i v e  WISAP objectives., most w i l l  be taken up i n  t he  order  

l i s t e d .  C lea r l y ,  methods must be developed before  they can be 

demonstrated; they must be demonstrated before  they can be 

appl ied;  and data are.needed before  the  methods a r e  e i t h e r  demon- 

s t r a t e d  o r  app l ied .  

The s o c i a l  acceptance issue, however, i s  being worked on r i g h t  now. 

Cur ren t ly ,  t he  s tud ies  a r e  dea l i ng  w i t h  t h e  gener ic  aspects o f  t he  

problem. As the  l i c e n s i n g  o f  a  p a r t i c u l a r  s i t e  becomes more i m -  

minent, t h e  i n v e s t i g a t i o n s  w i l l  focus on t h e  p a r t i c u l a r  issues 

surrounding t h e  l i c e n s i n g  o f  t h a t  s i t e .  

Nature o f  Safety Assessment Method 

Q. Does " s a f e t y  assessment method" r e f e r  s p e c i f i c a l l y  t o  a  workable 

hydro log ica l  ana lys i s?  

A. I n  p a r t ,  bu t  i t  i s  much broader than t h a t .  It cons is ts ,  f i r s t  o f  

a l l ,  o f  an ana lys i s  o f  t h e  p o t e n t i a l  d i s r u p t i n g  events t h a t  cou ld  

r e s u l t  i n  t h e  re lease o f  m a t e r i a l s  from the  r e p o s i t o r y  c a v i t y .  

This  p o r t i o n  o f  t he  e f f o r t  invo lves  two tasks:  ( 1 )  a  l i s t i n g  o f  

a l l  t h e  everits and processes t h a t ,  i n d i v i d u a l l y  n r  i n  concert ,  

cou ld  lead t o  f a i l u r e  o f  containment; and ( 2 )  i n t e g r a t i o n  o f  t h i s  

i n fo rma t ion  w i t h  the  necessary geo log ica l  i n fo rma t ion  and t h e  assign- 

ment o f  ranges o f  values t o  the  parameters, so t h a t  t h e  l i k e l i h o o d  

o f  each o f  t h e  re lease scenarios can be pred ic ted .  The second p a r t  

o f  t h e  development o f  a  s a f e t y  assessment method i nvo l ves  model- 

i n g  e f f o r t s ,  f o r  both t h e  geosphere and t h e  biosphere, t o  determine 

the  consequences o f  t h e  var ious  re lease scenarios. 



Q. You say t h e r e  w i l l  a l s o  be a  t e s t  of t he  method; what w i l l  t h i s '  

i nvo l ve?  W i l l  i t  be a  phys ica l  t e s t  o r  a  model ing e f f o r t ?  

A. The t e s t  w i l l  c o n s i s t  o f  p r e l i m i n a r y  a p p l i c a t i o n  o f  the  nielt~url , t o  a  
. .  . 

s p e c i f i c  s i t e ,  through the  use o f  modeling techniques. 

Involvement o f  Outs ide P a r t i c i p a n t s  

Q. who a r e  some o f  t h e  pr imary ac to rs  i n  t he  var ious  WISAP a c t i v i t i e s ?  

A .  I n  t he  eva lua t i on  o f  methods, t he re  has been extensive involvement 

.. o f  people from a  v a r i e t y  o f  d i s c i p l i n e s  w i t h i n  B a t t e l l e ;  a  consul-  

t a n t  i n  s a f e t y  assessment f rom t h e  U n i v e r s i t y  of Tennessee has a l s o  

been used. For  the ou tput  format, t he  WISAP s t a f f  has consul ted 

w i t h  ' hea l th  p h y s i c i s t s  and r a d i a t i o n  b i o l o g i s t s .  

Output Format 

Q. I n  what form should t h e d a t a  b e g i v e n  t o  the  p u b l i c ?  

A. From a  techn ica l  s tandpoint ,  t he  o n l y  accurate way t o  express t h e  

r i s k  i s  i n  terms o f  r a d i a t i o n  dose r a t e  per  i n d i v i d u a l .  There a r e  

. t oo  .many u n c e r t a i n t i e s  t o  determine f u t u r e  popu la t i on  dose ra tes ,  

o r  h e a l t h  e f f e c t s  on f u t u r e  generat ions.  However, s ince  the  non- 

t echn ica l  p u b l i c  i s  i n t e r e s t e d  i n  these o t h e r  quest ions, many f e e l  

t h a t  t h i s  t ype  o f  i n fo rma t ion  should be g iven too .  

Q, But i s n ' t  i t  wrong t o  g i v e  the  p u b l i c  meaningless i n fo rma t ion?  

A. . I f  OW1 does n o t  g i v e  o u t  t h i s  type o f  in fo rmat ion ,  same o the r  

person o r  group i s  sure t o  do so--.and they may do i t  wrong. I n  

g i v i n g  o u t  t h i s  in fo rmat ion ,  OW1 can i d e n t i f y  i t  as nontneaningful 

and e x p l a i n  why i t  i s  so. I n  t h i s  way, those who i n s i s t  on having 

t h i s  type of in fo rmat ion  w i l l  have i t  i n  i t s  least m i q l ~ a d i n g  form, 

Q. But  as you r  knowledge increases and you modi fy  your  numbers, t he  

p u b l i c  w i i l  b e  aware of t h e  f a c t  t h a t  you a r e  changing your  c a l -  

cu la t i ons ;  won ' t  t h i s  h u r t  your  c r e d i b i l i t y ?  



A. Hopefu l ly ,  a t  t he  t ime the  i n fo rma t ion  i s  g iven out,  e r r o r  boun- 

da r ies  w i l l  be i d e n t i f i e d .  

Q. Doesn't  t h a t  t i e  i n  w i t h  t h e  s o c i a l  acceptance quest ion? That  i s ,  

i f  you g i v e  t h e  number o f  cancer deaths f o r  a  fu tu re  popu la t ion ,  can 

you n o t  a l s o  g i v e  an est imate o f  t he  da te  t h a t  cancer w i l l  be 

curab l  e? 

A. Yes. You can vary  the  parameters, spec i f y i ng ,  f o r  example, t h a t  

a f t e r  a  c e r t a i n  p o i n t  t he re  w i l l  be no e f f e c t  on hea l th .  

Leaching Studies 

Q. I n  your  eva lua t i on  of t h e  e f fec ts  o f  phys i ca l  parameters on leach- 

i n g  (see F igure  5),, w i l l  you be cha rac te r i z i ng  the  chemical and 

phys i ca l  form o f  t he  leachate? 

A. Yes, we w i l l .  A t  some p o i n t  i n  t h e  program, w e ' l l  be doing 

leach ing  s tud ies  w i t h  ac tua l  ma te r i a l s  dest ined f o r  geo log ic  

i s o l a t i o n .  

WISAP Emphasis 

Q. Does WISAP g i v e  p r i o r i t y  t o  s a l t  s tud ies?  . 

A. WISAP i s  n o t  a  s a l t - s p e c i f i c  program; ra the r ,  i t  c a l l s  f o r  gener ic  

s tud ies .  However, t he re  i s  a  s l i g h t  emphasis on s a l t  because i t  i s  

expected t h a t  ' t h e  f i r s t  r e p o s i t o r y  w i  11 be i n  s a l t ;  therefore,  

s a l t  answers w i l l  be needed e a r l i e r .  

Q. Is t he  emphasis on reprocessed waste o r  spent f ue l?  

A. Both types o f  s tud ies  a r e  under way a t  present .  

Soci c t a l  Acceptance Issues 

Q. How do you assess s o c i e t a l  issues impact ing the  waste i s o l a t i o n  

program? 



A .  A v a r i e t y  of techniques a re  used. I n  FY 1977, f o r  example, t h e  

f o l l o w i n g  s tud ies  a r e  under way ( o r  have been completed) : 

Establ ishment  of a l i b r a r y  nf nontechnical  issues t h a t  have 

been r a i s e d  concerning waste management. 

. Study o f  socioeconomic issues. 

P r o j e c t i o n  o f  popu la t i on  impact. 

' Study of s t a t e  laws as they a f f e c t  p roper ty  r i g h t s  ( s ince  OW1 

w i l l  have t o  acqu i re  proper ty  f o r  a waste r e p o s i t o r y ) .  

Ana lys is  o f  f ede ra l  and s t a t e  agency r e s p o n s i b i l i t i e s  f o r  

p o l i c i e s  r e l a t i n g  t o  waste management; how these dec is ions  a r e  

made, bo th  on paper and i n  r e a l  l i f e .  

, Developnier~l u f  impact management guide1 ines ( s ince  t h e  s i t i n g  

of a  waste r e p o s i t o r y  w i l l  have l o c a l  impacts) .  

Study o f  peoples '  percept ions o f  and a t t i t u d e s  toward waste 

management, and waste management sa fe ty .  

Case s tud ies  o f  attempts a t  waste r e p o s i t o r y  s i t i n g  and the  

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



AN OVERVIEW OF TASK 4 NUCLIDE TRANSPORT DATA 

R. J. Serne 

B a t t e l  l e ,  P a c i f i c  Northwest Laborator ies 

ABSTRACT 

A mu l t i - yea r  p l a n  i s  presented t o  c o l l e c t  t h e  necessary 

data on n u c l i d e  sorp t ion-desorp t ion  i n t e r a c t i o n s  w i t h  geo log ic  media. 

De ta i l ed  a c t i v i t i e s  which need t o  be performed i n  each o f  t h e  s i x  

subtas ks a r e  described. 

The general areas i n  which each subcontractor  performed work i n  FY 

77 were. presented . i n  the overview. ' De ta i l ed  techn ica l  d iscussions o f  

each subcont rac tor 's  work w i l l  be 'presented i n  ensuing presentat ions.  

INTRODUCTION 

One of t he  most l i k e l y  f i n a l  s torage p lans f o r  h igh  l e v e l  wastes i s  

s o l i d i f i c a t i o n  and c o n t a i n e r i z a t i o n  fo l lowed by d isposal  i n  geo log ic  

media. The r a d i a t i o n  and t o x i c i t y  o f  h igh  l e v e l  wastes necess i ta te  

i s o l a t i o n  f o r  n e a r l y  a  m i l l i o n  years be fore  r a d i o a c t i v e  decay w i l l  

reduce t h e  waste t o  safe l e v e l s .  ~ e e t i n $  t h e  extremely long i s o l a t i o n  

requirement w i l l  be dependent on geologic  s t a b i l i t y ,  f a i l u r e  r a t e  o f  the  

conta iner ,  weathering r a t e  o f  t he  so l  i d  waste, hydro log ic  p rope r t i es ,  

rad ionuc l  ide-geologic  media i n t e r a c t i o n s ,  and s i t e  engineering. The 

o v e r a l l  o b j e c t i v e  o f  t he  WISAP program i s  t o  develop and implement 

methods t o  use t h e  above i n fo rma t ion  f o r  a  comprehensive eva lua t i on  o f  

t h e  long- term s a f e t y  o f  waste d isposa l .  

S p e c i f i c  a c t i v i t i e s  o f  Task 4 are :  (1 )  eva lua t i on  o f  sorp t ion-  

deso rp t i  on measurement methods and development o f  standardized measurement 

procedures, (2)  t he  l abo ra to ry  measurement o f  t h e  sorp t ion-desorp t ion  

behavior '  o f  s i g n i f i c a n t  l ong - l  i ved  rad ionuc l  ides  us ing  a  wide range o f  

geo log ic  media and groundwaters, (3 )  s t a t i s t i c a l  ana lys i s  and synthesis 

o f  these data t o  p rov ide  i n fo rma t ion  on which va r iab les  c o r r e l a t e  bes t  



w i t h  t h e  observed sorp t ion-desorp t ion  and t o  a1 low empi r ica l  i n t e r p o l a t i o n s  

t o  be performed between environments studied,  ( 4 )  performance o f  v a l i d a t i o n  

s tud ies  t o  assess t h e  degree t o  which these short - term labo ra to ry  s tud ies  

p r e d i c t  1 ong- term i 1 1  s.i t u  behav'ior, ( 5 )  devel opment o f  a more fundamental 

understanding o f  s o r p t i o n - d e s o ~ p t i o n  processes t o  pe rm i t  p r e d i c t i o n  o f  

n u c l i d e s '  f a te  a t  a s p e c i f i c  s i t e  from data a v a f l a b l e  on o ther  s i m i l a r  

s i t e s  o r  from commonly measured parameters, and (6 )  formal i n fo rma t ion  

d isseminat ion and coord ina t ion  w i t h  o the r  . . governmental and s c i e n t i f i c  

p rgan iza t ions  working i n  the  area o f  nuclear  waste d isposal .  

I n  FY 79 t h e  O f f i c e  o f  Waste I s o l a t i o n  w i l l  have t o  demonstrate a 

workable s a f e t y  assessment model f o r  f i n a l  storage nf h igh- leve l  waste 

i n  deep gcoluy i c  er~vlronments. I n  order  t o  ob ta in  data t o  meet t h i s  

FY 79 t ime c o n s t r a i n t  and the  needs o f  assessment modelers, t h e  i n i t i a l  

L l ~ r u s t  o f  the program w i  11 be empi r ica l ,  experimental, and engineering 

o r i e n t e d  t o  c o l l e c t  t h e  necessary data. As t ime progresses, more a t t e n t i o n  

w i l l  be given t o  t h e o r e t i c a l ,  phenomenological, and mechanist ic s tud ies  

i n  o rde r  t o  generate a more comprehensive understanding o f  n u c l i d e  

t r a n s p o r t  processes and general p r e d i c t i v e  t o o l s .  

The f o l l o w i n g  i s  our concept o f  Task 4 i n c l u d i n g  b r i e f  desc r ip t i ons  

o f  i t s  i n t e r a c t i o n  w i t h  o the r  tasks. This program p l a n  should be viewed 

as a guide f o r  t h e  p repara t i on  of s p e c i f i c  techn ica l  proposals ( i n c l u d i n g  

t ime and cos t  est imates o r ien ted  toward meeting t h e  task goa ls ) .  Proposals 

which address aspects o f  nuc l i de  m i g r a t i o n  n o t  described i n  t h i s  p l a n  

w i l l  be 'reviewed and .may be accepted, provided convinc ing techn ica l  

argument i s  presented. 

There a r e  several  unresolved issues i n  t h e  area o f  sorp t ion-migra t ion  

data c o l l e c t i o n .  P resen t l y  i n v e s t i g a t o r s  from var ious l abo ra to r ies  

delermine so rp t i on  Kds and/or mi 'grat ion r a t e s  f o r  'nuc l ides  ' u t i l i z i n g  
. . 

numerous experimental designs. un for tunate ly ,  i t  appears t h a t  t h e  

r e s u l t a n t  data a r e  dependent no t  o n l y  on the  type o f  s o l u t i o n  and geo log ica l  

m a t e r i a l  u t i l i z e < ,  b u t  a l s o  on the  exper imental  methods used. No systematic 
. . 



e f f o r t  has been expended t o  reso lve  _the apparent method dependencies, t o  
assess which method o r  methods y i e l d  t h e  most accurate r e s u l t s ,  o r  t o  

determine what conversions can be made t o  compare t h e  r e s u l t s  o f  d i f f e r e n t  

methods. Thus, i t  i s  imperat ive ' t o  study the  var ious  experimental 

methods f o r  determi,ning sorp t ion-migra t ion  data and i f  poss ib le  form a 

consensus as t o  which method o r  methods should be proposed as a standard 

measurement technique. 

The var ious l abo ra to ry  methodologies w i l l  be evaluated using a wide 

range o f  geologic ma te r ia l s  and nucl ide-spiked groundwaters. Kd values 

f o r  each method w i l l  be determined and evaluat ions performed on prec is ion ,  

ease o f  u t i l i z a t i o n ,  t ime and cos t  expenditures, and l i m i t a t i o n s .  

Disagreements and range o f  appl i c a b i  1 i ty f o r  observed r e s u l t s  w i  11 be 

inves t iga ted  through f u r t h e r  experimentat ion on t h e  independent va r iab les  

(geo log ic  media, groundwater composition, pH, Eh, e tc . ) .  

The e f f e c t s  o f  v a r i a t i o n s  i n  s o l u t i o n  c h a r a c t e r i s t i c s  such as ph,, 

EH, i o n i c  strength, nuc l i de  concentrat ion,  and spec ia t i on  on the  observed 

Kd w i l l  be assessed using a wide range o f  geologic ma te r ia l s .  The 

degree o f  r e v e r s i b i l i t y  and s e n s i t i v i t y  o f  d i f f e r e n t  experimental designs 

t o  k i n e t i c  and temperature e f f e c t s  w i l l  a l so  be inves t iga ted.  The 

addi t i o n a l  s tudies on these independent var iab les  w i  11 prov ide  a d d i t i o n a l  

i n fo rma t ion  1 eading t o  standard procedure recommendations and w i  11 a1 low 

t h e  fo rmula t ion  o f  more d e t a i l e d  work plans f o r  t h e  necessary mechanist ic  

and v a l i d a t i o n  studies.  

Val i d a t i o n  s tud ies  u t i l i z i n g  l a r g e r  column lys imeters  o r  f i e l d  

experiments may be used t o  a i d  i n  fo rmula t ion  o f  a standard o r  p re fe r red  

method. I f  no technique proves t o  be more successful  than others, cross 

c o r r e l a t i o n s  must be der ived so t h a t  data generated using d i f f e r e n t  

experimental methodologies may be compared. 

A f t e r  the  var ious experimental techniques have been evaluated, 

i n fo rma t ion  on sample s i z e  requirements, t ime and cos t  est imates, and 

types o f  supplemental data requ i red  t o  accura te ly  assess the  t r a n s p o r t  

o f  nuc l ides  w i l l  be b e t t e r  i d e n t i f i e d .  This in format ion,  which i s  



p a r t i a l l y  miss ing  a t  present,  w i l l  be o f  g rea t  value t o  program managers 

and s p e c i f i c  s i t e  coord inators .  The informat ion w i l l  be used t o  est imate 

a1 1  ocat ions and t o  c rea te  sampl i n g  d i r e c t i v e s  which are necessary t o  

success fu l l y  ob ta in  t h e  c r i t i c a l  data, t o  assess nuc l i de  movement w i  th. in 

t h e  proposed t ime schedule. Coordinat ion w i t h '  s i t e  managers per forming 

geo log ic  work i s  d e s i r a b l e  so t h a t  sample gather ing  can occur a t  t he  

same t ime as s i t e  e x p l o r a t i o n  r a t h e r  than necess i ta t i ng  separate f i e l d  

c o l l e c t i o n  studies.  

S p e c i f i c  d e t a i l s  o f  programs which wi.11 be i n i t i a t e d  t o  perform 

Subtask 1  w i l l  depend somewhat on con t rac to r  proposal,  responses. An 

o u t l i n e  o f  areas which have been de l ineated t o  data fo l lows.  Contractors 

who performed work on t h e  subtasks i n  FY 77 and d e t a i l e d  work packages 

a r e  designated i n  t h e  f o l l o w i l ~ g  oufl  ' i r~e: 



Evaluate V8rious Experimental Conf igura t ions  

Ease o f  U t i l i z a t i o n  

Time and Cost Est imates 

L i m i t a t i o n s  

E f f e c t s  o f  Independent Var iab les  

Sol u t i o n  

Reversi  b i  1  i t y  

K i n e t i c s  

Methodology Eva lua t ion  on "Cont ro l led"  
Sa~npl es 
Synthesi s  

P re l im ina ry  Standard Method 

Sampl e  and Data Requii rements 

Input-Output  t o  Other Studies 

I n t e r a c t i o n  subtasks 2, 3, 4, 5 

Program Red i rec t i on  

Standard.Sorpt ion-Desorpt ion Test 

Documen t a  t i cln 

Sorpt icn-Desorpt ion Document 

FIGURE 1. Subtask 1 - Eva lua t ion  o f  Experimental Sorpt ion-Desorpt ion Methodology 



Figure  1 conta ins  a t ime schedule and shows the  i n t e r a c t i o n s  o f  

Subtask 1 w i t h  o the r  aspects of the  PNL and OW1 program. The subtask 

w i l l  be performed i n  FY 77 - FY 79 a t  which t ime (August, 1979) a c r i t i c a l  

assessment and synthesis of t he  der ived knowledge would be used t o  

r e d i r e c t  o r  culminate Subtask 1. I f  Subtask 1 remains v iab le ,  y e a r l y  

assessments w i l l  be performed. The f i n a l  product  o f  t h i s  task  w i l l  be 

recommendations on a un i fo rm o r  standard procedure f o r  determinat ion o f  

geochemi ca l  data necessary f o r  the  o v e r a l l  safety assessment. 

A. .Compare r e l i a b i l i t y ,  t ime and costs, and a p p l i c a b i l i t y  o f  t he  

f o l  lowing experimental designs fo r  p r e d i c t i n g  m ig ra t i on  o f  nucl  ides:  

1. Batch Kd leasurements (ORNL, PNL, LLL, ANL, RHO) 

2. Flow-through small  column Kds (ANL, ORNL) 

3. Thin- layer  Kds (ORNL) 

4. D i f f u s i o n  c e l l  measurements 

a. ~ i ~ u i d - s o l i d  

b-. S o l i d - s o l i d  

5. High-pressure i n t a c t - c o r e  Kd's (ANL, LLL) 

6. A x i a l  f i l t r a t i . o n  (ORNL) 

7. Preloaded column (ORNL) 

8. Larger sca le  columns o r  l ys ime te rs  

Batch Kd, a x i a l  f i l t r a t i o n ,  t h i n - l a y e r  Kd, and f low-through small  

column Kds a re  most commonly performed on unconsol idated'media. The use 

o f  crushed m a t e r i a l s  eases d i f f i c u l t i e s  which a r i s e  when t r y i n g  t o  f o r c e  

water through i n t a c t  cores and a l lows Kd determinat ions t o  be performed 

w i t h  l e s s  expendi ture o f  t ime and money. I t  i s  hoped t h a t  Kd determinat ions 

on crushed m a t e r i a l s  Can be r e l a t e d  t o  i n  s i t u  values i n  competent rock  

by normal iza t ion  o f  r e s u l t s  on a sur face area basis.  Some o f  t he  observed 

values on the  crushed mate r ia l s  w i l l  be f u r t h e r  i nves t i ga ted  through 

s tud ies  on i n t a c t  m a t e r i a l s  us ing methods 2, 5, and 8. Method 4-- 

d i f f u s i o n  ce l l s - - rep resen ts  a spec ia l  hydro log ic  case where advect ion i s  



n o t  present  o r  minimal, i .e.. , the  hydro log ic  regime i s  stagnant. When 

geo log ic  m a t e r i a l s  w i t h  very low p e r m e a b i l i t i e s  a r e  s tud ied  by f low-  

through Kd techniques (methods 2, 3, 5, 7, and 8), long complet ion t imes 

may be requ i red .  High pressure f l u i d  f low through i n t a c t  cores w i l l  be 

evaluated f o r  p r a c t i c a l  i t y  and accuracy o f  p r e d i c t i n g  nuc l i de  m ig ra t i on .  

The comparison of Kds from i n t a c t  cores versus crushed ma te r ia l s ,  c a l c u l a t e d  

on an equ iva len t  sur face area.basis ,  w i l l  be very  impor tan t  i n  assessing 

whether r a p i d  and inexpensive l abo ra to ry  techniques a re  acceptable t o  

p r e d i c t  t h e  aspects o f  geologic-water i n t e r a c t i o n s  needed f o r  long-term 

sa fe ty  assessment. 

B .  ~ n v e s t i g a t e  t h e  e f f e c t s  o f  independent va r i ab les  on above experimental  

designs f o r :  

1. S o l u t i o n  composit ion (PNL, ORNL, ANL, RHO) pH, Ehy s a l t  con- 

cen t ra t i ons  i o n i c  s t rength ,  complexants, nuclide concentrat ion,  

nucl  i d e  spec ia t i on  

2. Geologic m a t e r i a l  (PNL, ORNL, ANL, LLL, RHO) s a l t s ,  a rg i l l aceous ,  

c r y s t a l  1  i ne ,  

3. Unsaturated-saturated f l o w  (ORNL) 

C. R e v e r s i b i l i t y  (ANL, PNL, RHO, ORNL) 

1 .  So rp t i on  (Load) 

2. Desorpt ion (Leach) 

D. Sca l ing  (ANL, ORNL, PNL, RHO) 

1. Time 

K i n e t i c  dat@ 

Time t o  reach e q u i l i b r i u m  

Residence t i m e / f l  ow ra tes  

2. S ize  

Amount o f  geologic  m a t e r i a l  

Mass, cross-sect ion,  l e n g t h  

Surface Area 



E. Methodology eva lua t ion  on c o n t r o l l e d  samples 

A  ;few se lec ted rocks o r  minera ls  w i l l  be obtained i n  l a r g e  quan t i t y ,  
# 

then c a r e f u l l y  charac ter ized and homogenized. These "standard" samples 

w i l l  be d i s t r i b u t e d  t o  i n v e s t i g a t o r s  a t  each lab. The samples w i l l  be 

t e s t e d  w i t h  t h e  var ious  Kd methodologies t o  determine whether t h e  r e s u l t s  

o f  several  methods y i e l d  s i m i l a r  r e s u l t s .  The contac t ing  s o l u t i o n  w i l l  

a l s o  be s p e c i f i e d  so t h a t  v a r i a b i l i t y  i n  r e s u l t s  should r e f l e c t  methodology 

r a t h e r  than geo log ic  material-groundwater system di f ferences.  

Th is  a c t i v i t y  w i l l  a l s o  y i e l d  i n fo rma t ion  on the  t ime and costs 

which must be a l l o c a t e d  t o  measure Kds by t h e  d i f f , e r e n t  methods. These 

improved t ime and c o s t  f i g u r e s  w i l l  a l l o w  more knowledgeable p r e d i c t i o n s  

t o  be made f o r  the  geochemical s tud ies  which w i l l  be necessary a t  t h e  

s p e c i f i c  s i t e s  c h o s e n f o r  detaiyled study. 

F. Synthesis (PNL) 

1  . Contractor-consul t a n t  works hops 

2. Cross c o r r e l a t i o n . o f  r e s u l t s  t o  ob ta in  comparab i l i t y  

3. P re l  i m i  nary  un ive rsa l  so rp t  ion-desorpt i o n  t e s t  

4. L i s t  o f  da ta  and sample requirements necessary t o '  evaluate 

nucl  i d e  geo log ic  i n te rac t i ons - -  i .e., what, how, and why t o  
co l  l ec t - - shou ld  be a v a i l a b l e  t o  geologic s i t e  managers so data 

and samples .can be c o l l  ected simultaneously 

5. Use knowledge f o r  r e d i r e c t i o n  o f  Task 4 program 

6. Coordinat ion w i t h  o the r  programs such as:  

Near r e p o s i t o r y  ( r a d i a t i o n ,  thermal Bac k f  11 1 e f f e c t s )  

Source term (Task 2) 

Transport modcl i ng (Task 3) 

N RC 

E PA 

ERDA-Shall ow land b u r i a l  



SUBTASK 2: DATA BANK GENERATION 

Cur ren t l y  the re  a re  many s tud ies  invo lved i n  computer model formula- 

t i o n  i n  areas such as groundwater movement, geochemical i n t e r a c t i o n s ,  

t e r r e s t r i a l  and aquat ic  food chains, r a d i a t i o n  dose t o  man, geologic 

s t a b i l i t y ,  and d i s r u p t i v e  event ana lys is .  S i m p l i s t i c  models a l ready are 

func t ion ing which can est imate t h e  f a t e  o f  nuc l ides  i n  geologic, aquat ic ,  

o r  b i o t i c  systems given t h e  necessary i n p u t  data. I n  the  area o f  nuc l i de  

m ig ra t i on  the re  i s  a  severe gap I n  our knowledge o f  q u a n t i t a t i v e  est imates 

of t he  var ious  geologic m a t e r i a l s '  a b i l i t y  t o  r e t a r d  nuc l i de  movement. 

These q u a n t i t a t i v e  est imates become i n p u t  data t o  a l l  o f  the  numerical 

assessment models. Thus, the  l a c k  o f  de fens ib le  so rp t i on  data f o r  
\ 

nuc l ides  i n  geologic environments i s  l i m i t i n g  the  c r e d i b i l i t y  o f  the  

aforementioned simp1 i s t i c  models. The a c q u i s i t i o n  o f  sorp t ion-desorp t ion  

data on a  wide range o f  representa t ive  geologic ma te r ia l  w i t h  numerous 

groundwater types should proceed posthaste. Once t h i s  data bank i s  

acquired, sa fe ty  assessment modelers w i l l  have defens ib le  data ( f rom a 

geochemical s tandpoint)  t o  at tempt p re l im ina ry  f a t e  ca l cu la t i ons .  I n  

order  t o  o b t a i n  data t o  meet t h e  needs o f  assessment modelers by FY 79, 

- t h e  i n i t i a l  t h r u s t  o f  the  program w i l l  be empi r ica l  and engineer ing 

or ien ted.  Since t h e  f i r s t  two r e p o s i t o r i e s  w i l l  l i k e l y  occur i n  s a l t  

deposits,  t h e  m i g r a t i o n  ra tes  o f  nuc l ides  i n  s a l t  s o l u t i o n  w i l l  be 

st ressed i n i t i a l l y .  S i t e  spec i f i c  data w i l l  be generated as samples 

become ava i l ab le .  

These emp i r i ca l  data w i l l  be supplemented by p o r t i o n s  o f  subtasks 1, 

3, and 4. I f  several experimental designs a re  used and variances i n  

r e s u l t s  occur, t h e  data may be used by t h e  modelers as uncer ta in ty  

bounds i n  s e n s i t i v i t y  ana lys is .  The data w i l l . a l s o  be used t o  make 

p r e l i m i n a r y  rankings i n  regard t o  geochemical a c c e p t a b i l i t y  o f  var ious  

media and t o  a i d  i n  general c r i t e r i a  development f o r  f i n a l  d isposal  

s i t e s .  F i n a l l y ,  a  c r i t i c a l  review on the  so rp t i on  data o f  t h e  var ious  

geologic ma te r ia l s  may shed va luab le  l i g h t  on the  c o n t r o l l i n g  mechanisms 

and a i d  i n  t h e . f o r m u l a t i o n  o f  Subtask 5. 



An outline of the suggested work undertaken in Subtask 2 follows, 

with contractor-suppl ied information in FY 77 delineated. A time schedule 
showing interaction with other subtasks appears in Figure 2. Table 1 
portrays the type of supporting information (characteristics of the 

geologic medi a-groundwater suspension) necessary to establ i sh the data 
bank. Without the ancillary information, predictive, extrapolative, and 
interpolative activities cannot be performed objectively. In the ideal 
case all the parameters listed would be determined, in real instances as 
many of the parameters as economically or logistically possible should 
be measured. A crude priority ranking (two categories) is furnished as 
guidance for the more important characteristics. Conceptually the 
generic data bank will contain the information shown in Figure 3. 

A. Data Bank Generation (ANL, LBL, PNL) 

1. Gather all existing data on sorption-desorption rock-nuclide 
interactions that are available in the literature. (A  bibliography 
on transuranics which is available, BNWL-1983, will be updated 
and expanded to include fission and activation products by PNL 
on an existing EPA contract to be completed in early FY 78) 

2. Quantify sqrption-desorption phenomena for various geologic 
materials with expected indigeneous groundwaters utilizing 
several experimental approaches. Include adequate sample 
characterization such that the data bank (Figure 3) needs are 
satisfied 

3 .  Obtain sfte specific data as samples become available 

4. C n n t i n ~ : ! ~  s i t e  specific sorpti~n~desorption data as sites are 
explored throughout OW1 program 

5. Possibility of large scale, field and/or in situ migration 
studies at proposed pilot plant sites 



Obta in  B ib l i og raphy  o f  E x i s t i n g  Data 
( P a r t  on Independent EPA Program) 

Generate Data Bank on Generic Rock and 
Water Types 

Report on Kd Measurements on Generic 
Samples 

Obta in  S i t e  S p e c i f i c  Data when Samples 
Become A v a i l a b l e  

Evaluate Need f o r  Large Scale o r  
I n  S i t u  Studies a t  P i l o t  P lan ts  

per fo rm I n .  S i  t u  S tud ies '  

FIGURE 2. Subtask 2. Data Bank Generat ion 



TABLE 1 .  Supporting Information Necessary to Complete Kd 

There a r e  numerous c h a r a c t e r i z a t i o n s  chat snou ld  be performed on 
g e o l o g i c  nledia and t h e i r  po re  waters  t o  a1 l ow  c a l c u l d t i o i s  o f  m i ~ r a t i o n  
r a t e s  O r  Kd'S. ! h e  c h a r a c t e r i z a t l o n s  can be broKen i n t o  two w o a d  
c a t e g o r i e s ;  p h y s i c a l  o r  h y d r o l o g i c  and geochemical .  A l aund ry  ! i s t  o f  
c h a r a c t e r i z a t i o n s  and t h e i r  r e l a t i v e  importance f o l l o w s .  The r e l a t i v e  
impor tance i s  based on t n e  dsssnp t i on  t h a t  i n s u f f i c i e n t  t ime and funds 
w i l l  be a v a i l a b l e  t o  pe r fo rm t h e  complete c h a r a c t e r i z a t i o n .  If o n l y  
p a r t i a l  goochemical c h a r a c t e r i z a t i o n  i s  p o s s i b l e  i n  general  coccen t ra te  
on  t h e  f ~ r s t  seven. Fo? t h e  phys i ca l  and h y d r o l s g i c  c h a r a c t e r i s t i c s  
i t ems  4, 5 and 6 o r  7 a re  most i inpovtant .  

I m p o r t a n t  Seochenica'~ C h a r a c t e r i z a t i o n s  

1. Qua1 i t a t i v e  and q u a n t i t a t i v e  minera logy i n c l i ~ d i n q  p r imary  and 
secondary crys:all i ne m a t e r i a l s ,  smorphous coa t i ngs  , e t c .  determined 
p r i n a r i  l y  by  x - ray  d i f f r a c t i o n ,  chemical  t r ea tmen t  techn iques,  and 
p e t r o g r a p h i c  e x a ~ i n a t i o n .  Calc ium carbonate  c c n t e n t  and hydrous 
? x i d e  c o n t e n t  (d l~orpnous and crystalline) as vrel l  3 f  a lumina-  
s i l  i c a t e  con ten ts  a r e  mos t  in~port.ai l . t. Scanrl'ir~c e l e z l r . o ~ ~  n l ic ru-  
sccpy and microprobes can be used t o  determine m i c r o s t r u c t u r a l  
minera logy.  These techn iques can be very  impor tan t  i n  assess ing 
the d i  f f e r o n s e t  botwccn m ine ra lug  and rrcotke\-ing  environment^ o f  
c racks  an3 f r a c t u r e s  froir i t h e  bul{  r ock  m a t e r i a l .  

2 .  Cation-exchange c a p a c i t y  
3. Pore Water pH, i h  
4. Pore Water major c a t i o n  con ten t  {Pla, ~a ,. Mg, K) 
5.  Pore Water major an ion  content ( C l .  KO,-LO3, SO4,  N Q ~ )  
5 . .  Pore Water S102 con ten t  - 
7 .  Organ ic  c o n t e n t  o f  geo log i c  m a t e r i a l  

Less Impor tan t  Geochemical C h a r a c t e r i z a t i o n s  

1 .  Anion exchange c a p a c i t y  
2. 3 i s t r i b u t i o n  o f  a a j o r  c a t i o n s  on exchange s i t e s  
3. Pore wa tz r  o rgan i c  con ten t  esoec ia l  l y  p o t e n t i a l  1  igznds (humic,  

f l ~ l  v i c  a c i d s )  
4 .  Pore wa te r  minor c o n s t i  t uan ts    specially n a t u r a l  o c c u r r i n g  

i so topes  o f  impo r tan t  waste n u c l i d e s  (S r ,  Cs, I, U, Ra) and 
chemica l l y  s i m i l a r  elements (Ba, Rb, 8 r )  

For  g e o l o g i c  environments wh ick  a r e  p r e s e n t l y  devo id  o f  wa te r  a 
sa?.u~-dtad w a t e r  c x t v a c t  s l rouid be preepareJ drld the above ment lcned pnre 
water a n ~ l y s e 5  pot - fomed.  

I i npo r tan t  Phys i ca l  o r  Hyd rc log i c  C h z r a c t e r i z a t i o n s  

1. H y d r a u l i c  c o n d u c t i v i t y  
2 .  P ~ r c e n t a g e  s a t u r a t i o n  
3. !'ei,r~rcebi l ' i t y  
4. Water v e l e c i t i e s  
5 .  Stirface area and p s r t i c l e  s i z e  d i s t r i b u t i o n  (unconscl i d a t e a  

n a t e r i a l s )  
5 .  ? o r o s i t y  
7. Percentage fract11rc.s o r  f i s s u r e s  ( conso l i da ted  mater ia ! )  
8. ;a s i t u  temperature  



- Independent Var iab les 
Geologic P a t e r i a l  Proper t ies Groundwater Proper t ies Nucl ide Proper t ies 

Mineralogy k l ~ o u r ~  t 
Prilt lary Minera ls  X 
Secondary Minera ls  % 
CaC03 X 
Hydrous Oxides % 
Organic Content % 

Cation-Exchange-Capacity 
Anion-Exctrmge-Capaci t y  
Surfzce Arza 

PI{ 
E h 
Major Cations 
Major Anions 
Soluble Organic 

Co~~tposi t i o n  
Soluble Si02 
Soluble Minor Species 
Temperature 

llydrc.logic Proper t ies 
tlyeraul i c  Conduct iv i ty  
Yerc~leabi I i t y  
Poros i t y  
Water Ve loc i t y  
Percert tage Sa tu ra t ion  
F issure Surface Area t o  

Volu~ne Rat io  .- 

Tracer Concentra- 
t i o n  

Tracer Valence . 
State D i s t r i b u -  
t i o n  

Contact Time 
D i r e c t i o n  (adsorp- 

t i o n  o r  desorp- 
t i o n )  

Dependent Var iab le  

- K{f Isotopes 

a. Pu 
b. Np 
c .  Am 
d. Tc 
e., I 
f. e t c .  

Methodology 

(a )  Method 
D e t a i l s  

(b)  S o i l  t o  
So lu t ion  
Ra t io  

( c )  Misc. 

F I G U R E  3-. Parameters Impor tan t  f o r  a Generic D a t a  Bank 



SUBTASK 3: SYNTHESIS OF DATA BANK 

A  q u a n t i t a t i v e  p r e d i c t i o n  t o o l  which i s  capable o f  es t imat ing  the  

m i g r a t i o n  r a t e  o r  Kd o f  o nuc l i dc  fo r  any g ivcn gco log ic  m t c r i a l  and 

water  type i s  t h e  u l t i m a t e  o b j e c t i v e  of Task 4. The data generated i n  

subtasks 1, 2, and supplemented by 1  i t e r a t u r e  values, w i l l  be q u i t e  

l a rge .  With proper experimental design and media-water cha rac te r i za t i on ,  

s t a t i s t i c a l  methods can be used t o  r e l a t e  t h e  dependent v a r i a b l e  (m ig ra t i on  

r a t e  o r  Kd) t o  independent va r iab les  ( rock  type, s o l u t i o n  type, e tc . ) .  

A1 though the  der ived r e l a t i o n s h i p s  do n o t  prove "cause and e f fec t , "  they 

do a l l o w  p r e d i c t i o n  o f  trends. Thus, from Kd data on a  f i n i t e  number o f  

rock,  minerdl  and water types, est imates can be made o f  Kds f o r  o ther  

rocks and water environments n o t  d i r e c t l y  s tudied,  i f  c e r t a i n  precaut ions 

are observed. 

Through t h e  use o f  s t a t i s t i c a l  methods, t rends and c o r r e l a t i o n s  can 

be e luc ida ted  such t h a t  some basic understanding can be ex t rac ted  from 

t h e  mu l t i t ud inous  data po in ts .  The use o f  s t a t i s t i c a l  techniques a l lows 

more in fo rmat ion  t o  be ex t rac ted  from experimental data than can be 

obta ined from unst ruc tured perusal .  

There a r e  a t  l e a s t  two s t a t i s t i c a l  approaches which may be opt imal 

f o r  s t r u c t u r i n g  t h e  experimental data--nonl i n e a r  regress ion and adapt ive 

l e a r n i n g  networks. The s t reng th  and weaknesses o f  these and o ther  

approaches w i l l  be assessed i n  FY 77. R e s t r i c t i o n s  i n  experimental 

designs fo rced by s t a t i s t i c a l  approaches w i  11 be noted. 

The m i g r a t i o n  r a t e s  o r  Kd values generated i n  Task 4 must be re layed 

t o  the Task 3 modelers i n  a tormat understandable and compatible w i t h  

t h e i r  needs. Since t h e  s a f e t y  assessment model w i l l  be i n  a  s t a t e  o f  

f l u x  f o r  t h e  f i r s t  two years o f  t h e  program, repeated d ia logue w i l l  be 

necessary t o  prevent  m l s l n t e r p r e t a t i o n s  o r  i r ~ c u ~ ~ ~ p a l i  b l e  data requirements. 

I n t e r p l a y  w i t h  o the r  personnel repons ib le  f o r  p repar ing  PSAR, SAR and 

EIS tasks a t  each s i t e  w i l l  be performed t o  assure techn ica l  support and 

rev iew i n  t h e  area o f  geochemical i n t e r a c t i o n s .  



Eva lua te  S t a t i s t i c a l  Approaches t o  Ana l ys i s  
o f  Data , . 

Del i neate Requirements f o r  Exper imenta l  
Designs Based on Needs o f  S t a t i s t i c a l  
Approaches 
Generate Trends i n  Kd Based on Subtask . I -2 
Data 
I n t e r a c t  w i t h  Task 3 Modelers t o  Assure ~ a t a  
Cornpati b i  1 i t y  and U n d e r s t ~ n d i n g  

4' 
w Techn ica l  Suppor t  f o r  PSAE, EIS, e t c .  

P r o v i s i o n a l  13eochernical C r i t e r i a  

R e d i r e c t i o n  o f  Subtask 5 and Others 

Geocheniical Horkshop 

Repor t  on Which Parameters C o r r e l a t e  Best  
w i t h  S o r p t i o n  

FIGURE 4. Subtask 3 - Syn thes is  o f  Data Bank . . 



Other products of this subtask on data synthesis will be: (1) the 
formulation of geochemical criteria capable of ranking sites for isolation 
of nuclear wastes, and (2) delineation of more important variables which 

should be studied in greater detail in the'subtask 5 mechanism studies. 

Presently the geochemical criteria are difficult to fully define, 
let alone quantify, thus an iterative process is envisioned. A list of 
provisional criteria will be prepared as data become available. The 
first few formulations will be based on the limited available data. As 
better data and a more thorough understanding become available, the 
criteria will be progressively updated. Such an iterative process may 
also isolate areas in which additional study is necessary. 

A time schedule showing.when these work units should be in progress 
and interactions with other tasks I s  fnlrnd in Figure 4. 

In FY 77 Adaptronics, Inc. has investigated the usage of regression 
and adaptive learning networks to analyze laboratory generated Kd 

values. 

SUBTASK 4: VALIDATION STUDIES 

The need for empirical data to estimate the long-term fate of 
nuclides in geologic environments is urgent. Present da ta  col lectlur~ 
methods rely on laboratory analyses characterized by short times and 
sma i'i sample sizes. The dppl i c a b i l  ity of sca ling these resu1.t.; 1.1, [.tie 

mill ion-year time frame and path lengths of miles has not been ~onc~usively 
shown. In many instances the scale up is tacitly assumed to be valid 
without forethought. 

A major effort of the validation subtask will be an evaluation o f  
the scale up from short-term Taboratory results. The short-term results 

will be extrapolated and compared against kn'own theoretical concepts 

such as weatt~er*lr.ry, ore deposition yeochemistry, mincrnl stabil i t y  and 
thermodynamic Eh-pH diagrams. The short-term 1 aboratory studies wi 11 

a1 so be compared with 1 onger term observations made at existing pertinent 
sites such as the Oklo natural reactor, Nevada Test Site, Grants Mineral 



B e l t  uraniurn.deposit ,  and shal low land  b u r i a l  s i t e s .  Pa r t s  o f  t h i s  

e f f o r t  a re  being performed on independent con t rac ts  .(LASL ~a  tu r 'a l  Reactor 

Study) o r  can ,be compiled f rom t h e  l i t e r a t u r e  (thermodynamic data, 

m i g r a t i o n  a t  shal low land b u r i a l  s i t e s ) .  

I f  gaps i n  t he  necessary thermodynamic data o r  a d d i t i o n a l  p e r t i n e n t  

geologic  s i t e s  a r e  i d e n t i f i e d  which a r e  n o t  e x t e r n a l l y  funded, PNL Waste 

I so l  a t i  on Safety ~ssessment  monies w i  11 be a1 1  ocated; Lawrence Livermore 

Lab's  e x i s t i n g  f i e l d  study a t  Nevada Test S i t e  w i l l  r ece i ve  supplemental 

funds f rom PNL. 

Add i t i ona l  f i e l d  s tud ies  and l a r g e r  l ys imeter ,  o r  i n t a c t ,  core  

l abo ra to ry  s tud ies  may be performed i n  f u t u r e  years ' i f  j u s t i f i c a t i o n  

becomes apparent. : 

An o u t l i n e  o f  Subtask 4 and the  con t rac to rs  i nvo l ved  i n  FY 77 a re  

presented below. F igure  5 shows the  work u n i t s ,  t ime schedule, and 

i n t e r a c t i o n s  w i t h  o t h e r  tasks. 

A. Theore t ica l  s tud ies  (PNL, LBL, LASL) 

1. Eh-pH 

2. Minera l  s t a b i l i t y  

3. Weathering 

B. P e r t i n e n t  geo log ica l  s i t e s  (LASL, LLL, PNL) 

1. . Na tura l  reac tors ,  OKLO 

2. Uranium depos i ts  

3. Nevada Test  s i t e .  

4. Shallow land  b u r i a l  s i t e s ,  Chalk River,  U.S. ERDA s i t e s ,  

European s i  tes  

C.  Add i t i ona l  f i e l d  o r  l a b  s tud ies  ( f u t u r e  years)  



A s s i m i l a t e  Thermodynamic Data 

Gather  A v a i l a b l e  Data on p e r t i n e n t  S i t e s  

Coord ina te  N h e r  Con t rac t s  

Compare w i t h  Lab Resu l t s  Generated i n  
Subtask 1 

Conpare w i t h  Lab Resu l t s  Produced i n  
Subtask 2 

PNL Supported NTS F i e l d  Study 

Evz lua te  N e d  f o r  Other  F i e l d  o r  Longer 
Term Lab S tud ies  - 
S t a r t  Necessary S tud ies  

Supply  I n p u t  Data f o r  Task 3 ~ o d e l  Tes t  
Cases 
Program R e d i r e c t i o n  . 

Documen t a  t i ori 
Eh-pH and M i n e r a l  S t a b i l i t y  Diagrams 

R e p l ~ r t  on Va: i d a t -  on S tud ies  

FIGURE 5 .  Subtask 4 - V a l i d a t i o n  S tud ies  



SUBTASK 5: .SORPTION-DESORPTION MECHANISM STUDIES 

As discussed i n  Subtask 1, t he  de terminat ion  o f  m i g r a t i o n  r a t e s  of 

nuc l i des  by var ious  methods often.shows s i g n i f i c a n t  v a r i a t i o n .  I n  the  . 
f u t u r e  when t h i s  experimental  design dependency.is understood, t he re  

s t i l l  w i l l  no t  be a  general understanding o f  the  mechanisms c o n t r o l  l i n g  

t h e  m i g r a t i o n  r a t e s  o f  nuc l ides .  Subtasks 1, 2, and 3 a re  emp i r i ca l  and 

geologic  m a t e r i a l ' a n d  s o l u t i o n  s p e c i f i c .  Resul ts  o f  t h i s  na ture  do no t  

r i g o r o u s l y  lend themselves t o  e x t r a p o l a t i o n  t o  o the r  s i t u a t i o n s  o r  t o  an 

understanding o f  c o n t r o l l i n g  mechanisms. 

The emphasis o f  Subtask 5 w i l l  be t o  i n v e s t i g a t e  the  basic  f a c t o r s  

and t h e i r  i n t e r a c t i o n s  t h a t  c o n t r o l  the  sorp t ion-desorp t ion  o f  ac t i n ides ,  

l o n g - l i v e d  f i s s i o n  products, and a c t i v a t i o n  products by geologic  media. 

With knowledge o f  mechanisms, m i g r a t i o n  r a t e  p r e d i c t i o n s  can be performed 

f rom more t h e o r e t i c a l  and fundamental data (see Table 1  ) f o r  any proposed 

storage environment. The use o f  t h e o r e t i c a l  and fundamental data may 

c u t  t he  costs expended t o  q u a n t i f y  t he  m i g r a t i o n  r a t e s  o f  nuc l ides  a t  

s p e c i f i c  s i t e s .  Subtask 5 w i l l  have a  l e s s e r  p r i o r i t y  f o r . t h e  f i r s t  

t h ree  years b u t  increase s i g n i f i c a n t l y  i n  importance l a t e r  i n  t he  program. 

The proposed o u t l i n e  w i l l  be mod i f ied  w i t h  the  mass o f  i n fo rma t ion  

obta ined du r ing  subtasks 1  through 4 endeavors. 

The f o l l o w i n g  o u t l i n e  and F igu re  6 descr ibe  t h e  c u r r e n t  f o rmu la t i on  

of Subtask 5. Nominal scout ing  s tud ies  on e l u c i d a t i o n  o f  s o r p t i o n  

mechanism predominant f o r  d i f f e r e n t  rock  types and t h e  p o t e n t i a l  importance 

o f  phys ica l  s o r p t i o n  o f  c o l l o i d s  w i l l  be performed i n  F-Y 77 - FY 79 bu t  

t h e  major t h r u s t  w i l l  be postponed u n t i l  FY 80. 

I n  FY 77 ORNL, Sandia, and PNL performed p r e l i m i n a r y  mechanism 

s tud ies  on the  e f f e c t s  o f  s o l u t i o n  i o n i c  s t reng th  on nuc l i de  sorp t ion ,  

m i c r o s t r u c t u r a l  i d e n t i f i c a t i o n  o f  s p e c i f i c  s o r p t i o n  s i t e s ,  and c o n t r o l l e d  

ph-Eh s o r p t i o n  experiments on Pu, r e s p e c t i v e l y .  

A. S o l i d  m a t r i x  e f f e c t s  - The s o l i d  m a t r i x  cons t i t uen ts  a r e  main ly  

nega t i ve l y  charged bu t  under low pH cond i t i ons  il so e x h i b i t  va ry ing  

degrees o f  p o s i t i v e  charge. The o r i g i n ,  extent ,  and i n t e n s i t y  o f  



t h e  charge v a r i e s  w i t h  d i f f e r e n t  minera ls .  Depending upon the  
charge c h a r a c t e r i s t i c s ,  t he  s o l i d  m a t r i x  w i l l  adsorb oppos i te l y  

charged i ons  w i t h  va ry ing  st rengths by an exchange process. 

Therefol-e, t h e  adsorption-i1esor1jtio1.1 i srs1ller.111~ fur. l l ~ e  r u l  luw illy 

common c o n s t i t u e n t s  w i l l  be determined: 

1. Standard rock  and c l a y  minera ls  

2. Amorphous ox ides (Fe, Mn, A1 ) 

3 .  E f f e c t  o f  CaC03 which i s  ub iqu i tous  i n  sedimentary rocks and 

i n  s o i l s  w i t h  h igh  pH 

4. Consol i d a  ted  and unconsol i da ted  rocks and sediments ( 1  imestones, 

g ran i tes ,  shales, s a l t ,  t u f f )  

B. Adsorpt ion-desorpt ion mechanisms - S o l i d  compounds, adsorbed ions, 

and pore  s o l u t i o n  e x i s t  i n  a  dynamic e q u i l i b r i u m  w i t h  each o ther .  
. . 

Nucl ides added t o  t h e  pore s o l u t i o n  lnay be adsorbed t o  va ry ing  

degrees by t h e  minera ls  and may p r e c i p i t a t e  as d i s c r e t e  s o l i d  

phases o r  c o p r e c i p i t e  w i t h  o t h e r . s o l i d  phases as i n v e s t i g a t i o n s  

w i t h  t r a c e  metals  have shown. Many f a c t o r s  w i l l  i n f l u e n c e  the  

above reac t i ons .  Fo l lowing i s  a  l i s t  o f  the  f a c t o r s  t h a t  would be 

i n v e s t i g a t e d  i n  o rde r  t o  evaluate these reac t i ons :  

1. pH 

2. Ox ida t ion- reduct ion  p o t e n t i a l  

3. Nuc l ide  i o n  valence s ta tes  and concent ra t ions  

4. Concentrat ion of c o m p l ~ x i n g  i no rgan ic  l i gands  such as car- 
bonates, bicarbonates, phos'phates, su l f a tes ,  f l u o r i d e s ,  drld 

n a t u r a l  o rgan ic  l i gands  such as f u l v i c  and humic ac ids  

5. Concentrat ions o f  competing ca t i ons  such as Ca, Mg, Na, and K 

C .  Movement and a d s o r p t i o n . o f  f i n e  p a r t i c u l a t e  and c o l l o i d a l  species 

o f  a c t i n i d e s  - Var ious a c t i n i d e  elements such as Pu and Am form 

c o l l o i d a l  p a r t i c l e s  t o  s i g n i f i c a n t  ex ten t  over ,a wide pH range. 

These c o l l o i d a l  p a r t i c l e s ,  because o f  t h e i r  l a r g e r  s i z e  than the  

. . s o l u t i o n  species and t h e i r  change i n  i o n i c  charge due t'o change i n  



impor tan t  va r i ab les  such as pH may show a  d i f f e r e n t  movement and 

adsorp t ion  behavior than t h e  s o l u t i o n  species. 

The movement o f  Pu w i t h  depth i n  sediment as f i n e  p a r t i c u l a t e  

ma t te r  has been e i t h e r  observed o r  i n f e r r e d .  1 y 2 y 3  However, no 

conc lus ive  evidence i s  a v a i l a b l e '  whether t h i s  i s  due t o  the  movement 
. o f  f i n e  d i s c r e t e  p a r t i c l e s  of Pu02 o r  due t o  assoc ia t i on  o f  Pu r ~ i t h  

t he  mobi le  f i n e  inorgan ic  f r a c t i o n  o f  sediments. Th is  d i f f e r e n c e  

. i n  form may be important  t o  m i g r a t i o n  because o f  t h e  expected 

v a r i a t i o n  i n  d i spe rs ion  o f  t he  d i s c r e t e  and i no rgan ic  associated 

p a r t i c u l a t e  Pu. I n  e i t h e r  case, t h e  downward movement o f  p a r t i c u -  

l a t e  Pu w i l l  be d i f f e r e n t  than the  so lub le  species and would main ly  

depend upon t h e  phys ica l  f a c t o r s  such as po ros i t y ,  r a t e  and amount 

o f  water movement, and the  s i z e  o f  t he  p a r t i c u l a t e s .  

Column s tud ies  w i l l  be done t o  e l u c i d a t e  the  movement and adsorp t ion  

behavior o f  c o l l o i d a l  and p a r t i c u l a t e  nuc l ides .  S p e c i f i c a l l y ,  t he  

f o l l o w i n g  f a c t o r s  w i l l  be i nves t i ga ted :  

1. pH 

2. I o n i c  s t reng th  

3. I n f l uence  ' o f  so l  i d  m a t r i x  

4. P o r o s i t y  and pore s i z e  d i s t r i b u t i o n  

5. Rate and amount o f  water movement 

6. The sodium adsorp t ion  r a t i o  

Forms o f  t h e  a c t i n i d e s  i n  t h e  t e r r e s t r i a l  environments - The a c t i n i d e  

forms such as soluble,  exchangeable, c o p r e c i p i t a t e d  w i t h  o ther  

minera ls ,  o r  d i s c r e t e  s o l i d  phases, t o  a  l a r g e  degree w i l l  g i v e  

i n d i c a t i o n s  regard ing  t h e  a c t i n i d e  a v i l a b i l i t y  t o  p lan ts ,  water 

p o l l u t i o n  p o t e n t i a l s ,  and the  r a t e  and amount o f  movement through 

consol i da ted  and unconsol i da ted  geo log ic  ma te r i a l s .  For example, 

so lub le  and exchangeable elements a r e  r e a d i l y  mob i le  whi 1  e  geo log ic  

matrix-compl exed a c t i n i d e s  may be re1 a t i v e l y  t i g h t l y  bound. From 

t h e  knowledge o f  t he  d i s c r e t e  phases, t h e i r  s o l u b i l i t y  products, 

and o ther  s o l u t i o n  parameters, i t  may a l s o  be poss ib le  t o  p r e d i c t  

t h e  amount o f  t h e  a c t i n i d e  present  i n  s o l u t i o n  f rom t h e o r e t i c a l  



t h e r m ~ d ~ n a m i c s . ~  Where data does no t  e x i s t  ex t rapo la t i ons  us ing  

chemica l ly  s i m i l a r  l i l inera l  s and elements may be used. 

I n  o rder  t o  determine t h e  forms o f  t he  ac t i n ides ,  ac tua l  and labora-  

t o r y  contaminated sediments w i l l  be successively  leached w i t h  

chemicals which would predominant ly remove a  se lec ted  form o f  t he  

a c t i n i d e .  Some o f  the  e x t r a c t i o n s  w i l l  be preceded and fo l l owed  by 

t h e  observa t ion  o f  t he  sediments w i t h  a  h igh  r e s o l u t i o n  pe t ro -  

g raph ic  microscope, microprobe elemental mapping, and radiography 

t o  determine t h e  a c t i n i d e  s o l i d  phases present  and a t tacked by the  

chemicals. For  t h e  r e s u l t s  o f  these e x t r a c t i o n s  t o  be meaningful, 

i t  i s  impera t i ve  t h a t  a g iven chemical remove main ly  a g iven form. 

Some o f  t h e  reagents used t o  remove water so luble,  exchangeable, 

o r g a n i c a l l y  bound, amorphous i r o n  bound, amorphous s i l i c a  and 

aluminum ox ide  bound t r a c e  metals  w i l l  be s tud ied  f o r  t h e i r  e f f i c i e n c y  

and accuracy t o  determine a c t i n i d e  forms. A few o f  t he  reagents 

t h a t  w i l l  be s tud ied  are:  d i s t i l l e d  water, a  s a l t  s o l u t i o n  such as 

1N MgC1 2, H202, sodium hypoch lor i te ,  a c i d  ammonium oxalate,  sodium 

di thioni te-c i t ra te-bicarbonate ,  and KOH. Water ' leachates, i f  

s u f f i c i e n t l y  concentrated i n  Pu, w i l l  be used t o  determine the  

valence s t a t e  and spec ia t i on  o f  Pu. Solvent  e x t r a c t i o n  techniques 

inc lud. ing procedures - described by B o n d i e t t i  , e t  a1 . , 5 y 6  and l a s e r  

spectroscopy ' would be used. The spec ia t i on  o f  o the r  nuc l ides  

w i l l  be c l a s s i f i e d  as: (1 )  suspended f i n e  p a r t i c u l a t e s ,  ( 2 )  so lub le  , 

c a t i o n i c  forms, ( 3 )  so lub le  an ion ic . fo rms,  and ( 4 )  so lub le  uncharged 

forms us ing  f i l t r a t i o n  and exchange r e s i n  techniques. 

E. Rates and  amount^ o f  a c t i n i d e  movement - Tho program o u t l i n e d  i n  

t h e  f i r s t  f o u r  work u n i t s  w i l l  e l u c i d a t e  the  e f f e c t  o f  s o l i d  ma t r i x ,  

f a c t o r s  t h a t  i n f l u e n c e  t h e  movement and adsorp t ion  o f  ac t i n ides ,  

t h e  mechanisms o f  adsorpt ion,  t he  exchange constants, and t h e  

p o s s i b l e  s o l i d  phases and forms o f  t he  a c t i n i d e  present  i n  gen lng ic  

environments. From the  r e s u l t s  of these s tud ies  a  geochemical 

model w i l l  be formulated t o  p r e d i c t  t he  b e h a v i o r - o f  a  g iven a c t i n i d e '  

element under any g iven geologic  environment. 
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SUBTASK 6: GEOCHEMICAL INTERACTIONS TECHNICAL MANAGEMENT 

AND INTERPLAY WITH OVERALL OW1 PROGRAM 

As p rev ious l y  mentioned, t h e  o v e r a l l  o b j e c t i v e  o f  Task 4 i s  t o  pro-  

v i d e  geochemical i n t e r a c t i o n  data t o  a i d  i n  t h e  s a f e t y  assessment o f  

l ong  term storage o f  so l  i d i f  i e d  nuclear  wastes. The o v e r a l l  assessment 

task  w i l l  necess i ta te  a  broad, t r u l y  mu1 t i d i s c i p l  inary ,  approach. Some . . .  

o f  t he  major tasks o f  PNL, as managers o f  t h e  nuc l i de  m ig ra t i on  p o r t i o n  

o f  t h e  OW1 program, " w i  11 be to :  (a )  coordinate t h e ,  numerous subcontracts, 

(b)  assure t h a t  t he  scope of work does no t  dev ia te  from OW1 needs, . 

( c )  see t h a t  t he  programs produce necessary data i n  a  t ime ly  fashion, 
- and ( d )  assure t h a t  t h e  q u a l i t y  of t h e  work i s  high. 

I n  t h i s  era o f  i n fo rma t ion  explos ion i t  i s  a l s o  important  t o  prov ide  

t i m e l y  and widespread disseminat ion. As p a r t  o f  PNL ' s  management ob jec t i ves  , 
formal i n t e r a c t i o n  w i t h  o ther  OW1 work un i t s ,  o ther  ERDA d i v i s i o n s  such 

as DBER and DPR, and o the r  organ iza t ions  w i l l  be stressed. This w i l l  
a i d  i n  .keeping the  na t iona l  and OW1 needs i n  perspect ive  and w i l l  p o i n t  

o u t  areas o f  p o t e n t i a l  c o n f l i c t  and dup l i ca t i on .  

We1 1  publ i c i  zed y e a r l y  techn ica l  works hops and peer review groups, 

cover ing geologic media-waste i n t e r a c t i o n s  and n u c l  i d e  migra t ion ,  w i  11, 

be i n i t i a t e d  i n  FY 78. Output from these meetings and PNL-managed 

s tud ies  w i l l  be documented i n  open l i t e r a t u r e  a r t i c l e s  and y e a r l y  techn ica l  

progress r e p o r t s  authored by each subcontractor.  

Year ly  summary repor t s  o f  t h e  techn ica l  work performed i n  Task 5 

w i l l  be publ ished by PNL. A t  t h e  complet ion o f  each work u n i t  a  techn ica l  

r e p o r t  w i l l  be publ ished by t h e  appropr ia te  con t rac to r .  PNL w i l l  p rov ide  

gu ide l i nes  so t h a t  r e p o r t  formats from a l l  cont rac tors  a re  s i m i l a r .  

The work u n i t s  o u t l i n e d  below w i l l  be a  con t inua l  e f f o r t  over t h e  

l eng th  o f  t he  OW1 program as shown i n  Figure 7. 
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FIGURE 7. subtask 6 - ~ e o c h e h i c a l  I n t e r a c t i o n s  i e c h n i  c a l  Managernsnt and I n t e r p l a y  ' w i t h  0-,eCall 

OW1 Program 



A. Coord ina t ion  o f  subcontracts  ,(PNL) 

B. Cont inual  i n t e r a c t i o n  w i t h  o the r  OW1 work u n i t s  (PNL) 

C . Coord ina t ion  w i t h  o the r  o rgan iza t ions  .(PNL) 

D. Peer rev iew group 

E. . I n fo rma t i on  d isseminat ion  

Year ly  t echn i ca l  workshops (PNL) 

Technical  progress r e p o r t  ( a l l  c o n t r a c t o r s )  

Year ly  summary r e p o r t  (PNL) 

F igu re  8 i s  a concep tua l i za t i on  o f  how t h e  s i x  subtasks o f  Task 4 

i n t e r r e l a t e .  ' 

F i gu re  9 i s  a  concep tua l i za t i on  o f  how t h e  n u c l i d e  m i g r a t i o n  work 

package f i t s  i n t o  t h e  o v e r a l l  Waste I s o l a t i o n  Safe ty  Assessment Program. 
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FIGCRE 9.  Overall WISAP Program and Other Related Efforts 
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DISCUSSION--R. J .  SERNE 
! .  

Focus o f  WISAP 

Q. , Have WISAPIS gener i c  r e s p o n s i b i l i t i e s  been taken away by the  new 

focus on s a l t ?  
w 

A .  NO, WISAP w i l l  con t inue t o  do gener ic  s tud ies .  However, t h e  hydro- 

thermal programs and some o f  t he  o the r  s p e c i f i c  programs w i z l l ,  be 
- . d i r e c t e d  a t  s a l t  f o r  t he  t ime being. 

.i F i n a l  Report 

Q. With  a1 1  o f  t h e  con t rac to rs  . . us inb  d i f f e r e n t  methods and- ob ta in ing  

d i f f e r e n t  Kdsy who w i l l  w r i t e  t h e  f i n a l  repo r t ,  and what w i l l  t he  

t ime  frame be? W i l l  you subcontract  i t  ou t  t o  an independent p a r t y  

, t o  eva lua te  t h e  date? -, ' '  , 
R . . 

A. The r e p o r t  w i ' l ' l  be w r i t t e n  by the  B a t t e l l e  s t a f f ,  bu t  t h e r e  w i l l  be 

ample opportuii ty f o r  a1 1  con t rac to rs  t o  have i n p u t  .- Workshops . - 
. .  - 1 w i l l .  be a  p r imary  means of o b t a i n i n g  t h i s  i npu t .  Batte1, le w i l l .  ., 

. ,  

. . syn thes ize  t h e  feedback rece ived f r o m i n d i v i d d a l  con t fac to rs  a t  
. , 

each workshop and present  i t  i n  summarized form"at  t h e  next;  it. . . 

w i l l  then i n c o r p o r a t e  new m a t e r i a l  and r e a c t i o n s  from t h a t  workshop. 

The f i n a l  ou tpu t  i s  expectedL t o  occur near the  end o f  F Y  1979; 

t h i s  should g i v e  c o t i t r a c t u r i  enough t ime t o  do adequate experiments. 

To meet OW1 dead1 ines, however, B a t t e l  l e  w i  11 have t o  make,. p r e l  i m i -  

nary  assessments e a r l i e r .  
. .. 

U&e o f  Term " K  ," 
u 

Q. Given a l l  t h e  c o n f u s i o n t h a t  has r e s u l t e d  f rom ' loose  use o f a t h e  

term "Kdy" can we agree t o  r e s t r i c t  t h e  use d f  t h e  term t o  i t s  . . 
o r i g i n a l  meaning, and i n v e n t  a  new term f o r  d i s t r i b u t i o n  as a 
f u n c t i o n  o f  t ime? 



A. People innuclear  waste management have misused the term "Kd" from 
the s t a r t ,  resulting in a certain amount of confusion as to exactly 
what i s  meant whenever the term i s  used. On the other hand, intro- 
duction of a new term a t  th is  point could cause even more confusion. 
Perhaps th is  question could be dealt  with a t  more length i n  the 
Open Floor Discussion a t  the end of the conference; the group could 
then be surveyed for i t s  recommendations. 









This  i s  a progress r e p o r t  based upon o n l y  a p a r t  o f  t h e  r e s u l t s  
which w i l l  be col le,cted f o r  t h i s  study. Therefore, t h e  conclusions 
drawn from t h i s  r e p o r t  o r  t he  r e s u l t s  discussed he re in  a re  t e n t a t i v e  
and should n o t  be quoted w i thou t  t h e  knowledge o f  t he  authors. 
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ADSORPTION OF PU ( I V )  AND PU ( V I )  UNDERl CONTROLLED 
pH AND Eh BY SOIL MINERALS 

Dhanpat Rai, R. J. Serne and U. A. Noore , 

Ba t te l le -Nor thwest  

INTRODUCTION 

Elements such as Pu, Np, and Am may e x i s t  i n  several  o x i d a t i o n  s ta tes  

i n  s o i l  s o l u t i o n s .  The adsorp t ion ,  complex fo rmat ion  and movement o f  these 

elements i n  the geo log ic  environment among o the r  f a c t o r s  i s  dependent on 

the  o x i d a t i o n  sta,te. There a re  l i t t l e  data a v a i l a b l e  on the  e f fec t  of 

o x i d a t i o n  s t a t e  on the  adsorption o f  Pu bay s w i l  m inera ls  under.known.pH 

, c o n d i t i o n s  (Prout ,  1959; B o n d i e t t i  and Reynolds, 1976). There a r e  no da ta  

a v a i l a b l e  where Pu adso rp t i on  experiments were r u n  under measured o r  

c o n t r o l l e d  pH and Eh cond i t i ons  such t h a t  t he  o x i d a t i o n  s t a t e  d i s t r i b u t i o n  

would n o t  change d u r i n g  the  experiment. Stock s o l u t i o n s  con ta in ing  P u ( I I 1 )  , 
Pu(IV),  and Pu(V1) can be prepared f o r  adsorp t ion  s tud ies  and w i t h  proper 

c o n t r o l  of pH.and Eh the  d i l u t e  suspensions may be mainta ined I n  a  s p e c i f i c  

o x i d a t i o n  s ta te .  One o f  t he  major d i f f i c u l t i e s  w i t h  the  da ta  a v a i l a b l e  i n  

t h e  l i t e r a t u r e  i s  t h a t  l i t t l e  e f f o r t  was made t o  c o n t r o l  the pH and Eh o f  

t h e  suspensions d u r i n g  the  adsorp t ion  experiment. Eh can be c o n t r o l l e d  by 

t h e  a d d i t i o n  o f  o x i d i z i n g  o r  reducing agents. However, the  e f f e c t  o f  these 

o x i d i z i n g  o r  reduc ing  agents on the  Pu adsorp t ion  by so11 minera ls  , is  n o t  

known. "l'b~eref'or$, prel1rninar.y exper'islents on the use o f  the  p o t e n t i o s t a t  

t o  c o n t r o l  Eh o f  t he  suspensions was i nves t i ga ted  and found f e a s i b l e .  

Since t h e  p o t e n t i o s t a t  ma in ta ins  Eh by an e l e c t r o n  t r a n s f e r  process ins tead 

o f  adding some b u f f e r i n g  chemica"l , t h e  i n t e r f e r e n c e  by t h i s  method on 

adsorp t i on  o f  elements should be minimal.  The o b j e c t i v e  o f  t h i s  s tudy was 

t o  i n v e s t i g a t e  t h e  adso rp t i on  o f  var ious  o x i d a t i o n  s t a t e s  o f  Pu by s o i l  

m ine ra l s  under d i f f e r e n t  pH values and corl l ;rol led Eh cond i t i ons .  

l ~ h i s  i s  n o t  a  f i n a l  r e p o r t  bu t  a  progress r e p o r t  based upon o n l y  a  p a r t  
o f  t h e  r e s u l t s  which w i l l  be c o l l e c t e d  f o r  t h i s  study. Therefore, the  
c o n ~ l u s i o n s  drawn f rom t h i s  r e p o r t  or t he  r e s u l t s  discussed h e r e i n  a re  
t e n t a t i v e  and should n o t  be quoted w i thou t  the  knowledge o f  the  authors. 



4 MATERIALS AND METHODS 

Various c e l l s  t h a t  can be used w i t h  a  p o t e n t i o s t a t  t o  c o n t r o l  t he  Eh 

o f  ' the s o l u t i o n s  a r e  described by Har rar  (1975). A l l  o f  the  c e l l s  descr ibed 

by Har rar  (1975) a r e  made f rom g lass 'and  a re  used f o r  coulometr ic  determinat ions.  

For t he  present  s tudy i t  was necessary t o  c e n t r i f u g e  the  c e l l s  and have c e l . 1 ~  

t h a t  would w i ths tand h igh  c e n t r i f u g a l  f o rces  ( 4 0 0 0  RPM). Therefore, a  c e l l  

made o f  t e f l o n  was designed s p e c i a l l y  f o r  t h i s  s tudy (F igure  1) .  The c e l l  i s  

o f  1  1/2" i n s i d e  diameter and i s  about 3" l ong  w i t h  a screw cap t h a t  holds a  

working el.ectrode, counter  e lec t rode,  s a l t  br idge,  pH e lec t rode,  gas i n l e t ,  gas 

o u t l e t  and s o l u t i o n  s p i k i n g  and sampling p o r t .  The working e lec t rode  cons i s t s  

o f  a  45 mesh b r i g h t  p la t i num c y l i n d e r  o f  1  1/4' diameter and 1  1/4" he igh t .  T,he 

counter e lec t rode  was made by f o l d i n g  52 mesh (2"  x 1 " )  p la t inum gauze length-  

wise and so lde r ing  i t  t o  a  p la t inum wi re .  The counter  e lec t rode  i s ' p l a c e d  i n  

t he  cen te r  o f  t h e  work ing e lec t rode  and . i s  i s o l a t e d  from t h e  sample w i t h  g lass 

tub ing  f i t t e d  a t  t h e  end w i t h  a  conduct ing porous ( u n f i r e d )  vycor  g lass  frit. 

The g lass tube con ta in ing  t h e  counter  e lec t rode  was f i l l e d  w i t h  0.1N KCI s o l u t i o n .  

A sa tura ted  calomel e lec t rode  i s  used as a  re ference e lec t rode.  The re ference 

e lec t rode  makes an e l e c t r i c a l  con tac t  w i t h  the  s o l u t i o n  through a  s a l t - b r i d g e  

tube con ta in ing  0.1N KC1. The conduct ing t i p  o f  t he  s a l  t - b r i d g e  was pos i t i oned  

a  few mm away f rom t h e  working e lec t rode.  A combinat ion re ference/g lass  

e lec t rode  i s  used t o  c o n t i n u o u s l y ~ m o n i t o r  t he  pH. The s o l u t i o n  i n  t he  c e l l  i s  

s t i r r e d  by a  Te f l on  coated S p i n f i n  (5/8" d iameter)  which s i t s  . i n  the center  o f  

t h e  c e l l  i n  a  recessed c a v i t y .  

Since l i t t l e  i n fo rma t ion  i s  a v a i l a b l e  f o r  the  use o f  p o t e n t i o s t a t  i n  

c o n t r o l l i n g  the  Eh o f  t h e  s o i l  s l u r r i e s ,  a  p r e l i m i n a r y  experiment was conducted 

t o  determine t h e  f e a s i b i  l i t y  o t  use o t  t h e  p o t e n t i o s t a t  i n  c o n t r o l l d n g  the Eh 

o f  t h e  s o i l  s l u r r i e s .  Kaol i n i  te-water s l u r r i e s  were ad jus ted  t o  d i f f e r e n t  

p o t e n t i a l s  w i t h  the  p o t e n t i o s t a t .  The p o t e n t i a l  o f  the  s o l u t i o n  a t  var ious  

d is tances  f rom the working e lec t rode  was determined w i t h  an independent 

e lec t rode  over  a  several  hour t ime per iod.  These independently '  determined 

po ten . t i a l s  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  from the  a p p l i e d  p o t e n t i a l  which 

had been s e t  on t h e  po ten t i os ta t ,  suggest ing Eh cont ro ' l  i s  poss ib le .  

, For t he  adso rp t i on  experiments, onegram o f  t he  minera l  samplewas added 

t o  the  c e l l  c o n t a i n i n g  30' mls o f  0.03N CaC1,2 s o l u t i o n .  . The Eh o f  t h i s  so i  1  
t '  

suspension was ad jus ted  t o  the va lue  where e i t h e r  Pu(1V) o r  Pu(V1) o x i d a t i o n .  

m -  s t a t e s  a r e  expected t o  be r e l a t i v e l y  s t a b l e  (Table 1 ) .  P r e p u r i f i e d  N2 gas was ' 
' . 
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FIGURE 1,. T e f l o n  C e l l  Used t o  Contro1,the P o t e n t i a l  o f  So lu t ions  



TABLE 1  

SELECTED POTENTIALS FOR Pu ( I V )  AND Pu (V I )  ADSORPTION 

Selected P o t e n t i a l  vs 
Ox ida t i on  S ta te  pH o f  S o l u t i o n  t h e  Standard Calomel. ( V o l t s )  



passed cont inuous ly  over  t h e  s o l u t i o n  sur face i n  o rder  t o  c rea te  an i n e r t  atmos- 

phere. The sample was p r e - e q u i l i b r a t e d  f o r  approximately h a l f  an hour a t  the  

a p p l i e d  p o t e n t i a l  t o  assure proper Eh. Then a  small a l i q u o t  (0.02 t o  0.05 ml) 
6 o f  t h e  ~u~~~ s tock  s o l u t i o n  i n  s t rong a c i d  con ta in ing  3.951 x  10 dpm Pu(1V) o r  

6 2.137 x I n  dpm Pu(V1) was added. The p~ o f  t he  suspension was ad jus ted  t o  a  

d e s i r e d  value as soon as i t  was poss ib le  a f t e r  Pu a d d i t i o n  w i t h  HC1 o r  NaOH, 

A t  t h e  end o f  several  t ime i n t e r v a l s ,  the  suspensions were c e n t r i f u g e d  

a t  -6000 RPM f o r  approximate ly  10 minutes. A smal l  a l i q u o t  (0.1 n i l )  o f  the  

supernatant  s o l u t i o n  was withdrawn f o r  Pu determinat ions.  The c e n t r i f u g e d  

s o l l d s  were resuspended and the e q u i l i b r a t i o n  was s t a r t e d  again. 

I n  o rder  t o  determine Pu. t h e  samples were spiked w i t h  P U ~ ~ ' ,  d i ges ted  

i n  concentrated HN03, and evaporated t o  drynpcr .  The PII was taL:aa up I n  
H $8 ti t r a t e d  w i t h  NH OH and e l e c t r o p l a t e d  a t  pH 'I .8 t o  2.0. The concent ra t ions  

4238 o: P:242, and Pu were determined w i t h  a lpha  energy analyzers.  

RESULTS AND DISCUSSION 

The' r e s u l t s  obta ined so f a r  on adsorp t ion  o f  Pu(1V) and Pu(V1) a re  

presented i n  F igures  1  through 3. These f i gu res ,  i n  general ,  i n d i c a t e  t h a t  

t h e  major  amount o f  adso rp t i on  o r  change i n  s o l u t i o n  concent ra t ion  occurs 

i n  t h e  f i r s t  15 minutes. Pu(1V) concent ra t ions  i n  s o l u t i o n s  a t  any g iven 

pH a r e  much lower than t h e  Pu(V1) concent ra t ions  (F igures 2 and 3 ) .  ., 
Plutonium concent ra t ions  i n  s o l u t i o n  i n  con tac t  w i t h  mon tmor i l l on i t e  a t  pH 

4.0 were ~iiuch lower than the  blanks o r  the  s o l u t i o n s  i n  con tac t  w i t h  

kaolin-i t e  (F igu re  2 ) .  A t  pH 7, the  Pu(V1) concent ra t ions  i n  con tac t  w i t h  

kao l  i n i t e  were. much lower than the blanks (F igu re  3 ) .  

From t h e  foregoing,  i t  appears t h a t  t he  ox i r l a t i on  s t a t c ,  pll, and 

sur face area and/or c a t i o n  e ~ ~ t l d l l y c  capaci t y  has a s i g n i f i c a n t  i n f  1  uence on 

the  adso rp t i on  of plutonium. I n  general the  Pu(V1) adsorbs l ess  than the  

Pu(1V). An increase i n  pH increases the  percentage adsorpt ion.  An increase 

I n  surface area and/or c a t i o n  exchange capac i t y  appears t o  increase Lhe 
adsorp t ion .  

F igures  2 and 3 i n d i c a t e  t h a t  the concent ra t ion  o f  plutonium, i n  

s o l u t i o n s  w i t h o u t  c lays ,  decreases i n  b lank  s o l u t i o n s  a1 so. Ph is  decrease 

i n  concen t ra t i on  may be due t o  p r e c i p i t a t i o n  and/or adsorp t ion  by the  c e l l  

w a l l  and e lec t rodes.  I n  o rde r  t o  avo id  poss ib ie  p r e c i p i t a t i o n  the  s o l u t i o n  



Time,  Hours 

FIGURE 2. Changes i n  puZ3' Concentrat ion i n  S o l u t i o n  w i t h  T ioe i n  a  pH 4.0 and 1:30 
Clay t o  So lu t i on  (0.03N Ca) Rat ios.  
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Time. Hours 

FIGURE 3 .  Changes i n  ~u~~~ Concentrat ion i n  s o l u t i o n  w i t h  Time i n  Suspensions o f  pH 7.0 
and 1:30 Clay t o  S o l u t i o n  (0.03N Ca) Rat ios.  



concent ra t ions  i n  f u t u r e  experiments w i  11 be se lec ted  such t h a t  t h e  

p lutonium concen t ra t i on  i n  t he  e q u i l i b r i u m  so lu t i ons .  does n o t  exceed t h a t  

which can be mainta ined by Pu(OH)~ and/or Pu02. The r e s u l t s  repo r ted  by 

Rai and Serne (1977) would h e l ~  i n  s e l e c t i n g  these concent ra t ions .  I n  o rder  

t o  check whether a  c e r t a i n  amount o f  p lu tonium i s  e l e c t r o p l a t e d  o r  adsorbed 

by t h e  e lect rodes,  t h e  concent ra t ion  o f  Pu i n  s o l u t i o n s  w i t h  and w i t h o u t  t h e  

p o t e n t i o s t a t i c  Eh c o n t r o l  were determined (F igu re  4 ) .  The concen t ra t i on  o f  Pu 

i n  s o l u t i o n s  w i t h  and w i t h o u t  t h e  e lec t rodes  d t d  no t  d i f f e r  s i g n i f i c a n t l y .  

Therefore, i t  can be s t a t e d  t h a t  t h e  e lec t rodes  used t o  c o n t r o l  t he  s o l u t i o n  

p o t e n t i a l s  would have n e g l i g i b l e  e f f e c t  on t h e  change i n  Pu concen t ra t i on  i n  

s o l u t i o n  over  pH and Eh ranges s tud ied  i n  t h i s  experiment. 

FUTURE PLANS 

Future p lans  i n c l u d e  the  study o f  adsorp t ion  o f  P u ( I I 1 ) ;  Pu( IV) ,  and 

Pu(V1) by severa l  m inera ls  f o r  a  s p e c i f i c  t ime pe r i od  under d i f f e r i n g  t o t a l  

concent ra t ions  o f  Pu. These data w i l l  be c o l l e c t e d  f o r  pH 4  and 7. This  

s tudy would he lp  r a t e  t h e  minera ls  accord ing t o  t h e i r  r e l a t i v e  importance i n  

adsorp t ion  o f  Pu under a  g iven pH, o x i d a t i o n  s t a t e ,  and d i f f e r i n g  t o t a l  Pu 

concent ra t ions .  
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Time, H o ~ r s  

FIGURE 4. Chmges i n  puZ3' Concentrat ion i n  S o l u t i o n  w i t h  Time i n  a pH 4.0 and 0 . ' 0 3 ~  Ca 
SoJut ions Conta-i-n! ng Pu(IV! (131 706 dpm/ml ) and Fu(V1 (71 230 dpm/ml ) . 
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DISCUSSION--DHANPAT R A I  

Changes i n  puZ3' Concentrat ion Over Time 

a t  pH 4.0 (F igu re  2 ) '  

Q. What was you r  i n i t i a l .  Pu concent ra t ion? 

A. About M. 

Q. What i s  t h e  s o l u t i o n  i n  contac t  w i t h  besides c lay?  

A. I t ' s  i n  contac t  w i t h  a l l  t h e  e lectrodes i n  t h e  c e l l ,  as w e l l  as t h e  

s a l t  br idye  (see F igu re  1 ) .  

Q. Who,, 1s t h e  ycls t h a t  i s  passed through t h e  s o l u t i o n  and how pure i s  

i t ?  

A. . Ni trogen, and i t ' s  about 99.99% pure. 

Q. How i s  t h e  s o l i d  phase separated from t h e  l i q u i d  phase? 

A. The whole c e l l  i s  cen t r i f uged  a t  6,000-7,000 rpm; a f t e r  t he  s o l i d s  

have se t t l ed ,  a  sample o f  t he  supernatant i s  Laken. 

Q. How d i d  you determine t h a t  Pu(V1) would be s t a b l e  a t  t h a t  p a r t i c u -  

l a r  Eh? 

A.  rir.st, because o f  t h e  way i n  which the  s o l u t i o n  was prepared, we 

were reasonably sure t h a t  t he  amount o f  Pu i n  a  g iven valence s t a t e  

was 99% o r  b e t t e r .  Then, hased on L l ~ e  Mork o f  D r .  Cohen, we dssumed 

that ,  i f  we could c rea te  t h e  h ighest  o x i d i z i n g  cond i t i on  poss ib le  

w i thou t  i n t roduc ing  f r e e  oxygen ions, Pu(V1) added t o  t h e  system 

would remain s tab le .  

Q Why dSd t h e  concent ra t ion  o f  t he  Pu(V1) b lank drop a f t e r  about 

80 hrs?  

A. I ' m  n o t  sure; i t  cou ld  be an a r t i f a c t  o r  .it could be an ac tua l  

drop. I f  t h e  drop i s  r e a l ,  i t  could mean t h a t  t h e  o x i d a t i o n  s t a t e  

i s  n o t  being maintained. 



Q. I s n ' t  i t  an a r t i f a c t  o f  p l o t t i n g  Pu concent ra t ion  as a l oga r i t hm ic  

f u n c t i o n  o f  t ime? 

A. That cou ld  a l s o  be t rue .  

Q. I s  t h e  drop i n  Pu concent ra t ion  due t o  p r e c i p i t a t i o n ?  

A .  We. haven ' t  had t ime t o  check t h i s  o u t  thoroughly, bu t  we assume 

t h a t  a t  l e a s t  p a r t  o f  i t  i s  going i n t o  t h e  c e l l  wa l ls .  

Q. What c r i t e r i a  were used t o  determine t h a t  M i s  too  g rea t  t o  be 

considered a  t r a c e  concent ra t ion? 

A .  We looked a t  repo r t s ,  which i n d i c a t e  t h a t  70% o f  t h e  Pu disappears 

from t h e  s o l u t i o n .  Th is  makes us t h i n k  t h a t  some mechanism o the r  

than adsorp t ion  i s  going on--perhaps p r e c i p i t a t i o n .  We p lan  t o  

l ook  a t  much lower concentrat ions,  however; t h i s  should he lp  us 

determine what i n  f a c t  i s  happening. 

Q. Can you be sure t h a t  b a c t e r i o l o g i c a l  growth i s  no t  a f f e c t i n g  t h e  

resu 1  t s ?  

A .  Yes; t he  minera ls  we used were' pure  minera ls ,  f rom which t h e  organ ic  

ma t te r  had been removed. Therefore, t h e r e  should be very  l i t t l e  

b i o l o g i c a l  a c t i v i t y  occur r ing .  

Q. Do you use s t e r i l e  water? 

A. We use r e p u r i f i e d  d i s t i l l e d  water, bu t  i t ' s  no t  s t e r i l e .  

Q. Was t h e  m o n t m o r i l l o n i t e  d e f j n i t i v e l y  charac ter ized as a  s i n g l e  

m ine ra log i ca l  phase? 

A. Yes, i t w a s .  



I+ 

Q. D i d  you. sub jec t  t h e  s o l u t i o n  t o  any pret reatment  o r  pre loading? 

A. Yes--with Ca. 

Q. What i s  t h e  t o t a l  sur face area o f  t h e  minera ls?  

2 2 A. About 30 m f o r .  k a o l i n i t e ,  and 800 m f o r  mon tmor i l l on i t e .  

Q. What method d i d  you use t o  determine sur face area? 

A. The e thy lene g l y c o l  method; most s o i l  s c i e n t i s t s  use t h i s  method, 

and we fee l  t h a t  i t  g ives  a f a i r l y  r e l i a b l e  measuremcnt. 

Q. How does t h a t  r e l a t e  t o  t h ~  PET methud? 

A. BET g i v e s  ex te rna l  sur face area only;  q l yea l  y i ves  you t h e  t o t a l  

area-= i n t e r n a l  p l u s  ex te rna l .  

Q. How many rep1 i c a t i o n s  does each p o i n t  represent? 

A. Righ t  now, on ly  one; b u t  we have samples o f  t h e  s o l u t i o n  i n  storage, 

and we p l a n  t o  analyze these again l a t e r .  

Q. ' A f t e r  t h e  experiment was complete and you had measured t h e  amount 

of PU(VI) i n  t h e  supernatant,  d i d  you then determine i t s  o x i d a t i o n  

s t a t e ?  

A. Not ye t ,  bu t .we l re  p lann ing  t o  do t h a t .  

Q. Do you have any data  on Pu(V1) concentrat ions i n  t h e  presence o f  

montmori 1  1 on i  t e ?  

A. We're i n  t h e  pr-ocess o f  ob ta in ing  ,it. 

Changes i n  Pu Concentrat lon Over Time 

a t  pH 7.0 (F igure  3 )  

Q. Why does s h f t t  ing t h e  pH t o  7.0 cause t h e  Pu(V1) concent ra t ion  i n  
. t h e  presence o f  k a o l i n i t e  t o  change so d ramat i ca l l y?  

A. I 'm n o t  sure; i t ' s  p robab ly  a p r e c i p i t a t i o n  phenomenon. 



. , Q. Did you ' . t ry  the experiment w i t h  both Pu(.IV) and Pu(V1) i n  the 

s t a r t i n g  so lu t ion?  

A. No, these are separate experiments. 

Q. Have you done experiments where both .ox idat ion states are present 

i n i t i a l l y ?  

A. No, I haven't. 

Q. Are Pu(1V) and Pu(V1) the ox idat ion states t ha t  could be expected 

t o  be present i n  natural  groundwater systems? 

A. Pu(1V) i s ;  Pu(VI), however, i s  not  very stable. 

Q. What about P u ( I I I ) ?  

A. I n  a system l i k e  th i s ,  where there i s  no reducing condi t ion i n  the 

s o i l  system, Pu( I I1 )  would .ox id ize t o  Pu(1V). 
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IDENTIFICATION OF PLUTONIUM COMPOUNDS AND THEIR 

SOLUBILITY I N  SO'ILS' 

Dhanpat Rai,.R. J. Serne and D. A.  Moore 

Bat te l le -Nor thwest  

INTRODUCTION 

The s o l i d  compounds o f  Pu t h a t  may be present  i n  s o i l s  would have a 

s p e c i f i c  s o l u b i l i t y  a t  e q u i l i b r i u m  i n  a g iven weathering environment and 

cou ld  c o n t r o l  the  f i n a l  concen t ra t i on  o f  Pu i n  the  s o i l  s o l u t i o n .  The 

f i n a l  concen t ra t i on  would, i n  t u rn ,  l a r g e l y  c o n t r o l  the  d i s t r i b u t i o n  o f  

Pu i n  t he  environment. Therefore, t he  knowledge o f  Pu compounds present  

i n  t he  s o i l  and t h e i r  s o l u b i l i t y  i s  necessary i n  o rder  t o  p r e d i c t  the  

behavior  o r  f a t e  o f  Pu i n  t he  s o i l .  

The r e l i a b l e  data on s o l u b i l i t y  o f  Pu02, PU(OH)~,  and P u O ~ ( O H ) ~ ,  

t h e  compounds most l i k e l y  t o  form i n  s o i l s ,  a t  environmental  pH and Eh 

values a r e  l a c k i n g  (Rai and Serne, 1977). An ex tens ive  rev iew (Ames, 

Rai , and Serne, 1976) on a c t i n i d e s  i n d i c a t e d  t h a t  numerous workers have 

s tud ied  the  Pu concent ra t ions  and d i s t r i b u t i o n  w i t h  depth i n  s o i l s .  

However, w i t h  t he  except ion o f  P r i c e  and Ames (1975) none have made any 

a t tempt  t o  i d e n t i f y  t he  s o l i d  phases o f  Pu present  i n  s o i l s .  b r i c e  and 

Ames ( 1  975) i s o l a t e d  p lutonium p a r t i c l e s  from the  contaminated s o i  1s and 

analyzed them w i t h  e l e c t r o n  microprobe and X-ray d i f f r a c t i o n .  They were 

a b l e  t o  i d e n t i f y  a l a r g e  p o r t i o n  o f  the  m a t e r i a l  as Pu02 b u t  were n o t  

a b l e  t o  i d e n t i f y  the  na tu re  of t he  compounds associated w i t h  s o i l  s i l  i- 

cates.  P r i c e  and Ames (1975) r e s u l t s  a re  c o n s i s t e n t  w i t h  the  theore t ' l ca l  

c a l c u l a t i o n s  o f  Rai and Serne (1977) who p r e d i c t e d  t h a t  t h e  Pu02 would 

be the  most s t a b l e  minera l  a t  e q u i l i b r i u m  i n  t he  pH and Eh ranges found 

i n t e r r e s  tri a1 environments . 
I t  i s  c l e a r  from the  above d iscuss ion  ' t h a t  informatiurs regard ing  

the  s o l u b i l i t y  o f  var ious  Pu compouiids and t h e  na tu re  o f  t h e  s o l i d  

compounds t h a t  may be present  i n  t h e  s o i l s  i s  needed. The o b j e c t i v e s  o f  

t h i s  s tudy were to :  

 his i s  a progress r e p o r l  based upon o n l y  a p a r t  o f  t h e  r e s u l t s  which , 

w i l l  be c o l l e c t e d  f o r  t h i s  study. Therefore, t he  conc'lusions drawn 
f rom t h i s  r e p o r t  o r  t h e  r e s u l t s  discussed he re in  a re  t e n t a t i v e  and 
should n o t  be quuted w i t h o ~ t ~ t h e  knowledge o f  t he  au thors .  
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1 . determine Pu concentrat ions i n  equi 1 i brium w i t h  PuOZ(OH) 2, PU (OH)4, 

and Pu02 a t  environmental pH and Eh condi t ions;  

2. i d e n t i f y  Pu compounds,in s o i l s ;  and 

3 .  prov ide  gu i i l e l  irres t o r  t he  t race  Pu concentrat ions needed f o r  

adso rp t i on  experiments t o  assure t h a t  Pu p r e c i p i t a t i o n  would be 

n e g l i g i b l e  o r  absent. 



METHODS AND MATERIALS 

Three pure compounds used i n  t h i s  s tudy were Pu02, Pu(OH)~, and 

P u O ~ ( O H ) ~ .  Pu02 was obta ined from Oak Ridge Nat iona l  Laboratory. 

Pu (OH)~  and P u O ~ ( O H ) ~  were prepared by n e u t r a l i z i n g  4 M  HN03 s o l u t i o n s  

con ta in ing  Pu(1V) and Pu(V1) w i t h  NaOH (Cleveland, 1970). The p r e c i p i -  

t a t e s  were washed f r e e  o f  Na w i t h  d i s t i l  l e d  water. 

I n  o rder  t o  determine the  s o l u b i l i t y  o f  var ious  p lutonium com- 

pounds, approximately 8 mg o f  each s o l i d  compound was t r a n s f e r r e d  t o  a 

d i f f e r e n t  polycarbonate c e n t r i f u g e  tube. Twenty mls o f  0.003N CaC1 

s o l u t i o n  was added t o  each o f  these tubes and the  pH values were ad- 

j u s t e d  t o  4.0, 5.5, 7.0, and 8.5 us ing  NaOH o r  HC1 as needed. The whole 

experiment was dup l jca ted .  The suspensions were aged. A t  var ious  t ime 

i n t e r v a l s  (7 days, 21 days, 90 days, . . . ) t h e  suspensions were c e n t r i -  

fuged a t  6,000 RPM f o r  approximately 40 minutes and a smal l  a l i q u o t  (0.1 

m l )  o f  the  supernate was withdrawn f o r  Pu ana lys i s .  The pH of t he  

suspensions was p e r i o d i c a l l y  read jus ted  (approximately every f i f t h  day). 

The pH 4.0, 5.5, and 7.0 suspensions needed l i t t l e  adjustment a f t e r  the  

second o r  t h i r d  adjustment, whereas pH 8.5 suspensions tended t o  decrease 

t o  approximately 8. Th is  experiment has been going on f o r  a l i t t l e  over 

100 days. No pH adjustment was made a f t e r  21 days o f  aging.  

In order  t o  determine the  na ture  o f  t he  p lutonium compounds present  

i n  the contaminated s o i l s ,  t h ree  contaminated s o i l s  from Hanford waste 

d isposa l  c r i b s  (Z9-4-5A; Z9-4- l lA; Z12-ID) were used. The s o i l s  were 

washed once w i t h  d i s t i l l e d  water t o  remove so lub le  s a l t s  and then e q u i l i -  

b ra ted  w i t h  0.003N Ca s o l u t i o n  i n  dup l i ca te .  E q u i l i b r a t i o n s  were c a r r i e d  

o u t  w i t h  s o i l  on ly ,  s o i l  p l u s  5 mg Pu02, and s o i l  'p lus 3 mg Pu(OH)~. 

Samples o f  Z9-4- l lA were a l s o  ad jus ted  t o  var ious  pH l e v e l s  as discussed 

under d i s s o l u t i o n  s tud ies .  A t  var ious  t ime i n t e r v a l s  (7  days, 21 

days, 90 days, .. . )  the  suspensions were cen t r i f uged  a t  6,000 RPM f o r  

approx l r i~a te ly  40 minutes and a smal l  a l i q u o t  (0.1 m l  ) o f  t he  supernate 

was withdrawn f o r  Pu ana lys i s .  

242 The a l i q u o t s  o f  supernate con ta in ing  Pu were spiked w i t h  Pu , .  
d iges ted  i n  concentrated HN03, and evaporated t o  dryness. The Pu was 

taken up i n  H2S04, t i t r a t e d  w i t h  NH40H and e l e c t r o p l a t e d  a t  pH 1.8 t o  

2.0. The concent ra t ions  o f  ~u~~~ , and ~u~~~ were determined w i t h  

alpha energy analyzers.  The above method I s  most use fu l  when a very  smal l  



amount o f  var ious  rad io iso topes i s  present  i n  a l a r g e  volume o f  s o l u t i o n .  

Most o f  the  samples used f o r  t h i s  s tudy conta ined 1)  o n l y  Pu, 2)  r e l a t i v e l y  

h igh  concent ra t ions  of Pu i n  t he  s o l u t i o r ~ s ,  and 3 )  s o l u t i o n s  w i t h  low 

Sonic s t r e n g t h  ( p 0 . 0 0 4 5 ) .  Therefore, an a l i q u o t  o f  t he  s o l u t i o n  was 

d r i e d  on a s t a i n l e s s  s t e e l  p l a t e . a n d  d i r e c t l y  counted f o r  gross alpha 

which was used to '  c a l c u l a t e  the  concent ra t ion  of Pu i n  t he  s o l u t i o n .  
' 

The r e s u l t s  presented i n  F igures 1 and 2 were obta ined by us ing an e l e c t r o -  

p l a t i n g  method. The o ther  r e s u l t s  were obta ined by the  gross a lpha method. 



RESULTS AND DISCUSSIONS 

PURITY OF .THE COMPOUNDS USED FOR THIS STUDY 

Pure Pu02 c r y s t a l  1  i n e  microspheres enr iched (>99.1 percent)  w i t h  

puZ3' were o 'bta ined from Oak R idge Nat iona l  ~ a b ~ r a t o r ~ .  I n  o rde r  t o  

f u r t h e r  check the  p u r i t y  o f  the  Pu02 and p r e d i s s o l u t i o n  p rope r t i es ,  

powder X-ray d i f f r a c t i o n  pa t te rns  were obtained. The d  spacings ob- 

t a ined  f o r  t h i s  sample a re  repor ted  i n  Table 1  along w i t h  the d  spacings 

repo r ted  i n  ASTM f o r  Pu02 Almost p e r f e c t  match o f  the  sample d  spacing 

w i t h  the  values repor ted  i n  ASTM (1966) i n d i c a t e s  t h a t  t he  P U O ~  sample 

used f o r  t h i s  study . i s  indeed c r y s t a l l i n e .  

Pu(OH)~ used i n  t h i s  s tudy was very  pure_ s ince  the  Pu s o l u t i o n s  

used t o  p r e c i p i t a t e  Pu(0H) were f ree '  o f  rad ionuc l  ides  o ther  than Pu and 4 
t he  s o l u t i o n s  conta ined 99 percent  o f  Pu(1V). As expected, the  X-ray 

d i f f r a c t i o n  p a t t e r n  o f  Pu(OH)~ samples i n d i c a t e d  i t  t o  be an amorphous 

compound. The p u r i t y  o f  P u O ~ ( O H ) ~  was ascer ta ined by ana lyz ing  Pu(V1) 

s o l u t i o n s  (used f o r  p r e c i p i t a t i o n )  f o r  rad ionuc l  ides  o the r  than Pu. The 

Pu(V1) s o l u t i o n s  conta ined o n l y  Pu thus i n d i c a t i n g  t h a t  P u O ~ ( O H ) ~  used 

f o r  t h i s  s tudy was a l so  pure. 

DISSOLUTION OF PLUTONIUM COMPOUNDS 

The concentrat ions o f  Pu i n  s o l u t i o n  i n  con tac t  w i t h  Pu02 and 

Pu(OH)~ were f i r s t  determined a f t e r  21 days. The r e s u l t s  on Pu02 

(F igure  1)  i n d i c a t e d  a  wide v a r i a t i o n  (as h igh  as 30 f o l d  i n  some cases) 

i n  Pu concen t ra t i on  o f  d u p l i c a t e  a l i q u o t s  withdrawn from a  sample, and 

t h a t  t he  v a r i a t i o n  was g rea tes t  i n  h i g h  pH samples. The r e s u l t s  on 

Pu(UH), d i s s o l u t i o n  showed s i m i l a r  l a r g e  v a r i a t i o n s  (F igure  2) .  I t 

was hypothesized t h a t  t h i s  l a r g e  v a r i a t i o n  may be due t o  1 )  t he  presence 

of  p lutonium p a r t i c l e s  i n  s o l u t i o n  which do n o t  f l o c c u l a t e  on c e n t r i -  

f u g i n g  a t  6,000 RPM f o r  40 minutes and/or 2) t he  Pu analyses ( e l e c t r o -  

p l a t i n g  and then alpha energy) method. Viewing showed t h a t  the  Pu02 

microspheres had broken down in to . sma l1  p a r t i c l e s .  A l a r g e  number o f  

PuO2~and Pu(OH)~ samples had a  f i l m  o f  Pu p a r t i c l e s  on the  s o l u t i o n  

sur face even a f t e r  c e n t r i f u g i n g  a t  6,000 RPM f o r  40 minutes. I n  o rde r  

t o  make sure whether t h e  Pu p a r t i c l e s  were ca,using t h e . s c a t t e r  

i n  r e s u l t s ,  t he  cen t r i f uged  samples were f i l t e r e d  through O.lpm and 

0.01 5pm f i  1  t e r s .  E l  i m i n a t i o n  o f  s c a t t e r  i n  f i  1  te red  samples would 



TABLE 1 

X-RAY POWDER DATA FOR puu2 SAMPLE 

Pu02 Data rrmum 
Pu02 Sample ASTM F i l e  

h k l  d(AO) d(AO)  

110 3.118 3.08 



FIGURE 1. Pu Concentrat ion i n  U n f i l t e r e d  S o l u t i o n  when Pu02 was 
Contacted w i t h  0.003N CaC12 f o r  21 Days. 





indicate  the  presence of Pu pa r t i c l e s  t h a t  do not f loccu la te  on cen t r i -  
c .  

fugation. . The resul t s  on f i l t e r e d  and unf i l t e red  sol i t i o n s  in  'contact  

with Pu02 and Pu(OH)~ fo r  90 days a r e  presented i n  Tables 2 and 3 .  Low 

standard deviation i n  most cases indicates t ha t  reproducible r e su l t s  can , . 

be obtained by gross alpha counting instead of e lec t rop la t ing  and then 

qnalyzing f o r  radioisotopes. The samples f i l t e r e d  through 0.1 and 0.01 5pm 

do not d i f f e r  s ignif icant ly , f rom each other ,  indicat ing the  concentration 
of Pu  pa r t i c les  >0.015pm and <O.lpm was small in these solut ions .  The P u  

concentration i n  f  i 1 teked solut ions  decreased wi t h  the  increase i n  pH. 

The Pu concentrations i n  unf i l tered low pH samples were generally c loser  

t o  the  f i l t e r e d  solut ions;  however, Pu concentrations i n  unf i l tered 

r e l a t i ve ly  high pH solutions d i f fe red  s ign i f ican t ly  from the f i l t e r e d  

solut ions  suggesting col loidal  Pu problems a re  more prevalent in  basic so lu t ions .  

Scanning e lect ron micrographs, e lect ron microprobe, and X-ray 

d i f f r ac t i on  pat terns  of the Pu r e t a inedon  O.1pm f i l t e r s  used f o r  Pu02- 

18 and Pu02-20 samples were performed. The e lect ron probe analyses of 

pa r t i c l e s  on Pu02-18 f i l t e r  indicated t ha t  these were de f in i t e ly  Pu 

pa r t i c l e s  and t ha t  they we,re s imilar  i n  morphology t o  the untreated Pu02 

pa r t i c l e s .  However, these pa r t i c l e s  were so f i n e  in  s i z e  t h a t  X-ray 

d i f f r ac t i on  pat terns  could not be obtained. The pa r t i c l e s  on a O.lpm 

f i l t e r  of a Pu02-20 sample were s imi la r  t o  the  Pu02-18 sample; however, 

i t  was possible t o  obtain an X-ray d i f f r ac t i on  pat tern  on these pa r t i c l e s .  

X-ray d i f f rac t ion  patterns of Pu02-20 indicated i t  t o  be a c r y s t a l l i n e  

Pu02. The foregoing discussion indicates  t ha t  1 )  the Pu02 microspheres 

broke down in  s i z e  due t o  contact  with solut ion;  2)  the  s c a t t e r  i n  Pu  

concentration w i t h  change in pH i n  unf i l t e red  solut ions  is largely  due 

t o  the  Pu02 c ry s t a l l i ne  pa r t i c l e s  i n  the  case of P U O ~  s a ~ ~ ~ p l e s ;  3 )  the  

solut ions  do not contain s i gn i f i c an t  amounts of col loi'dal or  polymeric 

pa r t i c l e s  <O. lpm and >0.015pm; and 4)  the concentration. of P u  in  f i l t e r e d  

solut ions  can be used t o  represent the  s o l u b i l i t y  of the  compounds. 

A t  the end of the 90 days of equ i l ib ra t ion ,  two samples of Pu02 and 

two of Pu(OH)~ were analyzed f o r  morphology and c rys ta l  1 i n i  t y  of the 

pa r t i c l e s .  The r e s u l t s  showed tha t  the Pu02 samples were c r y s t a l l i n e  

and Pu(OH)~ samples were amorphous, a s  was the  case a t  the  beginning of 

the  experiment. Pu concentrations i n  O.lpm f i l t e r e d  solut ions  i n  con- 

t a c t  with Yu02 arid P u ( O H ) ~  (Tables 2 and 3 )  f o r  90 days a r e  plot ted 



TABLE 2. Concent ra t ion  o f  Pu i n  0.003N CaC12 S o l u t i o n  i n  Contact -- 
w i t h  C r y s t a l  1  i ne Pu02 P a r t i c l e s  o f  ~ ~ 2 3 9  f o r  Approximately 
90 Days 

Concentration** o f  ~u~~~ i n  loglO (moles / l )  

Sample N C  pH U n f i l  ter.ad t i  I t e red  0.1pm F i l t e r e d  0.015um 

* 
A l l  t he  samples conta ined approximately 8 mg Pu02 and 20 mls 
o f  0.003N CaC12 s o l u t i o n .  * * 
A l l  t he  samples were cen t r i f uged  a t  6,000 RPM f o r  approximately 
40 minutes. 



TABLE 3. Concentrat ion o f  Pu i n  0..003N CaC12 S o l u t i  n i n  Contact 
w i  t h  Amorphous Pu(OH)~ P r e c i p i t a t e  o f  Pu238 f o r  Approximately 
90 Days 

Concentration** o f  puZ3' i n  loglO (moles/ l  ) 

Sample No .* pH Unf i 1 te red  F i  1 te red  0. lum F i  1 te red  0.01 5um 

* - 

Samples Pu(0H) -5 through Pu(0H) -12 were s t a r t e d  f i r s t  i n  one 
batch and the  t e s t  o f  the  sampled i n  another batch a f t e r  approxi -  
mate ly  one week. A1 1 the  samples conta ined a p p r o x i r ~ ~ a t c l y  8'mg 
P ~ ( 0 l - l ) ~  and 20 mls o f  0.003N CaC12 s o l u t i o n .  * * 
A l l  t he  samples were c e n t r i f u g e d  a t  6,000 RPM f o r  approximate ly  
40 minutes. ND i n  t he  l a s t  column means n o t  determined. The 
concent ra t ions  were determined by gross alpha . a c t i v i t y .  



a g a i n s t  pH (F igu re  3). As expected (Rai and Serne, 1977), Pu(OH)~ 

main ta ins  a  h i g h e r  Pu concent ra t ion  i n  s o l u t i o n  a t  environmental values 

o f  pH than  Pu02. The s o l u b i l i t y  of both PuO, and P ~ ( 0 l l ) ~  decreases w i t h  
' L 2 the  increase i n  pH. l j i g h  l i n e d r  c o r r e l a t i o n s  ( r  >0.97) between the  Pu 

concen t ra t i on  i n  s o l u t i o n  and the pH i n d i c a t e  t h a t  pH would be a  very 

impor tan t  f a c t o r  i n  c o n t r o l l i n g  Pu concent ra t ions  i n  s o i l s  i n  e q u i l i b r i u m  

w i t h  t h e  Pu compounds. Pu concent ra t ion  i n  e q u i l i b r i u m  w i t h  PuOp and 

Pu(OH)~ decreases 537 and 708 percent  r e s p e c t i v e l y  w i t h  an increase o f  

one pH u n i t .  The k i n e t i c s  o f  Pu (OH)~  p r e c i p i t a t i o n  i s  extremely r a p i d .  

' Time and/or cond i t i ons  requ i red  f o r  PuOZ p r e c i p i t a t i o n  o r  conversion of  

Pu(OH)~ t o  PuOZ under environmsnta l pH condi t l n n s  i s  [ l o t  knuwn. Pu(OH)~ 

samples used i n  t h i s  study have been aging fo r  100 days b u t  t he re  has been 

uo detec tab le  change i n  Pu(OH)~ c r y s t a l l i n i t y  thus far.. I t  appears from 

t h e  above d iscuss ion  t h a t '  Pu(OH)~ may initially d i c t a t e  t h e  upper l i n i i t  

f o r  t he  amount o f  p lutonium t h a t  can be present  i n .  s o l u t i o n  i n  a  g iven 

pH. The t o t a l  concen t ra t i on  o f  p lutonium present  i n  s o l u t i o n  i n  con tac t  

w i t h  Pu02 and Pu(OH)~ i n  the  absence o f  s t rong con~plex ing l igands may be 

obta ined f rom F i g u r e  3. I t  i s  a l s o  ev iden t  t h a t  f o r  t he  de terminat ion  

o f  meaningful e q u i l i b r i u m  d i s t r i b u t i o n  c o e f f i c i e n t s  (Kd), i n  an o x i d i z i n g  . 

environment the Pu concent ra t ions  must be below t h e  PII(OH)~ s u l u b i l i  ty  

l i n e  b u t  p r e f e r a b l y  below t h e  Pu02 s o l u b i l i t y  l i n e  (F igure  3 ) .  

IDENTIFICATION OF PLUTONIUM COMPOUNDS 
I N  CONTAMINATED SOILS 

I f  s o l i d  Pu compounds a r e  present  i n  sediments, they cou ld  govern 

t h e  concen t ra t i on  o f  p lutonium i n  s o l u t i o n  and the  f u r t h e r  movement and 

d isseminat ion  i n t o  the  environment. Thus, i t  I s  impor tan t  t o  f i n d  o u t  

t he  na tu re  o f  t he  s o l l d  compounds t h a t  may be present  i n  sediments. If 

no s o l i d  cot~ipounds a r e  present,  i o n  exchange o r  adsorp t ion  reac t i ons  

would govern t h e  c0ncentrat. i  on o f  p l  u  t o n i ~ . ~ m  i n  so l  u ' t ions . 
Large q u a n t i t i e s  o f  Pu s o l  i d  colripounds would n o t  be expected t o  be 

present  i n  sediments. Therefore, i t  would be d i f f i c u l t  t o  p h y s i c a l i y  

i s o l a t e ,  f o r  i d e n t i f i c a t i o n ,  the t r a c e  amounts o f  s o l i d s  t h a t  may be 

present  i n  sediments. It was decided t o  compare the  p lutonium concen- 

t r a t i o n s  i n  s o i l  s o l u t i o n s  w i t h  the  experimental  s o l u b i l i t y  o f  t he  s o l i d  

colnpounds as a  means o f  i d e n t i f i c a t i o n  o f  p lutonium s o l i d  compounds 

present  i n  sediments. C 
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FIGURE 3. P u  Concentrat ions i n  F i l  t e red  (0. l ~ m )  Sa lu t ions  when 
PuO and P6(OH)4  were Contacted w i t h  0.003N CaC1 f o r  
90 6aysl- p.:;~+&.. &, . : ....% : - 



The s o i l  s o l u t i o n  data a r e  p l o t t e d  i n  F igure  4 where experimental  

s o l u b i l i t y  l i n e s  f o r  Pu02 and Pu(OH)~ f o r  a 90 day e q u i l i b r a t i o n  pe r iod  

a r e  t raced f o r  reference.  The s o i l  r e s u l t s  repor ted  i n  F igure  4 a r e  

a l s o  f o r  a 90 day e q u i l i b r a t i o n  per iod .  It can be seen t h a t  t he  s o i l  

s o l u t i o n  p o i n t s  f o r s o i l 5  Z9-4- l lA and L9-4-5A f a l l  on the  Pu02 s o l u b i l i t y  

l i n e ;  however, t he  s o l u t i o n  po in t s  f o r  s o i l  Z12-1D f a l l  considerably 

below t h e  Pu02 s o l u b i l i t y  l i n e .  When Pu02 was added t o  these s o i l s  the  

s o l u t i o n  concen t ra t i on  f o r  Z9-4- l lA and Z9-4-5A d i d  n o t  change. The 

s o l u t i o n  concen t ra t i on  o f  Z12-ID s o i l  increased considerably and ap- 

proached t h a t  of t he  PuOZ s o l u b i l i t y  l i n e .  Thus, s o i l s  Z9-4- l lA and Z9- 

4-5A appear t o  c o n t a i n  Pu02 s ince  the  s o i l  s o l u t i o n  p o i n t s  f a l l  c l ose  t o  

t h e  PuOp s o l u b i l i t y  l i n e  dr~d  t he  s o l 1  s o l u t i o n  concent ra t ion  d i d  n o t  

change w i t h  the  a d d i t i o n  o f  Pu02  S o l u t i o n  concent ra t ions  o f  s o i l  Z12- 

I D  i n d i c a t e  t h a t  t h i s  s o i l  does n o t  c o n t a i n  PuOp. The Pu concent.rat,ion 

i n  e l l  t h e  s o i l  s o l ~ r f l o n s  s tud ied  wcre much l o w e r  Ll,iar~ the  P U ( Q H ) ~  . 

s o l u b i l i t y  l i n e ,  i n d i c a t i n g  t h a t  t he  s o i l s  do n o t  con ta in  Pu(OH)~.  The 

a d d i t i o n  o f  P u ( O H ) ~  t o  s o i l  Z12-1D increased the  Pu concent ra t ion  i n  the  

s o i l  s o l u t i o n  t o  t h a t  o f  t he  Pu(OH)~ s o l u b i l i t y  l i n e .  The r e s u l t s  

presented i n  t h i s  s e c t i o n  a l s o  he lp  demonstrate the  a b i l i t y  o f  s o l i d  

compounds t o  c o n t r o l  the  s o l u t i o n  concent ra t ions .  I f  leach ing  occurs 

f rom Z9-4-l lA and Z9-4-5A s o i l s  and the  leachate perco la tes  i n t o  the  

s o i l s  c o n t a i n i n g  no Pu02, the  concen t ra t i on  o f  Pu i n  s o l u t i o n  would be 

lower  than the  PuOZ s o l u b i l i t y  l i n e  and would be governed by adsorp- 

t i o n  reac t i ons .  On the  o the r  hand, Pu concent ra t ions  i n  s o l u t i o n s  

p e r c o l a t i n g  thruuyb Pu02 contaminated sediments would be expected t o  be 

s i m i l a r  t o  the  concent ra t ions  obta ined from Pu02 so lub i  1 i ty  l i n e  (F igure  

3) .  Such an event  m igh t  occur i n  the  immediate v i c i n i t y  o f  s to red  

was'tes . 
Two of t he  s o i  1s s tud ied  (Z9-4-1 l A  and Z9-4-5A) i n  t h i s  r e p o r t  had 

rece i ved  a complex waste w i t h  s i g n i f i c a n t  amounts of o rgan ic  1 i.gands 

w i t h  s t rong p o t e n t i a l  f o r  forming s o l u b l e  Pu complexes, However, t he  

observed Pu concent ra t ions  a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  than the  

concent ra t ions  present  i n  a d i l u t e  Pu02 suspension devoid o f  o rgan ic  

l igands.  I t  i s  poss ib le  t h a t  the, o rgan ic  l i gands  o r i g i n a l l y  disposed. 

i n t o  these s o i l s  have degraded over  t h e  p e r i o d  when the  wastes were f i r s t  

disposed (approximate ly  20 years) .  Th is  hypothesis i s  ' supported by 
. . . . 



FIGURE 4. Pu Concen t ra t ion  iq F i l t e r e d  (0.lpm) S o l u t i o n s  f rom ---.. 
Hanford 'So i l s  whet; Cl$tacted I . _  w i t h  0.003N CaCl2 f o r  90 Days 

. *:-.i ,-L, - .+r&? . - ".'-.., ...:.- '$7 s, 



2 t h e  r e s u l t s  o f  Cleveland (1977) who found no evidence o f  organics i n  

, Rocky F l a t s  s o i l  t h a t  had been contaminated by l a t h e  c o o l i n g  o i l .  I t  i s  1 
I 

a l s o  poss ib le  t h a t  t he  wash g iven t o  the  s o i l s  used i n  t h i s  s tudy removed 

a l a r g e  p o r t i o n  o f  these organic wastes. 

' ~ r .  J. M. Cleveland, c h i e f ,  Transuranlum Research ~ r o j e c t ,  USGS, 
Denvcr, Colorado. Personal cammunication, September 1977.. 



FUTURE PLANS 

The experiments o u t l i n e d  i n  t h i s  r e p o r t  w i l l  be cont inued u n t i l  an 

e q u i l i b r i u m  i s  es tab l i shed.  A t  the  end o f  t he  e q u i l i b r i u m  p e r i o d  the  

s o l u t i o n s  w i l l  be analyzed f o r  Pu(IV),  Pu(VI),  Pu polymer, Eh, pH, and 

i o n i c  s t rength .  The c r y s t a l l i n i t y  o f  t he  s o l i d  compounds o f  Pu used f o r  

d i s s o l u t i o n  w i l l  ' a l s o  be determined. S o i l s  Z9-4-5A and Z9-4-1 l A  w i l l  be 

ad jus ted  t o  d i f f e r e n t  pH values i n  order  t o  f i n d  o u t  whether t he  PU concen- 

t r a t i o n s  f o l l o w  the  Pu02 s o l u b i l i t y  l i n e ,  which would be expected i f  

these samples a re  i n  e q u i l i b r i u m  w i t h  Pu02.. Using an a lpha t rack ,  

scanning e l e c t r o n  microscope, and X-ray d i f f r a c t i o n ,  t he  k i n d  o f  Pu 

compounds present  i n  these s o i  1s w i  11 a l s o  be determined t o  con f i rm  the  

presence o r  absence o f  t he  Pu02 minera l  i n  these s o i l s  as p red i c ted  from 

s o l u b i  1  i ty experiments. 

These s tud ies  would he lp  t o  determine p r e c i p i t a t i o n - d i s s o l u t i o n  

behavior  o f  Pu i n  n a t u r a l  environments, probable Pu s o l i d  forms present  

i n  geochemical systems, t o t a l  concent ra t ions  o f  Pu t h a t  can be expected 

a t  e q u i l i b r i u m  when Pu s o l i d s  a re  present ,  and t h e  na tu re  o f  t h e  concen- 

t r a t i o n  o f  Pu which should be used i n  s o r p t i o n  experiments i n  o rder  t o  

min imize the  p r e c i p i t a t i o n  e f f e c t s .  
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Changes i n  Pu Concentrat ion w i t h  Changes 

i n  pH (F igure  3 )  

Q. How was t h e  pH adjusted? 

A .  With hyd roch lo r i c  a c i d  o r  sodium hydroxide. Very l i t t l e  i s  needed 

s ince t h e  water i s  d i s t i l l e d .  

Q. Wou'ld you comment on the  slopes. o f  t h e  1 ines? 

A .  Yes; t h e r e  i s  about a f i v e  t o  sevenfold decrease f o r  each pH u n i t  

increase. 

Q. Can t h e  s o l u b i l i t y  products themselves be used t o  determine t h e  

s o l u b i l i t i e s  o f  Pu i n  e q u i l i b r i u m  w i t h  hydroxides? 

A .  Yes and no. If you p l o t  t he  s o l u b i l i t y  o n l y  o f  t he  Pu(1V) present 

i n  the  s o l u t i o n ,  you w i l l  see t h i s  f o u r f o l d  decrease f o r  each u n i t  

o f  pH increase. However, you would no t  i n  f a c t  ob ta in  t h i s  r e s u l t .  

Because of t h e  o the r  o x i d a t i o n  s t a t e  present  i n  t h e  scystem, you 

would be measuring t o t a l  s o l u b i l i t y ,  r a t h e r  than j u s t  t h a t  of 

pu(1v). 
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R. J. Serne, D. Rai, J. F. R ~ l y e a ,  and M. J. Masur~ 

B a t t e l l e  P a c i f i c  Northwest Laboratory 

INTRODUCTION 

Many s tud ies  a r e  i n  progress a t  var ious  i n s t i t u t i o n s  t h a t  i n v o l v e  computer 

model ing t o  i n v e s t i g a t e  groundwater movement, geochemical i n t e r a c t i o n s ,  

t e r r e s t r i a l  and aqua t i c  f,ood chains, r a d i a t i o n  dose t o  man, geologic  s t a b i l  i t y  and 

d i s r u p t i v e  event ana lys i s .  S i m p l i s t i c  nlodels repor ted  i n  l i t e r a t u r e  (1,2,3,4) 

can be used t o  es t i lna te  the   fat.^ o f  n u c l i r l ~ s  ill y c ~ l o g l ~ ,  q u a t l c ,  o r  b i o t i c  

systems, prov ided the  necessary i n p u t  data i s  a v a i l a b l e .  I n  the  area o f  nuc l i de  

m i g r a t i o n  there  i s  a  gap i n  our 'knowledge o f  quanta t ive  est imates o f  

t h e  a b i l i t y  o f  va r i ous  geol 'ogic m a t e r i a l s  t o  r e t a r d  n u c l i d e  movement. Thus, 

t h e  l a c k  o f  adequate s o r p t i o n  data f o r  nuc l ides  i n  geo log ic  environments l i m i t s  

t h e  u t i l i z a t i o n  o f  t h e  aforementioned s i m p l i s t i c  models. The a c q u i s i t i o n  o f  

so rp t i on -deso rp t i on  data on a  wide range o f  rep resen ta t i ve  geologic  m a t e r i a l  

w i t h  nunierous groundwater types should proceed post-haste. This  s tudy was 

designed t o  be gener ic  i n  na ture  by cover ing a  wide range o f  geo log ic  ma te r i a l s  

and p o s s i b l e  groundwa t e r s  . 
As t h e  f i r s t  two r e p o s i t o r i e s  w i l l  l i k e l y  occur i n  s a l t  dcpos i ts  Lhe 

m iy i -d t l on  ra tes  o f  nuc l i des  i n  s a l t  b r i n e  w e w  inc luded i n i t i a l l y .  S i t e  

s p e c i f i c  da ta  wi 11 be generated as samples become a v a i l a b l e .  

Once t h i s  data bank i s  acquired, s a f e t y  assessment modelers w i l l  have 

defens ib le  data ( f rom a  geochemical s tandpo in t )  t o  alLempT: p re l im ina ry  f a t e  

c a l c u l a t i o n s .  I n  o rder  t o  o b t a i n  data t o  meet the  needs o f  assessment modelers 

by FY 79, the  i n i t i a l  t h r u s t  o f  t he  program w i l l  be emp i r i ca l  and u t i l i z e  

crushed r o c k  m a t e r i a l s  i n  batch t e s t s .  

 his i s  n o t  a  f i n a l  r e p o r t  b u t  a  prbgress r e p o r t  based upon o n l y  a  p a r t  
o f  t he  r e s u l t s  which w i l l  be c o l l e c t e d  f o r  t h i s  study. Therefore, the  
conc lus ions  drawn f rom t h i s  r e p o r t  o r  t he  r e s u l t s  discussed he re in  a re  
t e n t a t i v e  and should n o t  be quoted w i t h o u t  t he  knowledge o f  the  authors.  



METHODS AND MATERIALS 

Geologic M a t e r i a l s  
, . 

M inera ls  and rock  samples were obta ined f rom Wards ~ a t u r a l  Science 

Establ ishment,  Inc . ,  Rochester,, New York 14603. The b u l k  samples were s p l i t  

i n t o  halves. One h a l f  was crushed and ground t o  < I00  pm s i z e  w i t h  standard 

jaw crushers and b a l l  m i l l s .  The o the r  h a l f  i s  i n  s torage f o r  f u t u r e  

experiments. 

Subsamples o f  t h e  crushed minera ls  were t r e a t e d  w i t h  pH 5 sodium ace ta te  

b u f f e r  t o  remove ca lc ium carbonate and w i t h  hydrogen perox ide a t  80°C t o  

remove organic  mat te r .  Po r t i ons  o f  each minera l  were t r e a t e d  separa te ly  w i t h  

I N  sodium c h l o r i d e  and 1N ca lc ium c h l o r i d e  and washed w i t h  d i s t i l l e d  water t o  

o b t a i n  sodium and ca lc ium sa tura ted  minera ls .  

For i n i t i a l  generSc experiments twelve common pr imary  and secondary 

minera ls  were chosen. Table 1  l i s t s '  t& minera ls  which c o n s t i t u t e  the  

b u i l d i n g  b locks o f  most a l u m i n o - s i l i c a t e  rock  mater ials. .  

The t r e a t e d  m ine ra l s  were f u r t h e r  cha rac te r i zed  t o  determine minera l  p u r i t y  
5 ( x - ray  d i f f r a c t i o n ) ,  sur face  area (e thy lene g l y c o l )  and cation-ex'change- 

85 capac i t y  ( Sr t r a c e r  m e t h ~ d ) ~ .  

So lu t i ons  

Four s y n t h e t i c  s o l u t i o n s  (Table 2) represent ing  s i m p l i f i e d  groundwaters 

were used f o r  p r e l  im ina ry  batch, so rp t i on -deso rp t i on  t e s t s .  The s o l u t i o n s  

represent  a  s a l t  b r i n e ,  a  ca lc ium dominated groundwater, a  d i l u t e d  b r i n e  o r  

sodium dominated groundwater, and.a bicarbonate-carbonate dominated ground- 

water.  These s o l u t i o n s  wcre t raced w i t h  t he  nuc l i des  Sr, Tc, I, Cs, U, Npy 

Pu, Am and Cm. The fo rm o f  t h e  nuc l i des  i n  t he  s tock  s o l u t i o n s  added t o  t he  
+ 

s y n t h e t i c  groundwaters were ~ r + * ,  Tc04, I - ,  Cs , U02 + 2  , ~ ~ 0 2 ' .  PU'~,  ~ r n ' ~ ,  

+3 and Cm . 
Counting In fo rma t i on  

The t r a c e r s  Sr, Cs and Tc were mixed together  and counted on a  h igh  

e f f i c i e n c y - h i g h  r e s o l u t i o n  Ge(L i )  de tec to r .  The I and Am were mixed and counted 

on a  h igh  r e s o l u t i o n  i n t r i n s i c  Ge de tec to r .  Np and Pu were n o t  mixed w i t h  

o t h e r  isotopes and were counted on i n t r i n s i c  Ge and Ge(L.i) de tec to rs ,  r e s p e c t i v e l y .  

U  and Cm w i l l  be mixed together  and counted by Ge(Li  ) gamma spectroscopy o r  



TABLE 1 

MINERALS USED FOR SORPTION EXPERIMENTS 

I l l i t e  

K a o l i n i t e  

Montmori 11 on i  t e  

Vermi c u l  i t e  
~. 

Quar t z  

A1 b i t e  

A n o r t h i t e  

M i c r o c l i n e  

BS o t i  t e  

Hornblende 

Ens t a t i  t e  

Augi t e  

TABLE 2 

COMPOSITION OF SYNTHETIC SOLUTIONS 

S a l t  B r i ne  5130 meq/l NaCl pH 7 

Calcium Groundwater 30 meq/l CaC12 pH 7 

Sodium Groundwater o r  D i l u t e  B r ine  30 meq/l NaCl pH 7 

Bicarbonate Dominated Groundwater 30 meq/l NaHC03 Natura l  pH 

a1 pha spectroscopy. I n  o rde r  t o  e f f i c i e n t l y  analyze U by galiilrla spectroscopy, 

u ran iu~ i i  concen t ra t i on  i n  t he  ppnl range i s  needed. This  concent ra t ion  i s  

p robab ly  u n r e a l i s t i c a l l y  h igh  compared t o  expected h igh  l e v e l  g lass leachate. 

Counting d e t a i l s  a r e  shown i n  Table 3. 

Batch Kd Experimental Design 

For t h e  sodium dominated qroundwaters, minera ls  w i t h  sudlum satura ted  

exchttr~ye S i t e s  were used. Conversely t he  calc ium groundwater was contacted 

w i t h  minera ls  whose exchange s i t e s  were c a l c i u i l ~  saturated.  

One-half gram samples o f  t he  crushed and t r e a t e d  minera ls  were placed i n  

50 ml polycarbonate c e n t r i f u g e  tubes. The minera ls  were r i n s e d  th ree  times 

w i t h  t h e  s y n t h e t i c  groundwater s o l u t i o n s  w i thou t  t r a c e r s .  The suspensions 



TABLE 3  

COUNTING INFORMATION 

1sot0,pe . Energy Level Counting- Equipment 

8 5 ~ r  ,511 Mev y  - Ge(L i )  

9 5 m ~ c  .204 Mev y  Ge(Li ) 

1  2gI .040 Mev X-ray I n t r i n s i c  Ge 

662 Mev y  Ge(Li )  

235" . I 8 5  Mev y Ge(Li )  

4.40 Mev a S i l i c o n  Surface B a r r i e r  

233" 4.82 Mev a S i l i c o n  Surface B a r r i e r  

2 3 7 ~ p  .0294 Mev X-ray I n t r i n s i c  Ge 

2 3 7 ~ u  .097 and . I01  Mev y Ge(Li )  

241 ~m .0596. .Mev y I n t r i n s i c  Ge 

243Cm .0996and . 1 0 4 M e v y  Ge(L i )  

were shaken on a  l i n e a r  o s , c i l l a t i n g  shaker a t .  a  moderate speed ove rn igh t  f o r  

each wash. Thewash steps were performed t o  a l l o w  the  systems t o  approach 

equ i l i b r i um.  The suspensions were c e n t r i f u g e d  a t  7000 RPM f o r  20 minutes and 

t h e  f i r s t  two washes were discarded. A f t e r  the  t h i r d  wash the  supernate was 

analyzed f o r  major ca t ions ,  anions, and pH. The q u a n t i t y  o f  r e s i d u a l  s o l u t i o n  

n o t  removed by c e n t r i f u g a t i o n  a f t e r  t h e  t h i r d  wash was a l s o  determined. Th i s  

res idua l  s o l u t i o n  was used as an i n p u t  f o r  t he  Kd c a l c u l a t i o n s .  

A  f i n a l  a l i q u o t  (15 mls )  o f  s o l u t i o n  w i t h  nuc l i des  present  was contacted 

w i t h  t h e  minera ls .  A t  t h e  end o f  approxirr lately 3, 10 and 20 days t h e  

suspensions were c e n t r i f u g e d  and t e n  m l  o f  t he  s o l u t i o n  phase was removed. 

The s o l u t i a n s  were analyzed f o r  pH, Eh, and n u c l i d e  a c t i v i t y .  The Kd's  f a r  

each n u c l i d e  were determined by the  l o s s  i n  s o l u t i o n  a c t i v i t y .  

Container s o r p t i o n  was moni tored f o r  each s o l u t i o n  and n u c l i d e  by 

con tac t i ng  c e n t r i f u g e  tubes w i t h o u t  minera ls  p resent  i n  t he  same fash ion .  A1 1  

experiments were r u n  i n  t r i p l i c a t e s .  



The Kd i s  c a l c u l a t e d  us ing  the f o l l o w i n g  equat ion: 

Aslank - Volume 
Kd = W t  o f  Minera l  

where 

r = r a t i o  o f  t r a c e r  s o l u t i o n  volume t o  t o t a l  volume ( t r a c e r  + excess) 

A ~ l  ank = a c t i v i t y  o f  nuc l i de  i n  b lank systems (conta iners  on l y )  

A ~ f f l u e n t  = a c t i v i t y  o f  nuc l i de  i n  cen t r i f uged  so lu t i ons  

T o t a l  Volume 
(ml )  = t r a c e r  s o l u t i o n  (15 m l )  + excess c o l d  s o l u t i o n  l e f t  a f t e r  

removal of t h i r d  wash 

W t  o f  M inera l  = 0.5y used i n  t h i s  ~ x . j ~ e r i m e n t  

Desorpt ion experiments are .p lanned a f t e r  the t h i r d  Kd determinat ion.  The 

t r a c e r  s o l  u t i u r i  w i l l  he removed a f t e r  cer~  t r l f u g a t i o n  and c o l d  s o l u t i o n  o f  the 

same r e c i p e  in t roduced t o  t h e  system. Two c o l d  washes w i l l  be used t o .  

determine the  amount o f  n u c l i d e  which can be removed from the  minera ls  t o  a l l o w  

est imates o f  desorp t ion  and r e v e r s i  b i  1  i t y .  

Resu l ts  and Discussion 

The cat ion-exchange-capacity and sur face area measurements a r e  shown i n  

Table 4. 

The x-ray d i f f r a c t i o n  pa t te rns  f o r  standard minera ls  (montmori 1  l o n i  t e ,  

non t ron i  t e ,  vermicul i t e ,  kaol i n i  t e ,  i 11 i te ,  and b i o t i  1-.e) were obta ined af  trr , 

va r ious  t l n e a t ~ ~ l e ~ ~ L s  (Clg-54% YoH, Mg-ethylene g l y c o l ,  K-105 C0  d r y  a i r ,  K-105 C O  

54% RH, K-550 C O  d r y  a i r )  i n  o rder  t o  f i n d  o u t  t he  p u r i t y  o f  these minera ls .  

The t r a c i n g s  o f  these pa t te rns  are  prov ided i n  the  enclosed f i g u r ~ c  (F igurcs  1-3) .  

A11 ,Ll~ebt! samples were pret.rr lated t o  rtlmnvc CaCO The I-eslc'lls show t h a t  3 ' 
mon tmor i l l on i t e ,  non t ron i te ,  v e r m i c u l i t e ,  and b i o t i t e  do n o t  have s i g n i f i c a n t  

amount of c r y s t a l l i n e  i m p u r i t i e s .  K a o l i n i t e  samples have a  minor aniount o f  

mica. The i l l i t e  sample i s  p o o r l y  c r y s t a l 1  i z e d  and has a poo r l y  c r y s t a l 1  i r e d  
0 0 

1U-14A broad peak which co l lapses  t o  10A and has a  minor amount o f  k a o l i n i t e .  

I n  general t h e  cation-exchange capac i t y  data and sur face area r e s u l t s  

c o r r e l a t e .  A h igh  C.E.C.  u s u a l l y  r e f l e c t s  a h igh  sur face area. The secondary 

c l a y s  mont rnor i l lon i te ,  v e r m i c u l i t e  and i l l i t e  show the h ighes t  exchange 

capac i t y .  Quar tz  and common fe ldspa rs  such as a l b i t e  and a n o r t h i t e  have the  



Degrees, 28 Degrees, 28 

Figure 1.  X-Ray Diffraction Patterns of Oriented Samples: 
A.  Mg 54% RH B. Mg-Ethylene Glycol C .  D-105°C Dry Air 
D.  K-105OC 54% RH E. K-550°C Dry Air 



Degrees, 28 
2 -  - 

Figure 2. X-Ray Diffraction Patterns of Oriented Scmples: 
A .  Mg 54% RH B.  Mg-E~hylene Glycol 1 .  D-105°C Dry A i r .  
D I'.-105OC 54% 9H E .  K - 5 W ° C  Pry J.ir 
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Figure 3. X-Ray Diffraction Patterns o f  Oriented Samples: 
A .  Mg 54% RH B .  Mg-Ethylene Glycol C .  D-105°C Dry Air 
D.  K-105°C 54% RH E .  K-550°C Dry Air 



TABLE 4 

CHARACTERIZATION OF MINERAL SAMPLES 

I 1  1 i t e  

Kaol i n i t e  

M o n t m o r i l l i o n i t e  

Vermicul i t e  

Q u a r t z  

A1 b i  t e  

Anor th i  t e  

M ic roe l  ine 

B i o t i t e  

Hornblende 

E n s t a t i  t e  

Augi t e  

Cation-Exchange Capacity 
.meq/100g -- 

Surface Area 
m2/9 -".-- 

+ - one standard d e v i a t i o n  o f  t r i p l i c a t e  analyses. 

lowest  exchange capac i t i es .  The dependence o f  Kd f o r  t he  nucl ides s t~r r l ied  on 

c a t i o n  exchange capac i t y  and sur face area w i  11 be addressed a f t e r  s t a t i s t i c a l  

s t u d i e s  a r e  performed by Adaptronics, Inc .  

Tahles 5 t o  16 r e p o r t  t h c  average Kd values f o r  Tc, S r ,  Cs and Np a t  th ree  

e q u i l i b r a t i o n  t imes f o r  p a r t  o f  t he  minera ls  (Table 1 ) and s o l u t i o n s  (Table 2) .  

Most negat ive  Kd values represent  cases i n  which t h e  average a c t i v i t y  

i n  b lank  tubes i s  less than t h e  a c t i v i t y  i n  t h e  minera l  suspension 

e f f l u e n t s .  Negative Kd values occur of11y i n  systems where minera l  

s o r p t i o n  i s  extremely low which a l l ow  the  Kd c a l c u l a t i o n  count ing s t a t i s t i c s  

o r  a s l i g h t  d i f f e r e n c e  i n  conta iner  adsorp t ion  between blanks and 

m ine ra l  systems t o  hecome very  impor tan t .  Therefore, fur. n u c l  i d e  f a t e  

c a l c u l a t i o n s ,  most negat ive  Kd values a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

from zero. I n  t h e  case of t h e  Tc04 anion adso rp t i on  by the  secondary 



TABLE 5 

BATCH KdTc RESULTS (AVERAGE OF. 3 RESULTS) 

E q u i l i b r a t i o n  Time - 3 Days 

Minera l  

I l l i t e  . .  

K a o l i n i t e  

Montmori.11 on i  t e  

Vermicul i t e  

Quar tz  

A1 b i  t e  

Ano r th i  t e  

NaCl B r i ne  

0.3k0.7 

-0.520.2 

0.450.5 

0.020.2 

0.420.6 

1.4k0.3 

1.8k0.1 

Ca G.W. 

O.Ot0.5 3 

-0.1kO.2 

-0.5k0.1 

-0.5iO. 1 

0.4k0.9 

1.620.3 

0.420.3 

Na G.W. 

-0.3k0.7 

-0.2kO. 7 

-0.7kO. 3 

-0.820.4 

O.Ok0.4 

0.420.4 

0.922.3 

HCO; G.W. 

-1.1kO.1 

0.2k0.4 

-1.8k0.9 

-0.620.0 

-0.5k0.4 

0.1k1.3 

-0.7kO. 5 

M i  c r o c l  i ne 2.3k0.3 -0.5k0.5 0.9k0.7 -0.5k0.6 

TABLE 6 -  

BATCH KdSr RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 3 Davs 

M i  n e r a l  NaCl B r i ne  Ca G.W. Na G.W. H C O ~  G.W. :,." 

I l l i t e  2.7r0.8 7.8t0.3 99 k 0.6 5442 44 

Kaol i n i  t e  0.320.5 3.6k3.0 78.4k 1.6 172k 8 

Montmori 11 on i  t e  2.7t1 . O  28.7k1.8 1,500 +310 1,800t200 

Vermicul i t e  2.1-cl.2 28.7k1.8 990 + I20  1 ,500+200 

Quar t z  1.6k0.5 0.721.1 9.4k 0.5 5462 19 

A1 b i t e  6.O-r-0.3 4.6k0.4 142 k 7 518k 37 

Ano r th i  t e  6.7.1-0.8 4.2k0.8 81.62 5.2 349+ 20 

M i  c r o c l  i ne 4.1-cO.2 3.410.2 227 k 5 571+ 94 



TABLE 7 

BATCH KdC, RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 3 Days 

M i  n s r a l  NaCl B r i ne  C1 G.W. Na G.W. . HCO; G.W. 

I l l i t e  544 a36 1 .4x l  04+0. 3x1 o4 5,800 +3,4CO 5,7001t 570 

Kaoll i n i t e  4.72 0.5 5,000 +1,100 477 + 24 5772 19 

Mon:tmoriI l o n i  t e  . 34 = 2 276 + , 4  1,100, + . ,  63 1,300+ 200 

Veroiicuil i t e  80 + 2 276 + -4  5,800 + 700 3,600+1,800 

Quar tz  l .J+ 0.8 52.5+ 13.4 48.4+ 3.5 40+ 4 

A1 b i  t e  15.5+ 0.5 1,130 + 200 550 + 31 521+ 58 

Anor th i  Ee 16.82 0.9 688 + 49 437 t 34. 521+ 58 

M ic roc l  Cne 5.44 1.1 333 + 47 419 + 14 472+ 73 



TABLE 8 

BATCH KdNp RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 3 Days 

Minera l  NaCl B r i n e  Ca G.W. Na G.W. 

' I l l i t e  9.82 3.0 15.5k5.0 

Kaol i n i t e  3.52 2.4 0.5k1.2 
. . 

Mon tmor i l l on i t e  1 6 3 . k 4  16.523.5 

Vermi c u l  i t e  34.5k12.6 17.623.1 

Quar t z  -0.5k 0.2 0.9kO. 9 

A1 b i  t e  .. 8.82 2.6 . 0.5k0.8 

Ano r th i  t e  130.321 9 0.3k0.1 

M i c r o c l i n e  10.22 1.2 2.3k0.8 

Minera l  

TABLE' 9 ' 

BATCH KdTc RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 10 Days 

. .. 

HCO- G.W. -3- 

145.  k2 

116 28 

6.0k0.3 

11.8k0.3 , 

3.5k2.0 

3.022.0 

9.023.6 

4.8k2.1 

NaCl B r i n e  Ca G.W. Na G.W. HC03 G.W. -- 

I l l i t e  0.720.3 0.720.2 4.1k1 . O .  -0.6k1.1 

Kaol i n i  t e  -0.4k1.2 -0.320.9 0.021 .O 0.1k0.4 

rlontmori l l o n i  t e  : -0.320.3 0.3+0.1 -0.720. 5 -1.9kO. 2 

Vermi c u l  i t e  -0.6k0.4 0.3k0.9 -0.720.4 -0.7k0.8 

Q u a r t z  0.320.8 1.3tU.3 0.3k0.3 - 0 . 6 ~ 0 . 6  

A1 b i t e  6.221 . O  2.120.1 0.5-1-0.7 =0.1+0.8 

Ano r th i  t e  0.9kO. 3 1.120.6 0.6k0.3 -0.620.7 

M i c r o c l i n e  5.6k0.3 0.2k0.8 2.4k2.1 -0.2t0.4 



TABLE 10 

BATCH KdSr RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 10 Days 

M i  ne rsd 1 NaCl B r i ne  Ca G.W. Na G.W.  - HCO; G.W.  

I l l i t e  1.4k0.3 6.620.7 . 63.7+ 6.0 487+ 35 

Kaol i n i  t e  0.621 .O 0.720.3 79.92 7.7 205k 20 

Montmori 11 o n i  t e  0.9k0.3 28.222.0 1,155 2 82 1,2372146 

Vermicul i t e  1.721.3 25.722.2 988 +I78 1 ,190+242 

Q u a r t z  1.021.5 1.020.7 10 + 1.5 507t 6 

A l  b'i t e  4.41U.7 4.620.9 128 7 4862 52 

A n o r t h i  t e  3 . 1 ~ 0 . 0  3.. 620. '1 43 .22  4 . 2  4.22k 23 

M i c r o c l  i n e  3.520.3 3.220.5 194 2 12 5012 37 

TABLE 11 

BATCH ~d~~ RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 10 Days 

M ine ra l  NaC1 B r i n e  Ca G . W .  .,-,. ..*. Na G.W. .- HcO.i .3 kI.* 

I i l i t e  502 530 >53,000 >43,000 4,190. 9 , 3 5 0  

Kaol i n i  t e  4.8+ 1.3 2;486'. + 524 750 +.'.94 745 2 101 

M o n t m o r i l l n n i t e  3 1 . 6 ~  2.3 341 2 145 1 ,223: + '23 1,036 + 122 

V e r m i c u l i t e  80.6+ 4.8 100 ,000 '+40.,000 7,175 +658 4,590 j:2,723 

Q u a r t z  0.9+ 1.6 : 41.72 13.6 56.82 5.7 3 9 . k  3.7 

A1 b i  t e  16.9-1 1 .O ,861 + 76 397 + 24 377 + 30 

Ano r th i  t e  14.52 1.6 612 2 1.54 4,500 2 85 422 + .  55 

M i  c r o c l  i ne 6.8+ 0.7 223 +- 65 276 2190 . 445 + 46 



TABLE 12 

~ i n e r a l  NaCl B r i ne  Ca G.W. Na G.W. HCO- G.W. 
-3 

Kaol i n i  t e  5.82 2 2,522.3 3.4t4.4 130 28 

Montmori 11 on i  t e  11 2 + I1  21.422 60.1k2.2 11.7k2.8 

Vermicul i t e  61.6k10.9 28.224.2 44.022.9 17.321 .5 

Quar tz  1.7k 2.7 3.1k0.3 7.822.6 - 10.921.1 

A1 b i  t e  23.12 3.4 4.2k2.0 8.121 .1 8.6k1 .O 

Ano r th i  t e  ,138 + 6 3.911.2 13.0k1 .5 16.0k3.6 
. - 

M i  c r o c l  i n e  22 2 4 7.7k5.0 33.420.9 10.4k2.9 

TABLE 13 

BATCH KdTc RESULTS (AVERAGE OF 3 RESULTS) 

. . E q u i l i b r a t i . o n  Time - 29 nays 

Minera l  NaCl B r i ne  Ca G.W. Na G.W. HCO; G.W. 
d 

I l l i t e  4.720.5 0.550.5 10.3k1.1 -0.9k0.4 

, K a o l i n i t e  0.4+1 .O 3.025.3 -0.4k0.6 . -0.2k0.9 

Montmori 11 on i  t e  0.220.5 -0.6k0.1 -0.620.4 -1.520.3 

Vermi c u l  i t e  0.6t0.7 -0.8k0.3 0.4i-1 . O  0.020.2 

Quar t z  1.6k0.9 0.7+1 .O ,I. 421 .5 -0.420.3 

A1 b i t e  18.0k3.3 2.8k1.3 0.71-0.5 -0.420.7 

Anorth . . i t e  4.4i-1 . O  0.5kU.7 1.821 .O 0.020.1 

M ic roc l  i n e  15.5t4.0 0.120.4 5.8'21 .2 0.6t0.1 



TABLE 14 

BATCH ~d~~ RESULTS (AVERAGE OF 3 RESULTS) 

Equ i l i ' b ra t i on  Time - 29 Days 

M i  n e r a l  NaC1' B r i ne  Ca G.W. Na G.W. - HCO; G.W. 

I l l i t e  1.250.5 6.221.5 36.52 1 .O 2985 84 

Kaol i n i  t e  0.251 .O 0.620.2 77.12 2.6 28421 07 

M o n t m o r i l l o n i t e  1.450.6 27.720.6 1074 292 13532330 

Vermicul i t e  'I -921 .I 23.8+_1 .O 760 518 104'1 2103 

Q u a r t z  

A1 b i t e  

A n o r t h i  t e  5.021.3 3.020.3 51.32 3.5 4592 58 

M i  c r o c l  i ne 4.121.1 3.620.9 159 2 7 . 461 2 26 

TABLE 15 

BATCH ~d~~ RESULTS (AVERAGE OF 3 RESULTS) 

E q u i l i b r a t i o n  Time - 29 Days 

M i  n e r a l  NaCl B r i n e  Ca G.W. Na G.W. H C O ~  G.W. 

I l l i t e  564 235 4 . 4 ~ 1 0 ~ & 6 . 9 ~ 1 0 ~  12,950 56,190 5 . 5 ~ 1  0428. 2x1 0 
4 

Kaol i n i  t e  7.35 0.8 4 . 6 ~ 1 0 ~ 2 6 . 7 ~ 1 0  909 215 ,863 5 37 4 ,  

Montmori 1 l o n i  t e  33.25 1.6 218 11.6 1 , 0 2 0 t  81 1,560 +370 

Vern i c u l l  t e  93.32 8.6 >8.2+ 10 4 5 . 9 ~ 1  042 7. 1:x1 o4 2 . 0 ~ 1  0421 .5x1 0 4 

Q u a r t z .  

A1 b i  t e  

A n o r t h i  t e  22.4+ 1.2 774 2 48 440 +_ 35 608 rt 36 

M i  c r o c l  S ne 7.52 1.8 222 5 76 3 9 1 2  18 343 k 21 
. . 



TABLE 16 

E q u i l i b r a t i o n  Time - 19 Days 

Minera l  NaCl B r i ne  Ca G.W. Na G.W. HCO- G.W. -3 

I 1  1 i t e  42.05 3.9 13.6*5.7 26 .8k1 .0  295 225 

Kaol i n i  t e  4.25 1.8 0.5k1.9 3.6k 2.0 122 + I 9  

M o n t m o r i l l o n i t e  80.4+ 7.0 17.7k2.3 45.9k 4.9 
. . 9.1k 1.3 

Vermicu1.i t e  61.4k13.9 2 7 . 7 a . 6  33.2k 6.3 16.92 4.3 

Quar t z  -0.1k 0.7 3.622.3 4.1-1. 1.0 6.6k 4.3 

A1 b i  t e  39.1+ 3.8 . 7.0k2.5 9.8k 2.1 7.82 2.5 

Ano r th i  t e  142 218 6.422.4 13.4k 2.4 15.7k 4.5 

M ic roc l  i n e  42.6k18.9 10.1k2.5 68.3k51.0 8.02 1.6 

TABLE 17 

FINAL pH VALUES 1 

NaCl 
Minera l  B r i n e  Ca G.W. Na G.W. HCO- G.W. -3- 

I 1  1 i t e  6.5 7.0 5.7 8.8 

Kaol i n i  t e  6.4 6.1 6.6 9.3 

Montmori 11 on i  t e  8.1 7.8 8.6 ' 9.2 

Vermicul i t e  8.2 7.9 8.3 9.3 

Quar t z  6.5 7.0 7.0 9.4 

A1 b i  t e  7.2 7.7 8.0 9.4 

Anor th i  te, 8.0 7.7 8.4 9.3 

M i c r o c l i n e  6.9 7.6 7.8 9.3 



TABLE 18 

FINAL Ch VALUES 

Na C l  
M ine ra l  ' ' B r i n e  CaG.W. NaG.W. H C O - G . W .  -3- 

I l l i t e  .205/250* 280131 5 3101275 320/260 

Kaol i n i  t e  .205/240 285131 5 . 3001275 31 51260 

Montmori 1 l o n i  t e  2101250 2851320 2901280 3101255 

Quar t z  21 01250 285/31 fl 300/280 320/%55 

A1 b i  t e  21 01245 2851320 3001275 31 51255 

Anor th i  t e  21 01240 2851320 2951275 31 01255 

M i c r o c l i n e  .210/245 2851320 2951275 31 01250 

* F i r s t  va lue measured a t  20 days i n  Tc-Sr-Ca tagged systems, 
second va lue  ob ta ined a t  19 days i n  t h e  Np tagged systems. 



minerail s  i 11 i te,  mohtmori 1 l o n i  t e  and vermicul i te ,  some Kd values a re  . . i: 

s i g n i f i c a n t l y  l e s s . t h a n  zero due . to anion exc lus ion  from inne r  surfaces. 

Tables 17 and 18 ' -d isp lay  the  f i n a l  pH and Eh values respec t i ve l y .  
. . . , 

F i n a l  analyses o f  trends and a d iscuss ion o f  t he  geochemical meaning o f  

such 'trends w i l l  be defer red u n t i l  s t a t i s t i c a l  s tud ies  performed b y ' ~ d a ~ t r o n i c s ,  

I nc .  are complete. 
. . 



, , .  
FUTURE PLANS : . . 

The p r e l i m i n a r y  r e s u l t s  repo r ted  he re in  appear t o  be y i e l d i n g  use fu l  

i n fo rma t ion .  Therefore t h e  r e s l  uf the  per~ l iu ta t ions  o f  the  experimental  
design (12 m ine ra l s  x  4 groundwaters x  9 nuc l ides  x  3 e q u i l i b r a t i o n  t imes) 

o f  ' t h e  Kd experiment w i l l  be completed a f t e r  the  s t a t i s t i c a l  eva lua t i on  i s  

completed. Desorpt ion experiments w i t h  the  r e s u l t i n g  contaminated minera ls  

w i  1  1  be performed. 

Future  experiments w i l l  i ncorpora te  na tu ra l  rock  m a t e r i a l s  which have 

been charac ter ized f o r  sur face area, cation-exchange capac i ty ,  semi -quant i ta t i ve  

minera logy and o the r  chemical and phys ica l  p rope r t i es .  

Tu f u r t h e r  develop t h e  gener ic  data bank, o the r  s y n t h e t i c  groundwaters, 

nuc l ides ,  and a  few more minera ls  ma.y be stirl-l ied. 
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f DISCUSSION--J . F.  RELYEA 

Sel ec t ion  of Mineral s 

Q.  Many of the minerals you 1 i s t  (see Table 1 ) don't  seem to be 
relevant to . those  that  would actually be found in a burial s i t e ,  
while some that  would be l ike ly  to  be found--e.g., a zeolite--have 
not been included. What basis did you - use f o r  your selection? 

A. The l i s t  i s  generic in nature; we want to  get as many minerals as 
we can. Many of the primary minerals l i s t ed  are  feldspars and are  
l ike ly  to  be found dn granite or  basalt ,  while the se1;ondary 
minerals a re  l ike ly  to  be found in shales. Later, we'll add 
ca lc i tes  and other mi'neral s .  However, since the experimental 
design r e s t r i c t s ' u s ' t o  working with 12 minerals a t  a time, we've 
picked these 12 t o  s t a r t  w i t h .  

Q. Actually, the current emphasis on basalt ,  granite,  and s a l t  may be 
the wrong approach. If there i s  a breach of confinement, the to ta l  
pathway to  man will go through a large spectrum of minerals, of 

which those tha t  a re  actually i n  the repository may be a t r i v i a l  
par.1; . 
(No arlswer given) 

Characterization of Mineral s 

Q. Was any attempt made t o  characterize the primary minerals chemicallyr 
f o r  example, was a q~rant i ta t ive  chcmical analysis dune so t h a t  a 
detailed s t ructural  formula could be developed? 

A .  Cation exchange capacity and surface area measurements were done 
f o r  a l l  minerals. X-ray diffract ion patterns were r u n  and the 
amount o f  pur%.i Ly determined f o r  most of them. However, we haven't 

done a quant i ta t ive chemical analysis yet .  

Q. Couldn't tha t  be a problem? For example, most of those minerals 

that  you are  now using decompose to  form complex arrays; these 



cou ld  have enormous e f f e c t  on the  p roper t i es  you ' r e  measuring. 

Th is  i s  why i t ' s  no t  s u f f i c i e n t  t o  charac ter ize  a mineral  as 

"pyroxene"; t h a t  term inc ludes a whole f a m i l y  o f  mineral  species. 

Furthermore, minerals 1 i ke e n s t a t i t e  r e a c t  wi.th water, weathering 

immediately and produce a complex sur face mate r ia l  t h a t  i s  n o t  very 

rep resen ta t i ve  o f  an e n s t a t i t e .  Thus, you may end up w i t h  a common 

r e a c t i o n  product t h a t  i s  independent o f  t h e  o r i g i n a l  ma te r ia l  you 

s t a r t e d  w i th .  For example, whether you s t a r t  w i t h  e n s t a t i t e  o r  

01 i v ine ,  you may. end up w i t h  t h e  same hydrated s i l i c o n  l a y e r  which 

w i l l .  do the  ac tua l  reac t ing .  

A. Th is  i s  p a r t  o f  t he  program--to compare methods. .The on ly  way t o  

do a .batch Kd i s  w i t h  ground mate r ia l .  These r e s u l t s  w i l l  be 

compared w i t h  those from some o f  t h e  high-pressure, f l  ow-through 

i n t a c t  cores. I f  t he re  i s  extensive weathering caused by crushing 

and adding s o l u t i o n , ,  i t  should show up when Kd's a r e  compared w i t h  

those o f  o ther  labs. 

Q. Since your  p a r t i c l e s  vary  g r e a t l y  . i n  s ize,  shou ldn ' t  you d e f i n e  Kd 

i n  terms o f  sur face area? 

A .  That w i l l  a l s o  go i n t o  Adaptronics ana lys is .  We have measured t h e  

sur face area o f  t he  minerals; we've a l so  done CEC and x-ray d i f f r a c t i o n  

ana lys is .  A l l  o f  these data have gone i n t o  t h e  ana lys is .  The Kd's 

have been repor ted  on both a weight and sur face area basis. 

Q. I s n ' t  i t '  poss ib le  t h a t  t h e  p u r i t y  o f  t h e  minerals i s n ' t  r e a l l y  very  

important? For example, i f  20 d i f f e r e n t  mlr~ei'als a re  found t o  have 

t h e  same so rp t i on  ra te ,  then the  p u r i t y  o f  each one would n o t  be so 

important.  On t h e  o the r  hand, i f  one o r  two minera ls  a r e  found t o  

have so rp t i on  r a t e s  t h a t  a r e  very  d i f f e r e n t  f rom t h e  others,  then 

p u r i t y  would be important.  

A. We- consider what we' re do.ing t o . b e  one s tep b e t t e r  than i d e n t i f y i n g  

a sample as "basalt ,"  f o r  example. What we' re doing i ,s  d i s t i n g u i s h -  

i n g  between types o f  basa l t .  The next  s tep  would be t o  cha rac te r i ze  

t h e  ac tua l  l a t t i c e  o f  minerals, bu t  t h a t  would take fo reve r .  



Q. Many of t h e  pr imary  minera ls  d i s s o l v e  incongruent ly  i n  a water 

s o l u t i o n .  Thus, t h e  s o l i d  phase could be contaminated w i t h  a 

minute amount o f  a d i f f e r e n t  s o l i d  phase, and t h e  sy5le111 w i l l  be 

changing d u r i n g  t h e  experiment. Cou ldn ' t  these f a c t o r s  be impor tan t  

i n  i n t e r p r e t i n g  y o u r  r e s u l t s ?  

A .  Yes, w e ' l l  have t o  make some s o r t  o f  c h a r a c t e r i z a t i o n  o f  (he f i n a l  

m a t e r i a l  when we ' re  through w i t h  t h e  experiment. 

Equ i l i b r i um.pH Values (Table 17) 

Q. How l a r g e  a r e  your  p a r t i c l e s ?  

A .  Less than 10i)u;' some a r e  probably l e s s  than 211--for example the  

kaol i n i  t e .  

Q. I s n ' t  i t  d i f f i c u 1 . t  t o  c e n t r i f u g e  down t h e  mon tmor l l l on i t e  i n  t he  

. NaI4CO3. s o l u t i o n ?  

A .  There i s  an excess o f  so lu t i on .  We c e n t r i f u g e  the  m ix tu re  a,t about 

7,000 rpm f o r  20-30 minutes. We f i n d  t h a t  most o f  t h e  minera ls  

w i l l  f l o c c u l a t e  a t  30 meq/l; montmor i l lon i te ,  however, tends t o  

s tay  f a i r l y  f l u f f y .  'With respect  t o  Kdlsy we f i n d  t h a t  most o f  t he  

NaHC03 Kdts  a r e  h igh.  We don' t know whether t h a t ' s  due t o  pre- 

c i p i . t a t i o n  of t he  rad ionuc l i des  o r  some o the r  f a c t o r .  

Q. I n  yolrr  pH values f o r  quar tz ,  I ur~derstand the  7.0 f o r  CaC12 and 

NaC1, and the  9.4 f o r  NaHC03, b u t  why should i t  be 6.5 f o r  NaCl 

b r i ne?  I s  i t  p o s s i b l e  t h a t y o u r  e lec t rode  i s  sodium-sensit ive, and 

i 3  not r e a l l y  responding t o  t h e  H ion?  I f  t h i s  i s  so, then some o f  
you r  pH measurements taken i n  b r i n e  concent ra t ions  may be con- 

s i d e r a b l y  o f f .  

A .  We ad jus ted  t h e  pH o f  t h e  b r i n e  before we .started so t h a t  i t  r-cad 

7.0 (k0.1) ; then we measured the  pH w i t h  t h e  same el-ectrode as t h e  

experiment progressed. A t  t h a t  low a concent ra t ion  o f  t h e  H i o n  i n  

t h e ' b r i n e ,  however, we a r e  n o t  sure  whether t he  pH has as much 



e f f e c t  a s  t h e  i o n i c  s t reng th  o f  t he  brine: So, y o u ' r e  r igh t - -we 

may no t  be g e t t i n g  an accurate reading o f  t h e  pH o f  t he  b r ine .  

Batch Kd Resul ts  (Tables 5-16) 

Q. What do the  two sets of numbers mean? For example the  Kd's, f o r  

kaol i.n.ite, i n  NaCl br ine ,  you have 4.7t0.5. 

A. The f i r s t  number i s  t h e  mean Kd; t he  second represents one standard 

dev ia t ion .  

Q.  I n  what chemical form was the  Tc? 

A. I be l ieve  i t  was pe r techn i ta te  anion--Tc04. 

Q. D i d y o u  pre load t h e m i n e r a l s  w i t h  s o l u t i o n ?  

A. Yes; we contacted . . t he  minera ls  f i r s t  w i t h  th ree  c o l d  washes o f  t he  

same so lu t ion ,  and then w i t h  the  spiked so lu t i on .  For each co ld  

wash, the  minera ls  were contacted w i t h  t h e  s o l u t i o n  overnight ,  and: 

i t  was then cen t r i f uged  o f f .  

Q. Was t h e  e q u i l i b r a t i o n  t ime exper imental ly  determined? 

A. No; t h a t ' s  j u s t  how long we measured t h e  reac t i on .  

Q. Then shou ldn ' t  you c a l l  i t  r e a c t i o n  t ime ins tead o f  e q u i l i b r a t i o n  

t ime? 

A. A l l  r i g h t .  

Q. Did you take a  se r ies  o f  measurements dur ing  t h a t  r e a c t i o n  time? 

A. Yes, we took one measurement a t  3  days, another a t  10 days, and t h e  

l a s t  one a t  e i t h e r  19 days, 29 days, o r  35 days. However, we d o n ' t  

expect t o  f i n d  much d i f f e r e n c e  between measurements taken a t  19 o r  

29 days. 



Are these measurements b lank-corrected? 

Yes; we r a n  a b lank w i t h  them. We used the  b lank t o  determine how 

much was added t o  the  s d l ~ ~ p l e  tube. 

What k ind  o f  r e s u l t s  would you g e t  i f  you ca lcu la ted  the Kd j u s t  

us ing  t h e  b lank  adsorpt ion, knowing your i n i t i a l  so lu t i on?  

There was no b lank  adsorp t ion  t o  speak o f  on t h e  Np, Tc, and Sr ,  

because t h e  Kd's were so low. Most o f  t he  concentrat ions f o r  Tc 
7 were o r  10-I'M; f o r  Np they were f rom 2 t o  5 x 10- M. We 

s t a r t e d  running i n t o  problems, however, w i t h  Cs when i t  h i t  an 

i 11 i t e m t y p e  c lay ,  becausc i t  was allnos't LoLdl l y  absorbed. 

For Cs, why i s  t h e  s!;arrdard d e v i a t i o n  so large f o r  v e r m i c u l i t e  %in 

NaCl and NaHC03? 

There was a very  wide s c a t t e r  o f  data po in ts ,  so t h a t  one standard 

d e v i a t i o n  o f  t he  s c a t t e r  was l a r g e r  than t h e  mean. 

What's t h e  exp lanat ion  f o r  h igh  f i g u r e s  f o r  Cs i n  i l l i t e ?  

The Kd's a re  j u s t  extremely high, and t h e r e ' s  no t  much l e f t  i n  

s o l u t i o n .  We used 4,000 countslmin as  t h e  i n f l u e n t  i n  a l l  t he  

experiments; t h i s  was enough f o r  every th ing  except. Cs i n  i l l i t e -  

type c lays .  The d i f f e r e n c e  between having one o r  two counts l e f t  

i n  s o l u t i o n  rcpresents  one order\ o f  ~l ldynitude; y e t ,  i n  some cases, 

we had s t a t i s t i c a l l y  negat ive  r e s u l t s ,  w i t h  more being adsorbed 

than was l e f t  i n  so lu t i on .  Some o f  t h e  Kdls were approaching 

i11rIr1.1ty. 

D id  YOU take groundwater and then add the  30 meq t o  i t ?  

NO, we used d i s t i l l e d  weter--a synthet ic .  Our concept i s  t o  begin 

. w i t h  crude bas ic  b u i  l d i n g  blocks, and then move t o  ac tua l  rock  

m a t e r i a l  s and ac tua l  groundwaters. 
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1. INTRODUCTION, SUMMARY, CONCLUS IONS AND RECO1.1MENDATIONS 

1.1 INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  t h e  development and compari- 

s o n  o f  e m p i r i c a l  models  d e s c r i b i n g  t h e  t r a n s p o r t  of  r a d i o -  

n u c l i d e s  i n  s e v e r a l  g e o l o g i c a l  env i ronments .  , B a t t e l l e  P a c i f i c  North- 

. w e s t  L a b o r a t o r i e s  (PNL) is concerned w i t h  t h e  problem o f  i s o l a t i n g  

h i g h  l e v e l  n u c l e a r  w a s t e  i n  a  g e o l o g i c a l  medium most l i k e l y  t o  

p r e v e n t  c o n t a m i n a t i o n  i n  t h e  e v e n t  n f  t .he f a i l u r e  of t h e  s t o r a g e  

c o n t a i n e r s .  A s t u d y  i s  b e i n g  conducted  t o  e v a l u a t e  t h e  a b i l i t y  

o f  s e v e r a l  g e o l o g i c a l  media t o  a b s o r b  t h e  ra .d~oni .~ .c l . . ides  and 

r e t a r d  t h e i r  t r a v e l  i n t o  t h e  w a t e r  and food  c y c l e  of  a n i m a l s  

a n d  human b e i n g s .  

E x p e r i m e n t s  have  been performed t o  p r o v i d e  a  d a t a  b a s e  f o r  t h e  

p u r p o s e  o f  model ing  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 ,  Kd, o f  s e v e r a l  

r a d i o n u c l i d e s .  T h i s  d a t a  b a s e  was employed t o  s y n t h e s i z e  a  

model u s i n g  t h e  n o n l i n e a r  Adapt ive  L e a r n i n g  Network (ALN) t e c h n i q u e s  

and  t o  s y n t h e s i z e  a  model u s i n g  l i n e a r  r e g r e s s i o n  t e c h n i q u e s .  The 

two models  have  been s u b j e c t e d  t o  s t a t i s t i c a l  a n a l y s i s  t o  e v a l u a t e  

t h e i r  s u c c e s s  i n  model ing  K 
d' 

1 . 2  SUMMARY 

E x p e r i m e n t s  u t i l i z i n g  d i f f e r e n t  .approaches  w i l l  b e  performed by 

PNL t o  o b t a i n  t h e  Kd f o r  v a r i o u s  g e o l o g i c a l  m a t e r i a l s  and s o l u -  

t i o n s .  Four r a d i o n u c l i d e s  were s t u d i e d ,  a . . c h  i,n media comprised 

o f   combination^ of  c i g h t  mi.nera.l.s and four s o l u l i u ~ ~ s  as shuwn' i n  
T a b l e  1.1. The K was measured t h r e e  t i m e s  a t  i n t e r v a l s  of d  
s e v e r a l  d a y s .  Each n u c l i d e - m i n e r a l - s o l u t i o n  exper iment  was 

r e p e a t e d  t h r e e  t i m e s .  The e x p e r i m e n t a l  d a t a  b a s e  was t h e n  

t r a n s m i t t e d  t o  A d a p t r o n i c s .  



TABLE 1.1 

Radionuclide 

Technetium 

Strontium 

Cesium. . 

Neptunium 

RADIONUCLIDES, MINERALS, AND SOLUTIONS 
USED IN KdEXPERIMENTS 

Sorption 
Coefficient Time Measurement Taken 

Kd(Tc) 3, 10, and 29-day intervals 

Kd(Sr) 3, '10, and 29-day intervals 

Kd(Cs) 3, 10, and 29-day intervals 

Kd(N~) 3, 10, and 19-day intervals 

Mineral (Soils) 

Primary Secondary 

Quartzite IBlite 
I Albite Kaolinite 

Anorthite Montmorillonite 

Microcline Vermiculite 

Solutions (Groundwaters) 

Salt Brine 

Calcium Dominated 

Dilute Brine 

Bicarbonate Dominated 

Concentration Level 

5130 meq/R NaCl 

30 meq/R CaC12 

30 meq/!i NaCl 

30 meq/% NaHC03 



Two a p p r o a c h e s  -- t i m e  dependent  and t i m e  independent  -- 
w6re adop ted .  The r e s u l t s  were compared t o  e v a l u a t e  ' t h e  ' i n f l u e n c e  

of t i m e .  The da. ta  b a s e  used  f o r  t h e  t ime-dependent  a n a l y s i s  was 

comprised  of  288 o b s e r v a t i o n s ,  which were t h e . 9 6  o b s e r v a t i o n s  ' 

t a k e n  a t  t h r e e  t i m e  i n t e r v a l s  and c a t e n a t e d .  The t i m e  independent  

d a t a  b a s e  w a s  comprised  of 96 o b s e r v a t i o n s  of 32 d i f f e r e n t  e x p e r i -  

m e n t s ,  where t h o s e  independen t  v a r i a b l e s  changing w i t h  t i m e  w e r e  . 

a v e r a g e d  (pH and E h )  and t h e  dependent  v a r i a b l e  t o  be modeled,  

w a s  taken t o  b e  t h e K d  a t  t h e  f i n a l  t i m e  p e r i o d .  
Kd,  

A s u b o c t  of each data.  hasc  was Lhcn s e l e c l e d  a s  t h e  d e s i g n  se t  and 

u s e d  t o  s y n t h e s i z e  t h e  ALN and l i n e a r  'models. A second s u b s e t  

w a s  u s e d  t o  e v a l u a t e  t h e  performance  of t h e  models.  Performance  

c r i t e r i a  used  t o  e v a l u a t e  and compare t h e  models i n c l u d e d  t h e  

a v e r a g e  a b s o l u t e  e r r o r  and t h e  c o r r e l a t i o n  c o e f f i c i e n t  between 

t h e  t r u e  Kd and t h a t  e s t i m a t e d  by t h e  models ,  id. 

The a n a l y s e s  performed on each  d a t a  b a s e  i n c l u d e d :  

8 U n i v a r i a t e  s t a t i s t i c a l  a n a l y s i s  

a Model s y n t h e s i s  

a Modol p e r f  o l ' i~~a~~c t !  t eSt s 

8 Comparison o f  t h e  models 

8 S e n s i t i v i t y  a n a l y s i s  

M u l l i v a r i a t e  s t a t i s t i c a l  a n a i y o i s  

1 .3  CONCLUS IONS 

The r c s u l e s  of t h e  st a t  ist i c a l  a n a l y s e s  w a r r a n t  t h e  c o n c l u s i o n  

t h a t  i t  i s  f e a s i b l e  t o  model Kd e m p i r i c a l l y  a s  a  f u n c t i o n  of  g e o l o g i c  

media and  groundwater  c h a r a c t e r i s t i c s .  The p a r a m e t e r s  measured t o  

d e s c r i b e  t h e  g e o l o g i c  media were shown t o  he s i g n i f i c a n t  i n  t h e  modeling 

p r o c e s s ,  and t h e  a b i l i t y  t o  e s t a b l i s h  t h e i r  i n t e r a c t i o n s  h a s  . .  been . 

demons t ra ted .  I t  h a s  a l s o  been shown t h a t  t h e  p e r t u r b a t i o n s  i n  t h e s e  

i n t e r a c t i o n s  r e s u l t i n g  i n  changes  i n  K can  b e  u s e d  t o  e s t a b -  
d 

l i s h  q u a n t i t a t i v e  r e l a t i o n s h i p s .  



The p e r f o r m a n c e  e v a l u a t i o n  o f  t h e  ALN mode l s  w a s  s u p e r i o r  t o  

t h a t  o f  t h e  r e g r e s s i o n  mode l s  i n  a l l  o f  t h e  mode l s  o f  b o t h  d a t a  

b a s e s .  The o v e r a l l  improvement o f  t h e  ALN mode l s  o v e r  t h e  r e g r e s -  

s i o n  was 22 p e r c e n t .  F o r  t h e  i n d i v i d u a l  m o d e l s ,  t h e  r a n g e  o f  

improvement o f  a v e r a g e  a b s o l u t e  e r r o r  w a s  f rom 7 t o  46  p e r c e n t ;  

f o r  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  i t  r a n g e d  f rom 5 t o  56 p e r c e n t .  

T a b l e  1 . 2  p r e s e n t s  t h e  p e r f o r m a n c e  improvement of  ALN t e c h n i q u e s  

o v e r  r e g r e s s i o n  t e c h n i q u e s  f o r  e a c h  mode l .  

On an  a b s o l u t e  b a s i s ,  t h e  ALN p r e d i c t e d  Kd was w i t h i n  90 p e r c e n t  

of  t h e  t r u e  Kd f o r  a l l  f o u r  n u c l i d e s  f o r  t h e  t ime-dependen t  da ta  

base. 

The s u c c e s s  o f  t h e  ALN mode l s  o v e r  t h e  r e g r e s s i o n  mode l s  

i n d i c a t e s  t h a t  n o n l i n e a r  m e d i a - s o l u t i o n  i n t e r a c t i o n s  e x i s t .  

These  i n t e r a c t i o n s  may b e  d i f f e r e n t  f o r  d i f f e r e n t  r a d i o n u c l i d e s .  
/ 

1 . 4  RECOMMENDATIONS 

The ALN mode l ing  t e c h n i q u e s  were d e m o n s t r a t e d  t o  b e  s u p e r i o r  t o  

r e g r e s s i o n  t e c h n i q u e s ,  and  i t  is recommended t h a t  a l l  f u t u r e  

work be c o n c e n t r a t e d  on d e v e l o p i n g  ALN mode l s  o f  t h e  r a d i o -  

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

Thought s h o u l d  b e  g i v e n  t o  t h e  c o m p o s i t i o n  o f  t h e  d a t a  base f o r  

f u t u r e  m o d e l i n g  e f f o r t s .  T h e r e  i s  an i n d i c a t i o n  t h a t  some o f  

t h e  m i n e r a l s  may be r e d u n d a n t ,  e s p e c i a l l y  i n  a g i v e n  s o l u t i o n .  



TABLE 1.2 

AMOUNTS ALN MODELS IMPROVE OVER REGRESSION MODELS 

Overa l l  Average Absolute E r r o r  Improvement : . 22 6% 

Time 

Independent 

Dependent 
- 

Overa l l  C o r r e l a t i o n  C o e f f i c i e n t  Improvement: 22.0% 

Radionucl ides  
NP 

Average 
Absolute 

E r ro r  

39% 

21% 
I 

C s  T c  

C o r r e l a t i o n  
C o e f f i c i e n t  

56% 

3 9% 

Average 
Absolute 

E r r o r  

13% 

7% 

S r  
Average 
Absolute 

E r r o r  

4 6% 

13% 
- - - - - 

C o r r e l a t i o n  
C o e f f i c i e n t  

15% 

23% 

Average 
Absolute 

E r ro r  

170% 

2 5% 

C o r r e l a t i o n  
C o e f f i c i e n t  

2 6% 

5% 
- 

C o r r e l a t i o n  
C o e f f i c i e n t  

6% 

6% 



. . ; 2' 

J For example, th,e independent v a r i a b l e s  of , t h r e e  primary 

mine ra l s  ( a l b i t e ,  a n o r t h i t e ,  m ic roc l ine )  i n  t h e  calc ium dominated 

s o l u t i o n  appear  t o  have similar  e f f e c t s .  Also,  i n  t h e  b i c a r -  

bonate  s o l u t i o n ,  a l l  t h e  primary mine ra l s  as we l l  a s  ' kao l imi t e  

. t e n d e d  t o  c l u s t e r  t o g e t h e r ,  Ca t ion  exchange c a p a c i t y  and 

s u r f a c e  a r e a  a r e  t h e  only  minera l  d e s c r i p t o r s  i n  t h e  c u r r e n t  

d a t a  base ;  perhaps more could be included.  Other  parameters  ' 

. might a l s o  be  inc luded  such a s  t empera ture  and p re s su re .  Once 

t h e  exper imental  parameters  have been e s t a b l i s h e d ,  a l l  of  t h e  

l a b o r a t o r i e s  conduct ing exper iments  o f  a  s i m i l a r  n a t u r e  should  

be provided w i t h  t h e  parameter l ist  and asked t o  p repa re  a 

d a t a  base  from t h e i r  exper iments  u s ing  t h i s  format.  These 

d a t a  could become p a r t  of t h e  d a t a  base  t o  be  used by Adaptronics  

f o r  f u r t h e r  model ing.and ana lyses .  



'i. 2 .  RADIONUCLIDE Kd DATA BASE 

A d a t a  base  w a s  r e q u i r e d  t o  s y n t h e s i z e  t h e  ' e m p i r i c a l  models of K d .  
The r e s u l t s  of a  s e r i e s  of  exper iments  t o  measure t h e  K of d  
s e v e r a l  n u c l i d e s  i n  v a r i o u s  g e o l o g i c a l  media was provided by PNL. 

2 . 2  CHARACTUHISTICS OF THE DATA BASE 

Each of ' t h e  e i g h t  mine ra l s  chosen fo'r e x p e r i m e n t a t i o n  was 

oombincd' w i t 1 1  each ul fuume ;soluefoiis  t o  produce 32 g e o l o g i c a l .  

media i n  which t o  t e s t  f o u r  n u c l i d e s  ( ~ a b l ' e  1 . I ) .  The K d f . s  of 

t h e  n u c l i d e s  were measured a f t e r  t h r e e  days ,  aga in  a f t e r  10 days 

had e lapsed ,  andn  f i n a l l y  Np was measured a t  19  days  wh i l e  t h e  

r e s t  were measured f o r  t h e  l a s t  t i m e  a t  29 days .  Th i s  produced 

t h r e e  s e t s  of  d a t a  f o r  each of t h e  32 exper iments .  I n  a d d i t i o n ,  

each experiment was t r i p l i c a t e d ,  s o  t h e r e  were 96 exper iments  

measured a t  t h r e e  d i f f e r e n t  t i m e s .  

The t h r e e  s e t s  of  96 exper iments  were c a t e n a t e d .  t o  .form a 
t ime-dependent d a t a  base  of 288 o b s e r v a t i o n s .  A time-indepen- 

d e n t  d a t a  base  of  96 o b s e r v a t i o n s  was a l s o  c r e a t e d .  f o r  a s i m i l a r  

a n a l y s i s  by ave rag ing  t h o s e  v a r i a b l e s  t h a t  changed wi th  t ime -- 
p H  a n d  Eh -- and s e l e c t i n g  t h e  f i n a l  K d l s  f o r  modeling. 

Each d a t a  base  was s u b j e c t e d  t o  a  complete a n a l y s i s .  



Each exper iment  o r  q b s e ' r v a t i o n  measured a  K d  a s  t h e  dependent  

v a r i a b l e  and t h e  f o l l o w i n g  a s  independen t  v a r i a b l e s :  

Cat  i o n  Exchange C,apaci ty (CEC.) 

S u r f a c e  Area (SA) 

Sodium c o n t e n t  (Na) 

Calcium c o n t e n t  (Ca) 

C h l o r i d e  c o n t e n t  (C1) 

Carbona te  c o n t e n t  (HC03) 

T i m e  ( f o r  t h e  t ime-dependent  d a t a  

pH 
Eh 

b a s e )  ( t )  

A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  d a t a  b a s e  may be  found i n  

Appendix A .  



3 .  CONSTRUCTION OF Kd MODELS 
V I A  ADAPTIVE LEAR,NTNG TFCHNIQUFS 

3.1 ADAPTIVE LEARNING NETWORK (ALN) MODEL 

I n  p r i n c i p l e ,  models  t h a t  p r e d i c t  K d t s  can b e  d e r i v e d  e . i t h e r  

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

An a n a l y t i c a l  model is o n e  o b t a i n e d  by " r e a s o n i n g  from f i r s t  p r i n -  

c i p l e s . "  Tha t  i s ,  t h e  i n v e s t i g a t o r  a t t e m p t s  t o  i n t e r r e l a t e  a l l  

p e r t i n e n t  p h y s i c a l  laws t h o u g h t . t o  i n f l u e n c e  K 
d ' 

The problem 

w i t h  t h e  a n a l y t i c a l  approach t o  model ing  i s  t h a t  many p h y s i c a l  

p r o c e s s e s  a r e  s o  v e r y  complex a s  t o  d e f y  r e a s o n i n g  from f i r s t  

p r i n c i p l e s .  C o n s t r u c t i n g  a  ma themat ica l  model n e c e s s a r i l y  re- 

q u i r e s  'a number of a p p r o x i m a t i o n s  abou t  t h e  r e l a t i o n s h i p .  o f .  one 

v a r i a b l e  t o  a n o t h e r .  I f . t h e  g u e s s e s  a r e  wrong, t h e  model p r o v e s  

t o  b e  i n a c c u r a t e .  F u r t h e r m o r e ,  t h e  model may become q u i t e  

cumbersome due  t o  a l a r g e  number of  coup led  e q u a t i o n s ,  and t h u s  

t h e  computer p r o c e s s i n g  t i m e  i n c r e a s e s  t o  u n a c c e p t a b l e  amounts.  

E m p i r i c a l  p r e d i c t i v e  methods i n v o l v e  f i n d i n g  a p r e d i c t i v e  

e q u a t i o n  t h a t  b e s t  f i t s  t h e  o b s e r v e d  e x p e r i m e n t a l  d a t a .  B u t ,  

w i t h  c o n v e n t i o n a l  e m p i r i c a l  model ing  methods ,  one  s t i l l  h a s  t o  

know which i n t e r r e l a t i o n s h i p s  a r e  i m p o r t a n t  i n  o r d e r  t o  w r i t e  

t h e  g e n e r a l  terms o f  t h e  e q u a t i o n ,  And t h e  resu.S.ta.nt models ,  

l i k e  a n a l y t i c a l  o n e s ,  a r e  i n f l e x i b l e .  I f  u n a n t i c i p a t e d  changes  

o c c u r  i n  t h e  p r o c e s s ,  t h e  models  become o b s o l e t e .  

A d i f f e r e n t  approach  introd1.1ced by A d a p t r o n i c s  incorpore . t cn  

" s e l f - l e a r n i n g "  p r i n c i p l e s .  To c o n s t r u c t  a s e l f - l e a r n i n g  model,  

t h e  a n a l y s t  f i r s t  d e c i d e s  what v a r i a b l e s  may be i m p o r t a n t ,  b u t  

it is n o t  n e c e s s a r y  t o  c o n s i d e r  t h e  e f f e c t s  o f  t h e  v a r i a b l e s  . 

upon one  a n o t h e r .  What is  needed i n s t e a d  i s  a  c o l l e c t i o n  of  

d a t a  t h a t  is  r e a s o n a b l y  r e p r e s e n t a t i v e  of  t h e  v a r i e t y  o f  

s i t u a t i o n s  t h a t  can  o c c u r  i n  t h e  sys tem b e i n g  modeled. 



The n e x t  s t e p  is  t o  c o n s t r u c t  a  ma themat ica l  ne twork,  known. a s  

an Adap t ive  L e a r n i n g  Network (ALN), which i s  a  n o n l i n e a r  hyper-  
. . 

s u r f a c e  l i n k i n g  i n p u t s  t o  o u t p u t .  A g e n e r a l i z e d  e q u a t i o n  is 

c o n s t r u c t e d  t o  l i n k  an o u t p u t  v a l u e  t o  each  p o s s i b l e  p a i r  o f  

i n p u t  v a r i a b l e s .  S p e c i a l  purpose  computer programs a r e  u s e d  

t o  f i n d  t h e  c o e f f i c i e n t s . ( t h e  w e i g h t i a s s i g n e d  t o  t h e  v a r i a b l e s )  

f o r  e a c h  e q u a t i o n  t h a t  makes i t  b e s t  f i t  t h e  d a t a .  Those 

e q u a t i o n s  and v a r i a b l e s  t h a t  c o n s i s t e n t l y  produce  t h e  s m a l l e s t  

p r e d i c t i o n  e r r o r s  a r e  de te rmined .  A d d i t i o n a l  e q u a t i o n s  a r e  

t h e n  c o n s t r u c t e d  t h a t  examine i n t e r a c t i o n s  among f o u r ,  e i g h t ,  

o r  more v a r i a b l e s  i n s t e a d  of o n l y  two.  These a d d i t i o n a l  equa- 

t i o n s  r e s u l t  i n  added l a y e r s  i n  t h e  network and a r e  r e t a i n e d  

i f  , t h e y  can  improve t h e  p r e d i c t i o n  a c c u r a c y .  

A model i n  t h e  form o f  a  network t h a t  h a s  had its c o e f f i c i e n t s  

d e t e r m i n e d  and h a s  been reduced  t o  t h e  e s s e n t i a l  v a r i a b l e s  is 

c a l l e d  " a d a p t i v e l y  t r a i n e d . "  .The s y n t h e s i s  o f  t h i s  model h a s  

proceeded d i r e c t l y  from examina t ion  o f  an, e x p e r i m e n t a l  d a t a  b a s e  

w i t h o u t  human i n t e r v e n t i o n ;  hence  t h e  t e r m  " s e l f - l e a r n i n g . "  
. . To make c e r t a i n  t h a t  t h e  model h a s  i n d e e d  d i s c o v e r e d  f o r  i t s e l f  

t h e  p e r t i n e n t  p h y s i c a l  l a w s ,  a d d i t i o n a l  e x p e r i m e n t a l  d a t a  n o t  

used  i n  t h e  t r a i n i n g ,  o r  s y n t h e s i s ,  phase  a r e  i n t r o d u c e d  t o  

t es t  t h e  a b i l i t y  o f  t h e  model t o  g e n e r a l i z e  on i ts  ~ r i o r  ex- 

p e r i e n c e  i n  d e a l  i n g  w i t h  new s i t u a t i o n s .  

3.2 ,FORM OF ALN MODELS ' 

~ h e : m e t h o d o l o g y  a s s o c i a t e d  w i t h  ALN s y n t h e s i s  is  d e s c r i b e d  more 

f u l l y  i n  R e f e r e n c e s  1 t h r o u g h  6 by Barron and Mucciardi .  I n  summary, 

two- input  o n e - o u t p l ~ t  "e lements1 '  a r e  used  t o  c o n s t r u c t  an a d a p t i v e  

l e a r n i n g  network.  The o u t p u t  o f  e a c h  e l e m e n t ,  y ,  is  a  q u a d r a t i c  

f u n c t i o n  o f  i t s  two i n p u t s  xi and x  : 
j 



A l l  c o m b i n a t i o n s  o f  i n p u t s  a r e  c o n s i d e r e d  two-at-a-time a s  above.  

F o r  g i v e n  i d e n t i t i e s  o f  xi grid x an n p t i m i s x t i o n  a l g o r i t h m  i o  
j) 

u s e d  t o  f i n d  t h e  c o e f f i c i e n t s ;  w , . t h a t  y i e l d  t h e  s i n a l l e s t  e r r o r  

i n  f i t t i n g  y  t o  t h e  v a l u e s  of x and x i n  a  " f i t t i n g "  s u b s e t  . 
i j . . 

o f  t .he d a t a .    hose' combina t ions  o f  v a r i a b l e s '  y i e l d i n g  a  low-. - ' . 

e r r o r  r a t e  ( o n  an  independen t  " ~ e l e c t i o n ' ~  s u b s e t  o f  t h e  d a t a )  ' '  

a r e  t h e n  r e t a i n e d  and t h e  rest ' d i s c a r d e d . '  Thus,  t h e  c a n d i d a t e  

i n p u t  l ist  is pruned  t o  t h e  most i n f o r m a t i v e  s u b s e t .  T h i s  ' ' 

. . 
p r o d u c e s  t h e  f i r s t  l a y e r  i n  t h e  ALN. 

. , 

The 0 u t p u . t ~  o f  Layer  1 become i n p u t s  t o  Layer  2 ,  and t h e  p r o c e s s  

i s  n o i  r e p 6 t e d .  ' S i n c e  e9.r.h inpl.1.t to L a y ~ r '  2 is a f u n c t i o n  o f '  
. , 

two x ' s ,  we are now c o n s i d e r i n g  f u n c t i o n s  o f  f u n c t i o n s ;  t h i s  

t h e  complex i ty  o f  t h e  model i n c r e a s e s ,  b u t  'more s l o w l y  t h a n  i ts 

f u n c t i o n a l  power. Only t h o s e  combina t ions  from Layer  1 a r e  

r e t a i n e d  t h a t  p roduce  t h e  g r e a t e s t  improvement i n  a c c u r a c y .  

Now t h e  o u t p u t s  from ~ a ~ e k  2  become i n p u t s  t o  Layer  3 ,  and s o  o n .  

The t r a i n i n g  pr 'ocedure  i s  t e r m i n a t e d  when i t  is  e s t a b l i s h e d '  t h a t  

t h e  a d d i t i o n  o f  f u r t h e r  l a y e r s  would p roduce  an  ' "over f j . t t ' i ng"  

c o n d i t i o n ;  t h a t  i s ,  t h e  model would become-'so a d e p t  a t  f i t t i n g  

t h e  d a t a  used  t o  t r a i n  i t  tha . t  i t  would be unab l e  t o  g e n e r ~ l i a e  
. . t o  d a t a  n o t  p r e v i o u s l y  s e e n .  S p e c i a l  a l g o r i t h m s  a c e  u s e d  t o  

d e t e c t  and a v o i d  t h i s  c o n d i t i o n .  

An ALN model t h e r e b y  assumes t h e  form o f  a  m u l t i n o m i a l  -- a  

po lynomia l  i n  many v a r i a b l e s  -- o f  t h e  ( a u t o m a t i c a l l y )  s e l e c t e d -  

i n p u t s .  The e x t e n t  and t y p e  of nonl i - n e a r i t i e s  i n  model ~ t r u c -  

t u r e  c a n  b e  d i s c o v e r e d  and impleme~l ted  d u r i n g  model s y n t h e s i s .  

Thus ,  t h e  ALN methodology is a  power fu l  t o o l  f o r  u s e  i n  d a t a  

model ing  i n s t a n c e s  where 1 i t t l e . o r  no knowledge e x i s t s  r e g a r d -  

i n g  t h e  f u n c t i o n a l  r e l a t i o n s h i p  of dependent  t o  indhpendent  

v a r i a b l e s .  



4 .  STATISTICAL INVESTIGATION OF THE 
MECHANICS CONTROLLING RADIONUCLIDE SORPTION 

4 . 1  UNIVARIATE STATISTICAL ANALYSIS 

A f t e r  p r e p a r a t i o n  of  t h e  two d a t a  b a s e s ,  t i m e  i ndependen t  and 

t i m e  dependen t ,  t h e  c o v a r i a n c e  and c o r r e l a t i o n  m a t r i c e s  were 

computed. The c o v a r i a n c e  m a t r i x  is needed o n l y  t o  compute t h e  

c o r r e l a t i o n  ' m a t r i x  and w i l l  n o t  b e  d i s c u s s e d  f u r t h e r .  The 

c o r r e l a t i o n  m a t r i c e s  f o r  t h e  two d a t a  b a s e s  a r e  shown i n  F i g u r e s  

, 4 . 1  and 4 . 2 .  Each m a t r i x  shows t h e  c o r r e l a t i o n  of  f o u r  s e p a r a t e  

dependent  v a r i a b l e s ,  t h e  s o r p t i o n  c o e f f i c i e n t s  Kd(Tc),  K d ( S r ) ,  

Kd(Cs),  and Kd(Np), w i t h  t h e  e i g h t  independen t  v a r i a b l e s  CEC, 

s u r f a c e  a r e a  (SA), sodium c o n t e n t ,  c a l c i u m  c o n t e n t ,  c h l o r i d e  

c o n t e n t ,  b i c a r b o n a t e  c o n t e n t ,  pH, Eh, a n d ,  i n : t h e  t ime-dependent  

d & t a  b a s e ,  t i m e .  

A s t u d y  o f  t h e  m a t r i c e s  r e v e a l s  a  h i g h  c o r r e l a t i o n  between t h e  

CEC and  t h e  s u r f a c e  a r e a .  T h i s  is n o t  v e r y  s u r p r i s i n g ,  as a  

g r e a t e r  s u r f a c e  a r e a  would imply  a  g r e a t e r  c a t i o n  exchange 

c a p a c i t y .  Another  n o t  unexpected  r e s u l t  is a  s t r o n g  c o r r e l a t i o n  

between b i c a r b o n a t e  and pH. 

The p e r f e c t  c o r r e l a t i o n  of  sodium and c h l o r i d e  is  a n  a r t i f a c t .  

The p o s s i b l e  amounts o f  sodium (Na) and c h l o r i d e  ( C l )  t h a t  can  

o c c u r  i n  any s o l u t i o n  a r e  0 ,  30 ,  and 5 , 1 3 0  meqla. The amounts 

( i n  meq) of Na and C 1  i n  t h e  f o u r  s o l u t i o n s  a r e  a s  f o l l o w s :  

S o l u t i o n  Sodium 

S t r o n g  b r i n e  
Calcium 
Weak b r i n e  

. HC03 

C h l o r i d e  



CEC 
S A 
N a  
Ca 
C 1  
H C O ~  
t 
PH 
pH 
E h  
E h  

Xd(Np)  CEC - 
.14 1.00 
.19 .93 
.17 .oo 

-. 26 ..OO 
.17 -00 
.20 -00  
.07 -00 

-26 
.28 -23 

- .08 
-.18 -.02 

FIGURE 4 . 1 :  CORRELATION MATRIX - TIME DEPEKDENT DATA BASE . . .. 
. - . . 
'. . ' . a' 

CEC - .  30 .49 
S A -. 28 .47 
Na  .44 -. 35 
C a  -. 17  -.34 
C 1  .44 -.35 
HCO? - .31  -60  
PH - .40 .64 
PH 
E h  .16 - .51 
E h  

FIGU3E 4.2:  CORRELATION MATRIX - TIME INDEPENDENT DATA BASE 



Note t h a t  Na and C 1  b o t h  have  t h e  same v a l u e s  f o r  two o f  t h e  

s o l u t i o n s ;  i . e . ,  5 , 1 3 0 , , 5 , 1 3 0 ,  and 30 ,  30.  The o t h e r  two 

s o 1 u t i o . n ~  a l s o  have  t h e  same v a l u e s  b u t  i n  r e v e r s e  o r d e r ;  i . e . ,  

0 ,  30 and 30 ,  0 .  These  sets  o f  v a l u e s  f o r  Na and C 1  a r e  

r e p e a t e d  t h r o u g h o u t  t h e  d a t a  b a s e .  T h e r e f o r e ,  t h e  d a t a  set  of 

Na is  s t a t i s t i c a l l y  e q u i v a l e n t  t o  t h e  d a t a  set of C 1  i n d i c a t i n g  

p e r f e c t  c o r r e l a t i o n .  

T h e r e  is some c o r r e l a t i o n  i n d i c a t e d  between two of t h e  dependent  

v a r i a b l e s  and t h e  independent  v a r i a b l e s ,  n o t a b l y :  

Dependent V a r i a b l e  Independent  V a r i a b l e  

Kd(Tc) Na, ~ ' 1  

Kd( S r  CEC, SA, HC03, pH 

A t  t h i s  p o i n t ,  t h e  h y p o t h e s i s  w a s  made t h a t ,  when t h e  ALN 

a l g o r i t h m s  d e s i g n e d  t h e  models f o r  dependent  v a r i a b l e s  Kd(Tc) and 

Kd(Sr ) ,  t h e  c o r r e l a t e d  independent  v a r i a b l e s  would b e  s e l e c t e d  
I 

a s  i n p u t s .  S i n c e  Na and C 1  w e . r e  t h e m s e l v e s  h i g h l y  c o r r e l a t e d ,  . a s  

w e l l  a s  CEC and  SA, and a l s o  HC03 and pH, o n l y  one  of  e a c h  c o u l d .  

be s e l e c t e d .  T h i s  h y p o t h e s i s  was proven t o  b e c o r r e c t j  a s  t h e  

Kd(Tc) models  s e l e c t e d  C 1  as one  of  i t s  i n p u t s  and t h e  Kd(Sr)  . 
1 

models  s e l e c t e d  CEC and pH. 

The c o r r e l a t i o n  between t h e  independen t  v a r i a b l e s  and ' t i m e  . ( i n  

t h e  t ime-dependent  d a t a  b a s e )  was p a r t i c u l a r l y  n o t e d ,  and when 

v e r y  l i t t l e  c o r r e l a t i o n  was s e e n  ( o n l y  Kd(Tc) showed a  s l i g h t  

c o r r e l a t i o n  t o  t i m e ) ,  i t  w a s  c o n j e c t u r e d  t h a t  t h e  t ime-dependent  - '  

d a t a  b a s e  ( t h r e e  t i m e s  as l a r g e  a s  t h e  t ime- independent  d a t a  

b a s e )  would n o t  p roduce  s i g n i f i c a n t l y  be t te r  modeling r e s u l t s .  

4 . 2  MODEL-SYNTHESIS 

.Two e m p i r i c a l  models  were s y n t h e s i z e d  f o r  e a c h  dependent  v a r i a b l e  

from e a c h  d a t a  b a s e  u s i n g  o n l y  t h e  d e s i g n  s u b s e t s :  ( 1 )  l i n e a r  

r e g r e s s i o n  and  ( 2 )  n o n l i n e a r  ALN. 



The l i n e a r  r e g r e s s i o n  model was s y n t h e s i z e d  u k i n g '  t h e  stepwise 

1 i n e . a r r e g r e s s j l o n  program from t h e  Biomedical  Computer program' ,  

package  a v a i l a b l e  p u b l i c l y .  The model may b e  r e p r e s e n t e d  by 

where X i s  t h e  l i s t  o f  n  independen t  v a r i a b l e s .  Both t h e  A i l s  
i 

and t h e  X i ' s  a p p e a r  i n  a  l i n e a r  form i n  t h e  above e q u a t i o n .  

The ALN model i s  s y n t h e s i z e d  u s i n g  t h e  ALN p r o c e d u r e  d i s c u s s e d  

i n  S e c t i o n  3 .  The independen t  v a r i a b l e s  and t h e  c o e f f i c i e n t s  

a r e  n o n l i n e a r  

where X' i s  t h e  s u b s e t  o f  t h e  independent  v a r i a b l e s  s e l e c t e d  as 

model i n p u t s .  

The e i g h t  l i n e a r  models  and t h e  e i g h t  ALN models  a r e  shown i n  

F i g u r e s  4 . 3  t h r o u g h  4 . 1 0 ,  a l o n g  w i t h  t h e  performance  of  t h e  

d e s i g n  sets. The c r i t e r i a  used  t o  judge  performance  a r e  t h e  

a v e r a g e  a b s o l u t e  e r r o r  and t h e  c o r r e l a t i o n  c o e f f i c i e n t  o f  

t h e  model o u t p u t s  compared t o  t h e  d e s i r e d  o u t p u t s .  I n  b o t h  se ts  

o f  mode l s ,  t h e  K d f s  f o r  S r ,  Cs ,  and Np had r a n g e s  o f  v a l u e s  of 

s e v e r a l  o r d e r s  o f  magni tude ,  s o  a "mod,ified1I l o g  f u n c t i o n  o f '  t h e  

K ' s  was modeled i n s t e a d  of  t h e  a c t u a l  K I s .  The m o d i f i e d  l o g  d  d  
f u n c t i o n  was a n  a p p r o x i m a t i o n  t o  a n a t u r a l  l o g a r i t h m  t o  a l l o w  

f o r  n e g a t i v e  and s m a l l  v a l u e s  of. y :  

1. + l n y ,  i f  y  > 1. ' . '  

f ( y )  = Y, i f  -1 < y  - < 1. 
1. - I n l y J ,  i f  y  <-I, . . 

T h i s  approx imat ion  of  a  l o g  f u n c t i o n '  is l i n e a r  b e t w e e n y  = - + 1. 



Linear Model 
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ln(Kd(Sr)) = 4.236 + .489(CEC) + .067(SA) -1.383(Ca) 
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FIGURE 4.4: STRONTIUM MODELS - TIME INDEPENDENT 
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FIGURE 4 . 5 :  CESIUM MQnELS - TIgE INDEPENDENT 
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FIGURE 4.6: NEPTUNIUM MODELS - TIME INDEPENDENT 
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C 1  

Linear  .Model 

K (Tc) = .897 - .516(CEC) - .217(SA) - .199(Ca) + .666(C1) d 
- .500(HCOc) + . 0 8 5 ( t )  - .4II(pH) - .Y34(Eh) 

FIGURE 4 . 7 :  TECHNETIUM MODELS - TIME DEPENDENT 
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ln(~~(9r))'' = 4.341 + .6Ol(CEC) - .044(SA) - 1.403(Ca) - 1.790(Cl) 
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FIGURE 4.8: STRONTIUM MODELS.- TIME DEPENDENT 
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ln(Kd(Cs)) = 6.872 +1.749(CEC) - .860(SA) - 1.703(Na) 
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L inea r  Model 

ln(Kd(Np)) = 3.468 + .376(SA) - .402(Ca) + .343(C1) - .629(HC03) 

+ . 2 1 9 ( t )  + 1.111(pH) + .121(Eh) 

> 
FIGURE 4 .10 :  NEPTUNIUM MODELS - TIME DEPENDENT 

ALN . 

Regress ion 

P E R I : O R M A . N C . l l  

Average 
Absolute 

E r r o r  

18.377 . . 

23.818 

C o r r e l a t i o n  
C o e f f i c i e n t  

. .739 . - 

. '344 



The i n s p e c t i o n  o,f t h e  c o r r e l a t i o n  m a t r i x  had i m p l i e d  t h a t  N a  o r  

C1 might  b e  s e l e c t e d  by t h e  ALN model f o r  t e c h n e t i u m  and,  i n  

b o t h  t h e  t ime-dependent  and t ime- independent  models ,  C 1  was 

s e l e c t e d .  S i m i l a r l y ,  t h e  s t r o n t i u m  modeLs used  CEC .and pH, a s  

p r e d i c t e d .  

4 . 3  MODEL SYNTHESIS EVALUATION 

The t r u e  test of  a  model is i ts  performance  on d a t a  t h a t  w e r e  

n o t  used  i n  i ts d e s i g n .  The independen t  e v a l u a t i o n  s u b s e t ' w a s  - 
t h e r e f o r e  u s e d  t o  e v a l u a t e  and compare t h e  two e m p i r i c a l  models .  

The performance  c r i t e r i a  were a g a i n  t h e  ave ' rage a b s o l u t e  e r r o r  

and t h e  c o r r e l a t i o n  c o e f f i c i e n t .  The comparison o f  t h e  e i g h t  

l i n e a r  models  w i t h  t h e  e i g h t  ALN models  is  found i n  T a b l e  4 . 1 .  

I n  a l l  c a s e s ,  t h e  ALN model d i d  a  s i g n i f i c a n t l y  better j o b  of  . . ,  . . 

modeling t h e  s o r p t i o n  c o e f f i c i e n t s .  The i n t e r a c t i o n s  between 

t h e  K d l s  and t h e  independen t  v a r i a b l e s  a r e  t h e r e f o r e  demons t ra ted  
,.\ 

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

A : 
The o u t p u t s  of  t h e  ALN and r e g r e s s i o n  models  ( e s t i m a t e d  K d l s )  

f o r  e a c h  n u c l i d e  a l o n g  w i t h  t h e  d e s i r e d  o r  t r u e  o u t p u t s  ( K d l s )  

a r e  shown i n  T a b l e s  B . l  t h r o u g h  B.4 o f  Appendix B. Only t h e  

t a b l e s  . f o r  t h e  models  s y n t h e s i z e d  from t h e  t ime- independent  d a t a  

b a s e  a r e  i n c l u d e d .  

4 . 4  SENSITIVITY ANALYSIS 

E m p i r i c a l  models  o f t e n  can  g i v e  r e s e a r c h e r s  i n s i g h t  i n t o  p h y s i c a l  

r e l a t i o n s h i p s  t h a t  migh t  p r e v i o u s l y  have  been e i t h e r  unknown o r  

v u l y  s u s p e c t e d .  Thc d e s i g n  of t h e  ATtN mndel i t s e l f  is o f t e n  

r e v e a l i n g ,  a s  i t  is  obse rved  which independen t  v a r i a b l e s  are 

s e l e c t e d ,  which ones  a r e  c r o s s - c o u p l e d ,  how o f t e n  e a c h  one  a p p e a r s ,  

and s o  o n .  Another  means of u s i n g  t h e  model f o r  g a i n i n g  informa-  

t i o n  is  t o  s t u d y  t h e  r e a c t i o n  o f  t h e  independen t  v a r i a b l e  t o  p e r t u r -  

b a t i o n s  o f  e a c h  independen t  v a r i a b l e  t h a t  is a n  i n p u t  t o  t h e  model.  



TABLE 4 . 1  

PERFORMANCE OF TWO MODELING TECHNIQUES ON DATA NOT USED IH MODEL SYNTHESIS 

L1 Numbers i n  p a r e n t h e s e s  denote  t h e  range of  v a l u e s  o f  Kd f o r  t h e  p a r t i c u l a r  nuc l i de .  

Time 
Independent 

A L N  

Reg. 

Time 
&pendent 

A .  

w g .  

Tc 
11 (0-22) - 

Average 
Abolute 
Error 

1 .3  

2.4 

1 .3  

1 .5  

Sr 
(&1,680) 

Cs 
(1.3-140,000) 

Correlat icn 
,Co2ff icient  

.S8 

-62 

.65 

.60 

Avemge 
Absdut e 

E r x . r  

75.4 

91.0 

59.4 

79.4 

Averags 
Absolute 
Error 

5,481 . 

6,330 

4,151 

4,452 

Yp 
(0-7, 324) 

Correlation 
Coefficient 

.91 

.85 

.96 

-90 

Cbrrelat ion 
Coefficient 

.67 

.52 

.41 

.18 

Average 
Absolute 
Error 

15.4 

25.4 

18.4 

23.3 

Correlation 
Coefficient 

.87 

.31 

.74 

.35 



A s e n s i t i v i t y  a n a l y s i s  d e t e r m i n e s  t h e  changes  i n  t h e  s o r p t i o n  

c o e f f i c i e n t  due t o  u n i t  changes  i n  e a c h  independen t  v a r i a b l e  

i n  t u r n .  The r e s u l t s  o f  t h e  a n a l y s i s  can be  used  t o  d e t e r m i n e  

b o t h  t h e  ' a b s o l u t e  i n f l u e n c e  and t h e  r e l a t i v e  impor tance  of{ ' -each 

of  t h e  independent  v a r i a b l e s  on Kd. They can a l s o  b e  u s e , d . t o  

e l i m i n a t e  t h o s e  v a r i a b l e s  which have  v e r y  l i t t l e  i n f l u e n c e  on 

t h e  model. 
. . ~. 

. . 
For  a  l i n e a r  model,  t h e  s e n s i t i v i t i e s ,  AKd/Axi, a r e  - t h e  

c o e f f i c i e n t s  themse lves .  ,, For  t h e  'ALN model it was necessa ry .  , 

t o  compute t h e  d e r i v a t i v e s  n u m e r i c a l l y .  T h i s  was done i n .  t h e  

f o l l o w i n g ' w a y .  For  e a c h ' o b s e r v a t i o n  i n  t h e  d a t a  base., .*a  u n i t  . 

change was made i n  e a c h  i n p u t  v a r i a b l e ,  and t h e  p a r t i a l  d e r i v a t i v e  

o f  t h e  model t o  t h a t  v a r i a b l e  was de te rmined  by obs 'e rv ing t h e  

change i n  Kd. The e n t i r e  d a t a  b a s e  was used  t o  d e t e r m i n e  t h e  

o v e r a l l . , .  a v e r a g e  s e n s i t i v i t y  o f  K t o .  e a c h  i n p u t .  . . 

d 

. . 
T a b l e  4 . 2  shows, i n  t a b u l a r  form, t h e  p e r c e n t a g e  of  t h e  i n f l u e n c e  

l 

each v a r i a b l e  h a s  i n  each  Kd model. The t ime-dependent  and t ime-  

independent  models  showed v e r y  l i t t l e  s e n s i t i v i t y  t o  t i m e  wi th '  

t h e  e x c e p t i o n  o f  t h e  t ime-dependent  ALN model f o r  t e c h n e t i u m .  

The c o n c l u s i o n  may b e  made e i t h e r  t h a t  t i m e  is  n o t  a v e r y  i m p o r t a n t  . . 

v a r i a b l e  o r  t h a t  p e r h a p s  i t s  i n f l u e n c e  is  f e l t  i n d i r e c t l y  v i a  

a n o t h e r  v a r i a b l e  which,  w h i l e  c o n s i d e r e d  t o  b e  an independent  

q u a n t i t y ,  may b e  i t se l f  dependent  on t i m e .  

I n  g e n e r a l ,  e a c h  model is u n i q u e l y  s e n s i t i v e  t o  its s e l e c t e d  

p a r a m e t e r s ,  b u t  i n  most c a s e s  o f  b o t h  t h e  l i n e a r  and n o n l i n e a r  

models  t h e  pH is found t o  be v e r y  i n f l u e n t i a l .  Examinat ion  

of t h e  p a r a m e t e r s  s e l e c t e d  a s  model i n p u t s  r e i n f o r c e s  t h i s  con- 

c l u s i o n ,  b e c a u s e  pH is s e l e c t e d  by a l l  b u t  one  of  t h e  models .  

C a t i o n  exchange c a p a c i t y  is a n o t h e r  p a r a m e t e r  t h a t  h a s  a  s t r o n g  

i n f l u e n c e  on most o f  t h e  models.  



TABLE 4 . 2  

PERCENTAGE 03' SENSITIVITY OF Kd TO 2ARAMETERS 
FOUND SIGNIFICANT BY TWO MODELING TECHNIQUES 



P r i o r  t o  t h e  model ing  p r o c e s s ,  t h e  independen t  v a r i a b l e s  o n l y  

i n  e a c h  d a t a  b a s e  w e r e  s u b j e c t e d  t o  a  c l u s t e r i n g  a l g o r i t h m '  

t o  c o n f i r m  t h a t  t h e  d e s i g n  s u b s e t  and t h e  e v a l u a t i o n  s u b s e t  

of  t h e  d a t a  were e q u a l l y  r e p r e s e n t a t i v e  of  t h e  p r o c e s s .  S i n c e  

one  se t  of  t h e  t r i p l i c a t e d  e x p e r i m e n t s  was h e l d  o u t  a s  independen t  

d a t a  f o r  e v a l u a t i o n ,  i t  was g r a t i f y i n g  t o  see t h a t  a lmos t  e v e r y  

o b s e r v a t i o n  o f  t h e  e v a l u a t i o n  se t  f e l l  i n  t h e  same m u l t i -  

d i m e n s i o n a l  c l u s t e r  a s  t h a t  o f  t h e  o t h e r  two o b s e r v a t i o n s  of  

t h e  same exper iment .  

The most i n t e r e s t i n g  u s e  of  t h e  c l u s t e r i n g  a l g o r i t h m  was t o  

c l u s t e r  o n l y  t h e  independen t  v a r i a b l e s  s e l e c t e d  by a n  ALN model.  

( I n  t h e  c a s e s  where t h e  ALN c h o s e  two h i g h l y  c o r r e l a t e d  v a r i -  

a b l e s ,  such  as c a t i o n  exchange c a p a c i t y  and s u r f a c e  a r e a ,  o n l y  

one  was r e t a i n e d  f o r  c l u s t e r i n g . )  The a v e r a g e  K d l s  o f  a l l  t h e  

o b s e r v a t i o n s  f a l l i n g  i n  e a c h , m a j o r  c l u s t e r  was g e n e r a l l y  u n i q u e ;  

i . e . ,  one  major  c l u s t e r  g a v e  a  mean K of  a low v a l u e  w h i l e  d 
a n o t h e r  gave  a h i g h  v a l u e .  The c l u s t e r s  t e n d e d  t o  g roup  t h e  

o b s e r v a t i o n s  w i t h  comparable  v a l u e s  o f  K d '  

Examinat ion  o f  t h e  major  c l u s t e r s  w i t h  r e s p e c t  t o  t h e  independen t  

v a r i a b l e s  i n d i c a t e d  t h a t  t h e  most s i g n i f i c a n t  p a r a m e t e r  d e f i n i n g  

t h e  c l u s t e r s  was t h e  pH. The o n l y  e x c e p t i o n  was the t in~e- 

dependent  model f o r  Cesium. The K d l s  f o r  Cesium w e r e  t h e  most 

d i f f i c u l t  t o  model ,  and i t  is b e l i e v e d  t h a t  a d d i t i o n a l  e x p e r i -  

men ta l  p a r a m e t e r s  a r e  n e c e s s a r y  f o r  t h i s  model.  Three  of t h e  

models  -- t ime-dependent  K d ( N p ) ,  t ime- independent  Kd(Tc),  and 

Kd(Sr)  -- showed a  t endency  t o  s e p a r a t e  t h e  c l u s t e r s  w i t h  Ca 

c o n t e n t  a s  w e l l  a s  pH. To a  lesser d e g r e e ,  the Eh helped Lu 

d i s c r i m i n a t e  c l u s t e r s  i n  a l l  t h e  t ime- independent  models  e x c e p t  

Cesium. 



I n  g e n e r a l ,  t h e  r e s u l t s  o f  t h e  m u l t i v a r i a t e  a n a l y s i s  s u p p o r t e d  

c o n c l u s i o n s  a r r i v e d  a t  by model s y n t h e s i s  a n a l y s i s  and s e n s i -  

t i v i t y  s t u d i e s .  More c o n c l u s i v e  r e s u l t s  s h o u l d  be  o b t a i n e d  

when a d d i t i o n a l  p a r a m e t e r s  and o b s e r v a t i o n s  a r e  added t o  t h e  

d a t a  b a s e .  
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DISCUSSION--A. N. MUCCIARDI 

Basic Modular Elements o f  Learning Network (Section '3.2) 

Q. Why d i d  you se lec t  ' that  funct ion? 

A. F i r s t ,  f o r  computational e f f ic iency;  i t  i s  the smal lest  t h i ng  one 

can do and s t i l l  develop a  network. Second, b i o l og i ca l l y ,  i t  seems 

t o  be the smal lest  elemental bu i l d i ng  block. F i na l l y ,  the func t ion  

we're b u i l d i n g  up involves pu t t i ng  together small pieces o f  t h i s  

ove ra l l  m u l t i v a r i a t e  funct ion,  and i t  turns ou t  t h a t  the amount o f  

data needed f o r  these small pieces i s  reduced by keeping the 

number o f  inputs  down. Ncverthclcss, using more inputs o r  a 

d i f f e r e n t  k ind o f  func t ion  produces more o r  less  the same mathe- 

mat ica l  r esu l t s .  The output i s  a  func t ion  o f  the input ,  and the 

r e s u l t s  w i  11 have the same mathematical proper t ies  a1 though they 

may look d i f f e r e n t .  

Evo lu t ion o f  Adaptive Network (Sect ion 3.2) 

Q. How i s  the e r r o r  determined--do you use an f t e s t  o r  residuals,  o r  

somethJng e lse? 

A .  You could use any method you choose--you cou1.d have. a  minimum 

squared e r ro r ,  a  co r re l a t i on  between the two, o r  a  weighted penal ty 

type o f  tes t ;  you could bias the resu l t s  i n  the d i r ec t i on  o f  the 

observations i n  which you have more confidence; you could.choose t o  
be more accurate on ce r t a i n  types o f  minerals than others, etc.  

Q. What do you mean by " t rue value"? 

A. Experimental ly measured value. 

Q. I f  your f u n c t i o n y  i s  known t o  be logar i thmic  i n  the x value, then 

how does the power ser ies expansion work? 



A. Any f u n c t i o n  can be 'represented by power se r ies  expansion. The . . . .. 
f a c t  t h a t  i t  i s  a  l oga r i t hm ic  f u n c t i o n  j u s t  means t h a t  a  few'mt& 

. . 
layers a r e  needed. 

. . 
Detec t ion  o f  O v e r f i t  (Sect ion  3.2) . . 

. , 

Q. To what ex tent  can you make those two subsets independent? 

A. We perform a  c l u s t e r i n g  ana lys i s  on t h e  data. This may break i t  up 

i n t o  many modes, b u t  then we w i l l  randomly s e l e c t  f rom each one:. 

I n  t h i s  way, we know tha t ,  however scat te red the  data may be,  ' t h e  

mode, l .w i l l  be designed and tes ted  on a  subset o f , t h e  data t h a t  . . 

covers t h e  whole.range. 

Sens iv i  t y  o f  Kd t o  Parameters 

~ c l o r d i  n g  t o  Two Model i n g  Techniques (Tab1 e  4.2) 

Q. I s  t h e ' s i g n  o f  these f i g u r e s  an a r t i f a c t  o f  the  c a l c u l a t i o n ? .  

A. No. dYdX, i f  i t ' s  negative, would mean t h a t  as X increases, Y 
. . 

decreases. 

. . 

Q. What do the  b lank squares mean? 
. . 

A. They mean t h a t  t h a t ' v a r i a b l e  was n o t  p icked up by t h i s  model. 
. .  . . . ,  

Q. Does regress ion ana lys i s  p i c k  up the  same var iab les  as t h e  ALN 

method? 

A. Not necessar i ly .  With Np and Na, f o r  example, regress ion ana lys i s  

showed t h e  r e a c t i o n  t o  be very  strong, and ALN d i d  not, w h i l e  f o r  

S r  and' Na t h e  reverse was the. case. So the  two a n a l y t i c a l  methods 

show very  d i f f e r e n t  p i c tu res .  But  when you look  a t  how w e l l  t h e  

' -  two models perform--which one provides more meaningful data f a r  a  

p a r t i c u l a r  v a r i a b l  e--you see t h a t  t h e  ALN method considerably '  

outperforms t h e  o ther .  



Accuracy o f  Model 

Q.  I s  t he re  a way t o  determine the  amount o f  experimental e r r o r  o f  t he  

model, so t h a t  you can come up w i t h  an est imated uncer ta in ty  i n  

you r  c o e f f i c i e n t s ?  

A .  Yes, the re  a re  a number o f  ways. F i r s t ,  you could repeat  the  

experiment th ree  times, as B a t t e l l e  d id .  When John Relyea d i d  

t h i s ,  he g o t  q u i t e  a spread i n  t h e  average Kd- -pa r t i cu la r l y  f o r  

Cs--where t h e  d i f f e r e n c e  was s i x  orders o f  magnitude. Thus, w i t h  

t h i s  method, enough ' rep1 i c a t e s  are  incorporated so t h a t  s t a t i s t i c a l  

e r r o r  i s  b u i l t  i n t o ,  t he  model. Second, i f  you have a s t rong feel i n g  

t h a t  c e r t a i n  data a r e  much more p rec i se  than others, you can b u i l d  

t h i s  b i a s  i n t o  t h e  model, f o r c i n g  i t  t o  be more accurate f o r  some 

minera ls  than f o r  others.  Thus, e f t h e r  i m p l i c l t l y  o r  e x p l i c i t l y ,  

you ca'n i n f l u e n c e  t h e  amount o f  experimental e r r o r .  You can a l s o  

measu're t h e  amount o f  e r r o r  by t e s t i n g  the  model on new data. 

Q. How can you t e l l  i f  y o u ' r e  miss ing an important  parameter? 

A. There a r e  a couple o f  ways. As a basel ine,  you can d o a  type o f  

c o i n - f l i p p i n g  experiment. You c a l c u l a t e  the  percentage o f  e r r o r  

t h a t  you would have i f  you simply p red ic ted  the  average Kd o f  a 

nuc l ide .  Then, i f  your  experimental r e s u l t s  cannot beat t h a t  e r r o r  

margin, you know something important  i s  missing. 

A more e f f e c t i v e  way, however, i s  based on the  f a c t  t ha t ,  i f  the re  

i s  a f u n c t i o n a l  r e l a t i o n s h i p  between a dependent v a r i a b l e  and a 

combinat ion o f  independent var iab les ,  t he  data w i l l  show a t rend.  

I f  you f i n d  t h a t ,  i n  c l u s t e r i n g  t h e  x data, t he  associated y ' s  a r e  

a l l  over t h e  map, then you know t h a t  you've measured something 

i r r e l e v a n t ,  and t h a t  something i s  missing. When t h e  models converge, 

on the  o the r  hand, you know you've found a1 1 the  important  parameters. 



Q.. .Have you t r i e d  t h e  model w i t h  data f rom o ther  sources? With cond i t i ons  

t h a t  a r e  t h e o r e t i c a l l y  s i m i l a r ?  
. . 

A. We'l.1 be doing t h a t  t h i s  coming year.  Th is  was j u s t  a s t a r t  t o  see 

i f  the re  was any value i n  going f u r t h e r .  

Cross-Checking C a p a b i l i t y  

Q. I s  cross-checking c a p a b i l i t y  b u i l t  i n t o  the  method? With d i f f e r e n t  

l a b o r a t o r i e s  us ing  d i f f e r e n t  methods and o b t a i n i n g  d i f f e r e n t  r e s u l t s ,  

t he re  needs t o  be a way t o  determine whether a p a r t i c u l a r  r e s u l t  i s  
' an a r t i f a c t  o f  t h e  method o r  o f  t he  labora tory .  

A. Once we begin t o  analyze data  from d i f f e r e n t  l abo ra to r i es ,  we w i l l  

have a number o f  op t ions  a v a i l a b l e .  We can, f o r  example, remodel 

t o  f i t  the  cond i t i ons  o f  a p a r t i c u l a r  experiment o r  s i t e ;  o r  we can 

at tempt t o  design one model t h a t  w i l l  i nco rpo ra te  a l l  f a c t o r s .  We 

can a l s o  c l u s t e r  t h e  data t o  see i f  one p a r t i c u l a r  group o r  one 

p a r t i c u l a r  c o n d i t i o n  always produces r e s u l  t s  t h a t  a r e  d i f f e r e n t  

f rom the  others.  We have many d i f f e r e n t  ways o f  checking and 

cross-checking t h e  data. 

Comparison w i t h  Other Methods 

Q. I n  v i e w . o f  the  l a r g e  discrepancy between the  r e s u l t s  o f  regress ion  

analyses and you r  model, what c r i t e r i a  do you have t o  show t h a t  

yours i s  super io r?  

A. The u l t i m a t e  super io r  model comes f rom phys ics- - tha t  'o f  t r u e  re1  a t i o n -  

ships. What we' re t r y i n g  t o  do here i s  t o  c l o s e  the  l oop  w i t h  

experimental  mathematics. Ins tead o f  saying t h a t  t h e r e ' s  a bewi lder-  

i n g  v a r i e t y  of i n t e r a c t i o n s  t h a t  must be taken i n t o  account, we ' re  
l saying t h a t  maybe t h e r e  a r e  o n l y  a few key ones, and we a r e  develop- 

i n g  models based on those. 



Q. I n  o the r  words, t h i s  i s  t he  s imples t  f i r s t  l e v e l ?  

A.  Yes. The rnodel should be viewed i n  two ways. F i r s t ,  i t  i s  an 

engineer ing s o l u t i o n  t o  a  problem, p rov id ing  a  meaningful answer 

r i g h t  away. Second, i f  i t  i s  cor rec t ,  i t  w i l l  feed in fo rmat ion  

back t o  t h e o r i s t s ,  t o  he lp  them develop even b e t t e r  models i n  t h e  

fu tu re .  

Q. How does your t reatment  compare w i t h  standard f a c t o r  ana lys is?  

A. Fac tor  ana lys i s  won ' t  p rov ide  a niodel . It can be usefu l  as a  data 

reduc t ion  tec  hnique--a preprocessing s tep - - i nd i ca t i ng  the  degree o f  

c o r r e l a t i o n  among i n d i v i d u a l  parameters; i t  can prov ide an idea o f  

t h e  number o f  t r u e  var iab les .  C lus ter  ana lys i s  would be a  more 

r e l e v a n t  techn'fque f o r  a c t u a l l y  developing a  model, however. 

Uniqueness o f  S o l u t i o n  

Q. How sure are  you: (1)  t h a t  t he re  i s  a  unique s o l u t i o n  i n  ex is tence 

f o r  these data, and ( 2 )  t h a t  t h i s  i s  t h a t  s o l u t i o n ?  

A .  We're f a i r l y  sure t h a t  i t  i s  no t  a  unique so lu t i on .  With these 

types o f  problems, j u s t  as we have t o  rep lace " c o r r e l a t i o n s "  w i t h  

" func t i ona l  re la t i onsh ips , "  we have t o  replace "unique" w i t h  "good." 

Th is  i s  b a s i c a l l y  an engineering s o l u t i o n .  If  we perturbed the  

data, some t h i n g s  would change. However, t h e  o v e r a l l  sur face 

doesn' t  change much, and the  pr imary f indings--such as t h a t  pH i s  a  

dominant v a r i a b l e  i n  p r e d i c t i n g  the  KdNP--don't change much, e i t h e r .  

Charac ter iza t ion  o f  Minera ls  
I 

Q. what hothers me i s  t h a t  e i g h t  minera ls  were taken t o  be equa l l y  

reac t i ve , ' as  though they a l l  had the  same c a t i o n  s i t es ,  sur face 

c h a r a c t e r i s t i c s ,  e t c .  

A .  The minera ls  were i m p l i c i t l y  encoded v i a  va r iab les  such as the 

c a t i o n  exchange capac i t y  and sur face area. These va r iab les  changed 



as the minerals changed. Thus, i f  one finds tha t ,  in a par t icular  
case, cation exchange capacity i s  very inf luent ial  in controlling 
K d y  and that  small perturbations in t h i s  capacity r e su l t  i n  a much 
larger perturbation in Kd than anything e lse  does, that'means tha t  
tha t  par t icular  mineral i s  very strong. 

Q. B u t  you've only used extensive variables. You need intensive.vari-  
ables, such as  energy potential ,  too. 

A.  We agree tha t  we need more detailed characterization; tha t  our 
characterization has been too implicit  and needs to  be made more' 
expl ic i t .  This i s  par t icular ly t rue in the case of Cs. O u r  
recommendation fo r  the next time i s  t ha t  as  much characterization 
as possible be used; i f  a factor  i s  measurable, i t '  should be 

.included. 
. . 

Chemical Analysis 

Q. I s  any e f f o r t  being made t o  understand these e f fec ts  on a chemical 
bas i  s? 

A.  We ourselves are  not in a position to  do more than ra i se  questions. 
However, as we feed our data back t o  people such as yourselves, you 
can t h e ' n  t e l l  us whether or  not i t  i s  meaningful, analyze i t  i n  .: 

chemical terms, e tc .  These data were obtained only recently so 
t h e r e  has not ye t  been time to s o l i c i t  t h i s  feedback, b u t  t ha t  i s  
an important par t  of the program. 

Time Dependency 

Q .  How many data points do you have? 

A.  There a r e  96 nine-dimensional points--96 experiments f o r  each 
isotope. I t  should also be noted tha t  the data were recorded three 

times--once a t  3 days, once a t  10, and once a t  e i ther  19 or 29, 

depending on the isotope. NOW, we found tha t ,  of the nine inputs, 



s i x  d i d  n o t  change w i t h  t ime, and th ree  d id .  .These th ree  were 

t ime, pll, and Eli. Tu ub ld  ir~ *the time-independent so l u t i o n ,  which 

i s  what we've shown you here, we took  the  f i n a l  va lue o f  Kd ( a t  

t h e  19 th  o r  29 th  day), and averaged the  th ree  values o f  pH and Eh. 

However, we ' ve a1 so created model s  f o r  time-dependent var iab les .  

These models i nvo l ved  th ree  t imes as much data--3 x  '96--for t h e  

th ree  v a r i a b l e s  t h a t  changed over t ime, and show changes i n  Kd as 

a  f u n c t i o n  o f  t ime, pH, and Eh. 

Other  Dependencies 

Q. You've t r e a t e d  a l l  of t he  va r iab les  as being independent from one 

a r~u lhe r ,  b u t  a r e n ' t  t he re  i n  f a c t  o the r  interdependencies? 

A.  The in te rdependenc ies 'en ter  t h e  p i c t u r e  i n  t h a t  c e r t a i n  va r iab les  

were p a i r e d  toge the r - - f o r  example, on F igure  4.3, C1 and Eh were 

pai red,  Ca and pH were pa i red ,  etc.  Thus, even though the  va r iab les  

were t r e a t e d  as independent, these k inds o f  interdependencies were 

e l i c i t e d  a f t e r  t h e  f a c t .  

Q. I f  you wrote o u t  t he  model t h a t  you developed f o r  F igure  4.3, 
7 wouldn' t you have 6  unknowns? 

A. NO, Ll~dL'b whdl .IS r ~ l c e a b o u t  t h e  networkapproach:  i t  keeps t h e  

a r i t h m e t i c  l i n e a r .  That  i s ,  t h e  number o f  parameters on l y  grows 

l i n e a r l y  as a  f u n c t i o n  o f  l a y e r .  I n  t h i s  case, f o r  example, you 

have I U x  b o r  60 parameters. I f  you wrote it. nut. as s f o u r t h -  

o rder  equat ion i n  t h ree  var iab les ,  you m igh t  end up w i t h  90-100 

i n d i v i d u a l  c o e f f i c i e n t s  on each o f  t h e  terms. Wi th  t h i s  k i n d  of 

s t ruc tu re ,  however, n o t  o n l y  a r e  t h e  inputs - - the  x '  s- -not  1 i n e a r l y  

independent, b u t  t h e  c o e f f i c i e n t s  a r e  no t  1  i near l y  independent, 

e i t h e r .  Thus, c o e f f i c i e n t s  i n  one b lock  a r e  m u l t i p l i e d  by those i n  

another, and so on. Thus, w i t h i n  t h a t  f a m i l y  o f  polynomials  

represented by t h i s  order o f  func t i on ,  you can r e a l i z e  a  smal le r  

subset--yet one t h a t  i s  s t i l l  a lmost i n f i n i t e l y  r i c h .  
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INTRODUCTION 

This report summarizes the progress and results obtained during 

fiscal year 1977 for LBL Contract No. 45901AK, "Theoretical and Experi- 

mental Evaluation of Waste Transport in Selected Rocks." This project 

is part of the Waste Isolation Safety Assessment Program (WISAP), which 

is managed for the DOE Office of Waste Isolation by Battelle Pacific 

Northwest Laboratories. In particular, this project supports task 4 

of WISAP, the collection and generation of transport data. Within 

task 4 are subtasks, which address the problem of understanding the 

mechanisms of radionuclide transport and the impact of such mechanisms 

on radionuclide distributloti caeffieients. The gual uf thls pruject 1s 

to establish a basis on which radionuclide distribution coefficients can 

be reliably predicted for geological environments of the type anticipated 

for terminal radioactive waste storage facilities. 

It is well known that the distribution coefficient (Kd), defined 

thus: 

- - mole of radionuclide sorbed 
Kd mqlek of radionuclide in solutioz/ml 

is a semiempirical parameter, subject to variation as a result of the 

chemical and physical conditions under which it is measured. These 

conditions vary greatly, depending on whether the environment is adjacent 

to a terminal storage facility or is similar to the environment normally 

encountered in a laboratory experiment. Laboratory measurements of Kd 

vary significantly from experiment to experiment. Therefore, the 

applicability of currently available measurements to the prediction of 

radionuclide behavior in rocks is questionable. Table 1-1 gives a 

tentative list of factors that might influence a typical K determination d 
and the errors that might result from omitting these factors when 

extrapolating data from laboratory to subsurface conditions expected in a 

host rock adjacent to a terminal storage repository. It is obviously 

important to identify the critical factors influencing the magnitude of 

empirical distribution coefficients for given radionuclides, and* to 

establish the variation in those factors under differing host rock 

conditions. 



TABLE 1-1. Factors influencing Kd for a given radionuclide, based on a comparison 
between conditions in a typical soil column adsorption study and conditions expected 

in a terminal storage repository. 

Subsurfaceterminal .Potentialeffect 
Parameters Principal effect Soil column test storage facility on K . d 

a. Major components Ionic strength Ve.ry variable. Determined by host Unpredictable - 
Activity coefficients Composition deter- rock chemistry and by probably 
Complexing mined by condition other factors includ- to 10'~. 

the test is designed ing the leaching 
to simulate. chemistry of the 

waste product. 

b. Minor components Complexing Same as above. Same as above. Same as above 

Complexing 2-11, depending on 5-8. Buffering of lo-' to 
Chemical potential the nature of the heterogenous and 

test homogeneous equilibria 
keep the pH range 
within narrow limits. 

Chemical potential Variable, usually Variable, over a up to 101° or 
oxidizing, and narrower range, even more 
dependent upon pH. usually reducing. 

2. Radionuclide Supersaturation to mole/kg. Uncertain, but probably Difficult to 
concentration and Polymerization As ionic, polymeric, very low, depending on estimate) but could 
speclation Metastable equi- and particulate forms. leaching characteris-' be very large for 

librium tics of waste product amphoteric species 
form (glass) ossibly P - 

near the isoelectric 
to 10-I mole/kg. point (-lo6). 

Principally as ionic 
species. 

3. Flow'rate 

b 

4. Permeability 

5. Duration 

6. Surface area 

7. Path length 

Metastable equi- -lo-) to lo-' cm/sec to lo-' cm/sec Sufficient flow. 
librium rates could lead 
Transport Mechanisms to different rate 
Changes in apparent. controlling trans- 
surface area contacted port mechanisms 

(e.g. ionic or molec- 
ular diffusion) 

also lead to 
dif feient thermo- 
dynamic controls 
(0 to lo6) 

Flow rate 
(see above) 

to 10 Darcys to lo-' Darcys Same as, above. 

Radionuclide decay '10' sec 
Daughter formation 
Front reinforcement . 

Adsorption 

Dispersion 

8. Temperature Complexing 
Solubility 
Adsorption 

UP to 10' sec None considered 
at this time. 

UP to 10' cm2/g; -lo2 cm2/g -lo3 . 
Dispersed clays, Fractures, microfractures, 
humus, fine partic- intergranular pores 
ulates, loess, rtc. 

No anticipated 
effect or1 Kd. 



The rad i o n u c l  ides chosen for this study include thorium, uranium, 
plutonium, neptunium, americium, curium, iodine, and technetium. During 

fiscal year 1977, emphasis hap been placed on the actinides 

neptunium, americium, and curium. The host rock types being considered 

include acid igneous rocks (granite, rhyolite), basic igneous rocks 

(gabbro, dolerite and basalt), sedimentary rocks (argillites, sandstone, 

and limestone), and metamorphic rocks (if deemed appropriate). Although 

the study is generic and does not pertain to a specific site, greater 
' 

emphasis is being placed on rocks from the Nevada Test.Site and the 

Hanford Reservation near. Richland, Washington. 

The project insludes both theoretical and experimental. i-nvestigations 

organized into several interrelated subtasks, as illustrated in Fig. 1-1. 

These subtasks all support an attempt to define the environmental con- 

ditions expected in the water-saturated host rocks of a terminal storage 

I Experimental program 

t h o  t h r m d n i  $7 + 

to determine critical 

Edafa of radionuclides data on solid phases 
evaluation and complexes of 

radionuclides 

istribution coefficients) I I 
Experimental 

Preliminary 

Experimental 
radionuclide program 

betaiied 

Definition of 
of radionuclide + environmental 

conditionc 

* ~ o t  included in current project. 

Definition 
of Kds in 
geologic 

Figure 1-1. Logic chart for LBL Waste Isolation Safety Assessment 

Program-5: Theoretical and Experimental Evaluation of 

Waste Transport in Selected Rocks. Hatching indicates that 

task is complete. 



facility and to determine the transport mechanisms of radionuclides 

in these rocks. ,This information can then be used to relate the thermo- 

dynamic and transport properties of radionuclides to the corresponding . 

distribution coefficients, which then can be used with confidence in 

a computer simulation of radionuclide transport. Without such an effort, 

there is a danger that experimentally obtained distribution coefficients 

will be misinterpreted,when calculations are made to determine transport 

through rock to the biosphere. 

During fiscal year 1977, the followinq subtasks were performed. 
- s =  

1. Thermodynamic data were tabulated for those aqueous complexes 

and solid phases o'f plutonium, neptunium, americium, and curium 

likely to form in the.natura1 environment. 

2. Eh-pH diagrams were computed and drafted for plutonium, 

neptunium, americium and curium at 25OC'and one atmosphere. 

3. The literature on distribution coefficients of plutonium, 

neptunium, americium, and curium was reviewed. 

4 .  Preliminary considerations were determined for an experimental 

method of measuring radionuclide transport in water-saturated 

rocks. 

5. The transport mechanisms of radionuclides in water-saturated 

rocks were reviewed.. 

6. A computer simulation was attempted of mass transfer involving 

actinides in.water-saturated rocks. 

Progress in these tasks is reported in the following sections. Subtasks 

1, 2, 3 and 4 are complete. The progress made in subtask 5 is represented 

by an initial theoretical survey to define the conditions needed.to 

characterize the transport of radionuclides in rocks. This task will be 

refined.and wili continue in fiscal year 1978. Subtask 6 has begun but is 

not complete. Progress in this task will be reported more fully in 1978. 



SECTION 2: TABULATION OF THERMODwAbfIC DATA OF AQUEOUS COMPLEXES AND 

SOLID PHASES OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM LIKELY 

TO FORM IN THE NATURAL ENVIRONMENT . 



INTRODUCTION 

In subtask 1 of this study, information from the published literature'' ' .  
. . . . 

was gathered on free energies of formation, solubility prdducts, dis- 

sociation constants, and related topics as they pertain to plutonium, 
. . ,  

neptunium, americium, and curium. The information is summarized in 

Tables 2-1 through 2-4, below. No attempt was made to reinterpret 

or modify the published information. All sources are referenced and 

cross referenced where information has been published in review articles. , ... 

The table for each element is divided into two sections: 

1. free energy data, including 

a. aqueous species, and 

h. solid species; and 

2. reaction constant data. 

The second section of each table gives additional information 

idenfifying the reaction studied, the technique used, the nature of the 

.aqueous media, the temperature(s) at which the measurements were made, the 

value .of .the constant, the free energy of the reaction, and the source 

reference (s) . I 

The compilation was made for three reasons. 

1. To use "original source" information as the basis for computing 

refined free energy or reaction constant data that are internally 

consistent with and conform to standard state conditions. The . 
processed data.will be needed for use in computer simulations of 

ground water chemistry in the presence of the radionuclides under 

consideration. 

2. To identify gaps or uncertainties in our knowledge regarding 

phase relations or speciation of theeactinides, so that new 

experimental programs might be proposed in order to rectify these 

deficiencies. 

3. To maintain a library of hard-to-find literature for use by other 

workers in the .wISAP program. - 
See References Cited ,for a complete list of references used in 

f 
the tables. 



TABLE 2- 1 . Thermodynamic d a t a  f o r  plutonium. 
- -  

FREE ENERGY DATA AG;. 29e0 (kcal  Reference 

Aqueous Species 

P U ~ +  

So l id  Species  

bu2d3 

puo2 

Pu !OH)3 

PU 

PU02 ( 0 H ) z  

-138.3 f 0.8 Puger and Oet t ing ,  1976 

~ u g e r  and Oet t ing ,  1976 

Puger and Oet t ing ,  1976 

Puger and Oet t ing ,  1976 

Palzer .  1971 

Polzer ,  1971 

Polzer ,  1971 

~ o l s r r ;  1971. 

Polzer ,  1971 

REACTION CONSTANT DATA 

S w c i e s  Reaction 
T 

Method Solut ion  ('A) K 
A G ~  -1 

(kcal  mole 1 References 

0.069E 
PU 111 pu3+ + H ~ O  * P U O H ~ +  + H+ t i t r a .  riclo4 298 7.5*10-~ +9.7 Cleveland, 1970; 

Kraus and Dam. 1949, 
a r b r e  

2 X Cleveland, 1970; 
Katz and Se%rg, 1957 

pu3+ + c1- * pucl1+ ion  ax. 1.c X t fCl  -- 1 4 . 7 ~  C l e v e l m d ,  1370i 
Ward and Welch, 1956 

xcduc. L.O & # ~ 1  3913 n.717 +O. 15 Degiachsr, and Choppin, 
1975; C O M ~ C ~  and 
McVey, 1953 

c a l  . 0.1 HCl 3.72 

spec. (cone. ~ i ~ 1 )  298 3 . 7 1 ~ 1 0 - ~  +3.3 

ca t .  ex. [H+J - 1.0 I? 301 18.132 -1.73 
0.44 

k i n  298 10.0 e s t .  

mglsener and Chupplrr, 
1975; Martin and 
White, 1958 

Degischer and Choppin, 
1975; Shiloh and 
Unrcus. 1366 

Cleveland, 1970; 
Nair e t  a l . ,  1967 

Degischer and Choppin, 
1975; Newton and Baker, 1956 

Cleveland, 1970; 
Nair, 1968 

Cleveland, 19701 
Rabideau, 1956; 
Perez-Bustamente, 1965 

C l e v ~ l n n d ,  1970: 
Katz and Seaborg, 1957; 
Kraus, 19451 Latimer, 
1952; Evans, 1949; 
Kasha, 1949; Kraus, 
1949; Peppard e t  al., 
1962 



Table 2-1 (continued) 

REACTION CONSTANT DATA (continued) 
, .. . 

. . .. " . .  
T 

Species Reaction Method Solution (OK) K References " 

4+ 3+ 
Pu IV Pu + F- * PuF spec. In_ HN03 298 8.7~10"~' Cleveland, 1970; Patil 

and Ramakrishna, 1976 

spec. 1I-J HN03 298 5.9~10' -1.1 Degischer and Choppin, 
1975; McLane, 1949 

4+ 
Pu + ~ 1 -  * puc13+ cat. ex. 4l3 HC104 293 1.4 20.2 -0.2 Cleveland, 1970; 

Grenthe and Noren, 1960 

spec, 2t3 ~ ~ 1 0 ~  298 0.38 +0.57. Degischer and Choppin, 
1975; Hindman, 1949 

reduc . 1F HC104 298 0.57 +0.33 Degischer and Choppin, 
1975; Rabideau and 
Cowan, 1955 

reduc . u = 1.0 298 1.38 

reduc. 1I-J HC1 298 0.8 

4+ - 
PU + H S O ~  * PUSO? + H+ cat.ex. 0.5E acid 298 9.45 

.pu4+ + SO:-* pUso;+ reduc. 1.0& HC104 298 4 . 5 8 ~ 1 0 ~  

Pu4+ + 2 ~ ~ 0 4  * Pu(SO4I2 + 2H+ cat. ex. 0.5 acid 298 20.0 

4+ 
Pu + 3 ~ ~ 0 4  * PU (So4):-+ 3H+ cat. ex. 0.5 acid 298 ,125 

4+ 2- 2+ 
Pu +HP04 * PuHP04 solub. 2.0E HN03 298 8.3~10'~ 

0.012 - 2.0E 
2- 

P~HPO:+ + H P O ~  PU ( H P O ~ ) ~  solub. H3P04 298 6.7~10'~ ' 

Degischer and Choppin,' 
1975; Rabideau, 1958 

Degischer and Choppin, 
1975; Kabanova and 
Palei, 1960 

Cleveland, 1970; klarov 
and Chmutova. 1961 

Degischer and Choppin. 
1975; Rabideau, 1955: 
Lemons, 1951 

Cleveland, 1970; klarov 
and Chmutova. 1961 

Cleveland, 1970; Marov 
and Chmutova, 1961 

Cleveland, 1970; 
Denotkina, etal., 1960 

Cleveland, 1970; 
Denotkina, etal., 1960 

Cleveland, 1970; 
Denotkina. eta1.,1960 

Cleveland, 1970; 
Denotkina. etal., 1960 

4- 2- 
PU ( H P O ~ ) ~  + H P O ~  * PU(HPO~) z l  S0l~b. H3P04 298 6.3~10~ -12.6 Cleveland, 19701 

Denotkina, etal., 1960 



Table 2-1 (continued) 

REACTION CONSTANT DATA (continued) 

T 
Species Reaction Method Solution (OK) K [kcal mole-') . References 

Pu V Pu0; + cl- s pu02C1 poten. -- -- 0.67 . -- Cleveland, 1970; 
Rabideau, 1958 

+ 
Pu YI Pu0:+ + H20 * PuO20H + H+ titra. 0.000186E -- 4.7x10-' -- Cleveland, 1970; 

m03 Krevinskaya, et al., 
1960 

titra. 0.000186E -- 9 f 1 ~ 1 0 - ~  -- Cleveland, 1970; 

"NO3 Krevinskaya, et al., 
1360 ,. 

Pu02 (OH)2 + H20 * -- -- -- 2 lo-'o 

PuO2 (OH); + H+ 

PUO;+ + ~ 1 -  * P ~ O ~ C ~ *  spec. I-&! 296 0.73k.07 

spec. 211 HC104 293 0.56 

2+ 
Pu02 + H ~ P O ~  * P U O ~ H ~ P O ~  electroph. 0.206-5-88! 298 8.5~10' 

H3P04 
2- 

puOy + 2 0 ~ -  + C03 * ~01ub. 0.17 -0.4% 293 2.3x10 
2 2 

2- NH4C03 
Pu02C03 (OH) 

hl" OH+ + m2- * 2 3 solub. 0.17 -0.4% 293 4 . 5 d 2  

PUO~CO~OH- NH4C03 

solub. a 17 -0441 293 6. 7xid3 

rn4='3 

Cleveland, 1970; 
Kraus and Dam, 1949 
a,b,c  

Cleveland. 1970: 
Rabideau, 1956 

Degischer and Choppin, 
1975; Rabideau and 
Lemons, 1951 

Patil and Ramakrishna, 
1976 

Cleveland, 1970 

Cleveland, 1970; 
Gel'man, et al., 1962 

Cleveland. 1970: 
Gel'man, et al., kg62 

Cleveland, .1970; 
Gel'man, et al., 1962 

'corrected to the standard state, I = 0. 



. .* . 
TABLE 2 - 2 .  Thermodynamic d a t a  f o r  neptunium. . . 

FREE ENERGY DATA A G ~  2980 ( k c a l  mole-') Refe rence  

Y .. *.- ::! '., ;., ., i .  - .. . ,___. 
~ q u e o u s  S p e c i e s  - .  . ,, > ,j ,../ .. . A.4'5 w., ..,- , !: &y;&..> 

Np3+ - 123 .6  -* 0.8 Fuyer  and O e t t i n g ,  1976 

Fuyer  and O e t t i n y ,  1976 

Fuyer  and O e t t i n y ,  1976 

Fuyer  and O e t t i n g ,  1976 

S o l i d  S p e c i e s  

NP02 . - 232.8 Huber and Hol ley ,  1968 

REACTION CONSTANT DATA (con t inued)  

T AGR . . 
S p e c i e s  Reac t ion  Method j s o l u t i o n  (OK) K ( k c a l  mole-') Refe rences  

t i t r a .  0 . 1  5 Naclb4 298 3 . 7 ~ 1 0 - 0  
' i . 0 9  

Mefodeva, e t  a l . ,  1974 

spec .  conc.  LiCl  298 3 . 8 x 1 0 - ~  Burney and Harbdur,  
1974;  Shiloh" and 
Harcus,  1966 

Burney and Harbour,  1974; 
'Mika i lov ,  1973 

Np-  I V  

Burney and Harbour,1974;  
Moskvin, 1971b 

i o n  ex.  4 . 0 5  HC104 293 1.6X10 
4 

Burney and Harbour.1974;  
Ahrland and Brand t ,  1966 

4 
e x t r a c .  1 . 0 ~  HC104 298 4.6x10 

i o n  ex .  1.0: HC104 298 3 . 6 ~ 1 0 ~ '  

Choppin and Unre in ,  1976 

Degischer  and Choppin, 
1975; Krylov,  e t  a l . ,  1968a 

i o n  ex.  lg HN03 293 1 . 7 ~ 1 0 ~  

d i s t r i .  1.OE HC104 293 0.91 

Deyischer  and Choppin, 
1975;  Krylov. e t  a l . ,  196Ba 

Burney and Harbour,  
1974; S h i l i n  and 
Nazarov, 1965 

emf 1 . O g  HC104 298 0.49 

d i s t r i .  2.OE HC104 293 1 . 0 2  

Burney and Harbour,  1974; 
S t r o m t t  and  Peekema, 1958 

Burney and Harbour,  
1974: S h i l i n  and 
Nazarov, 1966 

d i s t r i .  4 . 0 5  HC104 298 0.77t0.06 Burney and Harbour.1974; 
Danes i ,  e t  e l . ,  1971 

Burney and Harbour,  1974; 
S u l l i v a n  and  Hindman, 1954 

d i s t r i .  2.OE HC104 298 2 . 7 ~ 1 0 ~  

i o n  ex. 4. O n  HC104 293 5 . 0 ~ 1 0 ~  Deyischer  and Choppin. 
1975; Ahrland and Brand t ,  
1966 



TABLE 2-2 (continued) 

REACTION CONSTAKT DATA (continued) 

Species  Reaction 
T hGR 

nethod Solut ion  (OK) K , (kcal m l e - l )  References 

~p v ~ p o f  + H ~ O  N ~ O ~ O H  (aq) + H+ pot.-. H C ~ O ~  -- 1.25~10-9 -- eutney and Harbour, 1974; 
Katz and Seaborq, 1957 

- 10 
Np020HcS) * Np020H (aq) poten.  HN03 -- 1 . 8 5 ~ 1 0  -- Sevostyanova and 

Khal tur in ,  1973 

ion ex. 2.0g HC104 298 0.51 +0.41 Burney and Harbour, 1974; 
Gainar and Sykes, 1964 

+ 2- ~ p o ~  + H P O ~  * N ~ O ~ H P O ~  ion  ex. O.2B NH4C104 293 7 .1~10 '  -3.8 Degischer and Choppin, 
~ ~ 1 0 ~  1975 ;Zvag in t sevand  . 

Sudarikov, 1958 

I ,  
Np02 + H ~ P O ~  + N ~ O  H PO 2 2  4 ,  i o n e x .  O . ~ H N H ~ C L O ~  293 b . 5  -1.1 Dey i d i a i '  and Choppin; 

HC104 . 1975; Zvagintsev and 
Sudarikov, 1958 

NpOf + HCO; * Np02HC03 ion ex. P'O -- 2 .7~10 '  -- Burney and Harbour, 1974; 
Moskvin and Mefodeva, 1965 

~p VI , NPO:+ + ~ 1 -  * N ~ o ~ c ~ +  d i s t r i .  4 .  Op? HC104 298 0'69f +0.2.2 Burney and Harbour, 1974; 0.05 Danesi, e t  al . ,  1971 

kin .  3.0g HC104 273 1.26 -0.13 Degischer and Choppin. 
1975; Cohen, e t a l . ,  1955 

NP0:+ + HF NpO F+ + H+ ex t r ec .  1.OE HC104 294 8.6t2.1 -1.3 Burney and Harb i l r ,  1974; 
2 Ahrland and Brandt, 1968a 

ion  ex. .1.04n_ HC104 298 157+9 -3.0 Degischer and Choppin, 
1975; ~ r y l o v ,  e t  al., 1968b 

NpO;' + SO;- * Np02S04 ex t r ac .  1.05 HCIOq 293 79 -2.6 Burney and Harbour, 1975; 
Ahrland and Brandt, 1968b 

reduc; ' l.OE ~ 1 0 :  298 13-  -1.5 Degischer and Choppin, 
1975; s t roma t t  and 
Peekem, 1958 

d i s t r .  2.OE NaC104 298 43.4 -2.2 uegi9Cher and Choppin, 
1975; Sykes and Taylor,  1962 

24 
Np02 + .H20 * N ~ O ~ O H +  + H+ solub.  NH4C104 , 293 4.3~10- '  Moskvin, 1971b 

N ~ O ~ O H +  + n20 N ~ o ~ ( o H ) ~  + d solub.  N H ~ C I O ~  . 293 3 . 6 ~ 1 0 - ~  Moskvin, 1971b 

N p 0 2  ( 0 ~ ) ~  + H20 * solub. NH4C104 293 2.0x10-'~ noskvin, 1971b 



.. . . '  . . . . . 
TABLE 2-3. Thermodynamic data for americium. 

(kcal mole-') Reference ,. . . ' ! FREE ENERGY DATA 
"", 298. . .  . .  

Aqueous species 

Am3+ 

Am4+ 

Amo; 

Amop 

h g e r  and Oetting, ' 1976. 

Fuger and Oetting, 1976 

Fuger and Oetting, 1976 

Fuger and Oetting, 1976 

REACTION CONSTAWI' DATA 

- Species Reaction 

T *'R 

Method Solution ' (OK) K fkcal mole-') References 

A~(OH)~(S) * Am(OHI3(aq) -- -- -- 3 . 9 ~ 1 0 ~  -- Schulz, 1976; Weaver 
and Shoun, 1971 

Am3+ + F- 2 solv.ext. I = 1.0n 298 3.09~10' -4.76 schulz, 1976; Choppin 

NaC104 .and Unrein, 1976 

Am3+ + ~ 1 -  2 Amc12+ spec. 13.7g LiCl 298 6 . 2 ~ 1 0 - ~  +3.0 . Schulz, 1976; Marcus 
and Shiloh,,1969 

solv.ext. I = U  303 1.04 -i-024 Schulz, 1976; Khopkar 

NaC104 - NaC: and Narayanankutty.1971 

solv.ext. I = u  303 1.33 -0.17 Schulz, 1976; Khopkar 
NH4C104-NHqSCN and Narayanankutty, 1971 

ion ex. I = U- 297 0.90 +O .,06 Schulz, 1976; Bansal, 

NaC104 - NaCl et al., 1964 
. . 

so1v.ext. 1 E  295 0.90 +O. 062 Schulz, 1976; Peppard 

HClO - - HC1 et al., 1961 
4 

- snlv.ext. 4bl-NaClO,, 298 1:41 -0.20 . Schulz, 1976; Sekine. 
1964, Seki?e, 1965 

ion ex. 0.5nHC104 0.58 Schulz, 1976; Ward 
and welch, 1956 

ion ex .  I - 4 . e  293 0.69 +0.21 Schulz, 1976; Grenthe, 
HC104 - HCl 1962 

Am3+ + SO:- * ~rnS.0: ion ex. I =  0.5-0.65 298 ' 72 -2.5 Schulz, 1976; Aziz, et 
al. , 1968 

-- ion ex. 0.75n NH4C1 :::- 60.0 '~chulz, 1976; Lebedev , 
et al., 1960 

ionex. 1-1.3kj-I 299 30.9 -2.0 Schulz, 1976; Bansal, 
NaC104 pHn3 et sl., 1964 



TABLE 2-3 (continued) 

pcamrnN PnNSTANT nATA lnnnt i niirsll 

T .  , , AGR 

Species  Reaction Method ~ l o l u t i o n  (OK) K . '  (kca l  mole-?) . .References . ... 
. . 

Am III Am3+ + SO:- * MO+ 
293 - 

ion  ex. l.5!. NH4C104 298 $7.6 -- 4 . . Schulz,  1976; Lebedev, 
e t  al'. , 1960 

(continued) 
so lv .ext .  1 . 0 ~ N a C 1 0 4  298 37.2 -2.1 Schulz, 1976; ~ e k l n e ,  

1964; Sekine, 1965 

, solv .ext .  2.05 NaC104 298 26.9 -1.9 Schulz,  1976; DeCarvalho 
and Choppin, 1967, 

i on  ex. 0.55 NaC104 298 72.5 -2.5 Schulz,  1976; 
Aziz e t  a l . ,  1968 - 

ion ex. . I = %  300 16.6 -1.7 Schulz,  1976; 
!1010~ II,OQ, Ilear, 1960 , 

. . 
m3+ + n2Po; * AmH po2+ i o n  ex. I = %  a93 30.2 -2.0 Schulz,  1976; Moskvin, 

2 4 .  NH4Cl 1969 ' 

. . . . I 

TABLE 2-4 .  Thei-msdynamic d a t a  f o r  c u r i ~ m .  

FREE ENERGY DATA AG: , 298e (kca l  mole-'). Reference : 

Aqueous Species,  

m3+, Fuger and Oe t t i nq ,  1976 

Calcula ted  from Nugent e t  a l . .  
1971; t!yasoedov, e t  a l . ,  1974 

i 

REACTION CONSTANT DATA 

T -1 
Species  Reaction Method Solu t ion  (OK) K (kca l  mole References 

&+ + H ~ U  * cmon2+ + H+ ertrac. I - O.M JOO 1. ~ o l r i o - ~  -8.0 Dealre, et al., 1969 
HClO - LiC104 

4 
2 m3+ + F- * m ~ ~ +  extrac .  1.0! NaC104 298 4.10X10 -3.6 Choppin and Unrein, 

1976 

m3+ + ~ 1 -  * mi2+ ion ex. 0.55 HC1 -- 1.51 -- Ward and Welch, 1956 

m3+ + SO:- * Q ~ S O +  ion ex. 0.155 NH4Cl 293- 56 -- Ward and Welch, 1956; 
4 

NH4C104 298 Lebedev, e t  al., 1960 

d i s t r i .  2 .05  NaC104 298 22 -1.8 DeCarvalho and 

Na2S04 , 
Choppin, 1967 

i o n e x .  0 . 5 - 0 . 6 E ~ C l 0 ~ 2 9 8  71.9 -2.5 Aziz,  e t  a l . ,  lYbB 

297- 73.3 -2.5 distri. 0.5g NaC104 298 Aziz, e t  a l . ,  1968 

d i s t r i .  0.54 NaCIOq 298 68 -2.5 Aziz, e t  a l . ,  1968 
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SECTION 3: Eh-pH CALCULATIONS AND ILLUSTRATIONS FOR PLUTONIUM, 

NEPTUNIUM, AMERICIUM, AND CURIUM AT 25OC AND ONE ATMOSPHERE 



INTRODUCTION 

Eh-pH diagrams are useful in identifying the stability fields of 

solid phases and aqueous species for a given element over a range of 

oxidation states, pH levels, and other predetermined conditions. The 

purpose of this chapter is to compute simple Eh-pH diagrams of the 

actinides plutonium, neptunium, americium, and curium and to predict 

their oxidation states and the stability of their hydroxyl species 

under conditions expected in the natural environment. Eh-pH diagrams 

are based on the assumption that Eh and pH are independent variables. 

The stability fields and phase or species boundaries delineated on the 

diagrams are defined by equations in which the coefficients are deter- 

mined by the reaction specified and by the free energies of participating 
A-. species. The figures illustrating this chapter are all drawn for 25OC 

! and one a'mosphere, and use free energy data compiled in Section 2 

-. of this report. 

The equations used to prepare the Eh-pH diagrams follow the procedure 
I 

... 
given in Krauskopf (1967). ~irst a chemical equation for a reduction 

reaction is written. For example: 

From this reaction, the number of electrons, hydrogen ions, and water 

-- molecules which participate in the reaction are noted. Next, the 

standard free energy of the reaction, AGO is determined. In this R 
case : 

0 

AGO R = zAGproducts 
- AGO 

reactants 

-1 
= -47.6 kcal mole 

Using the relationship between free energy and standard potential, . 

AGO = -nFE 
R .O 

the standard potential'of the reaction, Eo ' is obtained. Here, n is 

the number of electrons participating in the reaction and P is Faraday's 

E constant. In this example 



The s t a n d a r d  p o t e n t i a l s  c a n  be r e l a t e d  t o  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  

and  a c t i v i t y  of s o l u t i o n  s p e c i e s  t h r o u g h  t h e  N e r n s t  Equa t ion  which f o r .  

t h i s  r e a c t i o n  is:  

where n  = 2 and T = 298K. T h i s  e q u a t i o n  is used t o  de te rmine  t h e  

boundary between t h e  domains o f  two s p e c i e s  where [PU 1 = PuO . 
Hence t h e  e q u a t i o n  r e d u c e s  to :  

4+ [ ;+] 

Eh = 1 . 0 3  - 0.118 pH. 

C e r t a i n  r e a c t i o n s  have no pH dependence,  such a s :  

s o ' t h a t  o n l y  t h e  s t a n d a r d  p o t e n t i a l  need be found. H y d r o l y s i s  r e a c t i o n s ,  

which a r e  o n l y  pH and n o t  Eh dependen t ,  such a s  

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

Boundar ies  between aqueous s p e c i e s  and s o l i d  phases  can be de te rmined  

i n  an  ana logous  manner t o  t h o s e  between aqueous s p e c i e s .  For e x a m p l e , .  

- 3t 
PuO (s  j + 4 ~ '  + e =+ Pti + IH20 

2 

I n  t h i s  e q u a t i o n ,  t h e  c o r r e l a t i o n  o f  t h e  aqueous s p e c i e s  is a s s i g n e d  
-6 - 1 

a n  a r b i t r a r y  v a l u e ,  such  a s  10 , mole 9, . The a c t i v i t y  o f  t h e  p u r e  

s o l i d  is u n i t y ,  by d e f i n i t i o n ,  and water  is a l s o  assumed t o  have u n i t  

a c t i v i t y .  The c o r r e s p o n d i n g  e q u a t i o n  r e l a t i n g  Eh and pH is 

Eh = 0.49 - 0.236 pH - 0.059 l o g  [pu3? 

-6 -12 -18 
where [Pu3+] i s  a r b i t r a r i l y  set a t  some a c t i v i t y  such  as. 1 0  , 19 , o r  10 . 

The a c t u a l  e q u a t i o n s .  used f o r  each of t h e  diagrams a r e  l i s t e d  

under t h e  r e s p e c t i v e  head ings  f o r  t h e  a c t i n i d e s  b e i n g  c o n s i d e r e d .  



- 
PLUTON LUbJ 

-r The Eh-pH diagram f o r  p l u t o n i u m  g i v e n  i n  F j . g ~ l r e  3-1 shows  t.he 
3+ 2 4. 

s1:dbi.l i t-y £1 e l d s  of t h e  a q u e o u s  s p e c i e s  Pu ( 1 1 1  , Pu ( O H )  (111) , 
t 2+ .t 

P u 0 2 ( V ) ,  PuO ( V I )  , Pu02(OB) ( V I )  , PuO (OH) , ( V I j  and t h e  solid 
2 2  J - 

phase Pu02 ( IV) . Fquat i o n s  O e f  i n i n g  s p e c i e s  boundiir I cs d r t  Orr i v t d  

. as f n l . 1 0 ~ ~ .  

A p u e o ~ ~ s  S p e c i e s  Boundnr. i.&s - ._ .._. - _ _  __-.-- - -. .-.-- - 
+ + - 

L J ~ O  + 4H + Ze * ~ 1 1 ~ ~  4 2I-i 0 
2 2 

-1 AGE = -48 - 6  kt:al mole 

0 .059  ~h  = 1 - 0 5  - -. ---- I when [Pu3+] = [PUO;] 
2 

1~ - b+14 

- 1 
AGE = - 2 3 . 2  kca l  mole 

- 1 
AGO = 7 . 6  kcal m o l e  

R 

- A G ~  . 
2.303 - = RT 

log KH = -5.6 



-1 
AG: = -47.6  k c a l  mole 

0 .059  
Eh = 1 . 0 3  - - 2 

when [PU"] = [ P U O : ~  l o g  
[ H + 4 1  

AG; = -41 .0  k c a l  mole-' 

0 .059 2 + + 
Eh = 0.89 - - 

2 
when [PUOH ] = [puo2] l o g  - 

cH+13 

-1 
A G ~  = 4 . 6  k c a l  mole 

U - A G ~  
2 .303 - - 

RT 
- l o g  KH = - 3 . 4  

- + 
P U 0 2 ~ ~ +  + H+ + e * P u O  + H 2 0  

2 

-1 
AGO = 26 .8  k c a l  mole 
R 

+ + 
Eh = - 1 . 1 6  - 0 . 0 5 9  p H  when [ P U O ~ ]  = [Puo20H ] 



-1 
AG: = 21.0 k c a l  mole 

0 . . ,' ' -.. ,. . . - A G ~  
2.303 = l o g  Kg = -7.70 

- - + + 
e + Pu02 (OH) + 38  + Pu02 + 3H20 

A G ~  = 47.8 k c a l  mole-' 

Eo 
= - 2.07 

Eh = - 2.07 - 0.177 pH 

. . 
Solid-Aqueous s p e c i e s  b u n d a r ' i e s  

- 3 + 
Pu02 (s) + 4H+ + e * Pu + 2HiO 

AG: = -11.3 k c a l  

[pu37  is set a t '  I 10-12, and 10- la  m o l  g - l ,  and t h e  e q u a t i o n  i n  

t h e n  p l o t t e d  on ' t h e  Eh-pH . plane .  , . 

+ - 
puO2 (s) ', + 3H + e + pu0H2+ + H 2 0  

-1 
A G ~  = -3.7 k c a l  mole 

Eo = 0.16 

Eh = +0.16 - 0.177 pH - 0.059 l o g  (PUOH") 



+ + 
Pu020H + H + 2e- + Puo2(s) + H20 

-1 
A Q ~  - -G4.1 ksal mvle 

Eo = 1.39 . 
+ 

Eh = 1.39 -'0.059 pH - 0.059 log [(PUO~OH )] 

Figure 3-1. Eh-pH diagram for plutonium at 2S0c and one atmosphere. 



Pu02 (OH) ; + 38' + 2e- ' Pu02 (s) + 3H20 
- 1 

A% = ,  -85.1 kcal mole 

The thermodynamic data for the plutonium Eh-pH diagram were taken 

from Fuger and Oetting, 1976 and Polzer. 1975. The diagram (Figure 3-1) 

is very similar to that produced by Polzer '(1975). Discrepancies are 

negligible and are due to wall differences in thermodynamic values 

used by Polzer for the reaction equations. 

NEPTUNIUM 

The Eh-pH diagram for neptunium given in Figure 3-2 is plotted to 
2 + 

show the stability fields of the aqueous species Np3+(111). NpOH (111), 
4 + 

NP (IV) , N~O; (v) , N ~ O ~ O H  (v) , NPQ:+ (VI) , N~O~OH+ (VI) , N ~ O ~  (OH) ; (VI) . 
and the solid phase Np02 ( Iv). Equations defining species boundaries 

are der ived 'as follows . 

Aqueous Species Boundaries 

Np4+. + e- ' Np 3 + 

A G ~  = -3.4 kcai mole -a 

-1 A G ~  = -18.3 kcal mole 

V 

Eh = 0.40 - 0,118 pH when , [NP3+] = [NpOl] 



log yI = -7.4 (Mefodeva, et al., 1974) 

4+ 
N~O; + 4HC + e- + Np + 2H20 

- 1 AS = -14.9 kcal mole 
. . 

-1 
AGO = -28'.5 kcal mole 
R 

+ + 
Np02 ,+ H20 * Np020H + H 

log KI-I = -8.9 (Sevostyanova and Khalturin, 1973) 

I 
Np020H + 2H20 * Np02 (OH) ; + 2~' 

- - [NNZ (OH) 21 [H+] .= 3.6 x 10 -6 ' 
K2-l [~@20~+] (from Moskvin, 1971) 



Solid Aqueous Species ~oundar ies 

-1 A G: = 0.80 kcal mole 

- AGO 4+ 
2.303 = l o g s  = -0.15 when [N~ ]=:1M 

RT 

- 1 
A G ~  = -4.2 kcal mole 

Eo = 0.18 

Eh = 0.18 - 0.059 pH 

N~O; + e- + N~o~(s) 

- 1 
O = -14.10 kcal mole 

AGR 

R'I' 

n F 

solubility lines for Np02(s) - Np020H were drawn considering the 
hydrolysis reaction 

which means that the lines must have a slope of -0.059 and consistency 
+ 

requirements that they meet solubility lines for Np02. 
+ 

The standard free energies of format ion of NpO 2 OH and Np02 (OH) ; 
have not been calculated. However, their domain boundaries may be deter- 

mined from their hydrolysis' constants and the hydrogen ion dependence 
+ 

of their reduction reactions to NpO and Np020H. For example, the 
+ + 

domain boundary between Np020H and Np02 has a slope of -0.059 and 
2 + 

must intersect with the. domain boundaries between NpO ,2. and N~O;, 



2 +  + 
and between N p 0 2  and N p 0 2 0 H  . Similar consideration of consistency 

requirements produced domain boundaries for 

N N 2 ( O H ) ;  - NPO; 

N N Z ( 0 H ) ;  - NpO20H 

+ . 2 +  
N p 0 2  - NpOH 

N p 0 2 0 H  - NpOH 2 + 

XBL 782-290 
. . 

Figure 3-2. Eh-pH diagram for neptunium at 2 5 O ~  and one atmosphere. 



Very l i t t l e  d a t a  is ava , i lab le  on aqueous , spec ies  of americium, , .  
., . . . . .  , , 

and no information on oxide  phases has ' been  found. The Eh-pH diagram .: . , *  . ., 

f o r  americium is i l l u s t r a t e d  i n  F igure  3-3. Equations used i n  its 
. . 

cons t ruc t ion  a r e  given below. 

. . . .  . . ,. 

, 
Amb+ 2 + 4HC + 2e- + Am3+ + 2H20 

I .  . . .  ! ' .  

-1 A G ~  = -79 -5 kcal mole . . 

Eo = 1.72 

3+ + 
Eh = 1.72 - 0.118 pH when [ ~ m  ] = [ A ~ o ~ ]  

-1 AS = -37'.0 kcal n o l e  

F igure  3-3. Eh-pH diagram f o r  

americium a t  2S°C 

and one atmosphere. 



Data on hydrolysis of americium I11 iS only qualitative. From 

work done by Korotkin (1975), the first pKH,can be expected to fall 

between -1 and -3. Schulz (1976) states that americium(1V) exists 

only in a few complexed states. 

CURIUM 

The Eh-pH diagram for curium is illustrated in Figure 3-4. The 

limited data available to construct this diagram are used below to compute 

the species boundaries given. 

- Cm'.J * cm3+ +3e 

- 1 
= -142.4 kcal mole (Fuger and Oetting, 1976) 

Figure 3-4. Eh-pH diagram for curium at 25Oc and one atmosphere. 



cm3+ + H20 + c ~ O H ~ +  + H (Desire, Hussenois and 

Guillaument, 1969) 

cm3+ * Cm 4 + 
.(Nugent,.Baybarz and Burnett, 1971) 

... 

OXIDATION STATES OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND 

CURIUM IN THE NATURAL ENVIRONMENT 

The oxidation state and pH range of natural groundwaters have 

been investigated by Baas Becking, et al. (1960) and are illustrated 

in Figure 3-5. Most subsurface groundwaters range in oxidation state 

from -400 to +400 mV and from pH 6 to pH 9. These ranges indicate 

that plutonium is most likely to be found in the I11 and V' states, 

neptunium in .the V' state, and americium and curium in the I11 state. 

However, complexing and..the effect of temperature may result in other 

oxidation states becoming significant. In addition, the data used 

for calculation of the diagrams have not all been izorrected to standard 

state conditions. The effects of ionic strength may have altered 

some of the species boundaries. The data used in the calculations 

are also subject to error. Therefore, the Eh-pH diagrams presented 

should be considered provisional. 



Figure 

pH 

XBL 783-7642 

3-5. Eh-pH range found in waters in the natur'al en;ironment. 

(Source: Bass Becking, et al., 1960, J. of Geology, 

v. 5 8 ,  no. 3, p. 27b. Copyright 1960 by the University 

of Chicago. ) 
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SECTION 4: REVIEW OF THE LITERATURE ON THE DISTRIBUTION COEFFICIENTS 

OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM 



. ,-.. 

INTRODUCTION 

Sorption is one of the mechanisms governing transport of radionuclides 

by water in porous media. -Because distribution coefficients, or K s, 
d 

are a measure of the soil's ability to sorb actinides and other elements, 

our knowlege of their values is important in assessing the safety of 

high-level radioactive-waste storage facilities in geological formations. 

The distribution coefficient is an experimentally determined quantity, 

and therefore varies with the conditions under which it is determined. 

There can be as many K values as there are combinations of parameters 
d 

for a given radionuclide such as the kinds of sorbent, the chemical 

components in the solution, and the temperature. Therefore, wide 

discrepancies exist in the various K values assigned to different d 
radionuclides. 

This study reviews all the available literature containing data 

on K s for use in radionuclide transport models and is confined to d 
four actinides--plutonium, neptunium, americium, and curium. The Kd 

values for these radionuclides are shown in Appendix 4-1, Tables A 

and B. 

THEORETICAL BAS IS M)R K , DETERMINATION 
U 

The equilibrium distribution coefficient of sorption, or K is 
d' 

a measure of the .moles of nuclide in the sorbed state per unit mass 

of the geologic medium, divided by the moles of nuclide in the dissolved 

state per unit volume of groundwater, when the groundwater and the , . .  
( 

geologic medium are in equilibrium with one another (Routson, 1973). 

The K in ml/g may be defined (Routson, et al., 1975) as: 
d 

K = 
concentration of radionuclide sorbed on the soil (pCi/g) 

d concentration of radionuclide in solution (~ci/ml) 



where 

As = equilibrium concentration or activity sorbed on the.solid 

pha se , . . 

W = weight of solid phase in grams, 

A1 = equilibrium concentration or activity of the solution 

phase, and 

V = volume of solution in .milliliters. 

The distribution coefficient is an experimentally determined number 

and is a practical measure of the relative affinity of ions for the 

soil. The variables affecting the exchange of radionuclide on the 

soil are numerous and the process is very complex. Because of its 

empiricai nature, the K varies with the conditions under which it 
d 

is determined (pH of the groundwater, dissolved salts concentration, 

solution temperature, and kinds of sorbent) . K is therefore applicable 
d 

only to specified conditions. 

EXPERIMENTAL METHODS 

Radionuclide K s can be determined from laboratory tests or field 
d 

tests. Generally, laboratory tests for K s are of two types: equilibrium d 
batch tests and column tests. 

Equilibrium Batch Tests 

In equilibrium batch tests, a. known volume of a real or simulated 

wasti iolution (that is, a known 'amount of radiotracer such as 239~u 
241 or Am added to an aqueous solution) is mixed (shaken) with a known 

weight of sorbent (sediment or soil) until equilibrium is attained. 

The activity of the solution before and after contact is measured 

by radiometric counting procedures, and the amount of radionuclide 

adsorbed is calculated. The K is then calculated using equation (1). d 
In a typical batch experiment with simulated waste solution (Prout, 

1959), a measured amount of distilled water is poured into a polyethylene 

bottle and the solution pH is adjusted by adding a measured amount of 

NaOH or FINO3. Next, radionuclide is transferred into the bottle by 

pipet and thoroughly mixed with the solution giving the final radionuclide 



concentration required. The exact concentration of the radionuclide 

is determined by removing an aliquot'of the solution. A weighed amount 

of soil is then added to the bottle and the sample shaken on a mechanical 

shaker until equilibrium is attained. The sample is then centrifuged'.' 

and an aliquot of the supernatant liquid removed to determine the radioactive 

constituent concentration. The difference in the solution activity 

before and after contact with s0i1'~ives the amount of the radionuclide 

adsorbed by the soil. . (See Schmalz, 1972, for details on experimental. 

procedure. ) 

By varying the conditions of the test solution, the influence 

on K of geochemical parameters such as ionic strength, pH, and com- 
d 

peting ions (such as ca2+ and '~a+) present in the system can be obtained. 

Column Tests 

Column experiments are laboratory studies designed to simulate 

field condit'ions by packing soil in a glass or metal tube (ion exchange 

column). In contrast to batch experiments, column tests are open tests 

in which a liquid containing a radionuclide is pumped or percolated 

through the column at a flow rate simulating field conditions. The 

effluent is collected in quantities related to the volume of the 

column and sampled to determine the breakthrough of any given radio- 

nuclide as a function of the throughput volume (Bensen, 1960). The . 

effluent radionuclide concentration (C) is then determined and com- 

pared with the in£ luent radionuclide concentration (Co) . The ratio 

C:Co is plotted against the effluent column volumes (V) and an 

S-shaped breakthrough curve is obtained. The distribution coefficient 

can be calculated using the following expression (Schmalz, 1972): 

where 

VS0 = the volume required to load a column to the 50% point 

or the volume at 50% breakthrough, and 

W = weight in grams of the soil in the column. 



The distribution of a radionuclide can also be represented by 

an error function plot, that is, by plotting the breakthrough curve 

on log probability paper, which usually results in a straight line 

(Reisenauer , 1959) . 
Small columns have also been used to calculate K values for 

d 
radionuclides (Eliason, 1966, and Glover, et al., 1976). In this method 

a small volume of sediment is placed in tubes with fritted-disc bottoms 

and trace solutions are passed through the sediment until the system 

comes to equilibrium. Equilibrium is attained when the solution 

activity of the trace ion equals the influent solution activity. 
Kd 

values are calculated using equation (1). 

Column experiments are subject to dispersion and are expected 

to yield Kd values representative of field conditions. However, column 

experiments are very time-consuming, particularly in situations where 

K values are large. 
d 

According to Bensen (1960), the results obtained by column 

experiments are not directly comparable with those of equilibrium . 

experiments when the column influent is equilibrated with the same 

soil. In passage through a soil column, the influent solution carries 
4 away solubilized electrolytes liberated by the soil. In the equili- 

brium case, the solub.ilized soil electrolytes remain in the system to 

inhibit the adsorpt5on of the radionuclides. Soil column data are more 

directly comparable with those of equilibrium experiments when the 

soil column influent is adjusted 'to the same composition as that found 

in the equilibliium supernatant, liquid a£ ter .equilibration. 

Field Tests 

Field experiments are the most direct means of obtaining accurate K 
Ll  

data. Some field experiments have been conducted to measure migration 

characteristics and breakthrough data of radionuclides, such as 90~r, 

337~s, lo6~u, "TC and others a t  Hanford (Knoll and Nelson, 1959; Knoll 

and Nelson, 1962; Brown, 1966). Field investigations at Test Reactor 

Area, Idaho, gave higher values of K for 13'cs and "Sr than predicted a 
by laboratory techniques (Schmalz, 1972). Field methods may also involve 



injecting radionuclide-tagged water into the groundwater flow system 

at the point of interest and then monitoring the movement of the tracer 

'by soil sampling or well or piezometer sampling (Cherry, 1977). However, 

because of the cost and time required to conduct the experiments, this 

approach has not been widely used. 

A compariso~ of the experirnen~ally determined K d s for 137~s and 

9 0 ~ r  obtained by different methods indicates a wide variation in their 

values (Table 4-1). 

LITERATURE REVIEW 

Because this study was confined to plutonium, neptunium, americium, 

and curium, the literature reviewed includes only publications containing 

K data on these actinides. 
d 

Plutonium . . . .. 

. . 
. . .Some of the first studies on plutonium distribution coefficient 

determination in soils were done by Rhodes (1952, 1957a, and 1957b). In 

laboratory equilibrium studies, soil from the Hanford Project con ta in ing  

Table 4-1. Comparison of distribution coefficients for, 

137cs and determined by different methods . 

(Schmalz; 1992) . 

Determined by 

Laboratory batch technique 285 7.2 

Sorption equations 360 10.5 

Exchange column experiment 1000 10.5 

Field data 

(1968 investigations) 600 - - 
Field data 

(1970 investigations) 450-950 4 0 



92% sand and 2% free CaCO. was contacted with a neutral aolutian colllcii~~iny 3 . . -  - 7 
approximately 4 x 10 M - of plutonium. A soil-to-solution ratioof 1 g 

to 20 ml was used. The adsorption of plutonium was found to be dependent 

on contact time, pH, and the concentrations of nonradioactive salts 

(see Fig. 4-1 and Table 4-2). 

In the pH range of 2 to 8.5, about 98% to 100% of the plutonium 

(K >1980) was sorbed from the solution; the sorption was lowered between 
d 

pH 8.5 and 12.5. Rhodes concluded that at pH > 2 plutonium polymers 

were formed and plutoni~.lrn was adsorbed t o  s o i l  a s  p0s i l ; ive ly  rh.arp,ed 
4-11+ 

polymers PII(OH), . The adso rp t ion  dec rease  i n  t h e  pH range 8.5 t o  12.5 

w a s  be l i eved  t o  Ir due t o  change i n  the characteristics of tile polyfner, 

which caused t h e  charge  t o  become nega t ive  (plutonium s p e c i a t i o n ) .  Rhodes 

further demonstrated that the high concentrations of inorganic salts 

(4 - M NaNO and 2 M di-ammonium phosphate) had no effect on plutonium 
3 - 

adsorption on soil (96.5% plutonium sorbed) , whereas equal concentrations 
of organic salts (4 M - ammonium acetate) drastically reduced soil adsorption 

0 1 2 3 4 

Log time (minutes) 

Equilibrium pH 

Figure 4-1. Left: plutonium adsorption by soil as a function of 

time of contact (Rhodes, 1952). Right: plutonium 

adsorption by soil as a function of pH (Rhodes, 1952, as 

cited by Bensen, 1960) . 



Table 4.2. Equilibrium distribution coefficient values for 239h 

as a function of pH (Rhodes, 1957b). 

d d 

pH (ml/g pH (ml/g) 

0 18 6.5 1314 

1.0 2 8 7.1 ;1980 

2.2 >I980 8.4 ;1980 

Reproduced from: Soil Science Society of America Proceedings, 

volume 21, page 391, 1975, by permission of the Soil Science 

Society of America. 

(58.9% plutonium adsorbed). Rhodes attributed the above data on plutonium 

adsorption to ion exchange mechanisms. Later, Bensen (1960), reinterpreting 

Rhodes' data, concluded that precipitation reactions and not ion exchange 

probably control plutonium sorption on soils. 

Prout (1958 and 1959) investigated plutonium adsorption by soil 

from the Savannah River Plant that contained 20% clay and 80% sand with 

kaolinite as the dominant clay mineral (Table 4-3). In the equilibrium 
-6 

experiments, K s were determined by contacting plutonium-spi ked (510. H) d - 
solution with soil and using a soil-to-solution ratio of !. FJ to 10 m.1. 

Plutonium adsorption was measured as a function of the oxidation state 

(valence) of plutonium and the pH of the solution. Prout's study sub- 

stantiated Rhodes' results and showed .that the sorption phenomenon is 

dependent on the plutonium oxidation state and the hydrogen ion activity 

(pH). Fignre 4-2 shows K values for plutonium as a function of solution d 
pH for various plutonium oxidation states. 



T a b l e  4-3. Exchange c a p a c i t y  and pH of soils ( P r o u t ,  1959) .  

Exchange c a p a c i t y  

PH meq/100 g s o i l a  meq/100 g c l a y a  

4 0.012 0.06 

5 0.108 0.54 

6 0.372 1.86 

7 0.504 2.52 

8 0.600. 3.00 

9 0.744 3 - 1 2  

1 0  1.24 6.18 
- 

asoil c o n t a i n e d  approx imate ly  20% c l a y  and 80% sand.  

F i g u r e  4-2. E f f e c t  o f  pH and p lu ton ium o x i d a t i o n  s ta te  on t h e  a d s o r p t i o n  

o f  p lu ton ium by soil  ( P r o u t ,  1959) .  



Plutonium adsorption was more than 90% complete from solutions 

of Pu(II1) and Pu(1V) between pH values of 2.5 and 12, and from solutions 

of Pu(V1) at pH values greater than 6. Because plutonium ions undergo 

extensive hydrolysis in alkaline solutions, strong sorption between 

pH values of 2.5 and about 9 was probably due to a combination of cation 

exchange and precipitation of hydrolysis products. Above pH 9, formation 

of negatively charged plutonium complexes probably results in decreased 

adsorption. 

, Knoll (1965, 1969) and Hajek and Knoll (1966) did sorption studies 

using column and batch tests on high-salt wastes (5.4 - M NO;) spiked 

with organic contaminants typical of a radionuclide separations plant. 

The soil used for the study was selected from the samples obtained 

from two wells at the 2-1A tile field site (subsurface storage cribs) 

in Richland, Washington. Kd values obtained in batch tests on high- 

salt wastes from the reprocessing plant are given in Table 4-4. 

As seen from Table 4-4, upon neutralization of the waste, plutonium 

K values increased from 2.4 ml/g to 2.9 ml/g. When organic contaminants 
d 

Table 4-4. Adsorption of plutonium and americium by soil 

(Hajek and Knoll, 1966) . 

Solution 

Equilibrium distribution 

coefficient (ml/g) 

Aqueous acid waste (AAW) untreated 2.4 < 1 

pH 2 (soil neutralized) 2.7 < 1 

pH 3 (NaOH neutralized) 

Alkaline waste from precipitation 

aqueous a 212 

aqueous and organic 1.4 42 

Siudge leachate 1540 500 
-.A. 

a~nitial plutonium concentration and equilibrium concent.ration were 

too low for con£ ident analysis. 



(20% by volume) were added to this nelltral ;,zed waste, the K d value 

decreased to 1.4. The K value for plutonium increased to 1540 ml/g d 
when water leachates of the sludge, produced on neutralization, were 

contacted with soil. In other experiments (Knoll, 1969) tap 

water spiked with plutonium was percolated through columns of soil. 

Various organic solutions were then percolated through the columns 

and the quantity of plutonium leached was measured by sampling the 

effluent at intervals. When the pl ~ l t n n h ~ u n  and americium are added 

to the organics and then pcrcolated thr~ugh the sn l l  s ,  the Kd valucn 

given in Table 4-5 are observed (Ames, et al., 1976). A column bulk 

density of 1.5 g/mi i s  assumed. 

Using the batch method, Tamura (1972) measured Kd values for 

plutonium for selected sorbents. In his study, 0.1 g of sorbent was 

mixed with 25 ml of water spiked with plutonium ions. The original spike 
4 + was of Pu in 1 M HN03 and the initial solution pH was adjusted to 7.0 

using NaOH. For the anion and cation resins, an equivalent amount of 

wet resin was used to give 0.1 g of dry weight. The amount of plutonium 

added was not specified. The K values are given in Table 4-6, d 
According to Tamura, since plutonium can exist in different oxidation 

states and is subject to hydrolysis in the pH range normally encountered 

in natural-water systems, its adsorption from a water system is not 

by normal ion exchange but more likely by "scavenging" of the hydroxide 

or oxide precipitates. Table 4-6 shows that with the exception of 

anion resin, hone cha~aoal, and quartz, the duilount of plutonium removed 

appears to depend on the pH of the suspension. This suggests that 

the higher pH favors formation of hydroxides that are scav~nged by the 

clays, resulting in greater plutonium adsorption. 

Sahn~ider and Blatt (1974) estimated distribution coefficients 

for movement of selected radionuclides through a typical western desert 

soil in contact with typical nonsaline ground water. The typical soil 

used was a sand of moderate cation exchange capacity (CEC; about 

5 medl00 g) to sandy loam containing about 1 mg of free CaCO per 
3 

gram of soil. The soil pH ranged between 7.0 and 8.2. The Kd value 

determined for plutonium for the above soil was 2000 ml/g. No details 

were given either about the experiment or about the method used. 



Table 4-5. Distribution coefficients of americium and plutonium 

as a function of ,organic solution (Ames,et al., 1976). 

Organics 

Tributylphosphate (20%) : CC14 (86%) 1.6 5.4 

Dibutylbutylphosphonate (30%) : CC14 (70%) 0.6 0 

di- (2-ethylhexyl) phosphoric acid in 
hydrocarbons 0 

.Table 4-6. Removal of plutonium from pH 7 water by selected sorbents 

(0.1 g sorbent/25 rnl ; ~arnura, 1972) . 
-- - 

Distribution 

Removal coefficient Suspension 

Material ( 8 )  (ml/g) PH 

Attapulgi te 94.6 4,370 . 9.60 . 

71.6 Montmoriflonite 630 .9.20 

Alumina (activated) 75.1 755 8.35 

~aolinite 58.5 .352 6.25 

Illi te 

Quartz 

Dowex 50W-XI 

Dowex I-XI 

Bone charcoal 

Coconut char coal 

Apatite 



Duuroma and rorsi (1974). us i l r l~  a 237~u tracer in valence states 

39 ,  4+, and 6+, conducted a series of experiments to determine distri- 

bution coefficients of plutonium onto marine sediments with oxic and 

anoxic sea waters at pH 7.8 to 8.0. Water-column and thin-layer methods 

were used to determine the Kds. All three valence states showed K 
4 d 

values of the order of 10 for both oxic and anoxic conditions (Table 4-7). 

Experiments on radionuclide migration through soil and on distribution 

coefficient determination were conducted at Savannah River, South Carolina, 

with radionuclides containinq synthetic. high-salt hasic  wastes (E. I. 

Du Pont de Nemours and Company, 1975). Batch equilibrium tests were per- 

formed with various resins. In one test, 1 g of resin was shaken overnight 

with 10 m1 of synthetic waste supernate containing 1.75 x lo7 dis/min0ml 

of 2 3 8 ~ ~ .  Distribution coefficient values for plutonium varied from 1 

to 240 on various resins and are given in Table 4-8. 

The migration of solvent-complexed plutonium from separations- 

process waste through dry and moist soils was determined. Laboratory 

column tests with dry soils using short columns (2.6 in.) and long 

columns (5.8 in.) yielded a plutonium K (ml/g) value of 6000 for the d 
short column and 3000 for the long column. Column tests with moist 

soils yielded a plutonium Kd value of 20.4 for the solvent phase, and 

Kd :. 3Q for Chc aqueous phase. 

The above test showed that dry (ground-surface) soil effectively 

sorbs and immobilizes small volumes of solvent-complexed plutonium, , 

LuL m o i s L  (subsurface) soil  allows extensive miqration of large vnl~lmes . 

of solvent-complexed plutonium. 

Hamstra and Verkerk (1977) reported distribution coefficient 

measurements for plutonium and amer icium using different soil materials 

taken from boreholes surrounding salt formations in the northeast 

Netherlands. In batch equilibrium studies, they used stock solutions 

of the radionuclides in the form of 90% saturated NaCl solutions and 

a soil-to-solution ratio of 1 g to 150 ml. Equilibrium pH of the 

solutions was mostly between 7 and 8. The amount of radionuclide 

(plutonium or americium) added was not specified. The measured dis- 

tr ibution coefficients for various soil materials and clay samples taken 



Table 4.7. Plutonium-237 sorption by Mediterranean sediment (Duursma and Parsi, 1974). 

Oxic conditions Anoxic conditions 
pH = 7.8-8.0 pH = 7.8-8.0 

Sedimentation Thin Layer Sedimentation Thin Layer 

Valence K R K R1 T1/2 K R  K R' T1/2 

K = distribution coefficient; R = % reduction in water/day without sediment; 
R 1 =  glasswall adsorption after three weeks; T1/2 = half uptake time to apparent 

equilibr iurn in days. 
aPaper filters rather than millipore filters used as blanks; paper filters strongly 
adsorbed Pu(1V) and reducsd sediment uptake, therefore K is probably low. 
b~recipitation of Pu on tht blank millipore filters with the thin-layer experiments 
decreased from 50% for Pu (111) to 12% for Pu (VI) and 3% for Pu (VI) . 



Table 4-8. Rccin-~upcrnate distribution cuc1Iiuie11ts for plutoiiim. 

(E. I. Du Pont de Nemours and Co., 1975). 

Resin (ml/g) 

"Duolite" ARC-359 240 

Linde Aw-500a (Zeolite) 24 

"Chelex" 100 7 

"Dowex" 50W-X8 

HZO-1 (hvdrated zirconi~l ln  c ~ x i r l ~  gel) 
- . - . - -- - -- - - - 

a~roduc t of Union Car bide. 

at various depths are given in Tables 4-9 and 4-10. Clay samples con- 

sisting mainly of illite and kaolinite had plutonium distribution 

coefficients of -lo4; river sand had a Kd of 200 ml/g. 

Fried, et al. (1974, 1976a, 1976b), in their studies on the 

migration of actinides in the lithosphere, measured plutonium and 

americium surface-absorption and migration coefficients on the rock 

samples found in the vicinity of disposal sites. 

In the experiments on the surface-absorption coefficient of 

plutonium and americium on limestones and basalts, disks of the rock 
-5 

were immersed in solutions of 4 x 10 - M 238~u (No3) and - M -(NO3) 3. 

Small aliquots (0.05%) were removed at 12-hr intervals, dried, and 

measured for alpha counts (or gamma counts for americium) until the 

attainment of equilibrium. After equilibration the activity in the 

solutions was measured again. Initial pH of the solution used was 

7.0 and the final pH ranged between 7 and 8. 

Sorption on the rocks was measured in terms of surface-absorption 

coefficient, K, which was defined as: 

(activity of actinide/ml of solution) 
K = 

(activity of actinide/cm2 of rock) 

The results of the experiment showed that on a surface-area basis, 

basalts sorbed more plutonium than limestone. The surface-absorption 



Table 4-9. D i s t r i b u t i o n  c o e f f i c i e n t s  f o r  plutonium and amer ic.ium 

f o r  d i f f e r e n t  soil  mater i a l s  (Hamstra Land Verker k ,  1977) . 
D i s t r i b u t i o n  c o e f f i c i e n t  (ml/g)' 

S o i l  m a t e r i a l  Pu Am 

Clay (mainly i l l i t e  and k a o l i n i t e )  l o 4  5  l o 4  
Sandstone ( c e r t a i n  amount o f  c l a y )  1 x l o 3  1 104 

Caprock (mainly gypsum, no c l a y )  5  x l o 2  3  x  l o 3  
River sand (mainly q u a r t z ,  no c l a y )  2 x l o 2  4 x  l o 2  

Table  4-10. D i s t r i b u t i o n  c o e f f i c i e n t s  f o r  plutonium and americium 

measured f o r  c l a y  samples taken a t  va r ious  dep ths  

(Hamstra and Verkerk, 1977) . 
D i s t r i b u t i o n  c o e f f i c i e n t  (ml/g) 

Depth of  sample (m) Pu Am 

20-30a l o 4  8  x  l o 4  
55-6ob 5 x 103 6 x l o 4  

100-125~ 6 x l o 3  5  x lo4 

120-130b 5 x l o 3  6 x l o 4  
120-16Oc 7 x l o 3  2  x  l o 4  
200-225C 6 x l o 3  9 l o 4  
245-275 8 x l o 3  4  x  l o 4  
300-325 9 x l o 3  4 x  l o 4  
328-348 ' 8 x l o 3  5  x l o 4  

q u a t e r n a r y  c l a y  (mainly montmor i l l o n i t e )  . 
h o u n g  t e r t t a r y  c l a y  (mixture  of i l l i t e  and k a o l i n i t e )  . 
"Older t c r t i a r y  c l a y  (mixture  of  i l l i t e  and k a o l i n i t e )  . 



coefficient (R) for pure solution of Pu(N0 ) at 4 x lo-' M was 
3 4 .  - 

0.10 f 0.02 for limestone and 0.07+ 0.02 for basalts. The effects 
+ 2+ 3+ 4+ 

of salt solutions of Na , Ca , La , and Zr at various concentrations 

on the surface absorption coefficient were also studied (see Figs. 4-3, 

4-4, and 4-5) . The salts displaced some of the plutonium from the 

rocks and the displacement became easier with increasing salt 

concentration and increasing valence. 

In determining migration coefficients of plutonium for flow through 

porous limestone and basalt, Fried, et al. (1976a) used a high-pressure 

chromatographic absorption apparatus (Fig. 4-6). A small amount of 

238~u(N0,)4 traoer in neutral aqucou~ solution was placall t,n t h e  s ~ ~ r f r c e  

of the rock disk and was allowed to dry at room temperature. Water 

Figure 4-3. Surface absorption coefficients of plutonium as a function 

of the concentration of other salts (i.e., ZrCl4, LaC13, 

CaC12, NaC1) for limestone (Fried, et al., 1976a.) . 



Figure 4-5. Surface adsorption 

coefficient of plutonium as 

a function of the concentra- 

t . inn  of other saLts for porous 

basalt cores (Source : 

Fried, S., Friedman, A. M., 

and Weeber, R:, 1976. The 

distribution of plutonium in 

a rock containment environ- 

ment, in Campbell, M. H., ed., 

High-level radioactive waste 

management, Adva.nces i.n 

, Chemistry Series No. 153. 

Washington, D.C.: American 

Figure 4-4. Surface adsorption 

coefficient of plutonium as 

a function of the concentra- 

tion of other salts for 

dense basalt cores 

(Fried, et al., 1976a) . 

t.O r----- - - - 77-7- I 

Bosolt Cores -7 

Chemical Society.) 
k 

XBL 783-7663 
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Figure 4-6. Scl~ematic dlagidii~ of the high-pressure stainless-steel 

chromatographic column (Fried, et al . .  , 1976a) . 

was then forced through the limestone disk in increments by means of 

a piston, which exerted pressure on the water isolating it from the 

pressurizing gas. The depth of penetration of the plutonium tracer 

was measured'using an x-ray absorption technique. The,results of these 

experiments yielded a migration coefficient M of 30 k 10 p/m of water 

flow for the limestone and 61 2 8 m/m of water flow for the basalts, 

where M =  the average distance traveled by the plutonium atoms for every 

meter traveled by the water molecules. 

Noshkin, et al. (1976) collected seven plutonium-contaminated 

soil samples from Eniwetok Atoll and equilibrated them separately with 

uncontaminated sea water. Water was filtered at intervals through 



an 0.4-pm filter and soil and water were analyzed for plutonium at 

equilibrium. Tho mean K value for these samples at equilibrium was 
4 

d 
8 x 10 mlfg. Field results from particulates in the groundwater 

5 
vs the groundwater itself gave an average K value of 2.5 x 10 ml/g 

d 
(~abl'e 4-11). The two laboratory 'and field values are quite close. 

Bondietti, et al. (1976) determined plutonium distribution 

coefficients for Ca-saturated clays separated from Miami silt loam 
-3 

soil and for a reference montmorillonite. They used 5 x 10 -- M calcium 
sol\~tions [~a-acetate and Ca(N0 ) ] at pH 6.5 and determined Kd values 3 2 
for two plutonium valence states. K values as a function of plutonium d 
valence states are given by Table 4-12. 

According to Bondietti , et. al. (1976) , the high sorption of Pu (VI) 
to the soil clay compared with montmorillonite indicates that plutonium 

reduction by clay components must have occurred, yielding sorption values 

similar to those for Pu(1V). Pu(V1) also appears to adsorb less than 

the tetravalent Pu. 

Bondietti and Reynolds (1976) in later work studied the sorption 

of plutonium when Pu(1V) was added at about 0.6 ppm (Pu mass/clay mass) 

to treated clays separated from Miami silt loam soil using 238~u as ' 

the tracer. A solution of 5 x 10-3 - M Ca(N03) at pH 4.0 was used and 

K values were determined as a function of time and treatment of the 
d 
clay fraction. The clay fraction was first equilibrated with organic 

matter piesent; then the clay was treated to remove organic matter and 

the resultant material equilibrated again. Next, free iron oxide was 

also removed and the clay equilibrated. These procedures were repeated 

after equilibrating for 3 weeks, 18 weeks, and 52 weeks. The K values 
d 

obtained for different treatments and equilibration times are given 

in Table 4-13. According to Bondietti and Reynolds (1976), the results 

shown in Table 4-13 suggest that sorption studies using Pu(1V) should 

be carefully examined because the soluble species that do not sorb 

may be in a different oxidation state than that initially added. 

Glover, et al. (1976) using 17 selected soils of wide-ranging 

physical and chemical characteristics (Table 4-14), studied their equili- 

brium sorption and elution characteristics with plutonium and americium 

nitrates as the source of the actinides. Complete chemical and physical 



' Table 4-11. Concentrations of 239p240Pu: groundwater particulates in May 1974 (Noshkin, et al., 1976). 

239,240pu (%o)  f 

Depth Particulate Fraction in - 
Island We11 (m) (mg/l) ( fC'i/l) a ( fCi/mg) In K~ par ticulatese d 

Janet . XEN2 Surf ace 

Surf ace 
Surface 

7 
10.8 

Surf ace 
7 
10 

Surf ace 
7 

Surf ace 
10 

Surface . 
Surface 

AEN9 
AEN2 

Belle ABMl 
Elmer M A 1  

Mean In Kd = 12.42 * 1.27 
~ e a n  K~ = 2.5 x 105 

a0.4- and 1-ym filters were processed together except where indicated 
bl. 0-2l.m filter only 
C0.4-ym filter only 
d ~ h e  distrijution coefficient is the dimensionless ratio of the quantity of PL per gram of suspended 
material (dry weight) to that per grzm of wa.ter: Kd is calzulated by the equatioc: 

ifCi/mg particulate) x lo6 
In Kd = 13 

f C/1 water 

eFraction of 239,240Pu in total particulates >0.4 rn 
f 

(%o) values in parentheses are 10 counting errors ex2ressed as percentages of listed values. 



T a b l e  4-12. E f f e c t  o f  v a l e n c e  on plutoniuin d i s t r i b u t i o n  c o e f f i c i e n t  

t o  Ca-sa tu ra ted  c l a y s ,  pH 6.Sa ( B o n d i e t t i ,  e t  a l . ,  1976) .  

Ma ter i a1 

I n i t i a l  

a c t i n i d e  % unabsorbed Kd 
T r a c e r  v a l e n c e  t o  c l a y  (ml/9 

Clay  s e p a r a t e d  from 

Miami s i l t  loam soi l  2 3 7 ~ u  IV 0.40 . 10.4 x l o 4  
2 3 8 m  IV 0.25 16.8 x l o 4  
2 3 9 ~ u  V I ~  0.62 7.5 x 104 

Montmor i l l o n i t e  23gm IV 2.0 2.1 x l o 4  
2 3 9 m  VI 63.0 2.5 x l o 2  

a ~ q u e o u s  phase  5 mM - i n  ca2+. 

b ~ a - a c e t a t e ;  remaining s t u d i e s  conducted i n  Ca (NO3) 2. 

Table 4-13., Sorpt ion of 2 3 8 ~ u ( ~ ~ )  t o  t r e a t e d  c lays :  pH 4.0, 

5 x Ca(N03) 2 ( a f t e r  Bondie t t i  and Reynolds, 1976). 

Time and . Percent  Evidence of Polymer ' Kd 

t rea tment  sorbed o r  P U ( V I ) ~  (ml/g) 

. 3 weeks 

Clay 99.86 

-O.M." 50.0 

-Fe + O.M. 99.8 

Elankc 7 1. 

18 weeks 

Clay 99.8 

-0.M. . 61:s 

-Fe + O.M. 99.9 

Blank 71.7 

52 weeks 

Clay '99.9 

. , 4 . M .  99.8 

-Fe + O.M. 99.8 

No 

Y e s  

No 

Yes 

Blank . 78.6 25% (VI) - 
1 

thenoyl t r i f luoroace tone  e x t r a c t i o n ,  PrF3 p r e c i p i t a t i o n  (holding 

oxidant  method) and hexone ex t rac t ion . .  , 

b .~ .  * organ ic  mat tc r .  

ONo c l a y s  p resen t .  



Table 4-14. Physical and chemical characteristics d soil (Glover, e t  al., 1976). 

Soluble. Soluble Inorganic Organic 
Soil CEC , salts carbonate carbon matter Sand Silt Clay 

Source code (meq/1o1) go (mmhoslcm) (meqll)  (% CaC03) (%) P H (%I (%I (96) Texmre 
- -- 

Colorado A (Rocky Flats) CO-X 20.0 3.6 5.97 0.4 2.4 5.7 44 20 36 Clay loam. 

Colorado B (Sugar Loaf) CO-E. 17.5 0.4 0.97 0.3 3.4 5.6 64 14 22 Sandy clay loam 

Colorado C (Rocky Flats) CO-C 29.6 0.4 1.98 2.4 0.7 7 .? 5 3 1 64 Clay 

Idaho A (ERDA) ID-A 15.5 0.5 2.71 17.2 0.8 7.8 16 5 0 34 Silty clay loam ' ,  

Idaho B ID-B 13.8 0.8 2.5 1 7.9 ' 0.2 8.3 44 24 32 Clay loam 

IU Idaho C ID-C 
tP 

Idaho D ID-D 

Washington A (Hanford) WA-A- , 

Washington B WA-B 

Tennessee (Oak Ricge) TN 

South Carolina (Barrwell) SC 

New York (West Valley) 'NY 

New Mexico (Los Alamos) NM 

Arkansas A AR-A 

Arkansas B AR-B 

Arkansas C' 

Illinois 

AR-C 

1L 

23 Sandy clay loam 

30 Clay loam 

14 Sandy l o s a  

1 4  S a n d y l o ~ m  

36 Sandy 1oz.m 

20 Sandy 10%-3-silty 

Clay loam 

36 Clay loam 

18 Loam 

56 Silty clay 

9 Fine sand 

37 Silty clay loam 
16 Loam 



analyses of. all but four soils were done. Three standard p1"tonium solu-. 
-8 

tions containing initial plutonium concentrations of 10 - M, - M, 
and - M (or 9,600. dis/min/lO ~ 1 ,  103,000 dis/min/lO ~ 1 ,  and 

972,000 dis/niin/lO l i l ,  respectively) were used for sorption measurements. 

A soil-to-solution ratio of 1 g to 5 ml was used and 10 ~1 of the requi'fgd 
*.  ,. 

concentration of the standard plutonium solution were added to this, 

mixture. Depending on the experhent', from 5 to 48 hours were required 
, . 

for equilibrium sorption. The distribution coefficients for each of 

the 17 soils are given in Table 4-15. Tables 4-16, and 4-17 give the 

same K values obtained by Glover, et al. (1976) along with pH and Eh d 
data of. the system.. . 

Results shown in Table 4-15 show a wide range of Kd (ml/g) , 

values obtained from a low of 35 to a high of 14,000. This indicates 

the great sensitivity of Kd values to changes in plutonium concentration, 

especially at. high levels of plutonium sorption . 
In plutonium column elution studies by Glover, et al. (1976) with 

three different soils, 24 g of soil were added to a l-cm-internal- 

diameter, 4-cm-long glass column. One gram of the same soil was mixed 
' 

with 10 111 of lom3 - M plutonium nitrate solution and then distributed 
evenly on top of the soil in the column. After packing, the column. 

was washed with one liter of distilled water and the effluent collected .. . . . 
and analyzed for plutonium. The K values for plutonium obtained by this d 
elution study are given in Table 4-18. 

" . ,  Regression analyses are being performed to determine whether or 

not relationships exist between plutonium sorption and soil character- 

istics such as cation exchange capacity, particle size and distribution, 
. . 

and sand and clay content. 

Neptunium 
.-..s '. . 

Very little work has been done on the distribution coefficient 

determination of neptunium in sediments and soils. Only two references 

indicate Kd value determinations for neptunium. A Kd value of 15 ml/g 

for neptunium between water and a typical western desert soil has been 

estimated by Schneider and Platt (1974) . The soil characteristics 



Table 4-15. Mean Kd(rn) walll~=s~ + statistical error (ml/g) for 

plutonium at equilibrium sorption (Glover, et al., 1976). 
- 

Initigl Pu concentration (M) - 

Soil code lo-e lo-y lo-6 
~ 

CO-A 2200 f 460 2700 ' 170 1200 f 190 
1 

CO-B 200 f 24 130 f 6 40 + 3 
CO-C 1900 f 110 . 1800 f 100 2000 f 3 

ID-A 1700 f 70 4300 f 160 5000 f 290 

ID-B 320 2 26 330 f 12 140 f 11 

ID-C 690 f 110 4100 f 150 4000 f 23 

ID-D 2100 2 640 1500 f 80 310 2 42 

WA-A 

WA-B 

NM 

AR-A 

AR-B 

AR-C 

I L 
- - - 

 lover, et al. (1976),.use a different notation--Kd(,) rather than the 

conventional notation Kd--to imply that because of the complex chemistry 

of polyvalent radionuclides, the experimentally measured sorption 

coefficient may be related to a summation of a number of different 

mechanisms rather than any specific sorption mechanism. 



Table 4-16. Sorption of plutonium in soils; distribution coefficients ., '. 
for soils in'basic solutions (Polzer and Miner, 1976). 

.. . 
Initial Pu 

soil conc. (MI ~d (m) (b) PH - ~ h  (v) Pum/Puc (a) 

WA-A lo-8 100 7.9 0.41 0.4 . , 

10" 98 7.9 0.42 3.2 

10'~ 3 5 7.9 0.44 40 

10-8 WA-B 430 . 7.8 0.46 0.0004 

lo'7 59 0 7.8 0.46 0.2 

. 10-'6 110 7.8 0.41 ' 7.9 

ID-D lo-e 2100e 7.8 0.44 0.008 

10-6 

ID-C 10- * 
10-7 

10-6 

ID-A lo-a 

10-7 

10-6 

ID-B lo-B 320 8.8 0.44 0.05 

lo-7 300 8.9 0.41 1.6 

lo-6 140 8.6 0.40 6 3 

CO-C 10'~ 1900 8.0 0.49 0.0001 

10'~ 1800 7.8 - - 
' 10'~ 20OOC 8.2 0.44 1.0 

a~atio of Pu concentration measured in the water phase at sorption 

equilibrium (Pum) to the Pu concentration calculated to be present 

if the water were in equilibr ilsn with D.1 (nH\) 4 (Put) . Pu, is based 

on a solubility product for Pu(0H) of 10-51*9 in basic solutions. 

b-e~he standard error of the mean is: b, 8% or less; c, between 11% and 

16%; d, between 20% and 25%; and e ,  31%. 



Table 4-17. Sorption of plutonium in soils; distribution coefficients 

for soils in acid solutions (Polzer and Miner, 1976). 

Initial Pu 

soil conc. (MI ~d (m) (b) PH ~h (v) pum/pu, (a) 

TM 

AR-B 

CO-A 

CO-B 



Table 4-17. Continued. 

Initial Pu 

Soil conc. Kd (m) ( b, 
- -- 

AR-A 10'~ 7 lo 6.7 0.51 1.6 

10'7 660 6.5 0.54 5.8 

. 10'~ 760 7.0 0.50 200 

NY lo-e 810c 6.0 - - 
lo-' 1100 6.0 0.54 6.0 

10'~ 87 0 6.1 0.49 600 

aRatio of Pu concentration measured in the water phase at sorption 

equilibrium (Pu,) to the Pu concentration calculated to be present if ,).. 

the water phase were in equilibrium with Pu(OH)4 (Put). Puc is based . 
on a solubility product for Pu (OH) 4 of in acid solutions. . . . 

b-e~h=. standard error of the mean is: b, 8% or less; c, between 11%. : . : . . 

and.l6%; d, between 20% and 25%; and e, 31%. . .. 
I 

. . .!.. . .. 



Table 4.-10. Distr i l ~ u l i i r l l  ~wefricient values for plutonium as a 

function of soil as obtained by column elution method 

(Glover, et al. , 1976) . 
Soil Kd !m: (ml./g) 

. .- -. . .. -,- . -- 
ID-B . 144 

CO-A 1180 

ID-A 5020 

are described in the earlier reference to Schneider and Platt in the 

section on plutonium, above. Routson, et al. (1975 and 1976), using 

batch tests, determined K values for neptunium and americium as a 
+ 

function of calcium (Ca ) and sodium (Na ) ion concentration for eastern 

Washington and South Carolina subsoils. Batch tests were conducted . 

with a soil-to-solution ratio of 1 gto 25 ml and influent solution 

pHs of 2.5 and 3.1. The system was equilibrated for 24 hours. The 

K values were found to decrease with increasing solution concentrations 
2+ + 

of Ca and Na . Properties of soil samples and the results of adsorption 

studies are given in Tables 4-19 and 4-20 respectively. 

Americium 

The distribution coefficients of americium have been measured 

by several investigators. Between water and a typical western desert 

soil a K value of 2000 ml/g for americium has been estimated by ~chneider 
d 

and Platt (1974). 

In americium adsorption studies, Hajek and Knoll (1966) used acidic 

high-salt wastes (5.4 - M N O ; )  spiked with organics typical of a fuel 

reprocessing plant. K values obtained in batch tests are given in 
d: 

Table 4-4. When comparing K values for americium with K values for 
d d 

plutonium (Table 4-4) , in most cases K' (Am) < Kd(Pu) . The K values 
d d 

for americium as a function of organic solution from a column study 

are given in Table 4-5. 



Table 4-19. Soil sample properties (Routson, et al., 1975). 

CaC03 Silt Clay CEC 

- soil (mg/g j (8) ( % I  (meq/100g) - p~ : 

- -- - - - - - 

Washington 0.8 10.1 0.5 4.9 7.0 

South Carolina c0.2 3.6 37.2 2.5 5.1 

Table 4-20. Distribution coefficient values for neptunium and 

americium as a function of soil and solution Na and Ca 

ion concentration (Routson, et al., 197'6). 

South Carolina Washington 

Solution Kd (Am) Kd (NP) Kd (NP) 

0.002 6 7 f 5.0 0.25 2 0.0 2.37 2 0.04 
- 

aStandard deviation. 



Hamstra and Verkerk (1977) reported distribution coefficient 

measurements for Dutch subsoils using 90% saturated NaCl solution at 

pH 7 to 8. A soil-to-solution ratio of 1 g to 150 ml was used: Clay 

samples consisting of mainly illite and kaolinite had a K of 5 x' lo4 ml/g; d 
river sand had a K of 400. Clay- and gypsum-bearing sandstones had d 
intermediate K values (Tables 4-9 and 4-10). d 

Fried, et al. (1974, 1976a and 1976b) determined the sorption of 

americium onto a basalt. The value of the surface-absorption coefficient, 

K, for lo-' - M solutions of Ami~0~) was 0.041 2 0.02 £or basalts (see 

the earlier reference to Fried, et al. in the section on plutonium, 

above, for the definition of K and other details). The effect of 

other ions on the absorption constant was also studied. Addition of 

salts to the solution lowered americium adsorption. Higher valence 
3 + 

cations (La and ~r 4+) lowered the americium adsorption much more 
+ 2 + 

than lower valence cations (Na and Sr ) . ,  See Figure 4-7. 

Figure 4-7. Surface absorption coefficient of americium as a function 

of the concentration of other salts for basalt cores (Fried, 

et al., 19763) . 



Routson, et al. (1975, 1976) used batch sorption experiments to 
I 

determine K values for South Carolina subsoil (sandy clay) as a function d 
of calcium and sodium ion concentration. They used a soil-to-solution 

ratio of lgto 2.5 ml at an initial solution pH of 2.5 and 3.1 and , 

equilibrated the system for 24 hours. The americium K values are d 
given in Table 4-20. For Washington subsoil, americium K was found 

d 
to be greater than 1200 ml/g for all concentrations of calcium. 

Glover, et al. (1976) used basically the same procedure for americium 

sorption measurements as was used £,or plutonium experiments (see the , 

earlier reference to Glover, et al. in the section on plutonium, above) . 
-10 

Initial americium concentrations were 10 M - and - M. From 24 

to 48 hours were required for equilibrium sorption. The Kd values for 

americium are given in Tables 4-21, 4-22, and 4-23. Table 4-21 shows 

that K values for americium are very sensitive to .changes in americium d 
concentration, especially at high levels of americium sorption. 

Curium 

Only one reference in the literature indicated distribution coefficient 

values for curium. Schneider and Platt (1974) gave an estimated Kd 

value of 600 ml/g for curium between water and typical western desert 

soil. No details were given either about the experiment or about the 

method used. 



Table 4-21. mean distribution coetficient values - + statistical error 
(ml/g) for americium at equilibrium sorption (Glover, 

et al., 1976) . 
Initial Am concentration (M) - 

Soil code 10-lo . lo-B 

CO-A 2500 - + 210 2600 + 110 - 
CO-B 600 - + 24 840 - + 20 
CO-C 

ID-A 5900 - + 230 510 + 8 - 
ID.-B 

ID-C 

ID-D 

WA-A 

WA-B 

TN 

AR-A 

AR-D 

AR-C 



T a b l e  4-22. S o r p t i o n  o f  amer i c ium i n  ,soils; d i s t r i b u t i o n  c o e f f i c i e n ' t s  . . '  

f o r  so i ls  i n  b a s i c  s o l u t i o n s  ( P o l z e r  and  Mine r ,  1 9 7 6 ) .  
pp -- - - 

I n i t i a l -  Am 

p H  ' S o i l  c o n c e n t r a t i o n  (M) Kd (m) - ~ h  (v) ..: '.. 

-- 
10-9.4 120 8 .0  0 .43  WA-A 

10-7.4 200 7 .8  0 .46  

WA-B ' 10-9.4 ' 230 8 .0  0.44 

10-7.4 4 30 7.9 0.44 

ID-D 10-9.4 

10-7-4 

ID-C 10-9.4 

i0-7 .  4 

ID-A 10-9.4 

10-7. 4 

ID-B 10-9.4 

10-7. 4 

CO-C 10-9.4 

10-7. 4 

- - - - - - - - 

a - d ~ h e  s t a n d a r d  error of t h e  mean is: a, 10% or less; b ,  be tween 12% 

and 20%; c, 32%; and d,  60%. 



*laable 4-23. Sorption of americium in soils; distribution coefficients 

for soils in acid solutions (Polzer and Miner, 1976). 

Initial Am 

Soil concentration (M) - Kd (m) PH -Eh (V) 

AR-B 

CO-A 

CO-B 

AR-C 

IL lo-9. 4 
10-7.4 

AR-A ' 10-9.4 

10-7.4 

NY 10-4.4 

10-7.4 

a-d~he standard error of the mean i s :  a, 10% or less1 b, bctwccn 12% 

and 20%, C ,  32%; and d, 60%. 



SUMMARY AND RECOMMENDATIONS 

Published literature concerning the sorption distribution coefficients 

of plutonium, neptunium, americium, and curium on soils and sediments was 

reviewed and the Kd data for the four radionuclides were compiled in 

tabular form. Very few studies for Kd determination have been conducted 

W&r neptunium and there is only one reference in the literature for curium 

Kd. 
The available sorption data show a wide variation in radionuclide 

K values. 
d 

The recommendations for future studies are as follows: 

1. A detailed investigation should,be done of the mechanisms 

(such as ion exchange, precipitation or formation of complex 

anions), involved in the uptake of the polyvalent radionuclides 

(such as plutonium and americium) by soil. 

2 .  In future adsorption studies, multiple regression analysis 

techniques should be employed to determine the combination 

of soil properties (such as particle size distribution, soluble 

salt, silt, clay, organic carbon, CEC, or pH) that best account 

for the retention of radionuclides in soils. 

3. Tests should be done under conditions that are close to those 

existing in the field, that is, with undisturbed samples. 

Most tests in the literature for Kd determination have been 

conducted either on artificially prepared soil samples or 

on field sampicc that were highly disturbed (exposed to the 

atmosphere and disaggregated) . 
4. Studies should be done to understand and identify the radio- 

nuclides species or element valence states [such as <u(IV) 

or Pu (v)] that are adsorbed in the soil. 

5. Studies are needed on the anion species that combine with 

polyvalent radionuclides to form complex anions and thus in- 

hibit nuclide uptake by soil. 



6. ~ecause the ultimate secondary container in a repository for 

disposal of high-level radioactive waste will be some rock 

stratum, sorption data on rocks are required. Experiments 

should be conducted to determine the distribution coefficients 

on rocks. 
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Table A. Review of the literature on radionuclide Kds. Batch 

Soil-ro 

'I'racer I:quilihrium disrrihution Solution/wastc Acrinide cnncentratia>n solurion 
clement Actinide valence coefficient composirion in solution hcforc r ~ r i o  Shaking r imr 

Kd (mVlg) and p l l  contacting with soil (glmV) 
- 

2 3 9 ~ u  nor specified I:rom I 8  tu  2 1980 Solution prrpared using . 0.Ol p(:i/mV 
(SCC 1:ig. 4-1 and 'l'ablc 4-2). disrilled water; 

p l l  adjusred by adding V.1011 
or I ICI.. 

1:20 l'hrcc hours 

Pu Ill. IV. VI  I:rom 6.0 to 2 10.000 Sa,lurit~n preparud using dis- 0.05 p(:i/mV 1:lO 'I'WO lh<,i~rs 
(See Iyigur~. 4-2). tilled watcr; p l l  :ldjusr~.d by 

adding Na011 or I lN03 .  
1 
C 
I 

2 3 9 ~ u  and nor specified For Pu. f n m  I 1 nr 1540: Synrheric \r*asrr prepared Synrhcric ivasrc spiked not 111~1 
2 4 1 ~ \ m  for Am, from < I .O r u  500: , by mixing high-salt, acidic with actual c l~c~nica l  specified spcuifiud I 

(see Table 4-3). aqueous phase I>rt>cussing waste con- 
(5.4 1 N O j )  with organic raining I'u and Am. 

compounds. 

I:rom l l to 8.3 X 10" Solurion prepared using dis- 0rigin:ll spike o f  l'u4+ 1 :250 not 
(seu 'Table 4-6). tilled warcr: in I 2 l l N 0 3  spccificd 

solution p l l  adjusred initially 
wirh NaOll ro 7.0. 

Np. Pu. not specified Kd for Np = 15. Kd for Pu = 'l'ypical ~~u~~salinnu gt.uunJwatcr nut ntlr nor 
Am. Cm 2000. Kd for A m  = 2000. p l l  = 6.8.8.2 . specified spccificd spccificd 

and Kd for (:m = 600. (See p. 3.55 o f  this rcfercncc 

for grg,undwxrer composirion.) 

2 3 7 ~ ~ ~  Ill. I\/. V I  For osic conditions: from Sea tvarcr, p l l  = 7.8-8.0 fur horh I'u addrd ro sea water in not no1 
1.3 X 1 ~ ~ 1 0  >.'I x l ~ l ;  uxlc alld n ~ ~ u r i c  ~u~tdi~ iunm~. 1 1 1 .  11'. and \'I volunsv cpucifi+,,j spr.rifirrl 
For anosic condirions: frc~m srares. 
9.3 x 103 109.4 X 10 (rue 
Table 4-7). 

2381111 ntlr sp~ t i f i cd  I:rt,m l . S l  to 240 Sirnulared pl:!n~ waste Supernare contained 1:lO Resin shaken 
(SUC 'l'a111c 4.8). sul,ernatc 15.75 1 Na'. 1.75 X l o 7  overnight with 

0.5 ,4105. n.75 fi 011-. d i s / ( m i n ) ( m ~ ) ~ ~ ~ l ' u  synrhetic 
2 . 2 z  SO'. 1.1 .A1 NO:. supernare 

0.3 ( :oi- .  o . ~ s o $ - .  
and U.!liln? 1\( ~ s + )  

239-24OPU nor sllecificd I;or Pu. from 200 ro IO.IlO0: 70% saturated NaCI solution. nor 1:lSO not 

am1 2411\ln for ,\rn. f r~ j rn  400 ro 50.000: p l l  = 74.  specified specified 
(see 'fablc 4-9 and 4-Il l) .  



DATA FOR PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURTUM 

e q u i l i b r i u m  test  d a t a  for p l u t o n i u m ,  n e p t u n i u m ,  americium, and c u r i u m .  

Soil cation 

I n i t i ~ l  eschangc Particle size 
soil p l  l capacity Soil/marerial type and content and distribution Obsrrvarions/commenrs ' Reference 

(meq/ltlOg) 

8.6 5 .O Subsurface soil from I lanford Projccr. As pcrccnr b?  Kd values i n  Tablc 4-2 soEgest eais- Rhodes 1952. 
Unconsolidar~.d, unwcarhrrcd sediments weigllt: rence.of a I'u polymer i n  solution at 19571. 1957b 
having silt, cis). and 2 2% free (:nC03. > 2 mm diam. 6% p l l  > 2 wi th  the exception n f  p l l  

T.lnp f1.11 I~IIII I IIIII~~II\ 1 1 1 t 1 1 1 1 1 l l l l l i ~ ~  7 III ii.7. IIIIII. 1lTl11 IaIIUr A I 111 1) 1 U~I~I?I~~I I I~JI  l i l ls 

lonirc nlld koolinirc i n  rhc rorio o f  3: l .  0.2 t o  0.02 mm. ~,olymcr fnrmcd carrics a posirivc 

19% charge char enables it r o  be rakcn up 

0.02 t o  0.002 mm, rapidly b y  !he svi!: 
6% 

< 6.662 mm. 2% 

1101 Ilanged from 0.012 Soil samples from water rabl~. ar nor Adsorprion was more rhan 90% com- I'rout. 1958. 
specified for soil p l  l 4 t o  Savannah I<ivcr Plant contained spccifierl plcrc from solutions o f  Pu( l l l )  and 1759 

1 .24 fur soil p l  l I 0  20'% clay and 80% sand. Domi- I'u(l\') bcrween p l l  2.5 and I 2  and 
(sec 'I';~ble 4-3). nanr clay minvr:al - );>olinitc. ' from solutions o f  Pu(\'l) at pbI > 6. 

-- 

not 
specified 

I101 
specified 

Soil from various dcprlis brrtveen 
rhe surface ant1 groundwater from 
wells s t  Z-1 A rile field sir,:. Kich- 

land. \\'ash.. air-dricd and sieved r o  
< 2 m m  diamrrrr.  

no1 r\dsorprion from strongly acid o r  Ilajek and 
specified partially ncurralizrd wasrc was Knoll .  1966 

minor.. ,\dst,rprion f rom alkaline 
waste from precipirarion was high. 
Introducrion o f  a slug o f  organic 
reduced t h ~ .  Kd o f  both  Pu and Am. 

nor IIUL 

specified specified 

S ~ u d y  conducted with different 
lninerals (src 'fable 4-6). 

nor The amounr o f  radionuclide removed 'famura. 1972 
specified (~dsorbcd)  from [he solurion appears . 

t v  r l c p e ~ ~ d  o n  t l ~ e  p l l  o f  thc suspczr 
sion: rhe higher p l l  favors greater rc- 
lnoval I)? fc,rmarion o f  nuclide liydro. 

sides which are scavenged b y  rhe clays 
(SCC ' h l ~ l e  4 4 ) .  

Typical wesrcrn descrt s#,il-sand or.. 
sandy loam conraini~ig = I mg o f  
free (:a(:03 per gram o f  soil. 

Schneider and 
l'lart, 1974. 

nor not 
specified ' spucificd 

Scud!. u<,~~ductcd on marine sedimrnrs nor K,I values for b o r l ~  oxic and anoxic Duursma and 
frc~m Medircrnnc:~n Sra using scdinicn- specified contlirit,ns spprar cimil :~r for all I'arsi, 1971 
ration (warcr column) and !!!in i 3~1 . r  rlirrt. \mlr.nr~ ~ r l r f . ~  

mcrllods. 

not but Synrlicric ion cschanc n:sins 11.11 Our o f  the five resin:; re:;tc<l. :h,rp 1;. I. l lul 'or~t 
specified slwcified (P+C 'I'ablc 4-8). : < ~ r < i f i c ~ I  r io~s o f  l'u \\':I, ~ t v a s i m ~ ~ m  l i y  dc Mc~n$>ur!; 

"I)uu,I~c~" ,\lt<:.llY. &t.O., lY75 

-- 
not nor \ 'ar io~~s soil marcrials (clay. s~zld- 111)r Kd mlucs fn,r raprg~ck :~n i l  r i w r  SJII~ Ilamstra and 

specified specified srone, caprcpck and ccrnrsr r i w r  s ~ n d )  spccificd were Icnvcr r11:tn cl:,? c8,nr:tining \'erkurk. 1977 
from borcholes surrounding s ~ l r  ln:~rcrial LILIL. to  IIIL. :IIISC~CC. ~f cia!' 
f u ~ ' ~ ~ ~ ~ t ; ~ ~ t ~  ins :tl: : J ~ c l o ~ t l a ~ t d ~ .  ln:ItL'rl3! l f i  t l \<n~.  
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data  for  plutonium, neptunium, americium, and curium (continued). 

Ini t ial  Soil cation 

soil p1.l exchange Soillniarerial rype and content Particle size Observationlcommcnrs Itcfcrrnce 
capacity and d i s ~ r i b u t i < ~ ~ ~  

(mrq1100g) 

nor not Th in  wafers or disks (7.5 rnm rliam. nor 'fhc surface absorption coefficients I:ried. er al.. 
specified specified and 1.5 m m  thick) o f  dense Illinois specified arc affccrcd li!. the types and con- 1974. 1976a. 

Niagra limcsronr and basalt f rom cenrnrions o f  orhcr salts. I:or 19761) 
EBK-II sire (Idaho National example, all curws fur borh I'u and 
Engineering Iaboraron) .  Am in  I'igurcs 4-3. 4-4 and 4-5 show 

rhc same tmnd, i.r. displaccrncnr o f  

the actinidc ions from rlic rock lat- 
ricc 11). higher co~iccnrrurions o f  
o t l ~e r  n~etal l ic ions. 

nor not I'u - contaminated soil samples from nor Kd values from field results ( f r ~ t n ~  Noshkin, ct al.. 
specified the islands o f  Bnitverok Atol l  specified parriculatcs i n  rhe yround\varcr) specified 1976 

and lal)orarory rests arc very close. 

6.5 (aqueous phase not (:a-saturated clay from .\liami silr not Sorption o f  Pu (\<I) t o  montmuri l-  l i ~~nd i c r r l ,  CI al., 
5 m M  in  ca2+) specified loam'soil and monrmorillonire as spccifird lunire was subsranri,lly less (37%). I 9 7 6  

reference clay. \vIlercas sorption o f  PU 10 hlianli 
sill loz~m clay was always abt,vc  b bout 
99.4'?6, regardless o f  initial valcncc. 

not Ca-saruratvd clay from hliami silt nor After 18 weeks ofcqui l ibrat ion, the Iiondicrri and 
specified loam soil. 'l'hc clay fracrion was specified presence of a significanr fracrion o f  Iteynolds. 1976 

crcsrcd t o  rcmotv urgnnic mnrtcr ., 111c strluble 1% i n  rhr  soluric,n (solublc 
and free iron oxidus. I'u spccics tvhich do  nor sorb) sug- 

grsrcd rhc formation o f  a dif fcrrnr Pu 

oxidation state than that ini t ial ly 

z~dded i.c., formation o f  :t pg,lymcr 
(1'11 V I  or 1'11 V). l'u valence sr:ltu 

i i l rn r i f i c ;~r i~rn  i n  cspcrimt:nr;~l sysrcms 
is rhrrcfc,ro ncccssdry fgrr ;~dsorprion 
studics 

Ranged f rom 2.'3 Itanged f r < ~ m  17 sc~il samplcs f rom varil~us present Se~.'fablc 4-14. Kc[ values are \,cry iunslt~ve t o  Cilurca. c~ dl.. 1976 
t o  8.3. 2.9 tc, 34.4 and probablc future Pu-handling :ireas changes i n  Pu and ~m conccnrra- Polzer and ,\liner. 

(sec 'l'ablc 4-14). (see 'l'ahlc 4-14). in the U.S (SCU 'faldc 4-14), rion. especially at high levrls o f  1976 
1'11 and A m  soprrion (sue 
'l':lhles 4-1 5 and 4-2 I ). 

[:or I:. Was l~ in~ ron  [:or T:. \Vashington ~ubso i l s  from I:ast \VasIlingr~>n and nor Uisrriburinn cocfficirnrs measured Iloutson. 1975. 
soil = 7.0: soil = 4.9: South Carulina (suc ' fal~le 4-19), . spccificd on subsoils as a function o f  equilib- 1976 

rut !i. Carolina LDI !j. (:arolina riurn s~\luti,,n conccnrrarion o f  
= 5.1  = 2.5 (:a2+ ~ n d  Naf dcercascd for  both  

ncprunium and americium. 
For South (:ar<rlina subsoil: 
Kd(Np) = f(ca2+) = 0.43 t o  0.66: 

= f(Naf) = 0.16 t o  0.25 
K,l(Am)= f(caZf) = 1.0 ro 67: 

= f(h'a+) = I .6 to 280 
For I:asr \Vasl~ingtun soil: 

Kd(Np) = f(ca2+)= 0.36 t o  2.37: 

\ 

= f(Na*) = 3.19 r o  3.90 
K A ( , \ ~ )  > 1200 



Table B. Review of the literature on'radionuclide Kds. Column test 

Tracer 
Equilibrium distribution Soillmaterial type 

Soil cation 
Solurionlwaste composition 

elenlent 
coefficient and content 

eschange capacity. . 
(meq1100g) 

and [?I1 
Kd (mPIe) 

2 3 9 ~ u  and See p. 7 o f  this reference Surface soil (< 20') f rom wells not Synthetic waste prepared by mixing 

241 A, for breakthrough curves. at Z-1A tile field site. Richland. specified ing high salt. acidic aqueous phasc . 
Wash.. sieved t o  < 2 m m  dia- ( 5 . 1 1  X O j )  with organic com- 
meter. pounds. 

(Seep. 2 o f  this reference fur waste 
I 

composition.) 

2 3 9 ~ u  and For T H P - ~ ~ 1 4 : "  Soil f rom the bortoni o f  the not \'arious organic wastcs from I Ian- . 
2 4 1 ~ m  Kd = 5,4 for Pu and excavation for 241 A X  tank specified ford radionuclide separations 

1.6 for Am 
farm. Hanford. sicved rn plant ('I'HP-<:(:l4. DHBI'-(:(:I4. 

For DBBPCCl4: 
< 2 m m  diameter. Fab Oil, O.J( D21'1IPAO.2 \I 

'I'HP in. NPH.) 
Kd = 0 for  Pu and 

0.6 for Am 
For DZEIIPA-TBP: 

Kd = 0 for  both  Pu 
and Am 

(see Table 4-5). 

Pu With dry  soils: Dry (groundsurface) and moist not Separations process (radioactive) 

K d  = 6000 for short (subsurface) soils f rom Savannah specified solvent from underground ranks. 

' column River plant waste burial ground. (See p. 53 o f  chis reference for 

= 3000 for long chemical composition.) 

column 
Nrich moist soils: 

Kd = 0.4 for  solvent 
> 30 for aqueous 
phase instead o f  
solvent. 

Three soil samples f rom . Ranged from Column elution study done using !'u From 144 t o  5020 
(See Table 4-18). various present and = I 9  10 20 Pu 1 1 i i t a ~ ~  sulu1;un. 

probable future Pu- (see Table 
handling areas i n  the U.S. 4-14), 

(see Tablc 4-14). 

'TRP = tributylphosphate 
DBBP - dibutylburylphosphonate 
D2EI-IPA - di-(2-ethylhexyl) phosphoric acid 
Fab Oil - "fabricacion oil." a commercial mixture o f  Lard oil and CCI4 (25-75 vol. 46) 
Np l I  - "normal paraffin hydrocarbons." a commercial mixture o f  straight chain hydrocarbons including decane, undecane. 

dodecane. tridecane, and retradecane. 



dnt:l f o r  p l u t o n i u m ,  n e p t u n i u m ,  amer i c ium,  and c u r i u m  

~tcran~de conccntrali'~n c i d u n ~ n  Icngrlr and c:olu~lln volumes ncedcd l'ermeabili~yt 
in  n,\Iu~int$ ;nnltr I1;.nmr,rt,r l cn l l  f,nr 51\'!4, l~rvqbr l~r ,n~ 11 P t'l,ut, mrr- U ~ S ~ I ~ ~ ~ ~ ~ ~ I ~ S ~ C I I I I ~ I I I C I ~ L S  I < ~ f r ~ c ~ t ~ e  

Synrhuric w:lsrc sllikerl \villi :lutu:ll 10.0: I .9 Iiclir~cc!l 1.5 l n t l  4.0 for 1101 Uplakc o f  l'u by thc soil was Knoll. 1905 
chenliral procussing \rt:lsre contain. .2. 'P~'~. < 0.OI L,r 2 4 1 ~ n l  spccifiod vcry rnint,r and o f  r\m 
inN Ihm AIIJ ,\"I. ncgllgtl~lc. 

I.~,,~~I, = 5.0 lcl.o ~ : ~ ~ r ' ~ ' ~ ~ ~ ' - ( : ( : ~ 4 : a  .-- See I'P. 5,6 of rhis Soil rcmovcd 23y1~tt and 2 4 1 ~ r n  Knoll, I969 

2391'~!  rcspccri\.cly. ID = 0.8 3O I,u and ,\m, reference f8,r soil slowly fn,m somc o f  tllc org~nics 

l:<,r l)lil<l'.(:(:l.,: 
pcrmral,ility to and not ar all from orl~ers. 

-- organic \r.:tslcs. 
3.5 fur Am 2nd no 
adsorption o f  Pu 1,). soil. 

l:t>r ]:ah Oil: errxlic res1111s. 

I:," 11.4 '\I 1)2I<llP1!.,- 

I,? soil frum lhis organic. 

I.engrli = 6.6 :~nd n<!r 

14.7 resl~ccri~~cly specified 
not 'fests shosvcd tlrar small volumes li. I. Duponl 

slwcificd of sc,lvenc-c~~mplescd I'u will de Nemours 

n<,r migrate significantly through LY( (:o.. 1975 

J . . .  a .I >oil. but large vo lu~rre~ 
in  moist subsurface soil would bc 

morc mubilc. 

(:olumn packed \r*irh 24 g of 4.0: 1 .0 (i,lumn washed wit11 1 B dis- I:lc,a. ratus = 15 min. 'fhe soil arirli the lo\vcst Kd rc- (;lover. et 31.. 

rnil, I 11 nf whic.h su.8~ rnivt.,l ~v i rh   ill I I f l  I 90 nlin.;lnll 1x1) nlin I 1 I I of I 1976 
I( l  ul (,(a 1 0 . ~  A1 Pu nitrare solu- Iec~cJ in  20 n ~ l  fracri<u~s and per 20 ml respcr1ively. while the soil with the highest 
t ion and distributed evenly OII t1,p :analyzed for I'u. Kd rct:lincd the most. 
of tho soil in  the column. 



APPENDIX 4-2 : GLOSSARY 

alpha 

basalt 

beta 

adsorption The observed decrease in the initial solution 

concentration of a nuclide in which the most probable 

mechanism is identified as a coulombic attraction 

of the nuclide to the surface of the adsorption . " . 

solid (Bensen, 1960). 

Used with respect to radiation--a positively charged 

particle consisting of two protons and two neutrons 

(ASME, 1957) . 
Dark grey to black, dense, fine-grained, igneous 

rock consisting of plagioclase, augite, and magnetite 

(G. & C. Merriam Co., 1965). 

Used with respect to radiation--a negatively charged 

particle emitted from the nucleus of an atom and 

having a mass and charge equal in magnitude to ; 

those of an .electron (ASME, 1957). 

breakthrough The first detectable concentration of a nuclide 

in a column effluent (Bensen, 1960). 

c/c; The amount of a nuclide in the effluent of a soil 

column divided by the amount of that nuclide added 

in the influen't (Bensen, 1960) . 
cation exchange . . 

capacity The concentration of an exchangeable cation adsorbed 

by a soil at pH 7 determined by a standard method 

(Bensen, 1960) . 
A radiation measurement or indication of a device 

designed to enumerate disintegrations or events. 

It may refer to a single detected event or a total 

registered i ~ i  a given period of time. It should 

count 

not be confused with disintegration, as the two 

terms do not mean the same. The relationship between 

count and disintegration must be established by 

a oalibration ptocedure (ASME, 1957). 



cur it! A measure of radioactivity mcaning thc quantity 

of a nuclide disintegrating at the rate of 3.7 x 10lo 

atoms per second; abbreviated as Ci; a microcurie (1.iCi) 

is one millionth of a curie (3.7 x lo4 disintegrations 

per second) ; a picocurie (pCi) is one millionth 

of a microcurie (ASME, 1957) . 
gamma Relates to radioactivity and means a ray of short 

wavelength which is emitted from a disintegrating 

nucleus (ASME, 1957) . 
half -1if e Refers to the time that a substance is radioactive-- 

thk time required Ic~i a radioaclive element to 

lose 50% of its activity. Each nuclide has a unique 

half -life (ASME, 1957) . 
Hanford soil Representative soil of the Hanford Works, Richland, 

Washington (Bensen, 1960) . 
high-level liquid 

wastes Liquid wastes containing greater than 100 PCi/ml 

of mixed radioactivity (Beard and Godfrey, 1967). 

intermediate-level 

liquid wastes Liquid wastes containing between 5 x 10'~ and 

100 @/ml of mixed radioactivity (Beard and 

Godf rey, 1967) . 
The equivalent replacement of an adsorbed ion on ion exchange 

isotope , 

a solid adsorbent by another ion from the solution 

(Bensen, 1960) . 
One of several forms of one element having the 

same number of protons in the nucleus and thus 

the same atomic number, but having a different 

number of neutrons and thus a different mass 

number; e.g., strontium-89, strontium-90 and 

strontium .!31 all with atomic numbcr 38 (ASFIE, 1957) . 



A term representing the equilibrium distribution . .: 

coefficient of a nuclide, A, between the solid 

adsorbent and the solution at equilibrium: 

where: Asolid is the amount of A that is associated 

with the adsorbent; Asoln, is the amount of A that 

remains in the solution; ccsoln. is the total volume 

of solution in cc; and gsolid is the total weight 

of adsorbent in g (Bensen, 1960) . 
leach To subject to the action of percolating water or other 

liquid in order to separate and remove soluble 

compounds (G. & C. Merriam Co., 1965). 

leachate 

loam 

The percolating solution (Schmalz, 1972). 

A soil consisting of a friable mixture of varying proportions 

of clay, silt, and sand (G. & C. Merriam Co., 1965). 

loessial A buff to yellowish brown loamy deposit (soil) believed 

to have been deposited by wind (G. & C. Merriam Co., 1965). 

low-leve 1 

liquid wastes Liquid waste containing less than 5 x 10'~ pCi/ml 

of mixed radioactivity (Beard and Godfrey, 1967). , 

nuclide A species of atom chracterized both by number of 

protons and neutrons; e.g., strontium-90, atomic 

number 38 and cesium-137, atomic number 55 (ASME, 1957). 

percolate To pass through a permeable substance, to penetrate 

(G. & C. Merriam I& Co., 1965). 

surface absorption 

coefficient Represented as K and defined as the ratio of radio- 

activity in a milliliter of solution to the radio- 

activity absorbed per square centimeter of rock: 

(activity of actinide/ml of solution) 
K = 

(activity of actinide/cm2 of rock) 

(Freid, et al; , 1976a) . 



u p t a k e  

vadose  

water t a b l e  

The observed  d e c r e a s e  from t h e  i n i t i a l  concen t ra -  

t i o n  o f  a s o l u t i o n  c o n t a c t i n g  soi l ,  r e g a r d l e s s  

o f  t h e  mechanism of  removal such as a d s o r p t i o n ,  

p r e c i p i t a t i o n ,  etc. (Bensen, 1960) .  

O f ,  or r e l a t i n g  t o ,  or be ing  i n  t h e  e a r t h  c r u s t  

above t h e  permanent ground water l e v e l  (Schmalz, 

1 9 7 2 ) .  

The upper l i m i t  of t h e  p o r t i o n  o f  t h e  ground whol ly  

s a t u r a t e d  w i t h  water--a p l a i n  o r  s u r f a c e  ( G .  & C. 

Merr iam Co., 1965) . The n a t u r a l  water  t a b l e  is 

d i f f e r e n t  from a perched water t a b l e ,  which is 

u s u a l l y  caused by t he  a c t i v i t y  of man such  a s  waste 

d i s p o s a l  or i r r i g a t i o n ,  etc. Perched w a t e r ,  whether 

caused  by man or o t h e r  n a t u r a l  c a u s e s ,  is l o c a l i z e d  

i n  e x t e n t  a t  a h i g h e r  e l e v a t i o n  t h a t  t h e  n a t u r a l  

or r e g i o n a l  wa te r  t a b l e  (Schmalz, 1972) .  



SECTION 5: PRELIMINARY CONSIDERATIONS IN DETERMINING.AN EXPERIMENTAL 

METHOD TO MEASURE RADIONICLIDE TRANSPORT IN WATER-SATURATED ROCKS 



INTRODUCTION - ". . . .- 

One of the most pressing problems in this task was choosing an 

experimental configuration to measure radionuclide transport in rocks. 

At first;it seemed reasonable to.treat a rock rather like a chromato- 

graphic column in which the migration of radionuclides might be examined 

as a function of time. Water could be forced through a given thickness 

of rock, and the degree'of retardation of the radionuclide measured. 

In order to test this approach, information on rock physical properties 

was gathered aE a first step. The data obtained were then used to 

compute the differential pressures needed to force specified volumes 

of water through a cylindrical rock.core of given diameter in an experi- 

mentally reasonable length of time. 

The calculations showed that for practically all rock types, the 

pressures required were experimentally unreasonable. In fact, it became 

obvious that for most host rocks, flow along fractures could' be the 

only means by which radionuclides might migrate significant distances. 

The experiment should therefore be designed to study radionuclide migration 

principally along fractures, with diffusion into the rock on either side. 

The following subsections contain a brief description of the results 

obtained from a literature study of the physical propcrtico of rocks 

and g i v e  the calculations used to determine the experimental feasibility 

of forcing water through solid rock cores. 

ROCK +P,WS ICAL PRORERTT FS 

The rate of transport of a radionuclide through a porous medium 

depends on the physical and chemical properties of the medium in question. 

this section reviews the physical properties of selected rocks that 

may be candidates for radioactive waste storage repositories. 

The ranges of values of these physical properties are presented 

in Table 5-1. The most abundant data were found on rocks that bear 

some economic interest, such as oil sands. On such rocks, ample data 

afford crude statistics of the reproducibility and credibility of the 

data range. For rocks of low economic association, such as rhyolites, 

no direct data were found on such physical as porosity and 



Table 5-1. Rock physical properties. 

Water 
Dry saturated Water Grain 

density density content size Porosity Permeability 
~ o c k  type ( g/cm3 ( g/cm3) (8). (mm) (8) (cm2) References 

Argillite 2.70-2.44 

Basalt 2.76-2.95 2.763-3.03~ 

Gabbro 2.55-3.12 2.56-3. lsa 

Limestone 2.21-2.36 2.39-2.77 

Rhyolite 2.32-2.62 

Kemp, 1970; Jackson, 1970; Reich, 1973; 
Schoeller, 1962 

Kemp, 1970; Fried, et al., 1974; 
Hyndman and Drury, 1976; Schoeller, 
1962; Duncan, 1969; Griffith, 1937; 
Davis, 1969 

Jackson, 1970; Duncan, 1969; Vinayaka, 
1965; Hyndman and Drury, 1976; Kemp, 
1970; Griffith, 1937; Davis, 1969 

Jackson, 1970; Kemp, 1970; Vinayaka, 
1965; Duncan, 1969; Griffith, 1937; 
Brace, 1968 

Jackson, 1970; Schoeller, 1962; Locke 
and Bliss, 1950; Murray, 1960; Davis, 
1969 

Jackson, 1970; Kemp, 1970; Schoeller, 
1962 

Sandstone 1.93-2.50 2.2-2.55 2.0-14~ 0.0625 5.4-27.1 5 x 10-l2 Jackson, 1970; Vinayaka, 1965; 
3 x Scheidegger, 1960; Davis, 1969 

a Calculated in this report from saturated densities. 
b Calculated in this report from hydraulic conductivity values (in Atlantic Richfield Hanford Co., 1976). 



permeability . Permeability values for basalt were calculated from 

hydraulic conductivity formulas (Davis, 1969) employing statistically 

averaged literature values of density and viscosity. Hydraulic 

conductivity data were taken from Atlantic-Richfield Hanford Co. (1976). 

DIFFERENTIAL PRESSURE REQUIREPENTS FOR FORCING WATER THROUGH ROCK CORES 

Experiments on K values and migration rates of ions in geologic 
d 

formations can be done by at least two methods: (a) forcing a given 

volume of solution through a column of rock; or (b) allowing solution 

to adsorb on the surfaces of rock specimens. An intercorrelation 

of the migration coefficients and surface-adsorption coefficients to 

the migration through porous rock has been demonstrated by Fried, et al. 

(1974). The purpose of this section is to determine the differential 

pressure needed to force a given volume of solution through a column 

of rock. These calculations should provide valuable insight on how 

to design experiments to measure migration rates and K values. d 
In order to make the necessary calculations, a conceptual model 

of a rock was specified. This model assumes that the rock grains are 

uniform packed spheres, that the radionuclide is adsorbed as a monolayer 

on the exposed surfaces of the rock mineral grains, and that one atom 
2 is adsorbed £or each 258 of surface area. fmplicit in'the last assumption 

is an infinitely large K In other words, all of a radionuclide is 
d ' 

quantitatively removed from solution, as long as there are available 

sites upon which the radionuclide might adhere. This represents a 

limiting case, which is useful in determining experimental constraints. 

By using the data on grain size given in Table 5-1 and the assumptions 

given above, it is easy to calculate the volume of fluid needed to 

saturate the internal surface of a cubic volume of rock. Thus: 

N 
7Td E 

volume of liquid needed to saturate = - 2a 

where d = length of one side of a cube, 

a = radius of a mineral grain, 

N = Avogadro's number, and 

m - = molality of the radionuclide. 



The time needed to saturate a given internil volume of rock depends 

an the permeability, thickness, and exposed surface of the rock, 

the properties of the fluid, and the pressure applied to the fluid to 

force it through the rock. 'In order to calculate the pressure required 

to saturate the rock in an experimentally reasonable length of time, 

an expression relating these parameters must be derived. 

If v is the velocity of the fluid (measured as fluid flux across a 
X 

unit area of porous medium) in the direction x, and dP/dx is the pressure 

gradient at the point to which vx refers, then Darcy's law may be expressed 

as : 

where k is the permeability of the medium and is the viscosity of 

the fluid. In addition, if A is the cross-sectional area of the column 

and Q is the volume of liquid passing through it per unit time, then 

Furthermore, by combining and rearranging equations (1) and (2), one 

gets: 

Consider a slab of material of thickness, L, with liquid being forced 

through and with PI and Pq  as the terminal pressures. Equation (3) 

can be integrated over the slab thus: 

U~ing average values of permeability for s i x  rock types (argillite, 

basalt, gabbro, granite, limestone, and sandstone), the pressure differential 

was calculated across 2.54-cm-diameter cores 1-cm long. It was assumed 



Table 5-2. Pressure differentials required across rock cores to ensure experimentally r23sonak.le aqueous solution flow rates. 

1 day 5 fays 10 day= 20 days 

Concentration Concentration Concentr *ion Concentration 

~ o c k  type 10-9 y M - 10-9 M - M - 10-9 M - 10-6 g 10-9 M - 10-6 M 

Argillite 
Volume to saturate (1) 3 .34x102 3.34~10-I 
Pressure (atm) 3.31x104 3 -41 6.62x103 7.62 3.31x103 4.31 . 1.66x103 2.66 

Basalt 
Volume to saturate ( 1) 2 . 0 9 ~ 1 0 ~  2.09x10-~ 
Pressure (atm) 3 . 5 1 ~ 1 0 ~ ~  3.51x10-~ 7 . 0 2 ~ 1 0 ~ ~  7.02~10~ 3.51x1011 3.51~1~1~ 1.76x1011 1.76~10~ 

to to to to to to to to 
N 8 .84x105 8.83x102 1.78~10~ 1.78~10~ 8.84~10~ ~ . 8 4 x 1 0 ~  4.42~10~ 4.42~10~ 
a, 
h) 

Gabbro 
Volume to saturate (1) 4 . 1 7 ~ 1 0 ~  4.17~10-~ 
Pressure (atm) 2.38x103 3.38 4.77x102 1.48 2.39x102 1.24 1.20x102 1.12 

Granite 
Volume to saturate (1) 1 .60x101 1.60x10-~ 
Pressure (atm) 1.81x107 1 .81x104 3 .62x106 3.62x103 1.81x106 1.81x1c3 9.04x105 9. 04x102 

to to to to to to to to 
1.96x105 1 .96x102 3.90~10~. 1.96~10~ 1.96x10-~ ~ 9 6 x 1 ~ ~  9.83~103 9.83 

Limestone 
Volume to saturate (1) 1 . 0 4 ~ 1 0 ~  1.04x10-~ 
Pressure (atm) . 5.97x102 1.50 1.20x102 1.12 6.0x101 1.06 2.1x101 1.03 

to -to to to to to to to 
1.8 1.02 4.50 1.00 2.80 1.00 1.9 1.00 

Sands tone 
Volume to saturate (1) 1.04~10~ 1.04x10-~ 
Pressure (atm) 1.18x103 2.18 2.36x102 1.24 1.19x102 1.12 6.0x101 1.06 



that the water required to saturate the core could be forced through 

in 1, 5, 10, or 20.days. The initial concentration of the radionuclide 

was ass'med to be and - M/1. Table 5-2 shows the resulting 

pressure differentials for the different cases being considered. 

Pressures were relatively high for rocks with low permeability, 

leading to the conclusion that any significant flow in those rocks must 

be along. fissures. Measurement of K values would have to be made ' d 
by a surface adsorption method because, if the rocks were homogeneous 

and free of incipient fractures, solid core studies would require relatively 

h,igh pressures to force solutions through the rocks. 
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SECTION 6: REVIEW OF TRANSPORT MECHANISMS OF RADIONUCLIDES 

IN WATER-SATURATED ROCKS 



INTRODUCTION 

Transport of radionuclides in water-saturated rock involves both 

physical and chemical processes. The physical nature of the system 

determines the rate of fluid flow, while chemical processes lead to 

exchange of mass between the .fluid and the solid phases. A variety of 

chemical processes can occur, including dissolution, precipitation, ion 

exchange, sorption, and ultraf iltration. Physical processes can be 

grouped into.two principal categories of transport--adveutirsil and 

diffusion. Diffuoion ooaurs in solids, along s i i r f a c ~ s ,  and in the aqueous 

phase. Solid-state diffusion is an extremely slow process and may be 

ignored i n  all b u t  exceptional aituationo in natural ~yEtems having 

temperatures less than 100°C. Diffusion in the aqueous phase (or 

longitudinal diffusion, which is taken to mean three-dimensional 

diffusional processes) is not a rapid process compared with the speed 

of certain chemical reactions, such as hydrolysis reactions. However, 

diffusion in the aqueous phase may proceed at a rate comparable with 

the rate of advection in many natural systems. The nature of the porous 

media also leads to a process known as dispersion or eddy-diffusion. 

As the mobile phase flows around obstacles in its path it encounters 

regions where flow is hindered and those where flow is relatively unimpeded. 

Because the fluid avoids obstacles alcjng the path of least rc?siuta~.lce, 

the velocity fluctuates over' wide limits. Thus velocity varies from 

channel to channel because of. the viscous constraint of the containing 

walls. The phenomenon of eddy-diffusion is caused by such point-to- 

point variations in flow velocity. A molecule in a fast streampath 

will take a step forward to the center of mass (zone), while a molecule 

in.a slow streampath will take a step backwards relative to the center . . 

of mass. As a molecule follows its original streampath, it is carried 

. into a part' of the channel network that has a velocity di'ffer ing from ' ..' . 

the velocity of 'the original streampath. Lateral diffusion will.also 

cause a molecule to enter a new velocity regime. As a resulk of these 

processes, zone spreading occurs and the chemical front "flattens." 



CHEMICAL RETARDATION AND THE DISTRIBUTION COEFFICIENT 

In the absence of competitive processes, the center of mass of a 

solute zone would move at about the same rate as the mobile aqueous phase. 
-, 

However, various physico-chemical processes, such as sorption, tend to 

retard the passage of solute. Giddings (1965) has generalized the 

dynamics of zone migration. A zone migrates smoothly at some fraction R 

of the mobile phase velocity. Thus the zone velocity is Rv, where v is 

the average velocity of the mobile phase. If R is the fraction of solute 

in the mobile phase, then 1 - R is the fraction in the stationary phase or 
the amount adsorbed. The term R/(l-R) is thus the ratio of the solute in 

the mobile phase to solute in the stationary phase, and 

where Cm is the concentration in the mobile phase, Vm is the volume of the 

mobile phase, C is the concentration of the stationary phase, and Vs is 
S 

the volume of the stationary phase. 

The distribution coefficient, Kd, is defined as 

Therefore, equation (1) reduces to 

Because the velocity of the solute is given by 

the relative velocity of the solute species i with respect to the mobile 

phase yields the classical expression of Martin and Synge, 

wh.ich reveals the relation between retardation and the distribution 

coefficient. 



QUANTITATIVE TREATMENT 

Measurements of distribution coefficients have been done principally 

by two methods, batch exper iments and column experiments. The theoretical 

treatment of column processes can be roughly divided into two groups, 

rate theories and equilibrium theories (Helf fer ich, 1962) . 
In rate theories, calculations are based on continuous flow through 

the column and finite rates of ion exchange or adsorption. These theories 

are predictive but are also mathematically complex. Therefore, rate 

laws and assumptions about equilibrium are often simplified. Such theories 

(for example, Giddings, 1965, pages 119-193) fail to bring out the 

self-sharpening.effects of favorable equilibrium. 

In equilibrium theories, local equilibrium between the liquid 

and bed is assumed. In practice this assumption is usually not valid 

and deviations from local equilibrium are accounted for by introducing 

the concept of "effective plates." In this concept, continuous column 

processes 'are approximated by fictitious discontinuous processes. 

Unfortunately, this formulation is semiempirical in nature and is not, 

predictive. 

Rate Theories . . 

One of the most general approaches to column processes can be 

found in the material balance treatment of Glueckauf (1949). The 

natural balance for an infinitesimal. layer for an arbitrary species i 

(see Pig. 6-1) is: 

where q is the column cross section; X. is the amount of species i 
1 

in sorbent and solution per unit volume of bed; C is the concentration 
i 

of species i in the interstitial solution; V is the solution volume, 

which has passed the layer since the experiment was initiated; z is 

the space coordinate downstream; D is the effective diffusion coefficient; 

B is the fractional void volume; and v is the linear flow rate. 



Figure 6-1. Schematic representation of a packed bed. The material 

balance is set up for the "plate" between x and x+Ax 

(from Helfferich, 1962). 

The material balance is quite general since no assumptions about 

local equilibrium and ion exchange or sorption isotherms have been 

made. Local equilibrium is a limiting case in which X is a function i 
of C. only; this function is given by the isotherm. For nonequilibrium 

1 

conditions, the functional relationship between Xi and Ci must be obtained 

by combining equation (5 )  with the rate equations of ion exchange or ' 

sorption (Helfferich, 1962). It should also be noted that source and 

sink terms are needed to describe dissolution and precipitation reactions. 

Equilibrium Theories 

Although local equilibrium is difficult to achieve in column' 

experiments, it can be achieved in batch experiments. Therefore, Xi 

as a function of Ci can be obtained in batch experiments and substituted 

into equation (6). A rigorous formulation of the thermodynamics of 

ion exchange was first doile by Gaines and Thomas (1353). Laudelout 

et al. (1967) and van Blade1 and Laudelot (1967) have shown how the 



theoretical tormulation of tiaines and 'rhomas could be used experlilrentally 

to derive the thermodynamic equilibrium constant K for any ion exchange 

reaction. The beauty of the thermodynamic approach is that with a 

limited number of experiments, the distribution coefficient can be 

predicted as a function of solution concentration. The drawback to 

the thermodynamic approach is that it assumes a homogeneous substrate 

having only a single type of site. 

TRANSPORT I N  NATURAL SYSTEMS 

In order to apply experimental data to natural systems, the 

experimental conditions must closely approximate those in natural 

environments. 

Local Equilibrium 

Fluid flow rates in basalt and granite environments are thought 

to be on the order of a few centimeters per year. Longitudinal diffusion 

may, in this case, dominate advection as a means of transport. Under 

these conditions local equilibrium probably exists between ions in 

exchange sites and ions in the aqueous phase. It follows that experi- 

ments should also be performed under equilibrium conditions. Certain 

types of batch tests, including the equilibrium dialysis method, fulfill 

the requirement. However, column experiments are often run at unnaturally 

high rates of fluid flow. In such experiments, nonequilibrium effects 

may dominate and the results may not be transferable to natural systems. 

Geometrv of the Medium 

In certain natural systems, such as granite and basalt systems, 

fluid transport occurs primarily along fractures. These fractures 

are often coated with alteration products such as clays and zeolites. 

Other avenues of preferred flow occur along void systems that were 

formed subaerially when the rocks were exposed to weathering processes, 

which enabled clays to .form. These observations suggest that clays 

and zeolites should be the subject of laboratory experiments. 



Chemical Processes 

Natural environments host not only ion exchange and sorption phenomena 

but also dissolution and precipitation reactions. Invariably geologic 

environments contain phases that were originally found under conditions 

of higher pressure and temperature. These metastable phases dissolve 

slowly over time, gradually enriching the aqueous phase in their component 

species. Continued dissolution leads to saturation with respect to 

product phases' such as clays and zeolites. The precipitation of these 

phases provides additional substrate for ion exchange and sorption 

and additional solute species, which compete with radionuclides for 

surface sites. Laboratory experiments should reflect these interacting 

processes. 

CONCLUSION 

Transport of radionuclides in natural systems is accompanied by 

reactions at solid-liquid interfaces. Existing chromatographic theory 

cannot be used to adequately describe these processes. Extensions 

of chromatographic theory should include the effect of nonequilibrium 

and equilibrium interfacial processes. The rate of fluid transport 

in subsurface environments is slow. Thus, diffusional transport may 

be of the same order as advection transport; and fluid flow algorithms 

must be designed to minimize numerical dispersion. Transport occurs 

primarily along fracture systems in igneous terraines and the fractures 

are commonly coated with secondary phases such as zeolite and clays. 
' 

Thus secondary, not primary, mineral phases should be the subject of 

sorption-desorption experiments. 
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SECTION 7: COMPUTER SIMULATION OF MASS TRANSFER INVOLVING 

ACTINIDES IN WATER-SATURATED ROCKS: PRELIMINARY CONSIDERATIONS 



INTRODUCTION 

To understand radionuclide transport it is important to know the 

chemical behavior of the radionuclide in the environmental conditions 

found in the saturated rocks surrounding the waste storage repository. In 

general, we can expect that ground water saturating rocks fractures and 

pores has reached partial or complete equilibrium with respect to the 

mineral phases composing the rock. Alteration of the rock is also 

expected to have taken place where the rock minerals were in contact with 

an aqueous fluid not in initial equilibrium with the rock minerals. The 

c~mposition of the groundwater therefore reflects the host rock and its 

interaction with the groundwater. If a terminal storage repository is 

leached by this groundwater, the groundwater composition will be modified 

by reaction with the waste product. Subsequent transport of the waste by 

groundwater movement away from the storage site will lead to a renewed 

attempt by the modified groundwater to reestablish equilibrium with the 

host rocks. 

Several questions must be answered before we can establish what 

happens to a given radionuclide under the conditions described above. 

First, is it true that the groundwater achieves final equilibrium with 

respect to the host rocks? To what extent do bicarbonates ur ci~lorides 

influence the overall composition of the groundwater? Second, what are 

the reactions that take place between the waste product and the ground- 

water? Third, what degree of complexing of the radionuclide will occur 

and what solid phases, if any, will precipitate'? Fourth, what kind of 

reactions take place that lead to the removal of the radionuclide from 

solution? Is it adsorption, ion exchange, or precipitation? How are 

these rcaction~ described? 

In the introduction to this report, we emphasized that these factors 

can all have a critical bearing on the magnitude of the K value to d 
be assigned to a particular environment. Their significance must therefore 

be established before more extensive computer simulations of radio- 

nuclide transport in groundwater can be made. Not all the questions 

posed can be addressed by the present project. For example, the leaching 

behavior of the waste product form is the subject of separate study 



under task 2 of the Waste Isolation Safety Assessment Program.. However, 

the nature of the groundwater composition and the resulting interactions 

among the ground water, the radionuclide, and the host rock are relevant 

to this study. 

COMPUTER SIMULATION OF MASS TRANSFER 

During the last ten years, a powerful technique has been developed 

which allows for the computer simulation of complex chemical reactions 

between groundwater or hydrothermal fluids and rocks. This technique, 

originally developed by H. C. Helgeson and his coworkers at Northwestern 

University and described in several papers (Helgeson, 1968; Helgeson, 

et al., 1970), has subsequently been modified and refined by others 

such as the staff of the Kennecott Computing Center in Salt Lake City, 

C. Herrick of the Los Alamos Scientific Laboratory, T. Wolery of 

Northwestern University (Wolery, 1978), and T. Brown of the University 

of British Columbia. 

The technique permits us to calculate the progressive mass transfer 

between solids and an aqueous phase as a function of reaction progress, 

5, which was conceived by, De Donder and Van Rysselberghe (1936) to 
describe the changesinthe mass of a species undergoing chemical reaction. 

They originally called this reaction progress the "degree of advancement'' 

of a reaction. In order to understand what is meant by this term 

and how it is used we will give a simple, specific example followed by 

reference to a more general, complex case. 

A SIMPLE CASE IN WHICH LIME REACTS WITH SULFURIC ACID 

Consider a beaker containing one kilogram (-1 liter) of approximately 

0.1 molal sulfuric acid (H2S04) having a specified initial pH of 1.0. 

Into this beaker are added small increments of slaked lime Ca (OH) . 
The sulfuric acid will react with and dissolve the slaked iime as 

it is added according to the following reaction: 

Eventually, so much slaked lime will be added that saturation will 

be reached with respect to the mineral gypsum which will then precipitate: 



With continuing additions of slaked lime, nearly all of the sulfate 

ion will precipitate as gypsum and the slaked lime itself will become 

saturated. From then on, addition of more slaked lime will only result 

in its accumulation on the bottom of the beaker and no further chemical 

changes will occur in the solution. 

The chemical changes taking place during this experiment can be 

studied in terms of the amount of slaked lime added to the beaker, 

where the addition of each mole (74 g) of slaked lime added represents 

the deqree of advancement or one unit of reaction progress, 6. This 

relationship can be represented as shown in Figure 7-1. 

What happens in the beaker can also be studied as a function of 

reaction progress. Thus, we can plot how much gypsum or slaked lime 

precipitates, or what happens to the distribution of aqueous species 

Log reaction progress ( log 6 )  
, X B t . 7 9 7 - 7 9 4  

Figure 7-1. Correlation between reactant consumed and reaction progress. 

(A  = gypsum, B = portlandite.) 'b 



in solution as a function of 5. Schematic diagrams illustrating precipitation 

and speciation are given in Figures 7-2 and 7-3, respectively. 

DEVELOPMENT OF A GENERAL CASE 

Now consider a more complicated case in which one kilogram of 

surface water is allowed to react with the sur.rounding country rock. 

In this case, the water contains carbonates, sulfates, chlorides, and 

other dissolved constituents. The rock is also made up of several 

minerals. A granite, for example, may contain quartz, orthoclose, albite, 

muscovite, and biotite in varying proportions. In 'this case, we react 

the mineral. constituents according to their molar ratios in the rock 

and identify one 5 unit of reaction progress as having taken place 
when an aggregate mole of minerals has reacted with the water. The 

chemical reactions that take place as a function of reaction progress 

are far more complex. There are many more potential product minerals 

Log reaction progress ( log & ) 

XBL782-287  

Figure 7-2. Relationship between product phases and reaction progress.6. 

(A  = gypsum, B = portlandite.) 



Log reaction progress ( log & 1 

Figure 7-3. The variation in the concentration of aqueous species as a 

function of 5 .  ( A  = gypsum, B = portlandite.) 

to take into account and many more aqueous species to monitor in the 

soluti ,on.  Furthermo~e chemical changes may occur in solution, which 

lead to the dissolution of already precipitated phases, arid equilibrium 

between the water and the country rock may never be achieved. 

To examine the progressive chemical changes which would take place 

i n  such a cnmp1.a~ Gystem over space and ti.ma, we w~uld normally require 

detailed knowledge of the thermdynamic properties of the precipitating 

phases, their alteration products, and the chemical species in the 

solution. We would also need'to understand the rates and mechanisms 

of the heterogeneous chemical reactions that proceed during mineral 

dissolution and precipitation, and the influence that the rock structure 

(grain size, micropores, and connecting fractures) has on reaction 

rates. With our present knowledge, we are in no position to model the 



kinetic behavior of such complex chemical reactions between rocks and 
2 ,  

groundwater. However, by making'a few simplifying assumptions, we can 

model the behavior of 'a complex .chemical system, such as that described 

above, which provides a fair representation of what is actually observed 

to happen. 

The assumptions are as follows. 

1. The reaction proceeds isothermally. 

2. Reactions are studied as a function of 6 rather than time. This 

eliminates the need to know the reaction rate or mechanisms of 

the participating reactions. 

3. ~eactant minerals dissolve in the aqueous phase in proportion to 

their molar ratios. 

4 .  Thermodynamic equilibrium is always maintained both within the 

aqueous phase and with respect to the product minerals. 
8 

For relatively long time periods (about lo3 to 10 years), the 

above statements are assumed to be valid. Their validity is based 

on comparative observations with natural systems and has not been tested 
3 

in any formal way. For periods of less than 10 years, deviations 

can occur and care must be taken in interpreting the results of a computer 

simulation. 

The mathematical algorithms developed to permit study of a complex, 

chemical system as a function of reaction progress have been fully 

documented elsewhere (see Helgeson et al., 1970). All computer 

codes subsequently developed employ the same basic principles, so that 

the, choice of code depends on its availability and suitability for 

the solution of a particular problem. 
' 

All codes depend on an extensive thermodynamic data base, 

consisting of solubility products for solids and dissociation constants 

for aqueous species given at discrete temperatures (usually at 25-50°C 

intervals) . Because of the magnitude of the task required to collect 

the needed thermodynamic data, the data are usually obtained from the 

literature without critical review. Therefore, the data are of variable 

quality and are rarely, if ever, internally consistent. Recent efforts 

by Helgeson and his students to develop dri Internally eonsistent act of 



data of naturally occurring solids and aqueous complexes have culminated 

with the development of SUPCRT. This code permits calculation of solu- 

bility and dissociation constants of well-characterized minerals and 

aqueous species over a range of temperatures and pressures that encompases 

most conditions expected in the earth's crust. 

FUTURE PLANS 

Given sufficient thermodynamic information, it should also be 

possible to predict the behavior of actinides in the presence of ground- 

water modified by the host rock composition. During fiscal year 1977, 

available thermodynamic data were collected on the actinides plutonium, 

neptunium, americium and curium as described in Section 2 of this report. 

This information will be incorporated in the existing data base of 

FASTPATH, the code developed by Kennecott Copper Corporation staff, and 

simulation of the chemistry of the actinides will be made in the presence 

of typical groundwaters in representative host rock environments. Results 

of such computer runs will provide tentative answers to the following 

uncertainties: (a) the relationship between groundwater composition 

and the environment; (b) the effect of bicarbonates and chlorides 

on overall groundwater composition; (c) the degree of complexing of 

actinides under subterranean conditions; (d) the effect of oxidation 

potential and pH on actinide solubility; (e) to what extent the K 
d 

of a given radionuclide will be affected by complexing; and (f) the 

limits of solubility of actinides as determined by known phases. 

Providing answers to these uncertainties will not solve all of the 

problems identified at the beginning of this section. Nevertheless, 

they do provide insight and quantify the effects on radionuclide Kds 

caused by the environmental conditions in waste-repository host rocks. 

This information is vital in order to properly design experiments to 

measure K s and will also serve to interpret the differences in K s 
d d 

measured by different laboratory techniques. 

In addition to the collection of actinide data, work has proceeded on 

updating the data base and debugging the code, which developed mysterious 

and obscure problems when modified to run on the CDC 7600 at LBL. .The 

300 



problems have been partially,resolved, although further work remains to be 

done. 
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DISCUSSION--JOHN A.  APPS 

D e f i n i t i o n  o f  (F igu re  1-1) 

Q. What do you mean by " d e f i n i t i o n  o f  Kd"? 

' A.  We use t h e  standard d e f i n i t i o n  found i n  t h e  l i t e r a t u r e :  the r a t i o  

o f  a mass o f  r a d i o n u c l i d e  t h a t  i s  adsorbed on 1 g o f  s o l i d  t o  t he  

concen t ra t i on  of t h a t  rad ionuc l i de  i n  t he  e q u i l i b r i u m  so lu t i on .  

Q. Then why i s  i t  a t  t h e  r i g h t  o f  F igure  1-1, r a t h e r  than a t  t he  l e f t ?  
. . 

1 BccauSc, a t , t h ' i t  ctage, we d o n ' t  knuw wh.ict~ drmc? 1 . 1 1 ~  r ; i l ~ r ~ i r . i ~ : ~ ~ . ~ , l :  

parameters t h a t  a f f e c t  t he  commonly accepted, term o f  Kd--the 

under l y ing  factors,  such as sur face area o r  chemistry.  A1 1 o f  

these v a r i a b l e s  a r e  being turned o u t  a t  separate times; y e t  a l l  

must be taken i n t o  account t o  understand' what Kd i n  f a c t  means i n  a 

p r a c t i c a l  sense. 

Q. What i s  t he  complet ion t ime f o r  each o f  these tasks? 

A. We hope t o  g e t  t h e  experimental  program w e l l  under way and the  

d e t a i l e d  models organized i n  t h e  l a t t e r  p a r t  o f  FY 1978, con t i nu ing  

i n t o  FY 1979. 

L i t e r a t u r e  Reviews - 

Q. Several of t he  subcontractors a re  doing 11 t e r a t u r e  rev iews; i s  

t he re  a p l a n  f o r  c o l l e c t i n g  and c o l l a t i n g  t h e  r e s u l t s - - f o r  example, 

w i t h  respect  t o  Kd values? 

A .  There seems t o  be a g rea t  deal o f  d fspute  over how t o  d e f l r ~ e  Kd 

values. According t o  our rev iew o f  t h e  l i t e r a t u r e  on t ranspor t  

modeling, much o f  t h e  work done t o  da te  does n o t  take i n t o  account 



t he  complex i t ies  of mineralogy o r  chemist ry  o f  t he  host rocks.  The 
.w.hole . . r a t i o n a l e  behind t h i s  pro jec, t  i s  t o  determine what k inds o f  

problem's a r i s e  from t h i s  s i m p l i s t i c  approach. I t  i s  c lea r ,  f o r  
example, t h a t  , i f  changes i n  o x i d a t i o n  s t a t e  and pH can r e s u l t  i n  .. . 
v a r i a t i o n s  i n  ~ ~ & ? v e r  s i x  orders o f  magnitude, then use of a  

constant  Kd i n . a  t r a n s p o r t  model can lead t o  l a r g e  e r ro rs .  I t  may 
be tha t ,  i f  a ' . tcanspor t  mode.1 i s  t o  lead t o  r e a l i s t i c v a l u e s ,  i t  

w i l l '  have t o  i nco rpo ra te  some o f  t he  chemis t ry  o r  some understanding 

o f  \ the ~ r ~ s t a . 1 - . c p n f i g u r a t i o n  o f  t he  rock  being used. 

. . 
Q. Did your  '1 i t e r a t u r e  survey i nc lude  the  e a r l y  c l a s s i f i e d  work o f  the 

m i l i t a r y  pro jec ' ts? Some o f  i t  might.  p rov ide  a  use fu l  da ta ,  base. 

A. We on l y  looked a t  m a t e r i a l  t h a t  has been, publ ished. I d o n ' t  know . . 
c .  .. 

how much oi'rhe c!.a;s.if ..____ .. i e d  m a t e r i a l  has been d e c l a s s i f i e d  and 

publ ished. 
? 
I 

.. \ - .  I 

Oxidat ion  S ta te  and pH o f  p lutonium (F iqu re  3-1) , 
t 
1 

Q. Where d i d  you f i n d  these data? We've been l ook ing  f o r  a  year  f o r  

good thermodynamic data on plutonium. 

A. These data come from Fuger and Oet t ing,  ChernicaZ Thermodynamics of 

A c t i r ~ i d t ?  Elements and Compounds, publ i shed by t h e  I n t e r n a t i o n a l  

Atomic Energy A u t h o r i t y  i n  1976'.'!,. 

Q. A r e n ' t  your  l i m i t s  f o r  environmental ER soll~ewhat high? 

A. Yes, e s p e c i a l l y  f o r  subsurface environments. I expect - tha t , .  when 

we f i n i s h  the  modeling work f o r  t he  c h a r a c t e r i s t i c  rock  types-- 

basal t s ,  g ran i tes ,  and sandstone, f o r  example--we w i  11 f i n d  most o f .  

them bunched f a i r l y  t i g h t l y  toward the  basic  end. Also, s ince  the  

whole goal o f  a  te rmina l  s torage f a c i l i t y  i s  t o  i s o l a t e  these 

elements subsurface, i t  becomes a mat te r  o f  phi losophy and op in ion  

as t o  how i n t e n s e l y  one should l ook  a t  t r a n s p o r t  under h i g h l y  

ox id i zed  cond i t ions .  



Q. The 1 i t e r a tu r e  has already delineated a range of oxidation reduction 4 
poten t ia l s  t h a t  a r e  considered t o  be typical  o t  the  normal environment. 
Can we now go fu r the r  and say t ha t  the  typical  oxidation reduction 
po ten t ia l s  in  a deep storage location would be i n  the  lower quar ter  
o r  half of t h a t  range? 

A. We've t r i e d  with Pu(IV), a t  a  temperature of 75°C ( t h e  expected 
temperature of a 1,000 m reposi tory) .  The Pu which was in an 
e s sen t i a l l y  neutral  solut ion with t races  of ferrous ion, was reduced 
t o  Pu ( I I I ) ,  regardless of the  speciat ion shown on Figure 3-1. 
Similarly,  Np(V)  'was reduced to  Np(1V) i n  the presence of a small 
amount of ferrous  ion. 

. . 

Q. How accurate ly  can your modeling techniques predict  oxidation 
reduction po ten t ia l?  

A. We can, f o r  any ac t in ide ,  automatically compute the  oxidation s t a t e  
of the  ,system, taking i n to  account imp1 i c i  t l y  any reactions between 

the  ac t i n ide  and other  substances, such a s  ferrous  ion.  

Q. B u t  your technique i s  only a s  good as  the  thermodynamic data t ha t  

you use. The data in  the  l i t e r a t u r e  a r e  seriously i n  doubt; we 

haw no good data f o r  the  kinds of conditions typicdl o f  reposi tor ies .  

A .  What we need t o  do i s  t o  complete our analysis  of the ava i lab le  
data.  If. t h i s  analysis  indicates  t ha t  serious holes ex i s t ,  then 

we ' l l  need t o  begin an experlrnerlldl program t o  f ind o.ut what they 
a re .  We need t o  t r y  to  bridge these gaps by FY 1979. Perhaps the  

Division of Physical Research could address i t s e l f  to  t h i s  question 
with funding suppurt or w i t h  more fundamental work on ac t in ide  
chemistry . 

Q. Perhaps i t  would be more helpful t o  vlew these techniques not as  a 

ru le  o r  raett~ud fo r  calcula t ing radionucl ide  concentrations, but 



r a t h e r  as a means o f  i d e n t i f y i n g  some impor tan t  va r i ab les  t h a t  

a f f e c t  these concentrat ions.  

Tha t ' s  a good p o i n t .  Developing i n s i g h t s  as t o  what i n  f a c t  i s  

c o n t r o l l i n g  t h e  chemist ry  o f  t he  environment can be more impor tan t  

than t r y i n g  t o  q u a n t i f y  f ac to rs .  

Do diagrams such as t h i s  one work f o r  very  low concentrat ions,  

where the re  i s  no po lymer iza t ion  o f  t he  aqueous phase? 

They a r e  concentrat ion- independent.  The boundaries represent  the  

concentrat ions on e i t h e r  side. 

But  won ' t  t he  concent ra t ion  i n f l uence  the  r e s u l t s ?  For example, 

won' t  t he re  be a subs tan t i a l  d i f f e r e n c e  between a valence s t a t e  

t h a t  polymerizes a t  a h igh  concent ra t ion  and one t h a t  does n o t ?  

Yes, there  cou ld  be. I ' m  hoping t h a t  B a t t e l l e  w i l l  l ook  a t  t h e  

leach ing  o f  t he  waste product  forms and w i l l  be ab le  t o  p rov ide  us 

w i t h  i n fo rma t ion  as t o  the  k inds o f  c o n c e n t r a t i o n s ' t h a t  can be 

expected from rad ionuc l i des  t h a t  a re  leaching away f rom the  te rmina l  

s torage repos i to ry .  I would expect t h a t  we won ' t  see supersaturat ions,  

b u t  r a t h e r  concentrat ions t h a t  a re  c lose  t o  the  s a t u r a t i o n  o f  t h e  

ox ides o r  t he  more s t a b l e  phases o f  t h e  so l  jd, stemming f rom i n t e r a c t i o n  

between groundwaters and t h e  waste product  form. 

Does anyone have any guesses on rule-of- thumb Eh values f o r  underground 

environments? 

The problem i s  t h a t  i t  i s  very  d i f f i c u l t  t o  measure t h e  o x i d a t i o n  

p o t e n t i a l  o f  a rock. When you d r i l l  a  hole, you p e r t u r b  the  

system, exposing i t  t o  . a i r .  I t  i s  easy t o  o b t a i n  rep roduc ib le  Eh 

readings fo r  we1 1 waters and springs; f o r  low-permeabi 1 i t y  rocks,  

however, i n  which i t  can take  10 years f o r  a c a v i t y  t o  f i l l  w i t h  

groundwater, i t  i s  very  d i f f i c u l t  exper imenta l l y  t o  take measurements. 

I haven' t  seen any measurement o f  Eh i n  low-permeabi.1 i t y  hos t  rocks.  



Q. I s  i t  a known f a c t  t h a t  t he  cond i t i ons  i n  such rocks w i l l  be anaerobic? 4 
A. These systems a r e  t h e  a n t i  t h e s i s  of the  high-permeabi 1 i ty  geothermal 

b r i n e  Systems. We know t h a t  t he  o x i d a t i o n  reduct ion  p o t e n t i a l  i s  
ve ry  low. I c a n ' t  c i t e  exact  f i gu res ,  however, because what we've 

.measured i s  t h e  t r u e  e1,ection p o t e n t i a l ,  which i s  d i f f e r e n t  i n  
60 terms o f  M / 1 - - i t ' s  down i n  t h e  reg ion  o f  10- . 

0 

Q. Does everyone fee l  t h a t  a meaningful Eh measurement can be made? 

A. I t  depends on the  system and on t h e  elements t h a t  a r e  present .  I f  

s u l f i d e  i s  present,  for example--as' i t  i s  i n  'many groundwaters--and 

a p la t inum e lec t rode  i s  usrld, the res111t.s may t e l l  you the s o l u b i l i t y  

o f  p la t inum s u l f i d e ,  bu t  they won ' t  g i v e  a meaningful Eh. I n  

general,  t he  species t h a t  c o n t r o l  s t he  e lec t rode  r e a c t i o n  depends , 

on what pu ts  o u t  t h e  f a s t e s t  exchange cur ren t ,  and may n o t . r e a l l y  

r e f l e c t  t he  Eh. (One p a r t i c i p a n t  noted t h a t  Bob Berner a t  Yale has 

demonstrated t h a t  a p la t inum e lec t rode  does work i n  s u l f i d e  bear ing 

waters; h i s  r e s u l t s  w i l l  be publ ished soon i n  t h e  American Journal o f  

Science. ) 

Pressure D i f f e r e n t i a l s  (Table 5-2) 

Q., What do you mean when you say you have a monolayer? 

A.  I ' m  assuming t h a t  t h e  a c t i n i d e  i s  adsorbed as a monolayer on t h e  

sur face nf w h n l ~  minera l  g ra ins - - tha t  t he re  a re  no p o i n t s  of 

contac t .  

A n a l y t i c a l  Techniques t o  be Used i n  Future  Experimental Work 

U. When you r e f e r  .I;u Lect~nSques f o r  dete i "m1n~t ion o f  the n~itieral 
phases onto which a c t i n i d e s  a r e  p r e f e r e n t i a l l y  adsorbed, t o  which 

techniques a r e  you r e f e r r i n g ?  

A. I can o n l y  t h i n k  o f  autoradiography a t  t he  morner~t, though the re  may 

be o the r  techniques. 



Q. ' Would Auger spectroscopy be one? 

A. I t  might,  b u t  I would be somewhat h e s i t a n t  t o  use it, s ince we 

d o n ' t  r e a l l y  know what happens t o  the  s o l u t i o n  when i t  penetrates 

the  rock  and t ranspor t s  the  a c t i n i d e .  Auger spectroscopy might  

, work f o r  depths o f  500 o r  less, bu t  we may be t a l k i n g  about 

pene t ra t i on  depths o f  several m i l l i m e t e r s .  

Q. Would some type o f  X-ray e x c i t a t i o n  g i v e  you depths i n  m i l l i m e t e r s ?  

A. Yes, t h a t ' s  another p o s s i b i l i t y .  The s e l e c t i o n  of a  d e t e c t i o n  

method depends t o  a  g rea t  ex ten t  on the  p a r t i c u l a r  i so tope o f  t he  

a c t i n i d e  t h a t  i s  under study. 

, Q. A t  h igh  concentrat ions,  wou ldn ' t  you have t o  take i n t o  account t he  

e f f e c t s  o f  r a d i a t i o n  damage? 

A. Yes, t h a t  could p o t e n t i a l l y  be a  problem--but here we ' re  t a l k i n g  

genera l l y  about low concentrat ions;  I d o n ' t  know i f  r a d i a t i o n  

damag.e would cause problems a t  these concentrat ions.  

Q. We found t h a t  measuring t h e  r a t i o  o f  the  L X-rays works w e l l  ; we 

can see pene t ra t i on  f rom 15 v t o  about 1  mm i n t o  the rock. 

A .  Yes, t h a t  i s  a  technique t h a t  we've b r i e f l y  discussed ourselves.  



"TRANSPORT PROPERTIES OF NUCLEAR WASTES I N  GEOLOGIC MEDIA" 

M a r t i n  G .  Se i tz ,  Paul R i c k e r t  

S. F r ied ,  A. M. Friedman, and M. S t e i n d l e r  

Argonne Nat iona l  Laboratory 
9700 South Cass Avenue 

\-Argonne, I 1  1 i n o i s .  60439 . 

October 1977 
I 



TRANSPORT PROPERTIES OF NUCLEAR WASTES IN GEOLOGIC MEDIA 

M. G. Seitz, P. Rickert, S. Fried, 
A. M. Friedman, and M. Steindler 

Argonne National Laboratory 
Annual Report November 1976 to October 1977 

ABSTRACT 
- 

Laboratory experiments were performed with nuclides of cesium, 
plutu~~iuu, neptunium, and americium t n  exa.mine the migratory 
characteristj.~~ of long-lived radionuclides that could be mobilized 
by groundwaters l~~filtrating n nuclear waste repositnry and the 
surrounding geologic body. In column infilCration experiments, the 
positions of peak concentrations of cesium in chalk or shale columns, 
plutonium and americiuu~ in limestone, sandstone, or tuft' 8.n.d nep- 
tunium in a limestone column did not move when the columns were 
infiltrated with water. However, fractions of all of the nuclides 
were seen downstream from the peaks, indicating a large dispersion 
in 'the relative migration rates of the trace elements in the lithic 
materials studied. 

The results of static absorption experiments indicate that 
plutonium and americium are strongly absorbed from solution by the ' 

" '  

common rocks studied and that their migration relative to ground- 
water flow is thereby retarded, a conclusion that is consistent 
with results from the column infiltration experiments. In addition, 
the reaction-rates of these dissolved elements with rucks were 
found to vary considerably in different rock-element systems. 

Following a sorption step in batch experime11Ls w i L h  granulated 
basalt and americium-bearing water, plutonium and americium were 
desorbed from rock and repartitioned between rock and solution to 
an extent comparable to their distribution during absorption. In 
contrast, when fablers of varluus lucks werc nllo\rad to dry b e t w ~ ~ n  
absorption and desorptivn tests, plutonium and amerlclulu were not 
generally desorbed from the tablets. 

In batch experiments with plutonium- and americium-bearing 
water and granulated basalt of several different particle sizes, 
the partitioning of americium and plutonium did not correlate with 
the calculated area of the fracture surfaces nor did the partition- 
ing remain constant (as did the measured surface area). Partition- 
ing is concluded to be a bulk phenomenon with complete penetration 
of 30-40 mesh and smaller particles. 



I. INTRODUCTION 

The Waste Isolation Safety Assessment Program (WISAP) being managed by 
the Pacific Northwest Laboratory was set up to provide technical support for 
the National Waste Terminal Storage Program (NWTS). The overall objective of 
WISAP is to evaluate potential interactions between emplaced radioactive 
waste and surrounding rock which might affect the safety 'of long-term contain- 

' 

ment. Task 5 of WISAP was formulated to develop quantitative data describing 
the radionuclide-geologic media interactions that control the transport of 
radionuclides. The experimental program being conducted at Argonne National 
Laboratory is designed to meet the objectives of Task 5. 

The experimental program has utilized three types of experiments (described 
in Table 1) designed to give information on the migration behavior of nuclides 
in aqueous solution-rock systems. The purposes of using different approaches 
are to establish nuclide behavior under a variety of experimental conditions 
and to identify the characteristics of nuclide adsorption that are important 
to understanding nuclide migration in natural systems (recently fractured rock, 
weathered rock, porous rock, etc.). 

11. ROCKS, NUCLIDES, AND AQUEOUS SOLUTIONS 

Rocks from geologic formations that may be suitable for siting nuclear 
waste repositories were selected for study. The rocks were from large, stable 
formations of low economic value and within the continental United States. 
The selected rocks.were of a variety of chemical compositions and physical 
characteristics and included rocks of sedimentary, igneous, and metamorphic 
origin. Silicates such as granites, basalts, and metamorphic rocks common 
in geologically stable parts of the North American continent and carbonates 
such as limestone, chalk, and dolomite that are typical of rocks associated 
with salt formations were used in the study. Salt deposits are seriously con- 
sidered for waste repositories. However, salt was not included in this first 
work because its study requires special experimental techniques not needed to 
study the other less-soluble rocks. 

The elements cesium, plutonium, neptunium, and americium in the waste 
produced durlug nuclear power generarioa contain long-lived isotopes and are 
of concern in the design of nuclear waste repositories. The nuclides cesium- 
134, plutonium-237, neptunium-239, and americium-241 were selected for study 
because they emit gamma rays during their decay and can be analyzed by counting 
of radioactivity without the need to make chemical separations or thin samples. 
Gamma ray spectra from liquids or rock solids were measured using NaI scintil- 
lation spectrometers. In determining nuclide concentration relative to its 
concentration in the starting solution, counting data was corrected for nuclide 
decay, background, Compton scattering, and interference from the decay of other 
~iuclides. 

 re-equilibrated solutions were used in this work. Each solution was 
prepared by equilibrating distilled water with particles of a rock to be 
studied. Typically, mixtures were stirred for one week, the particles were 
allowed to settle for one week, and the liquids with dissolved materials were 
decanted or filtered (through Whatman No. 1 paper) to remove suspended matter. 
This method of preparation was used to establish mineral contents of the . 
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Table 1.- Experimental Methods Used to Investigate Migration Behavior 3f Nuclides 

Method 

Potential'Relation 
to Nuclide. 

Macerial Method Description Parameters Neas~red Migration 
- - 

Column infiltra- 
t ion 

Static absorption 
and desorption 

W 
r Batch partitioning 
h) 

measurements 

Solid rock 
col-,mns 

Ro cE; 
aggregate 

Rock 
tablets 

Ro c'lc 
aggregate , 

-1queous solutions are 
forced through columns 
~f permeable. rock. 

Aqueous solutions 
percolate through 
crushed xock. 

React ion of rock 
.tablets with static 
solutions of minerals 
and nuclides. 

Granulated'rock is 
reacted with stirred 
solutions o£ minerals 
and nuclides. 

Dispersion in V, 

Dispersi>n in V, - 

Kinetics of the 
reaction, r~versi.~illty, 
and KD 

Surface sakuratiw! 
limits; dependence of 
KD on grain size,, - 
nuclide concentration, 
and dissolved salts 

Migration behavior 
in solid rock 

Migration behavior 
in fresh regolith 

v'! = V, (grain 
size Y Cn fcl-> 

~p - - - --- 

a Symbols : V,, velocity of nuclide ~n'rock (cm/s). 

V,, velocity of aqueous solution in rock (cmls). 

KD, partition coefficien:, equals nuclide concentration per gran of rock divided by nuclide 
concentration per milliliter of solution. 

p, density of rock (glcm3). 

r ,  porosity of rock (fraction). 

Cn, concentration of nuclide (ppn). 

fC1-, fugacity of chloride ion. 



solutions comparable to those existing in groundwater in equilibrium with the 
rock formations. The hydrogen ion concentrations of the pre-equilibrated 
solutions were measured with an ion probe and are given in Table 2 (exprkssed 
as pH values). 

Table 2. Hydrogen Ion concentrations in Pre-Equilibrated 
s .  

. . 
Solutions (expressed as pH values) . . 

, . I  

Hydrogen Ion 
Concentration, 

Rock PH 

Shale, 'pierre 

Chalk, Selma 

Sandstone, Ohio ~arrier 

Limestone, Salem Formation 

Tuff , Nevada Test site 
Columbia River Basalt 

Georgia White Marble- 

Barrier' Sandstone 

Soapstone 

Culebra 

Gneiss 

Dolomite 8.2 

Chalcopyrite 5.4 

Galena 6.1 

Solutions of plutonium and americium for all three types of experiments 
were prepared by rvaporaring nffrate solutions of the.isotopes to dryness and 
dissolving the residue, or part of it, in distilled water. Small. quantities 
of these solutions (10 pL) were added to water that had been pre-equilibrated 

- 

with rock or were added directly to rock saturated with the water. 1t is 
assumed that 50% of the gamma activities was counted by use of the NaI-well 
crystals, the activities and concentrations of the plutonium and americium 
used in static absorption experiments were 2.3 nCi/mL or 8 x 1 0 - l ~ ~  plutonium- 
237 'and 4.5 nCi/mL or 5.8 x ~ u - ~ M  americium-241. Plutonium and americium were 
in solutions prepared in air witK no reducing agents and in the final solutions 
were believed to be in the +4 and +3 valence states, respectively. 

Neptunium was extracted in a 0.1N HC1 solution from a solution where it 
was present as a daughter product of americium-243. The neptunium was believed 
to be in the +5 valence state and was used in the experiments without dryingk 
to prevent oxidation changes that would result during evaporation of the 
solution as 3 result of'an increase in acidity. 
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Cesium was introduced in the column infiltration experiments as a soluticjx~ 
of CsCl added directly to rock material saturated with,water to about 5.7 pCi/g 

4 
of dry rock; alternatively, it was added to a pre-equilibrated solution to 
produce a concentration of 0.01 pCi/mL. 

The addition of small quantities of radionuclides to pre-equilibrated 
water was in analogy to the postulated leaching of radionuclides from solidi- 
fied waste in the repository. In the experiments, the migratory behavior of 
the nuclides was studied by reacting the radionuclides with rock--either by 
contacting rock with the nuclide-bearing solutions or by infiltrating rocks 
with pre-equilibrated water that contained radionuclides. 

111. COLUMN INFILTRATION EXFERIMEMTE 

Column infiltration experiments were done ro  Cle~e~lui~~e relaelvc ~ L ~ F U L - ~ V L L  
rates of nuclides in some geologic media and to examine the effects of differer~L 
procedures on the experimental resulrs. I11 Lllesr cnptrimcnEo, pra-aquilibrat~rl 
solutions were employed; low-pressurized (0-1 400 Pa or 0-0.2 psi) to msdcratuly 
pressurized (345,000 Pa or 50 psi) solutions were allowed to infiltrate columns 
of rock. Prior to infiltration, the nuclides were added to the pre-equilibrated 
solutions or were placed directly on rock saturated with water. The former 
method is thought to be typical of conditions hypothesized for a repository 
from which solutions of low nuclide concentration would continually infiltrate 
a geologic body. On the other hand, the latter method is simpler because the 
total activity in the column and eluates was constant with time (when radio- 
active decay is accounted.for). 

The water was collected after it passed through the column and was analyzed 
to determine the amount of nuclide leaving the column. The infiltration experi- 
ments are analogous to elution procedures in column chromatography, with the 
pre-equilibrated water serving as the eluant. Several experimental designs 
were employed. In one method, a standing t~rbe of water approximately 150 cm 
high was used as a source of pressurized water. The apparatus, incorporating 
a standing tube of water and designed to accommodate rock aggregate, is depicted 
in Fig. 1. In another method, a regulated pressurized air supply was used to 
provi r l~  press~~res up to 2.8 x lo5 Pa (40 psi). The air was isolated from the 
water solution by a movable rubber piston in a cylinder; this prevenLed did- 
solution of air in the water. 

Thirteen experiments with cesium, plutonium, americium, and neptunium 
nuclides were performed in columns. The rocks and elements studied in the 
experiments are listed in Table 3. 

When cesium solutions at very low concentrations are used, the absorption 
of cesium on glassware is of concern. To examine this, two glass tubes were 
filled with cesium-containing waters pre-equilibrated with chalk or shale. 
The solution activity was monitored for the duration of the infiltration 
experiments. No adsorption of cesium onto the glass was detected; thus, the 
glass used in these experiments apparently performed satisfactorily. However, 
after 250 h, a precipitate did form in the shale-equilibrated water, accom- 
panied by a decrease of 50% in the activity of the solution. The precipitate' 
may be related to the organic content of the shale and may be of biological 
origin. 
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Table 3. Rocks and Elements Studied in Infiltration Experiments 

Elements and their Density, ~ o r o s i t ~ , ~  % 
Rock Type Valence States g/cm3 by Volume 

Shale, Pierre Front Range CS+ ,1.2 2 7 

Chalk, Selma CS+ 1.0 40 

Limestone, Salem Formation Am+3, N ~ + ~ ,  PU+~ 2.3 13 

Sandstone, Ohio Barrier ~ m + ~ ,  N ~ + ~  2.1 19 

Tuff, Nevada Test Site Am+3, N ~ + ~ ,  PU+~ 1.7 2 7 

a Porosity measurements were performed by weighing a sample before and aft~.r 
its saturatioa wlth warer. 'I'he difference in weight is indicative of the 
pore volume of the sample. 

Five column experiments (1 through 5, Table 4) were performed with Selma 
chalk or Pierre shale. The chalk or shale was crushed and sieved to 18 mesh 
and then ground for 10 min in an automatic mortar and pestle; the material 
(rock aggregates) was then used to form the rock columns. This treatment was 
chosen to separate the particles of shale or chalk without fracturing a large 
fraction sf the L~~Jlvlduaf grains. Tn two experiments (Expt. 1 with chalk 
and Expt. 4 with shale), cesium was added to the mineral water. In the other 
three experiments, small volumes of solution containing cesium were added 
directly to the water-saturated rock columns. 

In each experiment, eluates consisting of selected numbers of column 
volumes, were co1Lected and each elua~r was analyzed tor nuclide activity. 
Figure 2 gives the activity in the eluate (adjusted for volume) versus the 
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Table 4. Relativl,  Migrat ion Rates of Cesium Measured i n  
Crushed Selma Chalk and Crushed P i e r r s  Shale  

Rang? of E lu t ion  F i n a l  Quanti ty  : 
Column Elu t ion  Volume, of C e s i u ~ ~ o n  P e a k ~ c t i v i t ~ , ~  MaximumDetected, 

Expt . Mate r i a l  Rates ,  mL/h mL Column, p C i I g  v~ s l V w  " C S / ~ W  

1 Chalk 4.2-20 2 300 1.0 I . x ~ o - ~  0 . 1 6 ~ 1 0 - ~  

2 ' Chalk 1.9-9 3 500 0.28 0 . 6 ~ 1 0 - ~  0 . 2 4 ~ 1 0 - ~  

3 Shale 0.7-0.9 560 0.028 gX1o-" 0 . 8 ~ 1 0 - ~  

- 
4 Shale  0.2-0.5 3 70 0.20 6x10-' 0 . 2 x l 0 - ~  

W +' 
0 5 Shale  0.L-1.1 

a The r e l a t i v e  migrat ion r a t e  Is-;ii~--,iii-<-=?-:s~. f t h e  nuc l ide  -.ii-:<;;.:.:-k:v t h e  v e l o c i t y  of t h e  - --\--,--:. ; i n f i l t r a t i o n  watbsr. The c a l c u l a t h n  of r e l a t l v e  I I U ~ L - - , O E  r a t e  uses  t h e  p o r o s i t y  va lues  given i n  
Table 3 and assumes t h a t  a l l  p o r o s i t y  i s  sub jec t  , t o  f l u i d  flow. 

b ~ h e s e  va lues  r ep re sen t  ual.zimum migra t ion  r a t e s  f o r  t h e  peak of t h e  a c t i v i t y .  Although no 
evidence of migra t ion  of the  a c t i v i t y  i n  t h e  peak was de t ec t ed ,  t h e  peak migrat ion r a t e s  were 
es t imated  by assuming t t a t  t h e  a c t i v i t y  had t r ave l ed  t h e  th i ckness  of t h e  sample t h a t  was t a k m  
from t h e  top  su r f ace .  

C Rapid migra t ion  of some cesium occurred through l a r g e  c racks  i n  t h e  crushed ma te r i a l  i n  Expt. 5 .  
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cumulative volume'of eluate for Expt. 1. Activity was not detected in the 
first 25 column volumes of eluate that passed through the column. Measurable 
activity occurred in subsequent eluates for the duration of the experiment, 
remaining a small fraction of the activity of the infiltrating solution. 

In Expt. 5, activity was detected in the initial eluate obtained; this is 
believed to be a consequence of a wetting and drying sequence that preceded 
application of cesium solution and produced fissures in the shale material. 
The fissures closed after application of the radioactive eluant. The concen- 
tration of cesium in the eluate decreased gradually over the duration of the 

1 
t 

experiment. 1 

Each experiment was terminated by stopping eluant addition. The ground- 
rock column was then sampled at various depths to determine how far the cesium 
had penetrated. The activity levels determined in the four columns in which 
no cracking occurred are plotted in Fig. 3. A small top sample was taken from 
each column in order to locate the position of maximum concentration (i.e., 
peak activity) within the column. The top samples contained the highest con- 
centrations of cesium, indicating that the activity did not move perceptibly, 
within the columns. However, all samples analyzed contained measurable concen- 
trations of 'cesium. The resulting distribution of cesium in the co1umns;is 
strongly skewed, with the maximum near the surface of the column and a long,- 
tail of activity extending in the direction of water flow. The presence of 
cesium at the bottom of the columns implies a spread in relative migration 
rates for the cesium. Data are given in Table 4 on the infiltration experiments 
and the migration rates based on (1) the position of the peak activity and (2) 
the detection of cesium in the eluate.or in the bottom of the columns. 

Eight experiments were done in columns to investigate the migration of 
plutonium, americium, and neptunium through limestone, sandstone, and tuff. 
Cylindrical rock columns were cut from rocks and sealed in polyethylene tubes 
with epoxy in a manner to prevent water bypassing. The rock columns were 
wetted with mineral water, and nuclides were added to the top surface of the 
columns in small volumes (1 mL) of water. After the radioactive water soaked 
into the rock, the columns were pressurized with pre-equilibrated water. The 
eluates from each experiment were ,collected and were analyzed .for the amount ,' 

of nuclide that had passed through the column. The relative migration rate i 

was calculated as the distance the nuclide traveled, divided'by the distance , i 
the water front traveled (Table 5). For nuclide in the eluate, the distance 1 
traveled was the thickness of the entire rock column. The results are expressed 
as percentages of nuclides transmitted with migration rates greater than the 
relative migration rate'given in column 4. For the first experiment listed 
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in Table 5, as an example, it can be seen that 2.6% of the plutonium nuclide 
was eluted from the column 'at a migration rate at least 0.001 times the travel 
rate of the water front. At this migrat~on face, 2 . ,BX of Lllr uuclicli passed 
from the top to the bottom of the column in an eluate volume 1000 times the 
pore volume of the column. 

1 V .  STATIC A B S O U T I O N  EXFERIbIENTS 

Static absorption experiments were run on a series of rock types (i.e., 
all rocks listed in Table 2 except the first three). In an experiment, a 
tablet of rock was suspended by a platinum wire inside a polyethylene Lube 
and was immersed in a solution conraining radlulluclicles of either plutonium 
or americium or both. After immersion, the rock tablet was removed from the 
solution at various intervals, and the activity remaining in solution was 
monitored by gamma counting. After monitoring of the radioactivity, the rock 
tablet was reimmersed in the solution to continue the experiment. Generally, 

, the activity associated with the solution decreased very rapidly during the 
first few hours or days of contact with the rock, and the activity remained 
constant for the remainder of the experimenk. Figure 4 is a typical plot of 
reaction time versus the amount of nuclide remaining with the solution. The 
amount of nuclide with the solution is expressed relative to the amount of 
nuclide in solution at the start of the experiment. After the activity had 



Table 5. Cumulative Percentage of Nuclide (Column 5) with a Velocity 
Greater than the Stated Migration Rate (Column 4) as 
Determined in Column Infiltration Experiments 

Migration  ate^ Nuclide , 

of Nuclide , Passing . . 
Nuclide Relative to Through 

I and Water Front the Core, . .  

Sample Expt . Valence Travel Rate % Cumulative 

Limestone, 6 
Salem 
Format ion 

Limestone, 7 
Salem 
Formation 

Limestone, 8 
Salem. . 
Format ion 

Limestone, 9 
Salem 
FO mat ion 

Limestone, 10 
Salem 
Formation -. 

Sandstone, 11 
Ohio 
Barrier 

Sandstone, 11 
Ohio 
Barrier 

(contd) 



Table 5. (contd) 

MIgraLlun  ate^ Nuclide 
of Nuclide Passing 

Nuclide Relative to ..Through 
and Water Front the Core, 

Sample Expt . Valence Travel Rate % Cumulative 

Sandstone, 12 ' N~ 5+ 
Ohio 
Barrier 

Tuff 13 Am3+ 0.3 0.000 3 
Nevada 0.15 0.001 
~ e ~ r  sire 0.09 0.004 

0,06 0.002 

a ~ h e  relative migration rate, Vn/Vw, was calculated from the eluate 
volume, Ve, by the equation 

where E is the porosity of the rock given in Table 2 and A and T are 
the cross-sectional area and the thickness of a column, respectively. 

EXPERIMENT NO. 16 

GRANITE LI -6152 
2 3 7 ~ "  

1 .OO 0 2 4 ' ~ r n  

ABSORPTION TIME, hr 

Fig. 4. Static .Absorption Experiment. Activity of 
plutonium and americium in solution versus 
contact time with a rock tablet 



attained a constant value, tubes having two nuclides were emptied, lightly 
rinsed, and counted to determine the activity that adhered to the polyethylene 
tubes. The amount of radionuclide, A, remaining with a solution as a function 
of time, t, that the solution and rock were in contact was approximated by the 
equation 

where Af is the final'amount remaining with the solution and t, is the charac- 
teristic time of reaction. The exponential decrease in the amount of nuclide 
in solution suggests that the reactions of both plutonium and americium with 
the rocks proceed with first order kinetics. 

Some of the nuclides were absorbed on the polyethylene tubes used in the 
experiments. After'the rocks were withdrawn, the amounts in the empty tubes 
were subtracted from the tota1,amounts in the solution-containing tubes to 
obtain the amounts in the solutions,' As. The latter amounts were used to 
determine KD, ratio of nuclide in the solid to nuclide in solution, by the 
equation 

Ar/g of rock 
KD(mL/g) = As/mL of solution 

where Ar is the amount of nuclide absorbed by the rock and is equal to 1.0 
minus the fraction of the nuclide associated with the solution. 

In experiments with some rocks, the radionuclides were strongly absorbed 
by the rock tablets and the amount absorbed on the polyethylene tubes was a 
large fraction (>50%) of the total activity remaining in the tubes. This 
effect resulted in large corrections to the nuclide concentrations of the . 
solutions .and in subsequent errors in the calculated ratios of nuclides in the 
rocks to nuclides in solution. 

Results from the experiments with two isotopes applied simultaneously are 
listed in Table 6. Nearly all of the experiments (20 out of 31) exhibited the 
behavior expressed by Eq 1, for which a characteristic time of reaction, try 
and a distrfbution coefficient, KD, could be determined. The values of tr 
were estimated from absorption curves and the values of KD were calculated 
from the counting data. These values are listed in Table 6. 

The characteristic times of reaction for different nuclides and rocks 
shows a considerable spread in these experiments, varying from about 1 h to 
in excess of 600 h. However, the time of reaction appears to be constant and 
well defined for a particular nucli.de and rock, as indicated by the consistency 
of results from duplicate experimencs. With some rocks ( e . g . ,  gneiss), the 
reaction times were long and precluded attaining steady-state behavior, even 
in the 1000-h experiments. 

In most experiments, the plutonium and americium nuclides were absorbed 
by the rock. This effect is indicated by partition coefficients in excess of 
one. Often, the isotopes were strongly fractioned, leading to partition 
coefficients in excess of 100. 



Table 6. Static Absorption Experiments with plutonium and Americium . ' 

at Ambient Temperature. Plutonium and americium were . . 
applied simultaneously.. The experiments were run for 
900 h or more. 

Characteristic Part it ion . . 

React ion Coefficient, 
Time, h . .. 

Rock Expt . KD 

Type No. Pu h PU Am 

Salem Limestone 13 40 10 >140a ~ 1 6 0 ~  

Granite, LI-6152 16 2 5 169 3oa ' 5 

Columbia R. Basalt 

Tuff, Nevada 
Test Site 

Metamorphic 

Magenta 

Georgia Marble 
Georgia Marble 

' Georgia Marble 

Oolitic Limcctonc 
Oolitic L ~ I I ~ ~ Y  tone 
Oolitic Limestone 

Barrier Sandstone 
Ra.rri PI- Sandntona 
Barrier Sandstone 

Soapstone 
Soapstone 
Soapstone 

Culeb ra 
Culebra 
Culebra 

(contd) 



. Table 6. (contd) 

Characteristic Partition ! .  

Coefficient, Reaction 
Time, h K~ 

Rock Exp t . 
Type No. Pu Am Pu Am 

Gneiss 
Gneiss 
Gneiss 

Dolomite 
Dolomite 
Dolomite 

Chalcopyrite 51 100 75 25 0.6 
Chalcopyrite 52 150 n.r.d 3 0.3 
Chalcopyrite 5 3 200 n.r. 4.7 0.5 

Galena 56 n.d. n.r. 3.ga 0.1 

a In these experiments, a considerable amount (>50%) of the radio- 
nuclide associated with the solution was retained on the walls of 
the polyethelene tube. The activity in the solution was determined 
by subtracting the activity on the walls from the activity of .the . 
tube plus solution. The corrections are 1arge.and may have led to 
errors in the calculated partition coefficients. 
blInad 11 . indicates that the activity curve did not fit the behavior 
indicated by Eq. 1. 

L 
Partition coefficients were measured after a 1000-h experiment and 
do not represent equilibrium conditions. 
dl, n.r." indicates that reaction was insufficient to allow the charac- 
teristic reaction time to be measured. 

For experiments in which plutonium was the initial nuclide in solution 
and in which americium was added after 1000 h of contact of the solutions 
and rocks, the absorption behavior seen for the plutonium and americium is 
consistent with that seen for experiments listed in Table 6. However, in the 
experiments in which americium was the initial nuclide, the addition of 
plutonium after 1000 h of contact time often had a significant effect on the 
behavior of the americium. In three of five experiments, the absorptiga of 
americium on the rock was enhanced by the addition of plutonium. In one 
experiment, addition of plutonium resulted in transfer of americium from the 
rock to the solution. In another experiment, addition of plutonium had no 
effect on the behavior of americium. 

From the experimental results, the presence of synergistic effects was' 
seen to he confined to cases in which a plutonium spike was added to solutions 
containing americium. This suggests that something associated with the ~ I I I -  
tonium affects the absorption equilibrium of americium. It is unlikely that 
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t h e  p l u t o n i u m  i t s e l f  i s  t h e  s o u r c e  of  t h e  s y n e r g i s t i c  b e h a v i o r  b e c a u s e  t h e  
c o n c e n t r a t i o n  of p l u t o n i u m  is  low. A p o s s i b i l i t y  t h a t  w i l l  be  examined i s  
t h a t  t h e  a g e n t  f o r  t h e  s y n e r g i s t i c  h ~ h a ~ r i n r  i n  an  aui : i l i i l ry  i . l t c ~ ~ l i ~ i i l  used  i n  
Cl~e p r e p a r a t i o n  o f  t h e  plutonium-237 and s t i l l  p r e s e n t  i n  t h e  s p i k e .  The 
a g e n t  may a f f e c t  t h e  a b s o r p t i o n  of p lu ton ium a s  w e l l ,  a  p o i n t  t h a t  would n o t  
b e  a p p a r e n t  from t h e s e  , exper iments .  

V.  BATCH PAKTI'IIONING EXPERIMENTS 

Two s e t s  of  b a t c h  p a r t i t i o n i n g  exper iments  a r e  d e s c r i b e d .  The f i r s t  s e t  
o f  e x p e r i m e n t s  was performed t o  t e s t  t h e  r e v e r s i b i l i t y  of  t h e  s o r p t i o n  p r o c e s s .  
The second  s e t  w a s  performed t o  d e t e r m i n e  whe the r  s o r p t i o r l  i n c r e a s e s  w i t h  
d e c r e a s i n g  p a r t i c l e  s i z e  uf t h e  r o c k .  

T l ~ s  n l ig ia . t iuL~ be l l av io r  of nllt: I-ides depends  sensir.ivc.ilv or1 whether  adsorp-  
t i o n  p r o c e s s e s  a r e  r e v e r s i b l e .  Ion-exchange models used t o  p r e d i c t  n u c l i d e  
m i g r a t i o n  g e n e r a l l y  assume t.liat t h e  s o r p t i o n  p r o c e s s  i s  r e v e r s i b l e .  '1'0 t e s t  
w h e t h e r  t h i s  a s s ~ ~ m p r i o n  i s  v a l i d  f o r  americ ium i n  a  common r o c k ,  b a t c h  
e x p e r i m e n t s  were  done w i t h  g r a n u l a t e d  Columbia R i v e r  b a s a l t  o f  graded mesh 
s i z e  and americ ium-bear ing s o l u t i o n s .  Rock samples  of 0.1 t o  0 . 3  g were  
a .g i ta tc-d  w i t h  2 o r  3 mL, of  s o l u t i o n  i n  g l s s s  t e s t  t u b e s  f o r  500 h .  One o r  two 
m i l l i l i t e r s  o f  s o l u t i o n  was [:hen removed from t h e  t e s t  t u b e s  and a n a l y z e d  f o r  
ameri.cium-241 a c t i v i t y .  The p a r t i t i o n i n g  of  americium between s o l u t i o n  and 
r o c k  d u r i n g  a b s o r p t i o n  was de te rmined  from t h e  i n i . t  i a l  and F i n a l  a c t i v i t i e s  
o f  t h e  s o l u t i o n .  

The a c t i v e  s o l u t i o n  t h a t  had been sampled from t h e  t e s t  t u b e s  was t h e n  
r e p l a c e d  w i t h  r o c k - e q u i l i b r a t e d  w a t e r  w i t h o u t  a c t i v i t y  and t h e  w a t e r - b a s a l t  
s v s t e m  was a g i t a t e d  f o r  a n  a d d i t i o n a l  500 11. The a c t i v i t y  of  t h e  s o l ~ l t i u l l  
a f t e r  t h i s  a g i t a t i o n  p e r i o d  was de te rmined  and i s  i n d i c a t i v e  of  t h e  p a r t i t i o ~ l i n g  
of  americ ium d u r i n g  d e s o r p t i o n .  The exper imenta l  r e81-1 l t s  R I : ~  given  i n  Tab le  7 .  
The r e s u l t s  i n d i c a t e  t h a t  amr.ricium desorbcd from the b a s a l t  an(! t t i a t  t h e  
r e a c t i o n  i s  r e v e r s i b l e .  However, t h e  d i s t r i b u t i o n  r a t i o s  a r e  h i g h e r  a f t e r  
d e s o r p t i o n ,  i n d i c a t i n g  t h a t  americ ium i s  p r e f e r e n t i a l l y  r e t a i n e d  by t h e  rock .  
T h i s  e f f e c t  i s  n o t  l a r g e ,  c o n s i d e r i n g  t h a t  g r e a t e r  than  90% of  t h c  americium 
a c t i v i t y  i s  r e t a i n e d  b y  t h e  r o c k  i n  b o t h  c a s e s .  

The e x i s t e n c e  of  r e v e r s i b i l i t y  i n  t h e s e  exper iments  c o n t r a s t s  w i t h  r e s u l t s  
o b t a i n e d  when rock  samples  were  a l lowed t o  d r y  a f t e r  a b s o r p t i o n .  I n  1 3  
d e s o r p t i o n  e x p e r i m e n t s  of t h i s  t y p e ,  11 showed no measurab le  d e s o r p t i o n  o f  . 
p l u t o n i u m  o r  americ ium,  6 exper iments  showed 2 l i g h t  descrrpl lon of  americ ium,  
1 e x p e r i m e n t  (wi th  m a r b l e )  s l~owed s l i g h t .  d ~ s o r p t  i o n  o f  p l u t o n i  I I ~ ,  ahill 1 
expeLiulruL ( w l ~ h  g a l e n a )  showed complete  r e v e r s i b i l i t y  o f  americium d u r i n g  
d e s o r p t i o n . .  These r e s u l t s  i n d i c a t e  t h a t  r e v e r s i b i l i t y  of  t h e  r e a c t i o n s  may 
depend upon t h e  h i s t o r y  o f  t h e  rock-nuc l ide  system.. 

Batch a b s o r p t i o n  e x p e r i m e n t s  were  done t o  de te rmine  whether  d r c r e a s f n g  
t h e  p a r t i c l e  s i z e  o f  a sample  would i n c r e a s e  i t s  a b s o r p t i v i t y .  I f  a b s o r p t i o n  
i s  a  s u r f a c e  phenomena, t h e  amount o f  a b s o r p t i o n  p e r  gram o f  m a t e r i a l  may 
i n c r e a s e  as t h e  s u r f a c e  a r e a  o f  t h e  m a t e r i a l  i s  i n c r e a s e d .  



Table 7. Partition Coefficients for Values of Americium 
in Columbia River Basalt After Absorption and 
Desorptiona , . . .  . . . 

Partition Coeffi- Partition Coeffi- 
Mesh cient, KD, After cient, KD, After 

Expt . Size Absorption Desorption 
. . . 

1 16-20 8 3 156 

9 50-70 115 215 

a Equilibration times for adsorption and desorption were 
each 500 h. The experimental temperature was 24OC. 

To test this .theory, a fine-grained basalt (Columbia River basalt) was . . 
ground and was divided into three mesh size ranges. Basalt was chosen because 
of its moderate distribution coefficients for plutonium(1V) and americium(II1) 
and its presumed low permeability., The surface areas of the three mesh-size 
samples were determined, using the B.E.T. (Brunauer-Emmett-Teller) method. 
These surface area measurements, reported in Table 8, were'similar for the 
three samples and indicated that the basalt may have a fine pore structure 
yet not be of low permeability. The pore structure may account for the la~gc 
surface area compared to that calculated for nonporous spheres, and is also' 
presented in, Table 8. 

In each .experiment, between 0.1 and 0.5 g of basalt was allowed to equili- 
brate under slight agitation with 2 or 3 mL of water solutions to which 
plutonium(1V) and americium(II1) tracers had been added (Table 9). Six 
measurements were made for each nuclide with each of the three mesh sizes 
used. The conditions used in these batch partitioning experiments and the 
measured distribution coefficikts' in the basalt materials of various particle 
sizes are given in Table 9. ~bpdifference in partitioning was noted (using 
the Student T Test) with materials of the two smallest 'mesh sizes (30-40 and 
50-70 mesh) for either nuclide. However, the partition coefficient of 
americium was seen to increase for material in the 16-20 and 30-40 mesh sizes 
(greater than 90% c.on.fideace that they represent different values). This 
grain-size effect on americium is also evident from the data in ~abic 7. 
The partitioning of plutonium was also seen to decrease with increasing 



Table 8. Surface Areas of Three Mesh Sizes of Columbia River Basalt 

Surface Area Surface Area 
Calculated for from B.E.T. 

Mesh Opening Width, Nonporous Measurement, b 

Size Vm Spheres, m2 /ga m2/g 

16-20 850 to 1180 0.0020 to 0.0028 8.7 

50-70 212 to 300 0.0079 to 0.0112 7.7 
- .- 

a~ange of surface areas was calculated from the range of particle 
sizes (nonporous spheres).presumed to be in each size fraction.. 

b An indication of the sensitivity of the method was a measurement of 
a powdered sample of BaCOj giving a sclcIace area of 0.1 m2/g. 

particle size for the two largest mesh sizes but less than for americium 
(plutonium partitioning values increased from %85 to %I15 when particle size 
was changed from 16-20 to 30-40 mesh). 

VI. DISCUSSION 

In most static absorption experiments, the plutonium and americium were 
seen to be strongly absorbed into the rock. This, strong affinity of nuclides , 
for the rock phases would be expected to retard the migration of nuclides 
during infiltration. In infiltration experiments, nuclides of cesium, plutonium, 
and americium were seen to migrate miirh more slowly than did the.infiltratillg 
Iluid. Much of the cesium moved with low velocity, ao cvideneecl ky ~ l l e  peak 
concentration of cesium being near the top of the columns (Fig. 3). Similarly, 
from the results in Table 5, most of the plutonium and americium was not 
eluted from the columns and therefore must have moved only a fraction of the 
distance of the water front. For example, for t h e  first ~xperimant lictcd in 
Table 5, it can be seen that only 2.6% of the activity was ~ l ~ ~ t e d  from tile . 
column.with a relative migration rate greater than 0.001 of the water front 
travel rate. This behavior is consistent with the high partitioning coefficients 
measured in the batch experiments and substantiates results reported previous1y.l 

In order to' model t . h ~  transport phenomena of WRR~=P ni-~r_liJei., ulmnpllfying 
assumptions concerning nuclide-rock react ions have been made. 2-4 These 
assumptions generally include the f~llowing: (1) that exchange reactions of 
nuclides between rock and solution are reversible, (2) that the nuclide-rock 
reactions are instantaneous so that the equilibrium of the nuclide between 
solution and rock is locally maintained within the rock, (3) that a rock 
formation can be represented as a continous homogeneous medium, and (4) that 
the concentration of each n l ~ c ~ i d e  is sufficiently low that nuclides react 
independently of each other and do not affect macroscopic properties of the 
water. 



Table 9. Batch Partitioning Experiments--Conditions and Measured 
Partition Coefficients in Basalt of Various Particle Sizes 

Americium . . Plutonium 
Sample Solution 

Mesh Sample Weight, Volume, Percent Partition Percent Partition 
Size Number g rnL Absorbed Coefficient Absorbed Coefficient 

a11 n.p." indicat,es that the element was not present in the batch partitioning experiment. 



Given these simplifying assumptions, a nuclide is expected to migrate 
down the column with a well-defined velocity. For a nuclide concentrated . 
initially in a narrow band at the upper end of the column, continued elution 
of the column will move the band down the column. As the band moves down the 
column, it widens and assumes the shape of a Gaussian curve. The velocity of 
the peak of the nuclide band, Vn, relative to the velocity of the water front, 
Vw, is given by 

where E is the porosity and p the density of the rock and KD is the ratio.of 
the nuclide between solid and solution as defined in Eq. 2. 

Where diffusion is slllall in relation to t h c  migrat . ion ratr of the band, 
the band width due solely to the exchange reactions will be proportional to 
the square root of the distance the peak had traveled. Nuclide migration has 
been modeled to include dispersion of the type produced hy diffusion of 
nuclides within the fluid. Diffusion of nuclides within the fluid will increase 
the width of the peak but will not destroy the Gaussian shape of the band.5 
This model of nuclide migration appears to accurately describe the movement 
of strontium in a column of glauconite aggregate.2 

However, the simplified model of nuclide migration does not, in general, 
accurately describe results of nuclide migration obtained experimentally. 
From results of the static absorption experiments, the reaction rates appear 
to be well defined for a particular nuclide-rock system. It is seen from the 
data, however, that there is considerable variation in the characteristic 
reaction time for different nuclides and rocks; the reaction time varied from 
about 1 h for some systems to in excess of 600 h for others. With some rocks 
( e . g . ,  gneiss), the reaction times were long and steady state behavior was 
not attained, even in the 1000-h experiments (Table 6). 

These results indicated that in different rock-nuclide systems, attainment 
of local equilibrium would require different reaction times and, consequently, 
different velocities of an infiltration fluid. Therefore, models of nuclide 
migration may need to consider condl . t ions  n t h s r  than local equilibrium during 
fiuid flow and the various reaction rates for different rock-nuclide systems. 

Based on the distribution of nuclides in the rock columns or in the 
eluates during infiltration experiments, it is seen that the nuclides do not 
behave, in general, as predicted by models using simplifying hypotheses. For 
example, the skewed distributions of cesiiim w e n  in rock aggrcgatc columns 
imply a large dispersion in the relative migrat'ion rates of cesium in boeh 
chalk and shale. Although a low migration rate of most of the cesium is 
evidenced by the high cesium concentrations at the top of the column, cesium 
is also present at the bottom of the columns, which is indicative of much 
higher migration rates for some of the cesium. The dispersion in migration 
rates is evident from the variation in migration rates seen in Tables 4 and 5. 
Similar dispersive characteristics were seen for plutonium, americium, and 
neptunium in rock columns; in all infiltration experiments with these nuclides, 
activity was detected in the initial one or two column-volumes of eluate that 
passed through the columns and was also present in all subsequent eluates 



b sampled. Similar skewed distributions were observed for plutonium migration - 
in tuff; the plutonium concentrations were in the form of tails decreasing 
exponentially with depth in the direction of fluid flow. y 7  The experimental 
results suggest that models involving a single migration rate for these nuclides 
would not accurately represent their migration behavior in common rocks. 

The great range in the observed relative migration rates implies that 
movement of nuclides, even in a uniform and homogenized material such as the 
rock aggregate used with cesium, has to be described by a model that accounts 
for this dispersion. Large field experiments which traced the advancing water 
front from one well to anotheraye required a dispersive model of fluid flow 

I 

to account for the observations. The dispersion was attributed to the channeling 
of water in the many cracks and subsequently the many pathways in the permeated. 
medium for the water. Similar dispersive effects may exist in the column 
infiltration experiments due to a void structure in the rocks. Fluids moving 
through a rock aggregate or within rock pores would be continuously divided 
into finer offshoots and would be.recombined into larger streams at intersecting 
flow.paths. Variations in path lengths and fluid velocities in the different 
paths from one point to another would result in additional spreading of a , 

peak as it migrates through the column. This type of dispersion, as determined 
in simply characterized media, increases with the distance the peak has 
traveled but preserves the peak Therefore, it cannot account for. 
the skewed nuclide distributions seen in the infiltration experiments. 

Several conditions may have existed in the infiltration experiments that 
could have contributed to the nonidealized behavior seen. Possibly, for 
example, the dispersion in nuclide migration was caused by large heterogeneities 
in the columns. Visible cracks in one column were found to result in greatly 
increased velocities of cesium. Channeled flow in similar but smaller cracks 
or in pores within the rock columns may have contributed to the observed 
nuclide distribution by allowing solutions to pass through the columns with 
little reaction with the rock. 

Alternatively, dispersion may have been due to.the flow rates used in the 
experiments being high enough .to prevent equilibration of the solution and 
rocks. Reaction rates measured in static absorption experiments cannot be 
used to estimate the extent of equilibrium expected in the column infiltretion 
experiments because the proportion of fluid to rock, and hence the reactant 
and reaction sites differ considerably in the two experimental techniques. 
In addition, in static absorption experiments, the nuclides in solution contact 
the rock'by diffusion or advection proc"esses, whereas in the column infiltra- 
tion experiments the nuclides in solution are forced through the rocks. None- 
theless, the solution residence time in column infiltration experiments 
(typically 0.4 to 2 h) is often onlv a small fraction of the characteristic 
reaction time measured in static absorption experiments (5-1000 h), suggesting 
that nonequilibrium behavior might be expected in the column infiltration 
experiments. This effect would allow some of the nuclide to be washed through 
the column without retardation resulting from partitioning on the solid rock 
phase. The flow rates used in the column infiltration experiments reported 
here (calculated from the porosity in Table 3 and column elution rates in 
Table 4) are comparable to flow rates found for some groundwaters, and effects 
at these flow rates could be expected in natural systems. 



Other factors that may have caused or contributed to the observed dis- 
persive behavior might be the formation of colloids of the nuclides that 
react only slowly with lithic mat~rial~, the migration or clay ur other 
particulate material with radionuclide adherence, and the effect of soluble 
organics, or bacterial activity. These conditions, except the last., may be 
present in geologic bodies considered for nuclear repositories. 

The dispersive characteristics seen in the column infiltration experiments 
are likely to be important in assessing nuclide retention in geologic storage, 
facilities. . For example, 'plutonium is considered (on the'basis of laboratory 
experiments) to have a strong affinity for lithic material and therefore a 
low migration rate relative to the advancing water front. From static parti- 
tioning measurements, plutonium in ~alem limestorie would be expected to have 
a relative migration rate of. 4 x 10'~. This calculated value is based on the ' 

simplifytng assumptions stated previously and is consistent with the ohser i~a-  
tion ( 1 ~ 0 1 1 1  CO~UIILL.I inf liltration experiments) that most of the plutonium was 
retained by limestone, even after continued infiltration. However, it is 
seen in Table ,4 that 2. hX nf the plutonium travels a.t a relative migra.ti .on 

' 

rate greater Lhan 0.601. 'I'his small but finite amount of activity may present 
a radiological hazard, and the greater velocity associated with this activity 

' 

than with the bulk of the activity may be a limiting factor in nuclide retention. 
This assessment that dispersion of relative velocities is important differs 
from recent viewpoints which suggest that dispersion is not a governing factor 
in the confinement of waste.4 

VII. CONCLUSIONS 

In rocks of silicate and carbonate minerals studied in static absorption 
experiments, plutonium and americium were foi.~nd to be strongly absorbed by 
rock tablets. Relative migration rates of pli.ltonium and americium by fluid 
flow, based on results of the static absorption ~speriments, arc considerably 
lower than the velocity nf the infiltrating water. The e~cpcriments alsu 
indicate that the reaction rates of nuclides in solutions and rocks vary con- 
siderably for different rock-nuclide systems. v her if ore, for a solution 
containing several nuclides and moving through rock, conditions of local . 

equilibrium may exist for some nuclides and not for sthers. Thus, msdalc of 
l ~uc l ide  iiilgration need to consider the reaction rates of the individual 
nuclides. 

In column infiltration experiments with shale and chalk, the peak concen- 
trations of cesium in the: rn1,umns were oecn to move wiL11 low velocity, which 
is consistent with a strong pastitioni.ng nf the nuclidc onto r h p  rucb.~ .  
However, cesium activity was also seen in a long tail extending through the 
column from the cesium peak in the direction of water flow; it resulted from 
relative migration rates up to three orders of magnitude greater than that 
for the peak concentration. Nuclide activity downstream from the peak activi- 
ties was also seen for plutonium, americium, and neptunium in solid rock 
columns of limestone, sandstone, and tuff. Therefore, there is a large 
difference in the relative migration rates of these elements in the comoa 
rocks studied. This needs to be cdnsidercd if the behavior of these elements 
in geologic materials is to be described accurately. 
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. . 
Rock Studies by I n f  i 1 t r a t i o n  Experiments (Sect ion  111) 

Q. Do you have a  more d e t a i l e d  breakdown o f  rock  types l i s t e d  i n  

Table 3? 

A. The cha lk  i s  q u i t e  pure. I t ' s  predominantly CaC03, al though i t  

does have some t races  o f  b lack m a t e r i a l  i n  i t - -p robab ly  soot. The 

sha le  i s  q u i t e  complex, from both a  minera log ica l  and an organic 

v iewpoint .  It has about 2% organic ma te r ia l .  The l imestone 

cons is t s  most ly  u f  CaC03; I don' t know i t s  magnesium o r  i r o n  

content .  The sandstone i s  much more complex than the  l imestone. 

The t u f f  i s  a l s o  q u i t e  cornplex, and i s  hard t o  charac ter ize .  

Q. Are t h e  valence s ta tes  shown f o r  the  nuc l ides  i n  Table 3 those t h a t  

you i n i t i a l l y  added t o  t h e  s o l u t i o n ?  

A. Yes, we t h i n k  so. I n  designing our experiments, we t r i e d  t o  c rea te  

cond i t i ons  t h a t  would be t y p i c a l  o f  r e p o s i t o r y  s i t e s  i n  bedrock. 

We assume t h a t  t h e  groundwaters and nuc l ides  w i l l  assume character-  

i s t i c s  t h a t  a r e  comparable t o  those t h a t  would be found i n  the  

r e p o s i t o r i e s ;  however, we have n o t  y e t  v e r i f i e d  t h a t  t h i s  i n  f a c t  

happens. 

Q. . I s  t h e  t u f f  z e o l i t i z e d ?  

A. I t ' s  q u i t e  p l i a b l e .  

Q. I s  i t  f r o m  t h e  Nevada Test S i t e ?  

A. Yes. 

Q. How d i d  you determine p o r o s i t y ?  

A.  By s a t u r a t i o n  experiments.. We used a  k n i f e  o r  saw t o  c u t  o u t  a  

b lock  o f  m a t e r i a l  o f  a  c e r t a i n  volume, p u t  t h a t  i n t o  an evacuator, 



and evacuated t h e  emergent water. . Then we i n f i l t r a t e d  i t  w i t h  

water and measured t h e  d i f f e rences  i n  weight.  We t h i n k  t h i s  i s  

representa t ive  o f  t he  k ind  o f  p o r o s i t y  we' re l ook ing  f o r  i n  i n f i l  t r a -  

t i o n  experiments--not t h e  closed type, bu t  t he  type t h a t  i s  open t o  

t h e  sur face and interconnected; and the re fo re  a v a i l a b l e  f o r  i n -  

f i l t r a t i n g .  

I n f i l t r a t i o n  Experiment Procedures (F igure  1  ) 

Q. With a  small sample l i k e  t h i s ,  how d i d  you avoid w a l l  e f f e c t s ?  

A .  The w a l l s  were made a  p a r t  o f  t h e  column by packing t h e  ma te r ia l  

i n t o  the  columns. Shale swel l  s  q u i t e  markedly when i t  i s  wet, and 

chalk swel ls  somewhat. Al.so, j u s t  by observat ion, we've never seen 

any removal o f  t h e  m a t e r i a l s  from t h e  wa l l .  I n  add i t i on ,  we have 

experimental resu l  t s  t h a t  demonstrate t h a t  we a r e  not  t r a n s m i t t i n g  

' f l u i d s  from top  t o  bottom wi thout  i n t e r a c t i n g  w i t h  t h e  column. 

Q. How d i d  you do - the aggregate 'experiments? 

A.  Shales and cha lk  both l ook  s o l i d  when dry, bu t  when they a r e  wet 

they disaggregate very eas i l y .  What we d i d  was t o  l i g h t l y  g r i n d  

t h e  ma te r ia l  t o  make an aggregate, and then packed i t  i n t o  columns 

o f  t h i s  type. We hoped t o  be ab le  t o  break them apart ,  so they 

would conform t o  t h e  shape o f  t he  funnel,  w i thou t  a c t u a l l y  breaking 

individual mir~er-a1 gra ins  and forming new types nf ma te r ia l s .  

Q. You mention tha t .you used a  p r e e q u i l i b r a t e d  so lu t i on .  Did you 

check t o  see whether t h e  s o l u t i o n  going i n  and t h e  s o l u t i o n  coming 

o u t  had t h e  same composition? 

A.  No, bu t  we suspect t h a t  t he re  i s  no d i f f e rence .  When t h e  water was 

equ i l i b ra ted ,  i t  was reacted f o r  per iods  o f  weeks, whereas i t s  

residence t ime i n  the  column was o n l y  a  mat ter  o f  days. 



Q. But  wou ldn ' t  t he  r a t e  o f  e q u i l i b r a t i o n  i n  the  packed her! be f a s t e r  

than t h a t  i n  shaking experiments? 

A. Tha t ' s  debatable. The experiment we d i d  was t o  measure the  t o t a l  

d isso lved s o l i d  content  i n  t h e  p r e e q u i l i b r a t e d  waters from Day 1, 

Day 2, Day 3, and Day 4. ~fter Day 1, we saw no increase i n  t o t a l  

d isso lved so l i ds .  Shales, f o r  example, stayed a t  100 mg/Z o f  

d isso lved s o l i d s  a f t e r  t h e  f i r s t  day. Given t h a t  t h e  r e a c t i o n  

appeared t o  be complete i n  one day, a l l ow ing  a week was conservat lve, 

and allowl'ng another week f o r  t he  mater. ials t o  s e t t l e  ou t  was s t i l l  

more conservat ive.  

. . 

Q. I f  you have . lOg/Z i n  an e q u i l i b r a t i o n  s o l u t i o n  and 2 0 g  o f  rock, 

doesn' t t h a t  change your  weight/volume r a t i o ?  

A. The assumption we made, which i s  t r u e  i n  most cases, i s  t h a t  t h e  

d isso lved mineral  content  i n  the  e q u i l i b r a t e d  water i s  s u f f i c i e n t l y  

low t h a t  s t i r r i n g  10 g  o f  ma te r ia l  w i l l  no t  change the  compositon 

s i g n i f i c a n t l y .  Th is  i s  t r u e  i n  t h e  case o f  shale. It i s  no t  t rue ,  

however, i n  t h e  case o f  s a l t ,  where l a r g e  volumes -can be d isso lved 

i n  e q u i l  i b r a t e d  so lu t i ons .  

Q. Do you t h i n k  you were a t  s a t u r a t i o n  w i t h  respect  t o  t h e  so lub le  

components? 

A. I t h i n k  sn, at .  leazt .  wi th  r ~ s p ~ c t  t o  shale, d isso lved mineral  

content  d i d  n o t  change a f t e r  the  f i r s t  day. Some o f  t he  experiments, 

however, were done o n l y  f o r  selected s i t u a t i o n s ;  consequently, we . :  

d o n ' t  know about a l l  o f  t he  minerals t o  t h e  same-degree o f  d e f i n i t i o n .  

1 3 4 ~ s  i n  S o l u t i o n  (F igu re  2 1  . . 

Q. What percentage o f  t he  t o t a l  load i s  represented by t h e  amount 

i n teg ra ted  under t h e  curve? 

A. About .01%--a small  amount, bu t  a  s i g n i f i c a n t  one, and c e r t a i n l y  

measu r a  b l  e. 



Q. Was t h e r e , 1 3 4 ~ s  i n  the  i n f l u e n t  s o l u t i o n  throughout  the  experiment 

o r  d i d  you l o a d  the  Cs i n  the  f i r s t  few column volumes and then run  

e q u i l i b r a t e d  water w i thou t  Cs? 

A. The so lu t i ons  i n i t i a l l y  had Cs i n  them; as they began t o  pass o u t  

of t he  column, i t  was found t h a t  they had been s t r i p p e d  o f  t h i s  Cs. 

La ter ,  some Cs t r i c k l e d  through; most o f  it, however, stayed i n  

the  columns. A t  'a. l a t e r  p o i n t  i n  t he  experiment, because the  

a c t i v i t y  on the  column was becoming f a i r l y  high, we decided t o  

use groundwaters t h a t  d i d  n o t  have Cs i n  them. Thus, . the  l a t t e r  , 
p o r t i o n  o f  t he  curve represents ' so lu t i ons  w i thou t  Cs. Two i n t e r -  

e s t i n g  observat ions can be made i n  t h i s  regard: (1 )  s ince  the re  

was i n i t i a l l y  no a c t i v i t y  f rom the. s o l u t i o n  con ta in ing  Cs, the  

s o l u t i o n  must have been i n t i m a t e l y  contacted w i t h  the  rocks, w i t h  

no leakage f rom s ide  e f f e c t s ,  chane l l ing ,  e tc . ;  and ( 2 )  s ince, when 

the  Cs-conta in ing groundwaters were replaced w i t h  waters w i t h o u t  

a c t i v i t y ,  the  element s t i l l  had about the  same r a t e  o f  a c t i v i t y ,  

t he  Cs implanted i n  the  column must have been i n  dynamic i n t e r -  

a c t i o n  w i t h  the  groundwaters. 

Rock Aggregate A c t i v i t y  ( ~ i g u r e  3 )  

Q.' I s  t he  Cs moving as a s o l u b l e ' f o r m  o r  on a  very  f i n e  p a r t i c u l a t e  i n  

t he  top  l a y e r  o f  t he  column? 

A .  'Rot:h a re  q u i t e  poss ib le .  I ' m  n o t  sure whether' we have experimental  

data t h a t  w i l l  d i f f e r e n t i a t e  between these two p o s s i b i l i t i e s .  

Q. Since the  e q u i l i b r a t e d  water w i l l  have a  l a r g e  q u a n t i t y  o f  micron- 

s i zed  p a r t i c l e s  t h a t  w i l l  serve as c a r r i e r s ,  cou ld  you be g e t t i n g  a  

combination o f  a  phys i ca l  depos i t i on  a t  t he  sur face o f  t he  rock  and 

a soluble component t h a t '  i s  i on i zed  throughout? 

A. The problem w i t h  t h a t  view i s  t h a t ,  i f  the  Cs were c a r r i e d  a long on 

these smal l  par t i cDes t h a t  were pushed down the  column, we cou ld  

then expect t o  see some a c t i v i t y  i n  the  i n i t i a l  e lua tes  t h a t  pass 



o u t  o f ' t h e  column. Since we do no t  see such a c t i v i t , ~ ,  we can 

assume t h a t  t h i s  i s  n o t  happening. 

Q. T h i s  k i n d  o f  curve  i s  sometimes obta ined when you have a column 

t h a t  channels. Have you ever t r i e d  us ing  a co lo red  s o l u t i o n  t o  

determine how t h e  .advancing f r o n t  moves down? 

A. I d o n ' t  th i 'nk  we need t o  worry about t h a t  p o s s i b i l i t y ,  s ince  the  

i n i t i a l  e l u a n t  showed no a c t i v i t y .  

Q. You cou ld  s t i l l  have channel ing, even w i t h  a delay o f  10-20 column 

volumcs before a c t i v i t y  appears, s ince the  e f r e c l  could be i r ~  the 

form o f  a jagged f r o n t  t h a t  moves down. 

A. I d o n ' t  e l i m i n a t e  t h a t  p o s s i b i l i t y .  Someof  the  fea tu res  shown 

here appear i n  t h e  experimental  r e s u l t s  f o r  i n t a c t  cores, too. 

Whether they a r e  due t o  f i nge r ing ,  channeling, o r  some o t h e r  

phenomenon, they seem t o  be a common f e a t u r e  o f  t h i s  type of 

i n f i l t r a t i o n  experiment. 

Q. How d i d y o u  measure.peak v e l o c i t y ?  (Table 4 )  

A .  I d i d n ' t  measure peak v e l o c i t y ;  I measured the upper 1 im i  t t o  the  

movement'of t h a t  peak v e l o c i t y .  

Q. Do your  r e s u l t s  mean t h a t  Cs moves f a s t e r  i n  shale than i n  cha lk?  

(F igure  3 )  

A. No, the  d i f f e r e n c e s  j u s t  represent  v a r i a t i o n s  i n  sample s i ze :  I 

took smal le r  samples o f  the cha lk .  

3 
Q. What k ind  o f  curve would you ge t  i f  you added H t o  you r  e f f l u e n t ?  

3 A. We never used Hy b u t  we d i d  use i od ine  i n  some o f  these carbonate 
. o r  s i l i c a t e  experiments. 1 o d i n c  i s  s i m i l a r  t o  3~ i n  t h a t  i t  does 

n o t  r e a c t  w i t h  some rocks. I n  t he  rocks w i t h  which i t  does n o t  



reac t ,  t h e . a c t i v i t y  bo th  emerged and d imin ished .qu i te  r a p i d l y .  

This  suggests t h a t  f i n g e r i n g  i s  n o t  a dominant e f fec t  i n  t h i s  type 
I 

of  experiment. 

Q.  I s  t he  f l o w  r a t e  constant  a l l  t h i s  t ime? . 

A. The pressure above the  column i s  constant,  bu t  we found t h a t  t he  

f l o w  ra te ,  which s t a r t e d  o u t  f a i r l y  high, d imin ished w i t h  t ime-- 

probably due t o  packing o f  t he  ma te r ia l s .  Thus, they went f rom an 

equ iva len t  o f  50-100 m/yr t o  about '  7m/yr. 

Q. .Your experiments went on f o r  several  days; cou ld  you h a v e  been 

' g e t t i n g  any b i o l o g i c a l  growth? 

A. I d o n ' t  know: I n  the c o n t r o l  experiment, however, s tanding tubes 

o f  groundwater w i t h  Cs i n  them. were measured on a weekly bas i s  f o r  

the  a c t i v ' i t y  o f  t he  Cs t h a t  remained i n  solut ion ' .  The a c t i v i t y  . 

' - i n  the  'chalk remained cons'tant' f o r  per iods o f  months. That o f  the  

shale d i d  change f a i r l y  r a p i d l y  a f t e r  2-3 weeks, furthermore, a 

p r e c i p i t a t e  formed on the  bottom o f  the  tubes. These changes cou ld  

have been due t o  b i o l o g i c a l  growth. 

Q. I f  you ran  the  experiment f i v e  t imes as l ong  and. p u t  f i v e  t imes as 

much m a t e r i a l  through, would the  shape o f  t he  curve represent ing  

the  concentrat ion/depth r a t i o  remain the  same, o r  cou ld  the peak 

s a t u r a t e  and then move down? 

A .  I d o n ' t  know; we haven ' t  had the  t ime t o  run  longer  experiments 

y e t .  We've ordered some new equipment, however--items such as 

p e r i s t a l i c  pumps and so l ven t  meter ing  pumps--that w i l l  a l l o w  us t o  

r u n  these experiments f o r  months a t  a t ime i n  i s o l a t e d  systems; 

then we should be able t o  o b t a i n  the  type o f  data t h a t  y o u ' r e  

ask ing f o r .  



DISCUSSION--PAUL R I  CKERT 

React ion Times Compared (Tab le  6 )  

Q.. What were t h e  r e a c t i o n  t imes w i t h  galena? 

A. They were a lmost  nonmeasurable. The Kd shows t h a t  very l i t t l e  was 

absorbed f rom s o l u t i o n .  We d i d n ' t  g e t  a curve t h a t  dropped down 

and l eve led  o f f ,  so we d i d n ' t  measure the  r e a c t i o n  ra te .  

Q.  D id  you r u n  blanks, too? 

A .  NO, we d i d  no t .  Ilowever, a f t e r  the experlment'was. f i n i s h e d ,  wc 

took  the  s o l u t i o n s  o u t  o f  the t e s t  tube and determined the  amount 

o f  a c t i v i t y  t h a t  had been absorbed by the t e s t  tube wa l l s .  Often, ' 

we found t h a t  up t o  20% o f  the a c t i v i t y  t h a t  seemed t o  be associated 

w i t h  the  s o l u t i o n  was a c t u a l l y  assoc ia ted  w i t h  the  t e s t  tube w a l l s .  

To c o r r e c t  f o r  t h i s  f a c t o r ,  we subt rac ted  the  w a l l  a c t i v i t y  f i g u r e s  

f rom the o r i g i n a l  f i g u r e s  obta ined before  determin ing Kd values. 

Q. What was the  composi t ion o f  t he  s o l u t i o n  i n  which you r a n  the  

e q u i l i b r a t i o n s ?  

A.  These were rock-equi 1 i brated.  waters; t h a t  i s ,  d i s t i  l l e d  water- wds 

.a1 1 owed t o  equi 1 i b r a t e  w i t h  ground-up samples o f  rock. 

Autoradiographs Planned (Sect ion  I V )  

Q. D i d  you l o o k  a t  the  t a b l e t s  a f t e r  you f i n i s h e d  the  experiment, t o  

t r y  l u  determine whcthcr the  bonding was a chemical bonding, a 

phys i ca l  adsursption, or somc u l t~er .  factor? 

A. NO, but  we p l a n  t o  do autoradiographs i n  t h e  near f u tu re .  



Fur ther  Tests o f  Pu, Am 

Q. Did  you run  d u p l i c a t e  experiments f o r  comparison? 

A. The experiments w i t h  Pu' and Am i n  combinat ion were done i n  tri- 

p l i c a t e .  > .  . 

Q. How w e l l  d i d  the  r e p l i c a t e s  check o u t  w i t h  one another? 

A. I n i t i a l l y ,  we r a n  th ree  t a b l e t s  o f  each rock type. I n  t he  f i r s t  

case, the  s o l u t i o n  was j u s t  sp iked w i t h  Pu; i n  the  second, w i t h  Pu 

and Am; and i n  t he  t h i r d ,  w i t h  j u s t  Am. A f t e r  the f i r s t  s,et o f  

: reac t ions  had been completed, we no t i ced  t h a t  t h e  r e a c t i o n  r a t e s  

f o r  Am were d i f f e r e n t  when the  rock  was e q u i l i b r a t e d  w i t h  Am alone:  

f rom those i n  which i t  was equi 1  i brated w i t h  Am and 'Pu. Then we 
ii 

added the  complementary n u c l i d e  t o  each o f  the experimental  so lu t i ons ,  ;I 
'I 

both t o  see i f  the  amount o f  the  i n i t i a l  n u c l i d e  t h a t  had been 1 
adsorbed by the  t a b l e t  would be a l te red ,  and t o  check the  r e a c t i o n  

' 

r a t e  o f  t he  complementary nuc l ide .  We found tha t ,  i f  we added Am 

. . t o  a  s o l u t i o n  t h a t  a l ready conta ined Pu, Am was adsorbed i n  . the 

same way as i t ' h a d  been i n  the  two nuc l i de  experiments. However, 

when we added Pu t o  a  s o l u t i o n  t h a t  a l ready  conta ined Am, we saw a  

r a p i d  decrease o f  bo th  Am and Pu i n  so lu t i on ,  a t  a  r a t e  comparable 

t o  t h a t  o f  Pu i n  t he  s ing le -nuc l i de  experiment. We a r e  n o t  sure 

whether Pu i s  causing the  s y n e r g i s t i c  e f f e c t ,  o r  whether i t  i s  some 

o the r  f ac to r ,  such as a  contaminated s o l u t i o n ;  however, we a r e  

c u r r e n t l y  p l  anni ny experiments t o  t r y  t o  answer t h i s  quest ion.  

Q. Did t.he samples d r y . o u t  between immersions? 

A. No, they d i d  no t .  

Q. How do you a d d  the  2 3 7 ~ u ?  

A. We took n i t r a t e  so lu t i ons  o f  t he  t r a c e r s  t o  dryrless, then d isso lved 

them i n  d i s t i l l e d  water, and took a  sp ike  of that- -about  10X o f  



237~u- -and  added i t  t o  2 ml of s o l u t i o n .  I t  d i d  n o t  change the 
o v e r a l l  volume o f  the  s o l u t i o n  s i g n i f i c a n t l y .  

. Q. D id  i t  change t h e  pH? 

A . -  We a r e  n o t  sure whether d ry ing  the n i t r a t e  s o l u t i o n s  t o  dryness 

r e s u l t s  i n  an a l t e r a t i o n  o f  pH when they a r e  redissolved,  b u t  we 

th ink '  t h a t  i t  does n o t  change pH very  much. 

Comparison o f  Experimental  Methods 

Q. How do t h e  va r ious  experimental  methods compare? D id  you reach any 

conclus ions about them? 

A. .  We compared batch, s t a t f c ,  and column i n f i l t r a t i o n  experiments run  

i n  sandstone and t u f f  f rom the  Nevada Test  S i t e .  We found a wide 

d i f fe rence i n  Pu adso rp t i on  between s t a t i c  and batch adsorp t ion  

experiments--a Kd o f  11 f o r  t he  s t a t i c  and 325 f o r  the  batch. I n  

general,  we found t h a t  the  t a b l e t  experiments gave more conserva t ive  

Kd values than d i d  t h e  batch adsorp t ion  experiments. I n  some cases, 

however, t h e  ba tch  experiment d i d  n o t  g i v e  as l a r g e  a va lue  as the  

s t a t i c  adso rp t i on  experiment. With column i n f i l t r a t i o n  experiments, 

when water i s  p ressur ized and' f o rced  through a column o f  sandstone, 

we found t h a t  about 70% o f  the a c t i v i t y  came through i n  approxi -  

mate ly  203 column volumes. Approximately 3% came through i n  t h e  

f i r s t  t h r e e  col 'umn volumes, and then i t  diminished t o  2%. e t c . ,  
e v e n t u a l l y  l e v e l i n g  o f f  a t  a  few ten ths  o f  a percent .  I t  cont inued 

t o  e l u t e  a t  t h a t  r a t e  f o r  a t o t a l  p e r i o d  o f  203 column volumes. 

These data seem t o  suggest t ha t ,  f o r  c e r t a i n  rocks and c e r t a i n  

s,ystems, i o n  exchange i s  n o t  the  mechanism. 

Q. I agree w i t h  t h a t ,  b u t  I d o n ' t  agree w i - th  the  way y o u ' r e  i n t e r -  

p r e t i n g  y o u r  column i n f i l t r a t i o n  data. Could some o f  t he  mathe- 

ma t i c i ans  i n  t h e  group g i v e  us some i n s i g h t  on t h a t  ques t ion  

du r ing  t h e  open d iscuss ion? 

(No answer g iven)  



Q. What i f  the  Kd values were r e l a t e d  on a  surface-area bas is  r a t h e r ,  

than a  weight bas is?  

A .  I d o n ' t  know. Wi th  granulated b a s a l t  and several  o the r  rock. ' 

samples, we measured sur face areas. We d i d n ' t  see a  changef in  

sur face area w i t h  decreases p a r t i c l e  s ize,  al.though the BET,mea- 

surements,may n o t  have been a p p l i c a b l e  i n  t h i s  p a r t i c u l a r  case. We 

* a l s o  f a i l e d  t o  see a  l a r g e  change i n  nuc l i de  adsorp t ion  w i t h  de- .' 

creased p a r t i c l e , s i z e .  Therefore, we cannot be sure t h a t  sur face 

area i s  a  governing f a c t o r .  

Charac te r i za t i on  o f  Minera ls  

Q. I s t i l l  have a  problem w i t h  the  f a c t  t h a t  the  systems do no t '  appear ' i 
I 

t o  be charac ter ized we1 1  .enough. h 
A .  We know what l imestone i s :  i t  i s  CaC03, w i t h  a  l i t t i e  ~ e a n d  some 

Mg. We can cha rac te r i ze  a l l  we want, b u t  w e ' l l  s t i l l  i e k  t h e  same 

phenomena . 

Q. I ' ve  seen a  wide range o f  l imestone types i n  t h e .  f i e l d ;  some a re  
. . 

.only 10% CaC03. 

A .  I s t i i l  t h i n k  1  imestones can be charac ter ized i n  a  gener ic  -way, and 

t h i s  c h a r a c t e r i z a t i o n  w i l l  be rep resen ta t i ve  o f  90% o f  a l l  l ime-  

stones. Furthermore, s ince  the  phenomenon occurs w i t h  a  v a r i e t y  o f  

nuc l ldes  arld d "dri6t.y o f  rock  types, i t  appears tn he a general 

one r a t h e r  than one s p e c i f i c  t o  c e r t a i n  minera ls ;  there fore ,  such 

s p e c i f i c  c h a r a c t e r i z a t i o n  .does n o t  appear t o  be p a r t i c u l a r l y  

impor tan t  i n  t h i s  case. 

Appl i c a b i  1  i t y  o f  I o n  Exchange 

Q. Before you conclude t h a t . t h e  i o n  exchange modeling e f f o r t s  a r e  no 

good, you should a l s o  address the ques t i on  o f  poss ib le  s i d e  e f f e c t s - -  

e.g., s c a l i n g  o r  channel ing. 



A. We w i l l  be doing experiments ' i n : t h e  near f u t u r e  t o  see the  e f f e c t s .  

o f  i nc reas ing  the  column length .  With the  increased t ime t h a t  t h i s  

change w i l l  p rov ide ,  i t  i s  poss ib le  t h a t  i o n  exchange w i l l  take 

p lace and we w i l l  see a l a r g e r  percentage o f  a c t i v i t y  coming o u t  o f  

t h e  f i r s t  few column volumes. 

Q. I s n ' t  i t  i n c o r r e c t  t o  t a l k  about whether t he  i o n  exchange mechanism 

holds o r  does n o t  ho ld?  The theory holds; but ,  f o r  i t  t o  work, you 

have t o  change t h e  i o n  concentrat ion;  which you have n o t  done. You 

a r e  us ing  a s l n g i e  I o n  concent ra t fon  and o b t a i n i n g  a s i n g l e  s e t  o f  

data.  Therefore, you should be saying t h a t  your  measurements a r e  

n o t  i n  e q u i l i b r i u m  o r  a re  n o t  comparable. 

A. 1 agree. I n  t he  l abo ra to ry ,  we can a r t i f i c i a l l y  c rea te  a system i n  

which we o b t a i n  very  good i d e o l o g i c  behavior.  Our p o i n t  i s  ' tha t ,  

i n  general,  t h i s  i s  n o t  the  k i n d  o f  behavior t h a t  w e  see. 
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Various methods a r e  be ing  employed t o  s y s  t smat j . cg  I l y  measure the dis-  

t r i b u t i o n  of s o l u t e s  of i n t e r e s t  i n  r a d i o a c t i v e  wastes  on a  few s e l e c t e d  

compounds typ i fy ing  a d s o r p t i v e  components of  n a t u r a l  formations from 

aqueous s o l u t i o n s  over  a  wide range of i o n i c  s t r e n g t h  a t  c o n t r o l l e d  pH. 

These methods inc lude  convent iona l  "shaking" experiments,  column methods, 

and a x i a l  f i l t r a t i o n .  The need f o r  an enormous number of measurements i n  

a  s y s t e m a t i c  i n v e s t i g a t i o n  d i c t a t e s  t h a t  t h e s e  methods w i l l  have t o  be  a s  

r a p i d  a s  p o s s i b l e ,  a s  w e l l  a s  reproducib le  and accura te .  We a r e ,  there-  

f o r e ,  t e s t i n g  t h e s e  techniques  and modifying them t o  meet t hese  goa ls .  

The i r  u t i l i t y  is  be ing  eva lua t ed  both by the  i n t e r n a l  consis tency of re- , 

s u l t s  ob ta ined  f o r  adsorbent-adsorbate  systems over  a  range of experi-  

,: mental  cond i t i ons  and ,by 'agreement of r e s u l t s  by d i f f e r e n t  methods under 

t h e  same condi t ions .  

Ear ly  emphasis has  been upon measuring adso rp t ion  func t ions  wi th  

samplks of montmor i l lon i te  ob ta ined  from va r ious  sources .  We a r e  examining 

t h e s e  c l a y s  by va r ious  a n a l y t i c a l  methods and have spent cons iderable  time 

i n v e s t i g a t i n g  va r ious  methods of t reatment  and p u r i f i c a t i o n .  

+ 2+ 
We have determined va lues  of t he  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  C s  , Sr  . 
+ + + 

and K i n  exchange w i t h  Na . The adsorp t ion  £unct ion$ f o r  C s  / ~ a +  exchange 
' 

. w i t h  a number of samples of montmori l loni te  were s u r p r i s i n g l y  i d e a l .  I d e a l i t y  
+ + 

df exchange wi th  S r  and K has  no t  been observed s o  f a r ,  b u t  l a r g e  decreases  

of 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  wi th  i n c r e a s i n g  i o n i c  strength have been 

observed. 



I 
In t roduc t ion  . . 

An, important  c r i t e r i o n  i n  s e l e c t i o n  of g e o l o g i c a l  formations a s  d i s -  
. . .  

posa l  sites f o r  wastes  from t h e  n u c l e a r  power i n d u s t r y  is  t h e  degree t o  

which t h e  r a d i o a c t i v e  subs tances  can be  immobilized by t h e  s t o r a g e  environ- 
. . -  

ment. The r e t e n t i o n  depends on t h e  very complicated chemistry of t h e  

minera l s  and on t h e i r  i n t e r a c t i o n  w i t h  t h e  widely d i f f e r e n t  compositions 
. . 

of ground water  which may pas s  through; d i s t r i b u t i o n  of s p e c i e s  between " 

s o l i d  and l i q u i d  phases w i l l  be  a  s t r o n g  f u n c t i o n  of both.  The complexity 

of making choices  can be  i n f e r r e d  from Table  I ,  a  l i s t i n g  of minera l s  of 

p r i o r i t y  i n t e r e s t  which has  been provided us ,  and Table  11, a  t a b u l a t i o n  

of nuc l ides  whose i s o l a t i o n  appears  of p a r t i c u l a r  importance. I t  would 

probably be p r o h i b i t i v e  t o  t ry  t o  accumulate t h e  q u a n t i t y  of in format ion  

which would be  necessary  f o r  a n y t h i n g . c l o s e  t o  an op t imal  choice  from t h e  

v a s t  number of p l a u s i b l e  p o s s i b i l i t i e s .  Fu r the r  complicat ions a r i s e  from , 

t h e  e f f e c t  of temperature ,  v a r i a t i o n s  of which can be  expected both from 

t h e , h e a t  genera ted  by r a d i o a c t i v i t y  and from t h e  d i v e r s i t y  of  temperatures  

i n  p o t e n t i a l  r . epos i to r i e s .  

The s i t u a t i o n  would be  more manageable i f  sy s t ema t i c  in format ion  w e r e '  

a v a i l a b l e  on va r ious  c l a s s e s  of formation components, p a r t i c u l a r l y  t hose  of 

h igh  ion-exchange a c t i v i t y .  . Since  t h e  minera l s  l i s t e d  i n  .Table I can be  

. o rde red  i n  r e l a t i v e l y  few c lasses ' ,  i t  is  reasonable  t o  hope t h a t  t h e r e  w i l l  

b e  p a r a l l e l s  i n  dependence of adso rp t ion  on i o n i c  ' s t r eng th  and _ o t h e r , v a r i a b l e s ,  

which w i l l  decrease  t h e  number of measurements necessary  t o  d e f i n e  p r o p e r t i e s  

adeqvateJy.  B a r r i n g  s y n e r g i s t i c  ef fects ,  which appear  u n l i k e l y  (though the  

p o s s i b i l i t y  of them must be  checked),  s u i t a b i l i t y  of g e o l o g i c a l  format ions  

could be screened from d a t a  on model components. 

We a r e ,  t h e r e f o r e ,  s y s t e m a t i c a l l y  measuring t h e  d i s t r i b u t i o n  of s o l u t e s  

of i n t e r e s t .  i n  r a d i o a c t i v e  waste  on a  few s e l e c t e d  compounds t y p i f y i n g  

adso rp t ive  components of n a t u r a l  fo rmat ions ,  from aqueous s o l u t i o n s  over  a .  

wide range of i o n i c  s t r e n g t h  a t  c o n t r o l l e d  pH and a l s o  a t  c o n t r o l l e d  Eh, when 

necessary.  I n  l a t e r  s t a g e s ,  adso rp t ion  from more complex b r i n e s  and t h e  

e f f e c t  of temperature  v a r i a t i o n s  w i l l  be i n v e s t i g a t e d ,  and t h e  p r e d i c t a b i l i t y  

of adso rp t ive  p r o p e r t i e s  of complex n a t u r a l  minera l s  from those  of key con- 

s t i t u c n t s  w i l l  b e  determined. 
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Methods and M a t e r i a l s  . .  . 
. 0 . 

1. Methods: I n  view of t h e  wide v a r i a t i o n s  i n  r e s u l t s  from s t u d i e s  of 

a d s o r p t i o n  on mine ra l s  i n  t h e  l i t e r a t u r e  from d i f f e r e n t  l a b o r a t o r i e s ,  develop- 
. .. '.,. . 

ment of  methods is an e s s e n t i a l  component of our  a c t i v i t i e s ,  e s p e c i a l l y  i n  

t h e  e a r l y  s t a g e s .  The need f s r  an enormous number of measurements i n  a  . . 

s y s t e m a t i c  i n v e s t i g a t i o n  d i c t a t e s  t h a t  t h e  methods w i l l  have t o  be  r a p i d ,  
. . 

as w e l l  a s  r ep roduc ib l e  and accu ra t e .  We a r e  t e s t i n g  s e v e r a l  techniques 
. . 

and modifying them f o r  p r e s e n t  purposes.  The i r  u t i l i t y  is  being eva lua ted  

bo th  by t h e  i n t e r n a l  cons i s t ency  of r e s u l t s  ob ta ined  for adsorbent-adsorbate  

systems over  a  range of experimental  cond i t i ons  and by agreement of r e s u l t s  

by d i f f e r e n t  methods under t h e  same condi t ions .  

Attainment of r e l i a b l e  r e s u l t s  a l s o  r e q u i r e s  a t t e n t i o n  t o  t he  k i n e t f c s  

of adso rp t ion .  The r a t e s  of adso rp t ion  a r e  a l s o ,  of course ,  p e r t i n e n t  t o  

t h e  a p p l i c a t i o n s  of i n t e r e s t  here .  . , 

Three methods a r e  s o  f a r  be ing  used t o  o b t a i n  adso rp t ion  information:  

conven t iona l  "shaking" experiments ,  column methods, and a x i a l  f i l t r a t i o n .  

There a r e  d i f f e r e n t  modes of ope ra t i on  w i t h  some of t h e s e  methods favorabbe 

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

I n  ou r  shaking  experiments ,  weighed amounts of p u r i f i e d  and p rope r ly  pre- 

t r e a t e d  c l ay  a r e  shaken wi'th known volumes of s o l u t i o n  and, u s u a l l y ,  t h e  re-  

duc t ion  of '  concen t r a t i on  of t h e  adsorba te  i n  t h e  s o l u t i o n  is  determined, a f t e r  

s e p a r a t i o n  of s o l i d  and' s o l u t i o n  by c e n t r i f u g a t i o n .  o r  o t h e r  means. An ap- 

p r o p r i a t e  a n a l y t i c a l  t echnique ,  atomic abso rp t ion  o r  count ing of r ad iome t r i c  

t r a c e r s ,  f o r  example, i s  u s e d ' t o  determine concent ra t ion .  Resu l t s  a r e  ' 

expressed  a s  d i s t r i b u t i o n  c o e f f i c i e n t s ,  - D, t h e  amount adsorbed pe r  u n i t  

weight  of adsorbent  d iv ided  by t h e  amount p e r  u n i t  volume of s o l u t i o n  at  

equ i l i b r ium.  

Columns made from montmor i l lon i te  a lone  have i n s u f f i c i e n t  flow r a t e ,  f o r  

e f f i c i e n t  r a p i d  de t e rmina t ion  of exchange e q u i l i b r i a .  We have, t h e r e f o r e ,  ; 

been experimenting w i t h  v a r i o u s  methods of b r i n g i n g  throughput t o  reasonable  

l e v e l s  by mixing c l a y s  w i t h  o t h e r  m a t e r i a l s  which a r e  expected t o  have low 

a d s o r b a b i l i  t y  . We have t e s t e d  columns con ta in ing  montmor i l lon i te  and va r ious  

p r o p o r t i o n s  of a number of  m a t e r i a l s ,  i nc lud ing  g l a s s  beads ( 1 0 0 . t o  150 

microns i n  d i ame te r ) ,  sand,  a s b e s t o s ,  and Celite ( a  d i a tomi t e  f i l t e r  a i d ) .  



S a t i s f a c t o r y  flow r a t e s  have been obta ined  under g r a v i t y  flow w i t h  

columns t h a t  a r e  about 2 cm long and 0.5 cm i n  diameter .  D i s t r i b u t i o n  co- 
+ + 

e f f i c i e n t s  have been determined f o r  C s  /Na exchange w i t h  columns con ta in ing  

montmor i l lon i te  and Celite, and t h e  r e s u l t s  a r e  given below i n  t h e  r e s u l t s  

s e c t i o n .  

We have begun us ing  an a x i a l  f i l t e r  t o  determine va lues  of 2 w i t h  mont- 

m o r i l l o n i t e .  This  system, i l l u s t r a t e d  s chema t i ca l l y  i n  Fig.  1, uses  a  

c y l i n d r i c a l  f i l t e r  r o t a t i n g  about i t s  a x i s  which i s  enclosed i n  a  coax ia l l y -  

mounted c y l i n d r i c a l  p r e s su re  ves se l .  So lu t ion  i s  in t roduced  i n t o  t h e  o u t e r  

chamber and then flows through t h e  f i l t e r  i n t o  t h e  c y l i n d r i c a l  space  w i t h i n  

t h e  f i l t e r , a n d  f i n a l l y  ou t  through a  tube  mounted on t h e  a x i s  of r o t a t i o n .  

The adsorbent  can b u i l d  up on t h e  f i l t e r  a t  low rpm; i n  t h i s  mode, t h e  f i l t e r  

a c t s  a s  a  sha l low bed, h igh  a r e a ,  m u l t i p l a t e  column. A t  s u f f i c i e n t l y  h igh  

rpm ( t y p i c a l l y  s e v e r a l  thousand) t h e  adsorbent  may be untformly suspended i n  
. . .. 

t h e  p r e s s u r e  chamber,. The device  then  a c t s  a s  a  ( s ing l e -p l a t e )  s t i r r e d - t a n k  

r e a c t o r .  It i s  t h i s  mode which we a r e  a t  p r e s e n t  modifying f 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  lower than  those p rev ious ly  measured. I f  adso rba t e  i s  i n t r o -  

duced i n t o  t h e  s l u r r y ,  t he  concen t r a t i on  of t he  adsorba te  i n  t he  f i l t r a t e  

(under t he  proper  cond i t i ons )  w i l l  b u i l d  up t o  t h e  i n i t i a l  concen t r a t i on  a s  

t h e  adsorbent  reaches equ i l i b r ium w i t h .  t h e  p a r t i c u l a r  s o l u t i o n  used. The 

equa t ion  desc r ib ing  t h e  change i n  concen t r a t i on  is  

- 
where C is  t h e  concen t r a t i on  of t h e  e f f l u e n t ,  

C is t h e  i n i t i a l  concentration, 
0 

V i s  t h e  volume of t h e  e f f l u e n t ,  

V is t h e  volume of t h e  s o l u t i o n  contained 
*wi th in  t h e  o u t e r  chamber of t h e  f i l t e r ,  

m is  t h e  weight of  t he  adsorbent ,  and 

D is t h e  d i c t r i b u t . i o n  r.oeff i c i e n t  - 

I f  l n ( 1  - C / C  ) is  p l o t t e d  V ,  a  s t r a i g h t  l i n e  i s  obta ined  from whose s l o p e  
0 

t h e  express ion  (Vf+mD_) can be c a l c u l a t e d .  S ince  m and V a r e  known, t h e  
f  

va lue  of 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  can then be  c a l c u l a t e d .  The d i s t r i b u t i o n  

c o e f f i c i e n t  could a l s o  be  c a l c u l a t e d  from any p o i n t  on t h e  curve such a s  C / C  o  

equa l s  112 o r  by deterrr~ill.iag the t o t a l  amount of adsorba te  on t h e  adsorbent  



by i n t e g r a t i o n  of t h e  curve shown i n  Fig.  2. The r e v e r s i b i l i t y  of exchange 

may be  checked by e l u t i n g  t h e  adsorba te  w i t h  t h e  adsorba te - f ree  s o l u t i o n .  . ; , 

The p r in ' c ipa l  advantage of t h i s  method is t h e  ea se  and r a p i d i t y  wi th  which.. .. 

s e r i e s  of de te rmina t ions  of - D may be  made and exchange k i n e t i c s  can be  . . . 

checked. . . . . 

~ f t e r  some s e l e c t i o n  of f i l t e r i n g  s u r f a c e s ,  s a t i s f a c t o r y  flow r a t e s  

w i t h  montmor i l lon i te  i n  t h e  p r e s s u r e  chamber and wi th  s o l u t i o n s  of h igh  

i o n i c  s t r e n g t h  have been obta ined ,  a t  moderate p r e s s u r e  (< 20 p s i )  and a t  

2500 rpm r o t a t i o n  v e l o c i t y .  The r e s u l t s  f o r  CU(I I ) /N~(I )  exchange, 

(chosen p r i m a r i l y  f o r  convenience) a r e  shown i n  F igure  2. No ~ ~ ( 1 1 )  was 

i n i t i a l l y  i n  t h e  chamber. The r a t i o  of e f f l u e n t  concen t r a t i on  C t o  f eed  

c o n c e n t r a t i o n  C a s ' a  f u n c t i o n  of volume passed through t h e  system l a g s  
0 

behind t h a t  computed f o r  no adsorp t ion .  For t h e  example shown i n  Ffgure 2:;. 

a va lue  of  (V +mD) of 235 cc was ob ta ined  from the  s l o p e  o f ' a  p l o t  of ,, . 

f  - 
ln(1-C/Co) V. S ince  m is  4.4 grams and V equa ls  185 cc ,  a  va lue  of . f  
D equa l  t o  11.4 was ob ta ined .  For a  ba tch  experiment under comparable . . -. 

c o n d i t i o n s ,  - D was 12 cc/gm a t  0.6M NaC1, 16  a t  1 .1M,  16 a t  2M, and 1 4 . a t  . . 

4.1M. 

Note t h a t  t h e  =dso rp t ion  and e l u t i o n  curves a r e  symmetrical and c r o s s  

a t  CIC,  = 0.5. . T h i s  imp l i e s  t h a t  t h e r e  a r e  no s i g n i f i c a n t  k ine t ic  d i f f i -  
, 

c u l t i o o .  

2. Ma te r i a l s :  Our samples of c l ay  minera l s  i nc lude  t h e  fol lowing:  

A. Source c l a y s ,  Dept. of Geology, Un ive r s i t y  of Missouri .  

1 .  STx-I. Ca-Montmsril lsnifo (IJhi tc) ,  C o n ~ a l c s  County, Texas. 

2. SWy-a Na-Montmorillonite, Crook County, Wyoming. 

B. Reference c l a y  minera l s  from Ward's Na tu ra l  Science Establ ishment .  

1. Montmor i l lon i re  1/27, Be l l e  Fourche, South Dakota. 

2. Nontmor i l l on i t e  #31, Cameron, Arizona. 

C .  Also a  French montmor i l lon i te  from Henry Thomas, Un ive r s i t y  

of North Ca ro l ina  (Chapel H i l l ) .  

Our i n i t i a l  experiments  have been performed w i t h  a l l  of  t he se  c l a y s ,  bu t  

more r e c e n t l y  we have concent ra ted  on those  from t h e  Un ive r s i t y  of ~ i s s o u r i .  

W e  have p u r i f i e d  t h e s e  by t h e  methods of Jackson (M. L. , Jackson ,  " S o i l  Chemical 

Analys i s  - Advanced Course," 1956). Af t e r  removing t h e  sand f r a c t i o n ,  t h e  c l ay  



i s  t r e a t e d  w i t h  NaAc-HAc pH 5 reagent  t o  remove carbonates ,  then  w i t h  30% 

H 0 t o  remove o rgan ic  ma t t e r ,  and f i n a l l y  w i th  sodium d i t h i o n i t e  t o  remove 
2 2 

hydrous i r o n  oxides .  

We have a l s o  examined some of our  c l a y s  w i th  x-ray and scanning e l e c t r o n  

microscope '~ techniques .  F igures  3 and 4 show some of t h e  r e s u l t s  of t h e s e  . 

measurements f o r  t h e  Na-montmorillonite.obtained from t h e  Un ive r s i t y  o£ 

Missouri .  The Ca x-ray maps i n  F igure  3 correspond t o  t h e  p i c t u r e s  above 

them and show t h a t  Ca-containing i m p u r i t i e s  a r e  p r e s e n t  a s  d i s c r e t e  p a r t i c l e s  

corresponding t o  t h e  b r i g h t  s p o t s  i n  t h e  x-ray map. I n  F igu re  4 ,  t h e  same 

c l ay  i s  shown a f t e r  p u r i f i c a t i o n ,  and i n  t h i s  f i g u r e ,  t h e  Ca x-ray maps show 

t h a t  e s e n t i a l l y  a l l  d i s c r e t e p a r t i c l e s  con ta in ing .Ca  and Fe i m p u r i t i e s  were 

removed by t h e  p u r i f i c a t i o n  procedure.  The g e n e r a l  spectrum i s  a l s o  shown 

. i n  F igure  4. The c h l o r i n e  shown i s  from a sma l l  amount of NaCl l e f t  i n  t h e  

c l ay  t h a t  was n o t  removed by t h e  washing s t e p  p r i o r  t o  drying.  

~ e s i d e s  montmori l loni tg ,  w e  a l s o  have obta ined  samples of k a o l i n i t e , .  

a t t a p u l g i  t e ,  d i c k i t e ,  h a l l o y s i t e ,  i l l i t e ,  and sand. 

Resu l t s  and  iscu cuss ions 
~. ' . . 

I n  . o u r . , i n i t i a l  experiments on t h e ' d e t e r m i n a t i o n  of  adso rp t ion  f u n c t i o n s ,  

our  emphasis has  been on t h e  de te rmina t ion  of t h e  i d e a l i t y  of exchange a t  

low loadings  of t h e  adsorbent .  Consider t h e  i o n  exchange equ i l i b r ium re- 

:presented by t h e  fo l lowing  equa t ions :  
. . 

where . the  b a r s  over  t h e  concen t r a t i on  terms r e p r e s e n t  adsorbed s p e c i e s ,  

K i s  t h e  equ i l i b r ium cons t an t ,  . G is  t h e  product  o f  t h e  a c t i v i t y  co- 

e f f i c i e n t s  of t he  va r ious  s p e c i e s ,  and A r e p r e s e n t s  a s i n g l y  charged i o n  
+ .  

such a s  Na ..: If. the  capac i ty  of t h e  adsorbent  i s  C, then assuming no 

invas ion  of co-ions ,. 

T f  M i s  n r e s e n t  a t  t r a c e  loading..  i . e .  a t  only a  few p e r  c e n t  of c a p a c i t y ,  



s o  t h a t  

'where 2, t h e  d i s t r i b u t i o n  coe f ' f i c i en t  equa l s  ($/(M). Assuming K/G t o  be con- 

s t a n t  l i d e a l  c o n d i t i o n s ) ,  rearrangement of Equation 6 and d i f f e r e n t i a t i o n ,  . , 
. .- 

y i e l d s  

d  l o g  D % &, 
d l o g  A 

A p l o t  of l o g  U --- vs l o g  A should  t h e r e f o r e  be a s t r a i g h t  l i n e  of s l o p e  equa l  

t o  -n 'under t he  i d e a l  cond i t i ons  of t r a c e  l oad ing  and cons t an t  K/G. 

Adsorpt ion f u n c t i o n s  have b e e n  determined f o r  C S + / N ~ + ,  K + / N ~ + /  and sr2+/NaC 

exchange, and t h e  r e s u l t s  a r e  shown i n  F igure  5 , a n d  Tables I11 & V. Be fo re . an  

exchange experiment ,  t h e  c l a y  was washed s e v e r a l  t imes w i th  concent ra ted  s a l t  

s o l u t i o n  t o  convert  i t  e n t i r e l y  i n t o  t h e  d e s i r e d  form, e.g., w i th  NaCl t o  
+ .  

conver t  i t  t o  t h e  Na form. I n  each s e r i e s  pH was c o n t r o l l e d  w i th  e i t h e r  

b i c a r b o n a t e  o r  a c e t a t e  b u f f e r s .  

+ 
The r e s u l t s  of a  s e r i e s  of experiments f o r  C s  /Na' exchange w i t h  a  number 

of montmor i l lon i tes  a r e  shown i n  F igure  5. (See l i s t i n g  of montmor i l lon i te  

g iven  above. The symbols Na and Ca under t h e  "code" heading r e f e r  t o  t h e  

sodium and calcium montmor i l lon i tes  from t h e  Un ive r s i t y  of Missouri .  ) These 

. c l a y s  were p u r i f i e d  by t h e  methods descr ibed  above. For t h e  Na-montmorillonite, 

experiments  were conducted both  be fo re  and a f t e r  i r o n  removal wi th  i n s i g n i f i -  

c a n t  changes i n  -- D. Slopes of log  D vs .  l o g  cNaCl were s i m i l a r  f o r  a l l  samples,  

and n o t  g r e a t l y  d i f f e r e n t  from minus 1, t h e  va lue  p r e d i c t e d  f o r  low Cs(1) 

l oad ing  and cons t an t  r a t i o s  of  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  s o l i d  and ' s o l u t i o n  

phases .  Absolute  va lues  of 2 a t  a  given ~ a ~ l  concen t r a t i on  f e l l  w i t h i n  a  

f a c t o r  of - 5 ,  a  range narrow enough t o  encourage us t h a t  u s e f u l  p r e d i c t i o n s  

can be made of p r o p e r t i e s  of n a t u r a l  m a t e r i a l s  from measurements on i n d i v i d u a l  

samples.  The e f f e c t  of pH between 5 and 8 is  no t  g r e a t .  I n  t he se  experiments  

c l a y . t o  s o l u t i o n  r a t i o s  were v a r i e d  i n  o r d e r  t o  o b t a i n  maximum a n a l y t i c a l  
+ + 

accuracy ( see  t h e  example f o r  K /Na exchange given i n  T a b l e ' 3 ) .  E q u i l i b r a t i o n  

times were 24 hours .  

+ + 
The r e s u l t s  f o r  K /Na exchange a r e  g iven  i n  Table  3. For  t h e s e  exper i -  

2+ 
rnents, e q u i l i b r a t i o n  t i m e s  were t h r e e  days.  Table  4 shows r e s u l t s  f o r  S r   IN^' 
exchange. I n  t h i s  ca se ,  d u p l i c a t e s  a r e  shown and experiments were run  w i t h  



and wi thout  t h e  a c e t a t e  b u f f e r .  So lu t ion  t'o c l ay  r a t i o s  v a r i e d  from about  
+ 75 t o  7.5 cc/gm depending on t h e  concen t r a t i on  of  Na . Loadings v a r i e d  from 

+ 15  x  moles p e r  kg c l a y  a t  0.2M Na+ t o  0.4 x  a t  5.5M Na . Equi l i -  

b r a t i o n  t imes were f i v e  days. For  t h e s e  and most of our  experiments ,  10  m l  

t ape red - t i p  polypropylene c e n t r i f u g e  tubes  were used f o r  t h e  e q u i l i b r a t i o n s .  

The r e s u l t s  f o r  potassium and s t r o n t i u m  exchange when p l o t t e d  a s  l o g  2 
vs log  A do not ' .g ive  t h e  expected s l o p e  of -n. However, i n  bo th  c a s e s ,  t h e r e  - 
a r e  l a r g e  decreases  i n  t h e  va lue  of D a; t h e  concen t r a t i on  of  sodium i o n  is - 
increased .  We a r e  somewhat concerned about  our  a t o m i c . a b s o r p t i o n  a n a l y t i c a l  

2+ + procedure f o r  s t ron t ium,  and we t h e r e f o r e  p l an  t o  check S r  /Na exchange 

r e s u l t s  by o t h e r  procedures. '  . . 

+ 
Table 5 shows t h e  r e s u l t s  of a cdmparison of CS /Na+ exchange f o r  adsorp- 

t i o n  func t ions  ob ta ined  w i t h  bo th  ba t ch  and column experiments.  The columns 

were cons t ruc t ed  of Celite (a  d i a tomi t e  f i l t e r  - a i d )  and montmori l loni te .  

E l u t i o n , c u r v e s  from 20% c l a y  columns, when opera ted  a t  60°C, were q u i t e  

symmetrical a t  NaCl concen t r a t i ons  of 4 and 2 mo le s / l i t . e r .  A t  lower con; 

c e n t r a t i o n s ,  some t a i l l n g  was observed. I n  t he se  experiments ,  sma l l  amounts 

o f  s o l u t i o n  con ta in ing  5  x  10-51 t r a c e r  were in t roduced  i n t o  t h e  top  of t he  

column and e l u t e d  by a  NaCl s o l u t i o n  of t h e  same concen t r a t i on  a s  t h a t  con- , 
I 

t a i n i n g  t h e  exchanging ion ,  The agreement between column and ba tch  methods 

is  q u i t e  s a t i s f a c t o r y ,  and we p l a n  t o  cont inue  u s ing  t h i s  type  of column f o r  

o t h e r  exchange systems. 
- 

'We have a l s o  be'en concerned w i t h  t h e  p o s s i b l e  e f f e c t s  t h a t  would be  

observed i f  two d i f f e r e n t  adsorbents  w i th  d i f f e r e n t  va lues  of  K/G ( c f .  Eqs. 

2-6) were mixed toge ther .  By so lv ing  s imul taneous ly  two equa t ions  of t h e  form 

of Equation 3,  b u t  w i th  d i f f e r e n t  .va lues  of K/G,  we were a b l e  t o  c o n s t r u c t  

t h e o r e t i c a l ' l o g  -- D v s  l o g  A p l o t s  f o r  t h e  mixed adsorbent  bu t  w i th  the ' same ' 

adsorbate .  Because a  g r e a t  number of c a l c u l a t i o n s  were involved,  e s p e c i a l l y  

f o r  t h e  q u a d r a t i c  equa t ions  w i t 1 1  211 exchange ,<a  computer was used t o  make t h e  

c a l c u l a t i o n s  and p l o t  . t h e  r e s u l t s .  Examples a r e  given i n  F igures  h and 7. I n  

F igure  6 ,  K/G f o r  component one is  1 and f o r  component two is  100, a n d . t h e  

v a l u e  of M, t h e  concen t r a t i on  of ' t he  adsorbed ion ,  i s  M a t  equ i l i b r ium.  

I n  t h i s  ca se ,  - p l o t s  of l o g  -- D vs  A a r e  l i n e a r  b u t  d i sp l aced  accord ing  t o  the  

pe rcen t  of component two, and load ings  of bo th  components one and . two a r e  low. 

For t h e  case  shown i n  F igu re  . 7 ,  a l l  cond i t i ons  a r e .  t h e  same except  t h a t  K/G 



f o r  t h e  second component i s  10,000 and M is  ~ o - ~ E I .  Under t h e s e  cond i t i ons ,  

t h e  e q u i l i b r i u m  cons t an t  i s  very  high and t h e  concen t r a t i on  of M is  r e l a t i v e l y  
. . 

l a r g e .  The load ing  of component two i s  t h e r e f o r e  h igh  and l i n e a r  p l o t s  a r e  

n o t  ob t a ined .  

Conclusions and Recommendations 

With r ega rd  t o  methodology, we a r e  f a i r l y  s a t i s f i e d  t h a t  our  "shaking" 

and a x i a l  f i l t r a t i o n  methods can give u s . t h e  r ep roduc ib l e ,  a ccu ra t e  s e t s  of 

d a t a  which we need. However, a d d i t i o n a l  work w i l l  be done on t h e  a x i a l  

f i l t e r  i n  o r d e r  t o  speed the a c q u i s i t i o n  of da ta .  Wc a r e  l e s s  s a t i s f i e d  with 

o u r  column methods, and because w e  b e l i e v e  t h a t  development of t h e s e  column 

methods is  important  because of t h e i r  speed and coriveilience f o r  sysLems wlLll 

low d i s t r i b u t i o n  c o e f f i c i e n t s ,  we s h a l l  cont inue  t o  spend time i n  t h e i r  

development . 
W e  have spen t  a  g r e a t  d e a l  of t i m e  i n  i n v e s t i g a t i o n s  of p u r i f i c a t i o n  

procedures  f o r  c l a y s ,  because we b e l i e v e  i t  is  of p a r t i c u l a r  importance t o  

o b t a i n  r ep roduc ib l e  measurements w i th  r e l a t i v e l y  pure  m a t e r i a l s  s o  t h a t  we 

s h a l l  have a  good s t a r t i n g  p o i n t  f o r  the '  examination of mixtures .  W e  f e e l  

t h a t  our  p u r i f i c a t i o n  procedures  a r e  now s u f f i c i e n t l y  developed t h a t  w e  may 

now proceed w i t h  de t e rmi r i a t i o l~s  of adso rp t ion  func t ions  on pure  m a t e r i a l s .  

Because we have s p e n t  much more t i m e  than  o r i g i n a l l y  planned on t h e s e  pro- 

cedu re s ,  we have n o t  y e t  begun a s  many adso rp t ion  measurements a s  we had 

planned a t  t h i s  d a t e ,  p a r t i c u l a r l y  w i th  low capac i ty  adsorbents .  However, 

we a r e  encouraged by r e s u l t s  such a s  those  shown i n  Fig.  5. The l i n e a r i t y  of 

t h e  s l o p e s  and t h e  n e a r  nega t ive  u n i t y  s l o p e  s h w  thar  rht! b e l l a v l u ~  ul: t h e s e  

a d s o r p t i o n  func t ions  i s  s u r p r i s i n g l y  i d e a l .  These p l o t s  a l s o  i l l u s t r a t e  t h e  

wide, v a r i a t i o n  i n  d i s t r i b u t i o n  c o e f f i c i e n t s  t h a t  can occur  when t h e  i o n i c  

s t r e n g t h  i s  changed. 
I 



TABLE I 

A Mineral  Class  i f  i c a t i o n  Scheme, wi th  Approximate Empir ical  Formulae 

I.. S i l i c a t e s  
A. Feldspars  

1. Or thoc lase  
2. P l ag ioc l a se  

A l b i t e  
Anor th i t e  

B. pyroxene 
1. Augite 

C.  Amphibole 
. ' 1. Hornblende 

D .  Mica 
1. Muscovite 

. 2 .  B i o t i t e  

E. Others  
1. Quartz 
2. O l iv ine  (Chryso l i t e )  ' 

3.  K a o l i n i t e  
I l l i t e  
Montmor i l l ion i te  

Other Oxides . 
1. Gibbs i t e  
2. Limonite 

Hematite 
Magnet i te  

3 .  Amorphous (Fe, A l ,  Mn) Hydrous Oxides 

Carbonates 
1. C a l c i t e  

- 2 .  Dolomite 

S u l f a t e s  
1. Gypsuu 
2. Anhydrite 

V. Phosphate 
1. A p a t i t e  

CaMg (Si03)  2 w i th  (Mg , Fe) (Al, ~ e )  2SiO6 

Complex s i l i c a t e  of Ca, A l ,  Mg, 
Fe(I1)  , Fe (111) 

A1203 *3H20 
2Fe203 *3H20 
Fe203 
FeO Fe 20 3  

TABLE I1 

Nucl ides  i n  Wastes Most C r i t i c a l  f o r  hunob i l i za t i on  

1st P r i o r i t y  Pu, Am, Cm, Np, U ,  Ra, Tc, I, S r ,  C s  

2nd P r i o r i t y  Eu, Sm, Z r ,  N i ' ,  1 4 c  



Table I11 

+ ' 

D i s t r i b u t i o n  C o e f f i c i e n t s  f o r  K / ~ a +  Exchange . . .  

pH 5 Ace ta t e  Buffer  3 Day E q u i l i b r a t i o n  

So lu t ion  + 
Conc. Na W t .  Clay Volume D . . 

Molar i ty  & c c  cc/gm 

Table I V  
. . 

D i s t r i b u t i o n  C o e f f i c i e n t s  f o r  sr2+ / ~ a +  Exchange 

5 Day E q u i l i b r a t i o n  
. . 

Without Buffer  pH 'L 7.6 With Aceta te  Buffer ,  pH 5 I . .. 
+ + 

Conc. Na . , D Conc. Na D 
Molaki t y  cc/gm ' Molar i ty  cc/gm 

' ,. 
0.2 . 113.5 0.2 52.9 

108.4 52.9 

Table  V 
+ + 

Comparison of Batch + Column Methods f o r  C s  /Na Exchange 

Conc NaCl .(moleslR) . 4 2 1 0.5 

D (Batch) 226, c c / g  2.0 5.0 10 20 

D (column) 60°,  c c l g  $2 5.8 13 20 



ORNL- DWG. 74-4005 

A X I A L  FILTER 

Fig.  1 



ORNL-DWG 77-12649 

(NoCI + BUFFER pH 5 )  1.0 M 

2 5 0 0  rpm T =  28OC 

CHAMBER VOLUME -185 cm3 -- 
ul 
0 

u 

COMPUTED (NO ADSORBENT ) - ---- 

2 5 0  500 7 5 0  4000 

v (ml) 

Use of Axial Fi l ter to Measure Adsorption and Elution 

(Low Distribution Coeff icients) 

FIG. 2 
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ORNL - 0 W G . 7 7 - I 2 6 2 0  ' . . 

CODE MaCl + 0.4 M pH- 

'B ICARBONATE 8 
B ICARBONATE 

O M 0 . 2 7  B ICARBONATE 

I I I I 

Distribution of Cs (1) Between Aqueous NaCl 
' Solutions andl Montrno~illonite from Several 

Sources [-40-3 M ~s (I)] 



FIG. 6 

Log D vs. Log A . f o r  1-1 exchange 



FIG. 7 

Log D vs. Log A f o r  1-1 exchange 

LEGEND 
0 = .5 X of 2nd component 
0 = 1. X of 2nd component 
A = 2. 9. of 2nd component 
+ = 5. X of 2nd. component 
x = 10.X of 2nd component 

C = 1 equiv. /kg 

\ 



DISCUSSION--R. E. MEYER 

D i s t r i b u t i o n  of ~ r '  ( I  I ) '  between Aqueous NaCl 
So lu t i ons  and Ca-Montmoril l o n i  t e  (Table 4 )  

. . 
Q. Has t h i s  been through t h e  Jackson t reatment  procedure? 

. . . .  2, 

A. Yes, a l l  o f '  t h e  data I ' v e  shown are  f o r  samples t h a t  have been 

through t h e  Jackson procedure. 

0. What does 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  o f  S r  l ook  i l k e w h e n y o u  

lower.  i t s  concen t ra t i on  t o  very  t r a c e  l e v e l s .  

A. We have some experiments t h a t  show the  e f f e c t s  o f  loading,  bu t  we 

haven ' t  done much exper imentat ion w i t h  very  low concent ra t ion  $ .  

l e v e l s .  Wahlberg, however, who went a l l  t he  way down t o  c a r r i e r -  ~. 

f ree  S r ,  found t h a t ,  as long as Na concent ra t ion  remained the  same, 

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  stayed rough ly  the  same. 

Q. Have you had any problem r e p l i c a t i n g  these experiments? ?'lt 

A. I n  t h i s  p a r t i c u l a r  case, we were ab le  t o ' r e p l i c a t e  the  r e s u l t s  one ' :.+ 
'.:: 

week l a t e r .  However, these data a r e  o n l y  about two weeks o ld ,  so ., ;.,! !. .- 
.. 1- 

we haven ' t  hiid a yreal d e ~ 1  uT 1i111e ill W ~ I ~ L I I  10 do r t p l i i a t i o n s .  ,.. . 

We a r e  n o t  sure what would happen w i t h  cont inued at tempts a t  

r e p l i c a t i o n ,  p a r t i c u l a r l y  s ince  we d iscovered t h e  presence o f  an 

unexpected loading e t f e c t  t h a t  caused t h e  d l s r r l b u r l o n  c o e f t l c l e n t  :. 
t o  change more than we had a n t i c i p a t e d  w i t h  respect  t o  t he  percentage 

o f  load ing  on t h e  c lay .  - 

Theore t i ca l  C a l c u l a t i o n  (Figures 6, 7 )  

Q .  What do t h e  d i f f e r e n t  curves represent? 

A .  These a r e  p l o t s  o f  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  vs. . . t he  concent ra t ion  . . 
- o f  t he  e l e c t r o l y t e  t h a t  we've exchanged w i t h  smal l  amounts o f  ., 

. B  
another substance. The amount o f  t h i s  second substance has been , 



gradua l ly  increased f rom 1% t o  2% to>%, e tc .  Even when i t  was . ' ,! 

, .. 1.oaded up t o  50%, however', no s ign i f . i can t  d i f ferences i n  p l o t t i n g -  

curves emerged. 

Q. I s  t h e  usual concent ra t ion  up t o  5% o f  t h e  i o n i c  concent ra t ion  of . 

t he  second phase? 

A .  I f  we're working w i t h  a c l a y  mater ia l ,  f o r  .example, which inc ludes 

1% o f  one component and 5% o f  another, w e ' l l  want t o  know how the  

shape o f  the 'curves  w i l l  change i f  we load up one o f  t he  components. 

Conversely, i f  b e  observe a non l inear  behavior, w e ' l l  want t o  know 

how much o f  a pa r t i , cu la r  component was present,.and whether t h i s  . 
h presence explained- t h e  anomalous behavior. 

.Do you have two sol  i d  phases? . . 

'yes, t he re  a re  two' d i f f e r e n t  c lays  mixed together .  We assume t h a t  
, . 

they d o n ' t  a f f e c t  each other .  . . 

, 

What i f  you have more than one type o f  s i t e ?  

As l ong as they do n o t  . a f f e c t  each other, we would expect t h e  - 

behavior t o  be the .  same. Since the re  could be some in te ra .c t i on  

between them, 'however, we could n o t  use two d i f f e r e n t  equi 1 i brium 

c o e f f i c i e n t s  as we have done here. 

What do the  d i f f e r e n t  i n te rcep ts  mean? 

The ac tua l  p o s i t i o n . o f  t he  l i n e  i s  determined by t h e  value o f  K 

t h a t  we have t o  choose (see equation 3) .  

I s  the re  any phys ica l  s i g n i f i c a n c e  t o  the  d i f f e r e n t  i n te rcep ts?  

Not p a r t i c u l a r l y .  They a r e  f a i r l y  a r b i t r a r y ,  depending main ly  on 

where t h e  concent ra t ibn  i s  selected.  



Q. But your  i n t e r c e p t  a t  1M i s  g iven by t h e  assumed constant .  Doesn't  

t h i s ,  i n  fac t ,  e x p l a i n  the  n o n l i n e a r i t y  o f  t h e  t a i l  on e l u t i o n  

curves? I n  o t h e r  words, cou ld  you have two d i f f e r e n t  m a t e r i a l s  

w i t h  d i f f e r e n t  e l u t i o n  c h a r a c t e r i s t i c s  superimposed on each other ,  

which cou ld  r e s o l v e  i n t o  two peaks o v e r l y i n g  one another? 

A .  I f  a  column i s  n o t  i n  t r u e  equ i l i b r i um,  you cou ld  o b t a i n  such a  

separat ion.  However, i f  i t  i s  i n  e q u i l i b r i u m - - i f  t he re  i s . n o  

change i n  d i s t r i b u t i o n  c o e f f i c i e n t  as the  m a t e r i a l  moves down the  

column--then t h e r e  w i l l  be j u s t  a  s i n g l e  v e l o c i t y :  namely, t he  

average v e l o c i t y  o f  t he  average d i s t r i b u t i o n  coe f f i c i en t .  I should 

a l s o  add t h a t  we a r e  j u s t  g e t t i n g  s t a r t e d  w i t h  column experiments 

and do n o t  have a  g r e a t  deal o f  data y e t .  

Schedul i n g  o f  Addi t i o n a l  Experiments 

Q. What k ind  o f  schedule do you have s e t  up f o r  a d d i t i o n a l  work? F o r '  

example, when do you p lan  t o  move i n t o  the  a c t i n i d e s ?  

A .  We a r e  somewhat behind r i g h t  now i n  terms o f  t he  schedule s e t  up i n  

ou r  proposal;  however, i f  a l l  goes we l l ,  we expect t o  move f rom S r  

I n t o  one o f  t he  +3 ions--perhaps Eu (111) o r  Am (111) - -w i th in  t h e  

n e x t  couple o f  months. We p lan  t o  begin w i t h  these r e l a t i v e l y  easy 

cases before  tack1 i n g  some o f  t h e  more complex ones. 

Met hod01 ogy 

Q. ' 
1 support you r  approach t o  t h e  problem. Don ' t  you fee l ,  however, 

, i t  i s  d i f f i c u l t  t o  understand, the process i nvo l ved  unless i t ' s  

. b u i l t  i n t o  t h e  experiment a t  the  very  beginning? 

A .  We f e e l  t h a t  t h e  development o f  n~ethodoloyy i s  very important- -as 

a r e  t h e  methods o f  t r e a t i n g  the  c l a y  minera ls .  I ' d  l i k e  t o  hear 

some d iscuss ion  o f  what i s  t h e  bes t  way t o  t r e a t  these minera ls .  

For  example, i s  t h e  Jackson procedure r e a l l y  t he  best? 



Size  Cont ro l  

Q. Do you use anything'  t o  c o n t r o l  s ize,  such as mesh? 

A .  There s h o u l d n ' t  be much o f  a  si,ze e f f e c t .  

Q. I would t h i n k  t h a t  you would f i n d  a  s i z a b l e  d i f f e r e n c e  i n  d i s t r i b u t i o n  

c o e f f i c i e n t s  between p a r t i c l e s  t h a t  a r e  2 i n  s i z e  and those t h a t  
U 

a r e  much smal le r .  

A. I f  the re  were a  s t rong  surface area e f f e c t ,  I cou ld  understand such 

a  d i f f e rence .  I n  t h e  case of mon tmor i l l on i t e ,  however, t h e r e  i s  

n o t  much o f  a  sur face  area e f f e c t .  Wi th . o t h e r  minera ls ,  p a r t i c l e  

s i z e  cou ld  be more o f  a  f a c t o r .  

E f f e c t  o f  S a l t  Concentrat ion 

Q. Do you 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  approach zero as the  s a l t  concentra- 

t i o n  increases? 

A .  They do n o t  approach zero, b u t  they do become q u i t e  low. r T h i s  

. causes a d d i t i o n a l  problems, as i t  i s  d i f f i c u l t  exper imenta l l y  t o  

measure d i s t r i b u t i o n  c o e f f i c i e n t s  when they a r e  so low. 

Syn the t i c  and P re t rea ted  M a t e r i a l s  

Q. What about us ing  s y n t h e t i c  mater ia ls - -e .g . ,  s y n t h e t i c  c l a y s  o r  

s i l  i c a t e s - - t o  determine t h e  i d e a l i z e d  behavior o f  one suppor t ing  

m a t e r i a l ?  

A .  We've been g i v i n g  some thought  t o  t h a t .  I f  you know where we can 
7 

o b t a i n  some good, pure s y n t h e t i c  c lays ,  p lease l e t  us know. 

Q. With s y n t h e t i c  c lays ,  you u s u a l l y  end up w i t h  l a r g e  amounts o f  

amorphic alrnuninum s i  1  i c a t e  component, . Wn~l ldn'  t t h i s  have a  

s i g n i f i c a n t  e f f e c t  on your  r e s u l t s ?  



A. It probably wo~r ld .  H n w ~ v ~ r ,  af ter  n a t u r a l  m a t e r i a l s  have becn . ,  . '  

cleaned, they  a l s o  can i nc lude  amorphous o r  o the r  extraneous 

m a t e r i a l s .  The Jackson procedure was designed t o  pur i f . y  systems , 

f o r  X-ray d i f f r a c t i o n  ana lys is :  i t  removes unoxid ized organics, 

ac id -so lub le  carbonates, and reduc ib le  i r o n  and manganese. I t  was 

n o t  designed t o  p u r i f y  ma te r i a l s  f o r  chemical ana lys is ,  and the re fo re  

leaves behind components such as amorphous s i l i c a t e  ma te r i a l s .  

,Thus, t he re  i s  no way o f  being sure t h a t  a  g iven ma te r ia l  i s  

chemical l y  pure. 

Q. I s n ' t  the  procedure genera l l y  used f o r  a l l  s o r t s  o f  p u r i f i c a t i o n ?  

A. Yes, bu t  o n l y  because no one e l s e  has t r i e d  t o  develop a  procedure 

us ing  d i f f e r e n t  c r i t e r i a .  

Q. I ' v e  found t h a t  t h e  perox ide  t reatment  r e s u l t s  i n  h igh  r e t e n t i o n  o f  

S r ,  which i s  i r r e v e r s i b l e  aga ins t  Ca exchange. I t h i n k  we d o n ' t  

r e a l l y  know what we ' re  doing t o  c l a y s  when we p u r i f y  them. 

A. A l l  o f  t he  methods have t h e i r  l i m i t a t i o n s :  peroxide reac t i ons  a r e  

n o t  good because'of '  t h e i r  pronounced e f f e c t  on s i t e - s p e c i f i c  

charges; t h e  Jackson method i s '  n o t  adequate t o  e x p l a i n  such phenomena 

as t h e  exchange r e a c t i o n  between m o n t m o r i l l o n i t e  and Cs. Because 

o f  problems such as these, I f e e l  t h a t  t he  best  method i s  t o  determine 

t h e  adso rp t i on  p r o p e r t i e s  o f  a  m a t e r i a l  i n  i t s  na tura l .  s ta te ,  and 

then t o  l o o k ' a t  i t  l a t e r ,  by the  Jackson procedure o r  o t h e r  methods, 

t o  f i n d  o u t  what phase i n  t h e  s o i l ,  sediment, o r  rock  was respons ib le  

f o r  t he  adso rp t i on  reac t i on .  Th is  method, besides avo id ing  s ide  

e f f e c t s  f rom the  t rea tment  procedure, prov ides d i s t r i b u t i o n  c o e f f i c i e n t  

t h a t  i s  based on a l l  o f  the  p e r t u r b l n g  f a c t o r s  a c t u a l l y  found i n  

t h e  f i e l d .  

Q. Can you d i s s o l v e  t h e  components, l ook  a t  t h e i r  behavior, and then 

cha rac te r i ze  t h e i r  behavior o f  assemblage? 



A .  ,. That 's  a reasonable way t o  approach the  problem. We do have p lans 

f o r  a yea r  and a h a l f  from now t o  t r e a t  mix tures  o f  components, 

f i r s t  i n v e s t i g a t i n g  them s i n g l y  and then p u t t i n g  them together '  t o  

see what happens. I t ' s  a complex quest ion,  g iven the  d i f f e r i n g  

degrees of p u r i t y  o f  na tu ra l  mater ia ls ;  however, our  present  column 

i n f i l t r a t i o n  experiment, which conta ins a smal l  h i n t  of mixtures,  

represent  a step i n  t he  r i g h t  d i r e c t i o n .  The columns a r e  made from 

two adsorbable components. A t  present, one i s  hoped t o  be very 

smal l  i n  terms o f  i t s  ex ten t  o f  adsorpt ion,  and the  o the r  very 

la rge .  So f a r ,  a l though the  minor component was adsorbed, i t  d i d  

n o t  appear t o  a f f e c t  the  d i s t r i b u t i o n  c o e f f i c i e n t  of t he  major 

component. I am s t i l l  unsure o f  t he  v a l i d i t y  o f  these r e s u l t s ,  

however, because the  curves do n o t  l ook  i d e a l  enough; they should 

n o t  have any t a i l .  Nevertheless, once we do l e a r n  how t o  mix and 

ruaintain two components i n  t he  des i red  p ropo r t i on ,  we can begin t o  

do more complex experiments o f  the  type you descr ibe.  
( 

Na tura l -Mater ia l  vs. Pure-Component Approach 

Q. I f e e l  t h a t  i t  i s  impor tan t  t o  s t a r t  w i t h  na tu ra l  components. I f  

you do no t  know what t he  ma te r ia l  looks l i k e  i n  i t s  na tu ra l  s ta te ,  

you won ' t  be a b l e  t o  determine the  degree t o  which you 've  per tu rbed 

the  system i n  p u r i f y i n g  i t s  components. 

A. There a r e  two bas ic  avenues o f  approach: one s t a r t s  w i t h  the  bas ic  

b u i l d i n g  b locks and works back t o  the  o r i g i n a l  ma te r i a l ;  t he  o the r  

begins by c h a r a c t e r i z i n g  the  o r i g i n a l  m a t e r i a l  and then s l i c e s  i t  

i n t o  i t s  components. The end product  o f  both approaches i s  t h e  

same, and, a l though WISAP accentuates the  generic,  r a t h e r  than the  

s i t e - s p e c i f i c  approach, i t  f e e l s  t h a t  bo th  avenues a re  v a l i d  and 

both  should be fol lowed. 

Q. But what i f  you d i s t u r b  key f a c t o r s  i n  t h e  s l i c i n g ,  e.g. i f  you 

crack the  minera l  o r  change the  weathering p a t t e r n ?  



A. That  cou ld  be a  problem. I f  you begin w i t h  the  na tu ra l  m a t e r i a l  .' 

and then f r a c t i o n a t e  i t  chemical ly  t o  determine where t h e  s o r p t i o n  

occurred, as you remove one l a y e r  you cou ld  be a f f e c t i n g  another.  

I t  i s  t r a d i t i o n a l ,  o f  course, t o  begin w i t h  the  l e a s t  harsh t r e a t -  

ment and t o  work down from there;  s t i l l ,  t he  problem i s  n o t  r e a l l y  

reso lvab le .  There i s  no such t h i n g  as a  p e r f e c t l y  c lean s l i c e .  

S i m i l a r l y ,  w i t h  the  bu i  l d ing -b lock  method, you may have t h e  problem 

o f  determin ing t h a t  t h e  subsamples tes ted  i n  t he  l abo ra to ry  a re  

rep resen ta t i ves  o f  t h e  na tu ra l  m a t e r i a l  i n  t h e  f i e l d  unless you can 

show t h a t  a  v a r i e t y  o f  subsamples a l l  g i v e  the  same r e s u l t s .  

Q.   not her problem w i t h  the  na tu ra l -ma te r i a l  method i s  t h a t  such 

m a t e r i a l s  a r e  s i t e  s p e c i f i c ,  so t h a t  r e s u l t s  ob ta ined from one 

montmori 1  l o n i  t e  subsample may n o t  be rep resen ta t i ve  o f  montmor i l  l o n i  t e  

subsamples found a t  o the r  s i t e s .  On t h e  o the r  hand, s tudy ing  pure 

m a t e r i a l s  w i  11 n o t '  he lp  much i f  we don' t know i n  ' the end .the components 

o f  the  n a t u r a l  m a t e r i a l .  I t h i n k  t h e  quest ion  can be argued e i t h e r  

way, but, t o  my mind, the  c r u c i a l  p o i n t  i s  the  degree t o  which a .  
p a r t i c u f  a r  m a t e r i a l  i s  . representa t ive  o f  a l ' l  subsamp les. 

A. Tha t ' s  why we've looked a t  m o n t m o r i l l o n i t e  f rom o t h e r  sources: we 

want t o  g e t  a  f e e l i n g  f o r  the  range o f  behavior.  

Q. D o n ' t  you a l s o  need t o  l ook  a t  i t  i n  the  c o n t e x t , o f  t ime schedules? 

We don' t have a  g rea t  deal  of t i m e  i n  which t n  set. ~ r p  a rhpos i to ry .  

' working w i t h  the  rocks themselves i s  the  q u i c k e s t  way t o  o b t a i n  t h e  

answers we need--even though synthes iz ing  them from pure ma te r ia l s  

may be b e t t e r  science. 

A .  That i s  t rue ,  b u t  we a l s o  a re  responsSb1e f o r  p r o v i d i r ~ y  'infor-n.laI;.ior.~ 

t h a t  w i  11 enable p r e d i c t i o n s  t o  be made i n  many orders o f  magnitude 

o f  both t ime and space. What we rrlay have t o  do i s  t o  quest ion  

s e r i u u s l y  the t i r l e  franie i n  which t h e  r e p o s i t o r y  i r ,  t o  bc s e t  up. 

I t  may be tha t ,  w i t h i n  the nex t  few years,  we simply cannot o b t a i n  



s u f f i c i e n t  data on which t o  base a  r i - s k  ana lys i s .  We need t o  

perform the  bes t  science we know how: we cannot make m i l l i o n - y e a r  

ex t rapo la t i ons  on the  bas is  o f  poor science. 
-.. 

Q. I s  what we a r e  doing science--or i s  i t .  empir ic ism? 

A .  Tha t ' s  a  good quest ion.  Empir ic ism has i t s  p lace:  bo th  a  ca thed ra l  

and a  model-T Ford can be, and  have been, b u i l t  e m p i r i c a l l y  by 

people who have no understanding o f  t he  basis  o f  what they a r e  

doing . 

Q. I t h i n k  t h a t  bo th  the na tu ra l -ma te r i a l s  and the  bu i l d ing -b lock  . 

approach should be f o l  lowed simul taneously . However, 'it should be 

st ressed t h a t  t he re  a re  n o t  j u s t  one, bu t  - two va r iab les  o f  concern: 

the  composit ion o f  the  s o l i d  phase and the  composit ion of t h e  A 

l i q u i d  phase. The l a t t e r  i s  very important :  s imply changing the  

i o n i c  s t reng th  of t he  s o l u t i o n  can r e s u l t  i n  changes over o rders  o f  

magnitude. Thus, whatever approach i s  f o l  lowed, bo th  phases need 

t o  be exami ned . 

(No answer g i  ven. ) 
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INTRODUCTION 

Information on the  i n te rac t i  on of radi onucl i des from underground 

nuclear t e s t s  a t  , the Nevada Test S i t e  (PITS) w i t h  the  :local grclund water 

system has 'been ac.cumu'lati'ng f o r  '20 years.  Ttie purpose of the  'present  .re- 

search i s  t o  obtain data from the NTS and draw conclusions re levant  t o  

rad ioac t ive  waste disposal .  The NTS i s  a unique laboratory f o r  waste- 

i s o l a t i o n  s tud ies .  There 1 arge  amounts of rad ioac t iv i ty  have been "stored" 

underground fo r  nearly two decades, and, a t  over 75 s i t e s ,  the  radio- 

a c t i v i t y  has been exposed t o  ground water f o r  years  (Borg e t  a l . ,  1976). 

: .. . . ... . . . This ,_.. ._ _ ,._ pro jec t  ._ of the  Waste I so la t ion  Safety Assessment Program (WISAP) 
.,---=,.,- .---- -. 7.- -. - - . . .> 

i s  an adjunct  t o  a weapons-re1 a ted researc  program "Radionucl i de Migration 

i n  t he  Ground" ( R N M )  a t  the  NTS. T h i s  WISAP project  was es tabl ished t o  carry  

ou t  s t ud i e s  t h a t  would otherwise not be done because of t h e i r  l e s s e r  import- 

ance t o  the  weapons program. Four major areas of invest igat ion were pro- 

posed f o r  FY 1977: 

1. .Fie1 d measurements involving in jec t ion  and recovery of t r a ce r s ,  

analys i  s of 1 arge-vol ume water samples from nuclear t e s t  1 ocat i  ons, and analys is  

of the  f e a s i b i l i t y  of sampling operations a t  various old t e s t  locat ions .  

2 .  Sorption s t ud i e s ,  p r inc ipa l ly  laboratory measurement of I 

the d i s t r i bu t i on  of spec i f i ed  radi onucl ides  between the  1 i q u i  d and so l i d  

phases of rock-water systems representa t ive  of nuclear t e s t  s i t e s .  

3 .  Experiments with 1 eachi ng of radioact ive  materi a1 . 



4. Analys is  o f  t he  problems a r i s i n g  from t h e  d i f f e rences  be- 

tween i n t e r g r a n u l a r  and f r a c t u r e  flow, w i t h  p a r t i c u l a r  a t t e n t i o n  t o  the  

re1 evance o f  1 aboratory measurements, such as Kd , t o  f i e l  d m i  g r a t i  on model s. 

Th is  r e p o r t  w i l l  cover p r i m a r i l y  i tems 1 and 2 above. Dur ing 

FY 1977, a l l  work on i t em 3 was funded by the  RNM p r o j e c t .  Therefore, 

on l y  a b r i e f  summary o f  t h e  leach ing apparatus w i l l  be i nc luded  here. 

We have n o t  s t a r t e d  work on i t e m  4. 
\ 

This p r o j e c t  was funded a t .  LLL i n  March '1977. S t a f f i n g  was 

complete and a s tab le  l e v e l  o f  e f f o r t  obta ined by May. Thus the  repor t -  

ed r e s u l t s  represent  about s i x  months o f  e f f o r t  a t  t h e  o r i g i n a l l y  

proposed l e v e l  o f  2 FTE per  year. 

FIELD STUDIES 

As the  p r o j e c t  began we had two basic goals f o r  f i e l d  studies:  

(1) t o  conduct f i e l  d t r a c e r  experiments t h a t  would be compared w i t h  

l abo ra to ry  experiments, and ( 2 )  t o  ob ta in ,  concentrate, and analyze 

large-volume pumped water samples from t h e  s i t e s  o f  underground nu- 

c l e a r  explos ions i n  order  t o  determine t h e  -- i n  s i  tu .  avai 1 abi 1 i t y  o f  radio-  

nucl i des (especia l  l y  Pu) t o  ground water. 

Dur ing t h e  year  there  have been th ree changes i n  t h e  o r i g i n a l  

plan. F i r s t ,  the  f a c t  t h a t  our  f i e l d  experiments depended on- d r i l 1 . i  ng 

performed f o r  the  RNM p r o j e c t  proved t o  be a major inconvenience. There- 

f o r e  some e f f o r t  was d i r e c t e d  a t  dqveloping an independent program. 

Second, the re  was c l e a r l y  a need t o  evaluate the  feasi b i l  i t y  o f  f i e l  d work 

a t  nuclear  t e s t  s i t e s  outs ide  o f  NTS, w h i c h  we did. i h i r d ,  we obta ined 



1 arge-vol ume water samples 'from several  l ' oca t i ons~  n o t  o r i  g i  nal  l y  i nc l  uded 

i n  our  p lans .  . . . . .  - ., . . . .  , . .  . . 

The Basic F ie1 d Program' .., . . - . ..i , - - .. . 

During. FY' 77, LLL evaluated several op t ions  f o r  meeting our  

o r i g i n a l  goals. . . . 

S i  ngl e-wel l  ' t r a c e r  t e s t s  : To o b t a i n  .i nformat ion  ab0u.t 

t h e  ve'loc'i t y  o f  ground water  f l o w  a t  NTS, the  \ I .  .S. Geological  .Surve;y . . 

( USGSI i s developing a technique f o r  s i  ng l  e-well t r a c e r  t e s t s .  A 

t r a c e r  i s  i n j e c t e d  i n t o  a we1 1 and a l l n w ~ d  t o  d r i f t  f o r  several months. 

It i s  then pumped back, and in fe rences on the  r a t e  o f  ground water  f l o w  

( d r i f t  o f  t h e  t r a c e r )  a r e  made based on the  t ime i t  takes t o  pump t h e  t r a c e r -  

back t o  t h e  we1 1. 

Considerable e f f o r t  has been expended by t h e  USGS i n  f i n d i n g  

t r a c e r s  t h a t  are not sorbed. (Use o f  t r i t i u m  as a t r a c e r  i s  n o t  a l low- 

ed a t  NTS because o f  poss ib le  confus ion  w i t h  t r i t i u m  f rom nuc lear  ex- 

p l  osions. ) Our o r i g i n a l  i dea  was t o  add o the r  rad ionuc l  i deq t o  t he  USGS , 

t r a c e r  s l u g  and thus o b t a i n  data on t h e i r  r e t a r d a t i o n  o r  s o r p t i o n  r e l a t i v e  

t o  t h e  non-sorbed t r a c e r  moni tored by the  USGS. A severe techn ica l  problem 

i s  t h a t  t h e  USGS i n j e c t s  o n l y  50 m l  o f  t r a c e r  i n t o  the  we1 1. Th i s  i s  a 

reasonable amount i f  the  t r a c e r  i s  n o t  sorbed. However, t h e  t r a c e r s  

o f  i n t e r e s t  t o  us would be s t r o n g l y  sorbed, and the re fo re  we wou1.d 

probab ly  be unable t o  ge t  measurable q u a n t i t i e s  o f  t r a c e r  i n  t h e  pumped 

water.  Fo r  t h i s  reason primari." ly,- we decided t o  look  .at: 'a two-wel,l .. . .,. , 

t r a c e r  t e s t ,  .. . 

Two-well t r a c e r  t e s t s :  The USGS has developed and operates a 

we1 1 f i e 1  d known as t h e  Amargosa Tracer  S i t e  southwest o f  NTS. The t e s t s  



are  c a r r i e d  o u t  i n  a  dolomi te which i s  p a r t  o f  t he  1  ower carbonate 

a q u i f e r  which i s  the  p r i n c i p a l  f l o w  path  t o  o f f s i t e  f o r  groundwater 

i n  t h e  eas tern  ha1 f o f  NTS. .We have obta ined USGS permiss ion t o  

operate a  two-well t r a c e r  t e s t  a t  t h e  Amargosa s i t e  and a re  c u r r e n t l y  

p r e p a r i  ng an appl i c a t i  on f o r  a  permi t from the  Nucl ear  Regul a t o r y  Commi ss ion 

and t h e  Nevada Bureau.of  Environmental Health. 

Because t h i s  s i t e  i s  predominant ly  a  f r a c t u r e  f l o w  system, we w i l l  

be i n t e r e s t e d  i n  comparing r e t a r d a t i o n  f a c t o r s  measured i n  t h e  f i e 1  d  w i t h  

those c a l c u l a t e d  from l a b  measurements on b u l k  rock. One hypothesis  i s  

t h a t  t h e  f r a c t u r e s  w i l l  be coated w i t h  minera ls  more s o r p t i v e  than the  . .,., 

b u l k  dolomi te and hence show g rea te r  re ta rda t i on .  

B i l b y  cavity/chimney sampling: The f i r s t  nuc lear  t e s t  detonated 

below t h e  water t a b l e  a t  t he  NTS was code-named B i l by .  I t  was detonated i n  

1963, and a  we1 1  was d r i l l e d  and completed w i t h i n  t h e  c o l l  apsed zone a t  and 

above the  p o i n t  o f  detonat ion. The USGS o r i g i n a l l y  planned t o  pump from several 

v e r t i c a l  zones which had been p e r f o r a t e d  t o  o b t a i n  i n f i l l  data, b u t  a  p a r t i a l  

co l l apse  o f  t he  cds ing  a t  t he  top  o f  t he  per fo ra ted  s e c t i o n  prevented pump- 

i n g  i n d i v i d u a l  zones. Pumped samples f rom the  e n t i  r e  200 m s e c t i o n  were 

ob ta ined i n  1964 by t h e  USGS and determinat ions f o r  
1 3 7  6 0  

141Ee, CS,  CO, 
1 0 6  

Ru, 
3 

2 5 ~ b  and H  were made on a few samples. ~ u r i h g  th i ' s  t ime t h e  chimney was 

c o n t i n u i n g  t o  f i l l .  

Our p lan  was t o  use t h e  pump al ready i n  t h e  w e l l  t o  c o l l e c t  

samples f o r  complete radiochemi c a l  ana lys is ,  i n c l u d i n g  1  ow 1  eve1 



coun t ing  and a s p e c i f i c  search f o r  Pu. We.also planned t o  t e s t  a 

f i e l  d  apparatus f o r  water-sampl e concentrat ion.  

Unfor tunate ly ,  t he  pump no longer  worked. Fu r the r  e f f o r t  

seemed j u s t i f i e d  because.a s i g n i f i c a n t  improvement i n  the  NTS data base 

can be obta ined through h i g h  q u a l i t y  radiochemical analyses a t  t h e  

B i l  by s i t e .  Furthermore, no o the r  s i t e  a t  NTS w i t h  water con ta in ing  

f i s s i o n  products and p o s s i b l y  Pu cou ld  be pumped' f o r  t e s t i n g  o f  a f i e l d  

water -concent ra t ion  apparatus. 
. . 

,TRerefnre, we wrnt.e a work p lan,  obta ined a .cost  es t imate ,  worked 

Out j o i n t  fund ing  w i t h  t h e  Weapons Program, and re fu rb i shed  w e l l  U3cn-PS2 

a t  t h e  B i l  by s i t e .  A t o t a l  o f  5000 gal  l ons  were pumped, and LLL took eleven 
. . 

1-gal 1 on samples and one 55-gal 1 on sampl e f o r  1 ow-1,evel ana lys i  s. These 

samples w i l l  be analyzed i n  FY 1978. The w e l l  w i l l  be a v a i l a b l e  f o r  t e s t i n g  

t h e .  f i e l  d  'water  concen t ra t i on  apparatus when i t  i s  completed. 
. , . . 

Other k i t e s :  There are  o the r  s i t e s  a t  NTS where the  oppor tun l t y  
. . 

t o  pump water  contaminated by f i s s i o n  products and Pu may a r i se .  'Two, 

Cambric and Almendro, have been developed by t h e  Weapons Test  Program. 

Cambric has been pumped i n  t h e  p a s t  and i s  c u r r e n t l y  b locked by packers. 

Almendro has been d r i l l e d  b u t  n o t  p e r f o r a t e d  because o f  slow i n - f i  11 o f  

water .  I f  the  oppor tun i t y  a r i  ses t o  take  1 arge-vol ume pumped samples, 

we w i l l  do so. A t  p resent  t h e r e  a re  no operat ions planned u n t i l  FY 1978. 

F i e l d  Water-Concentration Apparatus 

A t  present,  1  arge-vol ume water  samples a re  be ing  re tu rned  i n  250 L 

(55  gal drums t o  LLL f o r  concen t ra t i on  and ana lys is .  We a r e  p lann ing  t o  

buy o r  b u i l d  a f i e l d  d i s t i l l a t i o n  u n i t  something l i k e  t h a t  shown i n  

F i g u r e  1. Such a device would concentrate up t o  4000 1 i t e r s  (880 gal ) o f  



NTS w e l l  wa te r  t o  about  2 Kg o f  s a l t s .  Th i s  c o n c e n t r a t i o n  would improve 

t h e  s e n s i t i v i t y  o f  o u r  w e l l  wa te r  analyses by severa l  o rde rs  o f  magni- 

tude. Such an i nc rease  i n  s e n s i t i v i t y  would be an a i d  t o  t h e  under- . 

s t and ing  o f  underground r a d i o n u c l i d e  movement a t  NTS. 

Eva lua t i on  o f  Nuc lear  Tes t  S i t e s  i n  C r y s t a l l i n e  Rock and S a l t  

As no ted  e a r l i e r ,  we eva lua ted  n u c l e a r  t e s t  s i t e s  i n  media o t h e r  

than  s tandard  NTS a l l u v i u m  and t u f f .  There a r e  two s i t e s  i n  s a l t ,  t h r e e  i n  

g r a n i t e ,  and t h r e e  i n  b a s a l t .  We f i n d  t h a t  a d d i t i o n a l  f i e l d  s t u d i e s  a t  one 

s a l t  s i t e  and one g r a n i t e  s i t e  a r e  f e a s i b l e  and m igh t  produce da ta  o f  i n t e r e s t  

t o  waste i s o l a t i o n .  F i e l d  s t u d i e s  a t  t h e  r e s t  a r e  s i g n i f i c a n t l y  l e s s  l i k e l y  

t o  be p roduc t i ve ,  o r  e l s e  would be economica l l y  p r o h i b i t i v e .  

B a s a l t  s i t e s :  A l though t h e r e  have been some t e s t s  above t h e  water  

t a b l e  a t  NTS, a l l  t h r e e  nuc lea r  t e s t s  i n  b a s a l t  below t h e  wate r  t a b l e  were 

a t  Amchitka I s l and ,  Alaska. No pos t - sho t  r e e n t r y  was at tempted f o r  t h e  

f i r s t  two (code-named Longshot and M i l r ow)  b u t  t h e r e  was pos t -sho t  r e e n t r y  

f o r  t h e  t h i r d  ( t h e  Cann ik in  t e s t ) .  Sl l ial l  volume t h i e f  samples were obta ined,  

b u t  no pump t e s t s  were c a r r i e d  ou t .  The . i s l a n d  i s  e s s e n t i a l l y  deac t i va ted  

now and t h e  c o s t  o f  f u r t h e r  sampl ing opera-t ior is would be p r o h i b i t i v e .  

G r a n i t e  s i t e s :  There have been t h r e e  U. S. nuc lea r  exp los ions  i n  

g r a n i t e .  The two a t  NTS (Hardhat  and P i l e d r i v e r )  were conducted above t he  

r e g i o n a l  and l o c a l  wa te r  t a b l e  i n  an unsa tu ra ted  zone. 



There a r e  t h e r e f o r e  no water samples t o  c o l l e c t  . a t  these s i t e s .  

The t h i r d  t e s t  i n  g r a n i t e  ( t h e  Shoal event)  was conducted below the 

water  t a b l e  i n  t h e  Sand Springs g r a n i t e  48 km (30 m i les )  southeast u f  F a l l  on, 

Nevada. The depth af b u r s t  was 367 m (1205 f t )  below the  l a n d  surface and 

91 m (300 f t )  below the  p r e t e s t  water,  t a b l e  a1 t i t u d e .  Hydrologic  s tud ies  

b e f o r e  t h e  t e s t  showed a  low storage capac i t y  i n  t h e  rack,  and t h e  est imated 

t ime  requ i  r e d  f o r  chimney i n f i  11 was 10 years. Fol  1  owing i n f  i 11 , i t  was 

es t imated t h a t  t h e r e  would.  be a  9-m/yr (30 f t / y r )  water m i g r a t i o n  

r a t e '  t o  t h e  southeast. 

The Shoal s i t e  i s  a  good p lace  t o  study and document leach ing  

and t r a n s p o r t  o f  r a d i o a c t i v e  m a t e r i a l  s  deposi ted i n g r a n i t e  .be1 ow the  

water  t ab le .  ~easurements a t  Shoal cou ld  be d i r e c t l y  c o r r e l a t e d  t o  

c r y s t a l  1  i ne rock repos i  t o r i  es . 
~t the Shoal s i t e ,  one d r i l l  ho le  (PS-1) penetrated the  apex o f  t he  

chimney and went o u t  t h e  bottom o f  t he  c a v i t y .  I f  reentered, t h i s  ho le  would 

p rov ide  water  samples f rom the  chimney/cavity region.  Because the  amount o f  

t h e  r a d i o a c t i  we species deposi ted i s  known o r  can be ca l cu la ted ,  a comparison 

can be made w i  th the  amount o f  r a d i o a c t i v i t y  i n  the water. . A 1  though the  

amount i n t h e  water i s  a  resu l  t o f  a  two-stage process o f  leach ing  



and r e s o r p t i o n  $1 eachi ng can be es t imated  by us ing  1  abora tory  v a l  ues t o  

c a l c u l a t e  reso rp t i on .  

Because o f  the  low permeabi 1  i t y ,  1  ow storage capac i ty ,  and 1  ow 

f l o w  r a t e  w i t h i n  t h e  Shoal g ran i t e ,  measurements ou ts ide  t h e  chimney area 

do n o t  appear p r a c t i c a l .  A t  present ,  we are  s t i  11 t r y i n g  t o  v e r i f y  t h e  

manner i n  which t h e  post-shot  h o l e  was plugged so t h a t  we can w r i t e  a  

proposal f o r  re -en t r y  and sampling. 

Sal t s i t e s :  There have been th ree  nuc lear  t e s t s  a t  two s i t e s  

i n  s a l t .  The f i r s t  (code-named Gnome) was l o c a t e d  about 48 km (30 m i )  SE 

o f  Carlsbad, New Mex.ico. It was a  3.1-kt exp los ion  i n  December, 1961 a t  

a  depth of 361 m (1184 f t )  i n  t h e  Salado bedded s a l t .  

The second s i t e ,  t h e  Tatum s a l t  dome near Hat t iesburg ,  M i s s i s s i p p i  

accomodated two t e s t s .  The f i r s t ,  Salmon, was a  5.3 k t  exp los ion  i n  

October 1964, a t  a  depth o f  828 m (2717 f t ) .  The standing'  open c a v i t y  was 

reentered  and used f o r  t he  0.4-kt  S t e r l i n g  nuc lear  explos ion,  which was a  

t e s t  o f  se i  smic decoupl i ng. 
\ 

Our conc lus ion  i s  t h a t ,  o f  t h e  two s i t e s ,  t he  b e t t e r  o p p o r t u n i t y  

f o r  work u s e f u l  t o  t he  Waste I s o l a t i o n  Program e x i s t s  a t  t h e  Gnome s i t e  i n  

New Mexico. There are  clean-up opera t ions  planned p r i o r  t o  deac t i va t i on ,  

and i t  i s  p o s s i b l e  t h a t  some work m igh t  be combined w i t h  these operat ions.  

D e f i n i t i v e  research on m i g r a t i o n  below the  c a v i t y  would 1  i k e l y  be 

very  expensive, as i t  would be necessary t o  s i nk  a  s h a f t  and mine a  d r i f t  

under t h e  base o f  t h e  c a v i t y  t o  o b t a i n  unequivocal data. However, a  sample 



of b r i n e  f rom the  c a v i t y  cou ld  probably be obta ined du r ing  s i t e  cleanup 

opera t ions .  Dur ing these operat ions,  DOE-NV plans t o  d r i l l  a  r e e n t r y  . . % . 

h o l e  and pour  nucl  ide-contaminated s o i l  down t h i s  ho le  i n t o  the  . . 

c a v i t y .  P r i o r  t o .  emplacement o f  t h e  s o i  1, i t  would be p o s s i b l e  t o  se t  

a  br idge-casing across t h e  c a v i t y  t o  sample b r i n e  i n  t h e  1  ower p a r t  o f  

t h e  c a v i t y .  

Dur ing prev ious  operat ions,  about 100,000 1 i t e r s  o f  water were 

pu t  1rlT.0 t h e  c a v i t y .  T h i s  water  should now be i n  app'roximate e q u i l i b r i u m  

w i t h  the  c a v i t y  m a t e r i a l ,  having d i sso l ved  about 36 metrsic lu l ls o f  con- 

taminated s a l t .  Thus t h e r e  i s  here a  unique oppor tun i ty  t o  o b t a i n  f i e l d  

da ta  on t h e  avai l a b i  1 i t y  o f  rad ionuc l  i des t o  a  b r i n e  so lu t i on .  

Dur ing c l  ean-up opera t ions  p r i o r  t o  deact i  v a t i o n  o f  t h e  Salmon 

s i t e ,  a  s l u r r y  o f  contaminated mud was i n j e c t e d  i n t o  the  c a v i t y .  The miner- 

a logy  o f  t h e  mud i s  such t h a t  a  complete ly  unnatura l  environment now e x i s t s  

w i t h i n  t h e  cav i t y .  Were samples o f  b r i n e  recovered i t  would be d i f f i c u l t  , 

i f  n o t  impossib le t o  re1 a t e  t h e  data t o  the  na tu ra l  mineralogy o f  t h e ,  s a l t .  

Therefore,  attempts t o  sample a t  t h i s  s i t e  a re  t e c h n i c a l l y  i n f e a s i b l e  i f  . .  

t h e  purpose i s  t o  ob ta in  i n f o r m a t i o n  r e l e v a n t  t o  waste i s01  a t i o n  i n  s a l t  

format ions.  

Other  NTS Sampling: 

Wel ls have been completed a t  two o ther  nuc lear  t e s t  s i t e s  Lt~dl; 

have p o t e n t i a l  f o r  s tud ies  r e l a t e d  t o  t h i s  p r o j e c t :  t he  Nash s i t e  i n  dolo- 

omi t e  and t h e  Bourbon s i t e  i n  l imestone. Pumping a t  t he  w e l l  near Nash estab- 

1  i shed t h e  presence of t r i t i u m  i n t h e  water,  and LLL took a  '1 arge-volume 
' 

sample which w i l l  be concentrated f o r  1  ow-level count ing  f o r  nucl  i des  o the r  



than t r i t i u m .  We p lan  t o  take another l a r g e  volume sample a t  t h e  

Borbon s i t e  when pumping i s  done there .  

A t  bo th  o f  these s i t e s  pumps have been l e f t  i n  t he  holes,  however 

i t  has n o t  y e t  been es tab l i shed  t h a t  nuc l i des  o t h e r  than t r i t i u m  a re  

p resent  i n  t h e  water.  A f t e r  c o n s t r u c t i o n . o f  t h e  f i e l d  water  concen t ra t i on  

apparatus we w i l l  use i t  a t  these s i t e s .  



HIGH PRESSURE CORE 

SORPTION STUDIES 

, S o r p t i o n  s t u d i e s  a r e  done by t h r e e  methods; s t a t i c ,  column, and 

core .  Core measurements a r e  re1  a t i v e l y  r a r e ,  b u t  they  most c l o s e l y  simu- 

l a t e  i n t e r g r a n u l a r  f l o w  under  f i e 1  d  cond i t i ons .  P r e l  i m i n a r y  work a t  LLL 

(Tewhey, 1976) i n d i c a t e d  t h e  f e a s i b i  1  i ty  and u t i l i t y  o f  t h e  c o r e  method. 

The appara tus  we a r e  b u i l d i n g  f o r  co re  measurements i s  designed t o  opera te  

under  h i  gher  con f  i n i  ng p ressures  than  t h e  e a r l  i e r  exper iments  , and c o n t r o l  

o f  tempera tu re  i s  poss ib l e .  Thus, -- i n  s i t u  c o n d i t i o n s  can be s imulated.  

There w i l l  a l s o  be a  cons ide rab le  v a r i e t y  o f  rock  m a t e r i a l  a v a i l a b l e  due 

t o  t h e  smal l  co re  s i ze .  Wi th  t h i s  equipment, t h e  f o l l o w i n g  o b j e c t i v e s  w i l l  

be pursued: 

1. Comparison o f  s t a t i c  and co re  methods o f  s o r p t i o n  r a t i o  

de te rmina t ion .  

2. I n v e s t i g a t i o n  o f  phenomena such as d i s p e r s i o n  and deso rp t i on  

by i n j e c t i o n  o f  pu l ses  o f  t r a c e r  i n t o  a  s teady-s ta te  f l o w  

th rough t h e  rock  core.  

3.  A sys temat ic  i n v e s t i g a t i o n  o f  s o r p t i o n  as a  f u n c t i o n  o f  t ime,  

pressure,  temperature ,and comp'osi ti on o f  t h e  c a r r i e r  1 i qu i  d  

( i n c l  u d i  ng e f f e c t  o f  competi ng i o n s )  . 
4. Measurements r e l e v a n t  t o  s p e c i f i c  f i e l d  s i t e s  a t  NTS. 

Du r i ng  FY 1977 t h e  apparatus was designed ( F i g .  2 ) ,  and 

a t  t h e  end o f  September: 

The h i g h  p ressu re  source and sample i n j e c t i o n  system were a v a i l a b l e .  

The sample mold wa's a v a i l a b l e .  

e The sample h o l d e r  was a v a i l a b l e .  



0 The rece i ve r  design was defer red  u n t i l  complet ion o f  i n i t i a l  

t e s t s  on the  pressure source, sample ho lder ,  and rock 

samples. 

The apparatus i s  designed f o r  l o n g i t u d i n a l  d r i v i n g  pressures up t o  3.4 MPa 

(500 p s i  ) and r a d i a l  c o n f i n i n g  pressures up t o  40.8 MPa, (6000 p s i  1. ,The 

rock samples are  13 o r  26 mm diameter and 26 mm i n  length ;  they a re  covered 

a long t h e  s ides by cas t  p l a s t i c  j acke ts  which a l so  seal them t o  the  end 

f i  tti ngs and prevent  1 eakage o f  t h e  c o n f i n i n g  pressure f 1 u i  d. Brass and 

s t a i n l e s s  s tee l  have been s p e c i f i e d  f o r  t he  .p ro to t ype  sample ho lder  s ince 

they have mechanical p r o p e r t i e s  which a r e  q u i t e  adequate f o r  t he  i n i t i a l  

t e s t s  and they are more q u i c k l y  and cheaply f a b r i c a t e d  than h igh  pressure 

s t e e l  . 
The d r i v i n g  pressure o f  3.4 MPa (500psi )  i s  determined by the  

nomi na l  pressure r a t i n g  o f  t he  r a d i  onucl i de spike i n j e c t i o n  val  ve. The 

o the r  components have h igher  r a t i n g s :  68.0 MPa ( iOkps i )  f o r  t h e  supply 

pump and 6.8 M P ~  ( l k p s i )  f o r  t h e  supply l i n e  between i n j e c t i o n  va l ve  and 

h igh  pressure c e l l .  The i n j e c t i o n  va lve  and supply 1 i ne a re  made o f  t e f l o n .  

t o  min imize so rp t i on  e f f e c t s .  To increase the  d r i v i n g  pressure, .we must 

e i t h e r  operate the  i n j e c t i o n  v a l v e  above i t s  nominal r a t i n g  a t  t he  

c o s t  o f  shortened valve l i f e ,  o r  sw i t ch  t o  a s t a i n l e s s  s t e e l  i n j e c t i o n  

valve. The brass h igh  pressure sample chamber i s  r a t e d  f o r  con- 

f i n i n g  pressures up t o  40.8 MPa ( 6 k p s i )  which correspond t o  a depth o f  1.7 km 
3 

(5700 f t )  i n  media w i t h  a densi t.y o f  2.4 Mg/m and should t h e r e f o r e  be l a r g e  

enough f o r  a s imu la t i on  o f  reasonable waste r e p o s i t o r y  depths. 

The adapters which h o l d  the  ends o f  t h e  c y l i n d r i c a l  sample have 

been designed i n  both 13 mm and 26 mm sizes,  w i t h  the  13 mm s i z e  be ing  used 
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f o r  i n i t i a l  pressure and j a c k e t  f a b r i c a t i o n  tes ts .    he smal le r  s i z e  min- 

im izes  sample support  problems, b u t  t he  l a r g e r  s i z e  .tends t o  average ou t  

sample i nhomogenei t i e s .  We p l a n  t o  .use the  1  arger  s i z e  wherever possib le.  

We have o b t a i  ned 1  arge samples o f  we1 1  -charac ter ized t u f f ,  t he  

T r a i l  r i d g e  member o f  t he  T h i r s t y  Canyon T u f f  f rom a  l o c a l i t y  a t  Pahute ~ e s a ,  

Nevada T e s t  S i te .  I t  i s  a  p a r t i a l l y  welded s i l i c i c  ash-f low t u f f  w i t h  mod- 

e r a t e  s o r p t i  ve cha rac te r i  s t i c s  and m i l  1  i darcy-range permeabi 1  i t y .  I t  i s  
. . 

n o t  s t r o n g l y  z e o l i t i c ,  b u t  we have found t h a t  very c l a y - r i c h  o r  z e o l i t i c  

t u f f s  e i  t h e r  l ack  mechanical s t reng th  ( t e n d  t o  d i s i n t e g r a t e  i n  t h e  apparatus) 

o r  e l s e  a r e  h i g h l y  impermeable. We a re  i n  t h e  process o f  o b t a i n i n g  o ther  

samples f rom known s t r a t i g r a p h i c  horizons. 

Dur ing the  year,  we have developed a  c o l l e c t i o n  system t o  be used 

w i t h  bo th  t h e  h igh  pressure K d  system and the  leach ing  system. E f f l u e n t  from 

these systems i s  f e d  i n t o  b o t t l e s  l i n e d  w i t h  4  i n .  x 2  i n .  x 12 i n .  polyet,hylene 

bags. The b o t t l e s  are  then p laced i n s i d e  o f  a  fo rced  a i r  oven whose temperature 

i s  h e l d  a t , a  constant  85°C. Experiments have shown t h a t  i t  takes 30-40 

hours f o r  evaporat ion t o  be complete. Each bag i s  then r o l l e d  so ' t ha t  the 

r e s i d u a l  s a l t s  a re  a t  the  cen te r  of the  r o l l .  Th i s  r o l l e d  bag i s  p laced 

i n  a  1" s t e e l  d i e  and pressed t o  a  pe l  l e t  shape a t  20.6 MPa (3000psi 1, w h i l e  

a  hea t i ng  j a c k e t  then r a i s e s  t h e  tempera tu re  t o  150°C. When t h i s  tempera- 

t u r e  i s  reached, t h e  d i e  i s  r a p i d l y  cooled and the  pe l  l e t  removed. 

The p e l l e t  i s  then gamma-counted w i t h  a  low- leve l  Ge(L i )  gamma- 

r a y  spectrometer. Experiments (Tab le  1 )  have shown t h a t  t h e  p r e c i s i o n  o f  

p e l  l e t i z i n g  and count ing  these bags i s  about 4%. The accu rac i  i s  about 5%. 

The p r e c i s i o n  o f  j u s t  the. gamma count ing  i s  about 0.4%. 

Depending on the  p a r t i c u l a r  sample, a f t e r  gamma count ing,  se lec ted  p e l l e t s  

a r e  i gni  t e d  i n  p l  a t i  num beakers and r a d i  ochemical l y  separated and p u r i f i e d  'b 



2 3 9 + 2 4 0  2 3 8  2 4 2  
f o r  Pu and Pu ana l ys i s .  T h i s  r e q u i r e s  a d d i t i o n  o f  a  P  u 

t r a c e r ,  l eng thy  p u r i f i c a t i o n  procedures, and e l  ec t rodepos i  t i o n  w i t h  sub- 

sequent alpha-pulse h e i g h t  ana l ys i s .  We had n o t  completed t e s t s  o f  t h i s  
/ 

c o l l e c t i o n  system us ing  Pu s o l u t i o n s  a t  t h e  end o f  FY 77. 

S t a t i c  s o r p t i o n  s tud ies  

We have ob ta ined  a  , s u i t e  o f  samples f rom a  d r i  11 h o l e  near  t h e  

s i t e  o f  t h e  Cambric exper iment.  The reason f o r  i n t e r e s t  i n  t h e  Cambric 

s i t e  i s  t h a t .  ex tens ive  measurements have been made i n  t h e  cav i ty-ch imney 

a rea  (Hoffman -- e t  a1, ,'1977), and pumping i s  ongoing i n  a we1 1  l o c a t e d  91 m 

(300 f t )  away. Therefore,  we a r e  a t t emp t i ng  t o  o b t a i n  l abo ra to ' r y  da ta  

u s e f u l  i n  t h e  i n t e r p r e t a t i o n  o f  these  f i e l  d  measurement 

We se lec ted  samples t h a t  were equal i n  depth t o  t h e  cav i ty-ch imney 

zone below t h e  wate r  t a b l e .  These samples have been analyzed by X-ray 

d i f f r a c t i o n  f o r  t h e i r  m ine ra log i c  con ten t .  Samples f rom 287 t o  308 m (940 

, t o  1010 f t )  depth have been crushed, screened t o  recover  t h e  44 t o  150 um 

p a r ' t i c l e  s i z e  range, and a re  t o  be composited i n t o  a  l a r g e  sample f o r  s t a t i c  

Kd s tud ies .  

We have a l r eady  used samples o f  wa te r  f r om Well 5B i n  Frenchmen 

F l a t  f o r  o t h e r  Kd s tud ies ,  and have ob ta ined  a  f r e s h  supply  o f  t h a t  water. 

We have a l s o  rep len i shed  our  s tocks  o f  f i s s i o n  p roduc t  t r a c e r s ,  i n c l u d i n g  

Sb, Ru, Y,  Sr, Ce, and CO. We w i l l  s t a r t  a  s e r i e s  of s t a t i c  Kd measure- 

ments on Cambric m a t e r i a l  d u r i n g  t h e  f a l l  o f  1977. 



LEACHING STUDIES 

Dur ing FY 1977, as p a r t  o f  t h e  RNM Program, we designed, b u i l t ,  

and tes ted ,  a single-pass l each ing  system i n  which t h e  s o l u t i o n  contac ts  

t h e  so l  i d  on l y  once (F igs .  3 and 4) .  Leaching s tud ies  are  commonly 

c a r r i e d  o u t  e i t h e r  i n  c losed vessels under s t a t i c  cond i t ions ,  o r  i n  a 

r e c i  r c u l a t i n g  system w i t h  cont inuous 1 eachate removal (mu1 t i p l e  pass).  

Under s t a t i c  cond i t i ons ,  t h e  s o l i d  and 1 i q u i d  phases tend t o  e q u i l i b r a t e  

w i t h  each other.  With our  single-pass l each ing .  system we hope t o  s imu la te  

a non-equi l i br ium s i t u a t i o n  'where new s o l u t i o n  i s  cons tan t l y  i n  con tac t  

I 
w i t h  the  s o l i d ,  and where the  maximum possible! leach r a t e  i s  a t ta ined.  

I 

A1 so, t h i  s  single-pass system w i  11 a 1  1 ow s t u d j  o f  r e s o r p t i o n  by t h e  leached 
I 

I m a t e r i a l  through the  use o f  t r a c e r s  i n  the  leach so lu t i on .  

Th i s  apparatus has 20 channels, which can be operated i n  one t o  
! 

f o u r  f l ow- ra te  groups. Each meter ing  pump (10  channels each, F ig .  5) i s  

con t i nuous l y  v a r i a b l e  i n  f l o w  r a t e ,  and each channel can be operated i n  

e i t h e r  a h i g h  o r  low f l o w  pos i t ion ' ,  g i v i n g  a range o f  f l o w  r a t e s  from 9 

- t o  279 mlyr (Tab1 e 2) .  By compari son, t he  f l o w  r a t e  i n t h e  1 ower carbonate 

a q u i f e r  a t  the Yucca F l a t  t e s t  area, Nevada Test  S i t e ,  has been est imated 

t o  l i e  between l i m i t s  o f  1.8 t o  180 m/yr, and elsewhere a t  18 t o  410 mlyr 

(Borg, e t  a1 , 1976, pp. 47-51). 

There are' a l s o  est imates o f  f l o w  v e l o c i t y  beneath the  Pahute 

Mesa t e s t  area o f  2-76 m/yr ( i b i d ,  p. 53). Therefore, t h e  equipment i s  

designed f o r  r e a l i s t i c  NTS f l o w  ra tes .  

The single-pass l each ing  system i s  designed t o  a l l o w  v a r i a t i o n  i n  

(and c o n t r o l  o f )  f 1 ow r a t e ,  temperature, 1 eachi ng so l  u t i  on composit ion, and 

s o l i d  p a r t i c l e - s i z e .  The range o f  ope ra t i ng  cond i t i ons  i s  g iven i n  Table 2. 



I n  theory each channel cou ld  rece ive  a d i f f e r e n t  leach ing  

s o l u t i o n ,  a1 though we w i l l  s t a r t  w i t h  a s i n g l e  s o l u t i o n  f o r  .a1 1 channels. 

Up t o  th ree  so lu t i ons  may be s tud ied  s imul taneously l a t e r .  
3 

D e t a i l s  o f  t h e  sample ho lder  a re  shown i n  Figs. 6 and 7. The 

purpose o f  the  s ide  f i l l e r  p l u g  i s t o  a1 low i n t r o d u c t i o n  o f .  t h e  so l  i d  

sample a f t e r  assembly and pressure- test ing.  

Dur ing FY 1978, the  apparatus w i l l  be used t o  leach me1 t glass 

samples from nuclear  events se lec ted  f o r  age, qua1 i t y  o f  samples ava i l ab le ,  

and v a r i e t y  o f  rock types. Th i s  work w i l l  be under t h e  sponsorship o f  t he  

RNM program. We a l so  p l a n  t o  c o n s t r u c t  a second apparatus and use i t  t o  

leach s imulated doped reprocessed r e a c t o r  waste as p a r t  o f  Task 3, WISAP, 
' ; , a :  

a c t i v i t i e s .  

The most . impor tan t  advantages o f  t h i s  one-pass 1eaching.apparatus 

are:  

ID Contro l  o f  r e s o r p t i o n  e f f e c t s .  

a. Prov i s ion  f o r  a l a r g e  number o f  simultaneous experiments. 
" .. - i .: 

A b i l i t y  t o  handle concentrated C 1  leachant  s o l u t i o n s  i f  

necessary. 



The LLL p r o j e c t  i n  the  WISAP Program has f o u r  areas o f  

i n v e s t i g a t i o n :  

s A f i e l d  measurement program 

Sorp t i on  s tud ies ,  w i t h  emphasis on development o f  techniques 

t h a t  more r e a l  i s t i  ca l  l y  represent  f i  e l  d  m i  g r a t i  on than 

standard s t a t i c  Kd  measurements 

r Experiments i n  1 edct~, i  r ~ y  o f  r a d l o a c t i  ve ma te r ia l  , w i t h  

eniphasis on k i n e t i c  data. 

e Analys is  o f  the  problems a r i s i n g  f rom the  d i f f e r e n c e s  

between i n t e r g r a n u l  a r  and f r a c t u r e  f low,  w i t h  p a r t i c u l a r  

a t t e n t i  on t o  t h e  re1 evance o f  1  aboratory measurements, 

t o  f i e l  d  m i  g r a t i  on model s. 

Dur ing FY 1977 we worked i n  t h e  f i r s t  t h ree  areas, w i t h  

l e a c h i n g  funded by another program. I n  the  f i r s t  two areas, t . h ~  p r i n c i p a l  

. t e c h n i c a l  r e s u l t s  o f  t he  LLL e f f 0 r . t  were: 

o Recommendations regard ing  t h e  feas i  b i  1  i t y  o f  f i e l  d  s tud ies  

a t  nuc l ear  exp los ion  s i t e s  i n  g ran i  t e ,  basal t, and sa l  t. 

e Eva luat ion  and p lann ing  f o r  f i e l d  t r a c e r  s tud ies  a t  t.he 

Nevada t e s t  s i t e .  

o Design and p a r t i a l  f a b r i c a t i o n  o f  a  system f o r  s o r p t i o n  study 

i n  rock cores a t  e leva ted pressure. 

a Design and t e s t i n g  o f  a  1  aboratory system f o r  c o l l e c t i o n  and ana lys l  s  

o f  water  samples f rom the  rock s o r p t i o n  and l each ing  systems. 

r Design o f  a  f i e l d  concent ra t ion  apparatus f o r  c o l l e c t i n g  la rge-  

volume samples f o r  low l e v e l  count ing. 
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TABLE 1 

.PRECISION AND ACCURACY OF Y-COUNTING PLASTIC 

PELLETS,, , 

EXPERIMENT PRECISION . ACCURACY 
(COMPARED TO 

(1 l:r FROM X.) LIQUID STANDARD) 

3 ALIQUOTS OF 13'cS 

TRACER COUNTED I N  STD 
LIQUID GEOMETRY 



TABLE 2 

NUMBER OF TYPES OF SOLUTIONSJ FOR EACH PUMP: UP TO 10 

FLOW RATES: 

LOW SPEED HIGH SPEED 

LINEAR, M/YR: 9 1 1 4  18 - 3 3 1  

SAMPLE HOLDER FILTER: 
- 

DIAMETER: 25 ,4  MM 

PORE SIZE:  lhfl 

OPERATING TEMPERATURE : 20 - 85°C 

VOLUME OF POIDER 
'\ 

2 . 1  C M ~  MAXIMUM 



Distillate 
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Well head 

' I  
Fig. 1. Fielel Distillotion Appsratuf* 

*Sketch is a rnoditied version of a Barnstead 
Therrnodrive Still. 



Connection to high 
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confining pressure 
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Indexing 
motor 

7 Load cell 

Fig. 2 High pressure sorption apparatus. 
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I 
Constant level 
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Init ial  f i l ter 

Final fi l ters 
(1 0 channels) 

Constant temperature bath 

Sample holdevs 
(1 0 channels) 

Leach solution 
receivers 
(10 channels) 

Fig. 3. Functional diagram, one-pass leaching system. 
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I ~ a m p l e  holder 

Fig. 4. One-pass leaahing system - general view 



Receivers 

Fig. 6, One-pass leaching system - details of pumpr, sample holders, and rmiverr 



Fluid 

Fig. 6. Sample holder, one-pa# leaching system. 



Fig 7. Snmpl~. holder assemblv 



DISCUSSION--LAWRENCE D. RAMSPOTT . . . . . . . . . - .. .. . . 

> .  . . 
. . . ;1. . 

P o t e n t i a l  Sampl i n g  o f  Gnome Event 

Q. What i s  t h e  s i z e  o f  t he  gnome event c a v i t y ?  

A.. It i s  about 361.m across and 100 m h igh.  . : . , 

Q. How much would i t  cos t  t o  d r i l l  a  couple o f  v e r t i c a l  holes ou ts ide  

o f  t he  c a v i t y ,  t o  determine h o r i z o n t a l  m ig ra t i on?  

A. I don' t -know t h a t  t he re  i s  any evidence t h a t  t he re  wou-Id be any 

ho r i zon ta l  m ig ra t i on .  There a r e  some observa t ion  w e l l s  t h a t  have 

a l ready  been d r i l l e d ,  b u t  these a r e  300-400 m away., However, even 

i f  the re  were migra t ion ,  i t  would take  several  hundred years f o r  

t he  m i g r a t i n g  ma te r ia l  t o  reach these w e l l s .  One cou ld  d r i l l  

, through the  c a v i t y ,  case it, and t r y  t o  take water samples. f rom 

b e l ' o k ,  b u t  t ' h i  data 'would always be suspect: t he re  would be no 

way t o  a s s i r e  t h a t  cbntaminat ion was no t  pushed down f rom above'. 

Q. I s  your  hyd rau l i c  . .  g rad ien t  . d e f i n i t e l y  down i n  t h a t  area? 
. . 

1 

A. Tha t ' s  , . n o t  known. The area i s  e s s e n t i a l l y  a  d r y  fo rma t ion  i n t o  
I ' 

which 100,000 2 . .  . o f  water were placed by the  d r i l l i n g  process:: 'The 

rocks cons i s t  o f  2% water, bu t  i t  i s  t i e d  up w i t h  t h e  o the r  minera ls .  

I n  t h i s  p a r t i c u l a r  area, t he re  I s  rlo evidence t h a t ,  i n  t h e  s a l t  

i t s e l f ,  t he re  i s  any hyd rau l i c  g rad ien t  o r  any m i g r a t i o n  o f  water. 

Cost o f  Sample We1 1  s  

Q. You imp1 i e d  t h a t  t h e  c ~ s t - ~ & r - f o o t  o f  a  sample w e l l  was a  f u n c t i o n  

o f  t h e  depth. requ i red .  Do you have a  formula . f o r  t h a t  r e l a t i o n s h i p ? . ,  
. . 

A. No, I d o n ' t ,  a l though t h e r e  a r e  standard o i l  f i e l d  f i g u r e s .  ' It 

c o s t  us about $10,00O/day t o  operate t h e  t e s t  s i t e  and t o  d r i l l  a  

few 1,000-ft. holes, and i t  took f rom 10 t o  30 days t o  pe r fo rm ' the  

requ i red  hydraul i c  t .ests . 



Two-We1 1  R e c i r c u l a t i n g  Tracer Test 

Q. What i s  t h e  h o r i z o n t a l  d is tance t h a t  you would have t o  pumpoat t h e  

Armargosa s  i t e ?  

A. About 400 f e e t .  

Q. Are you going t o  add t r a c e r s  t o  moni to r  water f low? 

3  A. W e c a n u s e  H. 

Q. Have d i spe rs ion  t e s t s  a l ready been done there? 

3  A. Yes, w i t h  H and 3 5 ~ .  That 's  one a t t r a c t i v e  f e a t u r e  o f  t h i s  

s i t e :  a  g r e a t  deal  o f  work has a l ready been done. 

Q. What i s  t h e  res idence t ime along the  400 f e e t ?  . 

A. I n  a  20-day t e s t  conducted by t h e  Water Resource Div is ion,  t he  
3  f i r s t  appearance o f  H came a t  1,000 gal./min. i n  one day. A l l  o f  

3  t h e  H  t h a t  had been i n j e c t e d  was recovered w i t h i n  t h e  20-day 

per  i nd . 

Q. Do you have a  1  i s t  o f  chemical t r a c e r s  t h a t  you p r e f e r  t o  use? 

A. .We had hoped t o  use t h e  t race rs  w i t h  sho r t  ' ha l f - l i ves ,  such as 

5 8 ~ 0 ,  8 5 ~ r ,  9 5 m ~ ~ ,  l o 3 ~ u ,  lZ4sb, 1 3 4 ~  5 ,  14'ce, and 2 3 7 ~ u  r a t h e r  

than chemical t race rs ,  

High Pressure Adsorpt ion Apparatus 

Q. How do you insu re  t h a t  t h e  water goes through t h e  sample and n o t  

around it? 

A. The sample i s  jacketed, and pressure i s  app l i ed  ou ts ide  o f  the  

j acke t .  Since the  con f in ing  pressure i s  always g rea te r  than t h e  

d r i v i n g  pressure, t h e  j a c k e t  i s  he ld  t i g h t l y  aga ins t  t h e  sample's 

sur face.  



Q.  re 'you l ook ing  f o r  hyd rau l i c  v a r i a t i o n s  i n  pressure? , .  . . 
" .. . 

A. No, we a r e  look ing  f o r  chemical v a r i a t i o n s  r e s u l t i n g  from pressure .. 
cor id i t ions  s i m i l a r  t o  those f o u n d ' i n  ac tua l .  s i t e s .  We want t o  , 

i nc rease . the  pressure t o  the  p o i n t  where f r a c t u r e s  and cracks c lose  

up. .We expect t h i s  procedure t o  produce changes i n  f l o w  paths and 

permea'bi 1 i t y  , bu t  we a1 so want t o  determine whether. changes i n  

pressure produce chemical changes. 

Q. 
' I n  t he  high-pressure f low.exper iment ,  a re  you p lann ing  t o  pe,rform a 

rock  sample c h a r a c t e r i z a t i o n  a f t e r  t h e  experiment, as w e l l ?  

A. I ' m  n o t  sure what b e n e f i t  would be der ived f rom such a procedure. 

D i f f i c u l t y  o f  Low-Level Sampling ( F i e l d  Water Concentrat ion Apparatus) 

Q. The u l t i m a t e  o b j e c t i v e  o f  low- leve l  sampling i s  t o  be ab le  t o  

de tec t  a substance i n  q u a n t i t i e s  as low as one atom, The pro-  

cedures a r e  very  d i f f i c u l t  t o  perfor in c o r r e c t l y  and r e q u i r e  many 

years o f  p rac t i ce .  I f  your  sampling team doesn ' t  have about 20 

years o f  experience i n  o b t a i n i n g  the  very lowest  l i m i t s  poss ib le ,  I 

would guess t h a t  they  would n o t  be ab le  t o  per form t h i s  procedure 

c o r r e c t l y .  . I n  such a case, I would recommend seeking t h e  ass is tance 

o f  a team t h a t  does have the  expe r t i se  since, w i t h  the  t ime crunch, 

you cannot r e a l l y  a f f o r d  n o t  t o  do i t  r i g h t  t he  f i r s t  t ime. 

A .  I'm n o t  sure I can answer your  quest ion.  fit Livermore we have one 

o f  t h e  best  low- leve l  a n a l y t i c a l  c a p a b i l i t i e s  the re  i s ,  and the  

samplers a r e  c e r t a i n l y  aware o f  t h e  problems involved.  

Q. The problem i s  t h a t  what most l a b o r a t o r i e s  would c a l l  low- leve l  i s  

n o t  t he  lowest  t h a t  cou ld  be obtained. 

A. A l l  we a r e  t r y i n g  t o  do i s  t o  increase our  s e n s i t i v i t y .  I f  we 

d o n ' t  de tec t  anything, t he re  i s  no problem. The problem would be 

i n  our  ob ta in ing  erroneous data- - fo r  example, due t o  contaminat ion. 

It i s  t o  avo id  problems such as t h i s  t h a t  we have developed our  

f i e l d  d i s t i l l a t i o n  apparatus. 



Program S i m i l a r i t i e s  

Q. I ' d  l i k e  t o  c o m e n t  on t h e  s i m i l a r i t i e s  between t h e  rad ionuc l i de  

m i g r a t i o n  (R. N.M. ) program and OW1 ' s  m ig ra t i on  program. Essent ia l  ly, 

t h e  programs share both the  same goa l - - to  q u a n t i f y  t h e  movement o f  

t h e  same nucl ides--and t h e  same experimental problems. OW1 i s  

l o o k i n g  forward t o  t h e  p o s s i b i l i t y  o f  v e r i f y i n g  the  models i t  

in t roduces- -e i ther  through s imu la t i on  o f  t h e  f i e l d  s i t u a t i o n  w i t h  

pumping t e s t s ,  o r  by means o f  a  geo log ica l  precedent, such as Oklo. 

The problem i s  i n  t h e  expense o f  such work and the  f a c t  t h a t  n e i t h e r  

group can assume t h e  o t h e r '  s budget. 

A .  Yes, f i e l d  wur-k i s  very  errpel~sive; t h a t ' s  one o f  our main prob'lemS, 
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S O I L  CHROMATOGRAPH Kd VALUES 

C. W. F r a n c i s ,  M a r k  R e e v e s ,  111, R. S t e p h e n  Fisher ,  and B. A. S m i t h  

O a k  R i d g e  N a t i o n a l  L a b o r a t o r y  

INTRODUCTION 

The transport  of radionuclides by groundwater in porous media i s  

governed by convection, dispersion and sorption processes. Of the 

three processes, sorption of the radionuclide to  the surrounding geo- 

logical media probably plays the greatest  role  with regard to  how f a r  

any part icular  radionuclide will  be transported. Historically,  t h i s  

sorption process has been characterized bay a dis t r ibut ion coeff ic ient  

(Kd) empirically determined f o r  a specif ic  radionucl ide, geological 

media, and ambient conditions (pH, concentration of competing ions, e tc .  ) . 
Sorption i s  often considered t o  be a reversible phenomenon (ion exchange); 

however, w i t h  some radionuclides, i .e. ,  Cs-137 and Pu-239 (IV) i t  i s  well 

established that  i r revers ib le  sorption and precipitation reactions take 

place. Conventional ly,  Kd values are  determined under "equi 1 i brium con- 

di t ions" using e i the r  a batch method or columns under saturated flow. In 

the batch method convection and diffusion processes a re  eliminated as f a r  

as  influencing the Kd measurement. In columns under saturated flow 

moisture-flow processes apparently a f f ec t  Kd measurements. A possible 

explanation i s  coupling of the sorption mechanism to the flow'mechanisms. 

This would mean tha t  the equilibrium s t a t e  i t s e l f ,  should i t  be attained 

local ly ,  would depend on such variables as the flow ra te  and the dis-  

persivi ty  of the saturated porous s.ystem. 

Geological media selected for  nuclear waste repositories cer tainly 

a re  not water.saturated although as in most underground formations water .  

i s  universally present. Thus, i n i t i a l  conditions of a repository will 

l ike ly  be unsaturated flow,and i f  a repository i s  breached by f ree  flowing 

water, the i n i t i a l  flow conditions through the geological media will  be 

unsaturated flow. In unsaturated flow, the 'quantity of water w i t h i n  the 



pore space i s  'considerably 1 ess than t h a t  under sa tura ted  cond i t ions .  .. 

. T ~ U S ,  because' o f  t h e  so lub le  s a l t s  present  i n  most porous media, . t h e  . i o n i c  

' s t reng th  of the s o l u t i o n  phase i s  g rea te r  i n  unsaturated cond i t i ons .  . . .  

Because o f  , the h igher  concent ra t ion  o f  competing ions  i n  t h e  s o l u t i o n  : 

phase, K d  values f o r  t race '  concent ra t ions  o f  r a d i  onucl ides  w i  11 be lower 

than those values determined under saturated.  f l o w  cond i t i ons  i f  sorp, t ion 

i s  c o n t r o l l e d  by i o n  exchange mechanisms. S o i l  chromatography i s  a' .. 

technique which. s imulates t h e  d i s t r i b u t i o n  o f  rad ionuc l  ides  between so l  i d  

and aqueous phases i n  unsaturated as w e l l  as sa tura ted  conditions:. 

. . One o f  t he  most impor tan t  advantages, however, o f  t he  chromatographic 

technique i s . j t s  d i f f e r e n t i a t i o n .  I f  more than one species o f  t h e  rad io -  

nuc l ides  e x i s t s  ( e i t h e r  due t o  the d i f f e r e n c e  i n  o x i d a t i o n  s t a t e s  o f  the  

rad ionuc l  i d e  o r  the  fo rma t i  on o f  a so lub le  s table.  complex), then. d i f - '  

ferences. i n  t h e i r ' s o r p t i ' o n  p r o p e r t i e s  can be reso lved f rom t h e i r  d i f f e r e n t  

m ig ra to ry '  pa t te rns  w i t h i n  t h e  .chromatograph. Th i s  i s  n o t  t h e  case if, the 

convent ional  batch technique i s  used t o  determine Kd values,. s p e c i e s  d i  f- 

f e r e n t i a t i o n '  i s  o f  p a r t i c u l a r  importance i n  t he  assessment o f  , t h e . p o t e n t i a l  

movement o f  the  .ac t i n ides  from gen lng ica l  r e p o s i t o r i e s  as t h e i r  valence 

s t a t e  depends on the  ambient environment. , For  example, Pu ( V I )  i s  .much 

more m o b i l e  than Pu ( IV )  . Thus any environmental c o n d i t i o n  t h a t  favors  

product ion  o r  s t a b i l i t y  of PU ( V I )  w i l l  enhance the  rnobil i t y  o f  Pu. 
$ 

. . 

MODEL I NG 
. . 

' 

' Perhaps' t he  most impor tan t  disadvantage o f  s o i l  and th in - l aye r  chroma- 

tography i n  t h e  pas t  has been i t s  l a c k  of an adequate q u a n t i t a t i v e  theory.  

The bas ic  chromatographic equat ion, which has been used i n  t h e  past,  i s  a 

simp1 i f i e d  s o l u t i o n  t o  the  ' t r a n s p o r t  equat ion .which neg lec ts  d i  spersiion, 
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competing-cation, and v a r i a b l e  mois ture-sa tura t ion  e f f e c t s .  Such a model 
7 

p r e d i c t s  sharp rec tangu la r  fronts, which are  n o t  a t t a i n e d  exper imental ly .  

Consequently some s u b j e c t i v i t y  must be int roduced to.compare such theore t -  

i c a l  p r o f i l e s  w i t h  t h e  experimental shapes t h a t  are a c t u a l l y  obtained. 

To c lose  t h i s  gap be.tween theory  and experiment we have been developing 

computerized numerical models. Our i n i t i a l  e f f o r t  cons is ted  o f  so l v ing  

a water-transport equat ion and a mass-transport equatlon and' au tomat ica l ly  

op t im iz ing  the  f i t s  t o  experimental data ( Q u a n t i t a t i v e  Analys is  o f  S o i l  

Chromatography, I. Water and Radlonucl.ide Transport.  M. Reeves, 

C. W. Francis, and J. 0. Duguid, ORNL-5337). Th is  f i r s t  approach inc luded 

the  e f f e c t s  o f  d i spe rs ion  and v a r i a b l e  s a t u r a t i o n  but, l i k e  the  basic 

chromatographic equation, i t  neglected the  i n f l uence  o f  a competing cat ion,  

such as Ca o r  Na, on t h e  rad ionuc l i de  movement. 

Dur ing t h e  past  f i s c a l  year coupled mass-transport equations have 

been implemented i n  order t o  a l l e v i a t e  t h i s  de f i c iency .  A t  the  same t ime 

the bas ic  chromatographic equations has been reder ived a n a l y t i c a l l y  t o  

' improve i t s  c h a r a c t e r i z a t i ~ n  o f  v a r i a b l e  s a t u r a t i o n  and competing ions. 

The l a t t e r  model i s  s t i l l  incapable o f  f i t t i n g  the  d i f f e r e n t  experimental 

p r o f i l e  shapes. However, i t  does prov ide a simple check on the  uniqueness 

o f  t h e  numerical model, which has been c r i t i z e d  as being " too  complicated". 

The basic o b j e c t i v e  o f  the modeling e f f o r t  i s  t o  determine the  selec- 

t i - v i t y  c o e f f i c i e n t  between a g iven rad ionuc l i de  and a dominant c a t i o n  l i k e  

Ca o r  Na r e l a t i v e  t o  a p a r t i c u l a r  type o f  geologic media, such as Conasauga 

shale. From t h i s  s e l e c t i v i t y  c o e f f i c i e n t ,  one can then e a s i l y  o b t a i n  the  

d i s t r i b u t i o n  c o e f f i c i e n t  as a f u n c t i o n  o f  t he  concent ra t ion  o f  t he  dominant 

species. The requ i red  experimental data f o r  such an ana lys i s  are  water- 

content  d i s t r i b u t i o n s  (F ig .  7, f o r  example) and t race-radionucl  i d e  and 

dominant c a t i o n  d i s t r i b u t i o n s  (F ig .  8, f o r  example). 
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~xper imental  Chromatography: . . 

Channel chromatographic ( C L C )  p la tes  were used i n s t e a d  of the  con- 

ventional TLC p la tes .  These p la tes  a r e  20 by 20 cm w i t h  nine channels3,or 

columns measuring 10 mm in w i d t h  and 2 mm i n  depth. , s o i l s  o r  f i ne ly  : 

ground rock material a r e  s l u r r i ed  w i t h  water un t i l  moderately.f luid and then 

applied t o  the  p la tes  'using a conventional TLC spreader. S t r i p s  of b l o t t e r  
. . 

paper, approximately 0.7 mm wide and 2 cm long, a r e  used as wicks f o r  

t ranspor t ing the  e lu t ing  solut ion t o  the s o i l  layered i n  the  channel s... 

The 'wicks a r e  held i n  place by clamping a 20 by 20. cm conventional TLC 

p la te  on top of the CLC p la te .  By u s i n g  these wicks, the s o i l s  i n  the CLC 

p la tes  may be e luted again a f t e r  drying. I f  wicks a r e  .not used, soi ' l '  wi l l  

sl'ough o f f '  d u r i n g  immersion i n  the  elut ing, '  or  feed solut ion s ince  the 

CLC p la tes  a r e  positioned a t  68 degrees r e l a t i v e  t o  the surface of the .  

e l u t i ng  solut ion.  ' ' ,  

The radionucl ide t b  b e  considered may be introduced i n to  the  column 

chrornatogrciph e i t h e r  through the feed solut ion o r  by spot t ing the  radio- 

nuclide d i r e c t l y  onto the s o i l  o r  o ther  geological media used. In the  
4 l a t t e r  case a spot  containing 10 -10.5 dpm i s  placed 4 c m  from the base 

of the chromatographic column. The wicks a r e  then submerged i n  the  feed 

solut ion.  

In some of the  e a r l i e r  work,autoradiography and a d issect ion method 

were used t o  determine d i s t r i bu t i on  pat terns .  Medical X-ray f i lm was 

used ' f o r  the  autoradiography. The f i lm was enclosed i n  t h i n  sheets  ob 

p l a s t i c  t o  prevent i t s  contamination. I t  was then clamped securely  .. 

between the  TLC p l a t e  and the  CLC p l a t e  and exposed fo r  periods ranging 

from 48 t o  72 hours. Measuring the  movement of radionuclides i n  this. 

manner sufSiced only i n  t h a t  i t  gave the general cha r ac t e r i s t i c s  of the 

mobility of one radionuclide t o  another. Another method f o r  obtaining 
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d i s t r i b u t i o n  pa t te rns  consisted of d i ssec t i ng  each column i n t o  1.5 cm 

increments o f  s o i l .  The r a d i o a c t i v i t y  o f  each increment was then counted 

separa te ly  w i t h  a  s u i t a b l e  detec tor .  Although t h i s  technique was capable 

o f  q u a n t i t a t i v e  measurement, i t  was extremely 1  aborious and i t s  r e s o l u t i o n  

was l i m i t e d  t o  t h e  l eng ths  o f  the  s o i l  increments. Current ly ,  a  rad io -  

chromatographic scanner (Berhold Model LB 276) equipped w i t h  a  gas-flow 

o r  NaI de tec to r  i s  being u s e d . f o r  measuring the movement o f  t he  var ious 

r a d i  onucl ides. 

RESULTS 

A n a l y t i c a l  Model :. 

I n  most t r a n s p o r t  models, Kd values a re  used t o  determine a  re tarda-  

t i o n  f a c t o r  Rd = 1.  + pKd/n where p and n  a re  bu lk  dens i t y  and p o r o s i t y  o f  

t he  s o i l .  The s i m i l a r i t i e s  between t h i s  equation and' the  basic chromato- 

graph equation, l / R f  = 1  + WaKd/Vs where Wa and VS a r e  q u a n t i t i e s  i n  the  

l i q u i d  (g/ml) and s o l i d  phases (g/g),  respect ive ly ,  i s  the  basis of t he  

a n a l y t i c a l  model. The assumption here i s  t h a t  l / R f  should be equ iva len t  

t o  Rd and thus IId walnes can he r l e te rm in~r l  r l i r ~ r t l y  frnm R va111es knowing 7 

t he  bu lk  d e n s i t y  and e f f e c t i v e  p o r o s i t y  o f  t he  s o i l .  

To determine the  Rf  value, t h e  rad ionuc l i de  i s  spot ted a t  t he  4  cm 

mark on the  chromatograph. A f t e r  dry ing,  t he  p l a t e  i s  scanned w i t h  the  

radiochromatographic scanner and then e l u t e d  w i t h  the  selected e l u t i n g  

s o l u t i o n .  The p l a t e  i s  removed f rom t h e  e l u t i n g  s o l u t i o n  when the  

w e t t i n g  f r o n t  has t r a v e l e d  approximately 10 cm. A f t e r  record ing  t h i s  

d is tance,  the  p l a t e  i s  d r i e d  and then scanned t o  compare the  d i s t r i b u t i o n  

o f  the  rad ionuc l  i d e  t o  t h a t  before e l u t i o n  (Figs. 1-4).  Because the  d i s -  

tri b u t i o n  o f  t h e  rad ionuc l  i d e  a1 ong the '  chromatograph, be fore  and a f t e r  1 
wett ing,  c l o s e l y  resembled a  normal d i s t r i b u t i o n  pat tern,  t h e  p o s i t i o n  
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of the radionuclide was established a t  the mid-points of the curves. The 

Rf values were calculated using the distances between.these points. 

Distribution coefficients were calculated using the R f ,  the respective 

bulk density, and porosit ies of the so i l s  (Table 1 ) .. 

The resolution of the scanner i s  0.2 cm; therefore, fo r  a water front 

moving 6 cm beyond the spotting position the Rf value cannot be less  than 

0.033. This i n  t u r n  1 imits Kd values to  less  than 15 f o r  most so i l s .  
% 

The dis t r ibut ion coefficient calculated from the Rf values agreed 

quite well for  Sr-85, b u t  fo r  Na-22 the Kd by the chromatograph method was 

considerably smaller than by the batch method. comparing column KdJs 

to  the batch Kdls a t  an equilibrium concentration of 0.1 - N calcium i s  

probably not just i f ied as the concentration of calcium in the so i l  solution 

a t  the 4 cm mark on the chromatograph i s  l ike ly  closer to  0.05 N than 0.1 fi 

calcium. Thus, column Kdls would be considerably smaller than batch Kdls 

i f  batch Kdls were calculated a t  so i l  solution concentrations of calcium. 

Actual'values for  calcium or for  tha t  matter the cation displaced from the 

so i l  s i t e s  by 'calcium cannot be calculated without benefit of the coupled- 

equations model. This i s  one o f  thc most important. reasons for  developing 

the coup1 ed-equations model . 

Select ivi ty  Coefficients: 

Select ivi ty  coefficients fo r  the vari.ous radionuclides a re  required 

for  comparison with the coupled-equations resul t s .  Select ivi ty  coeffi-  

c ients  should be determined for  the radionucl ide of in t e re s t  using trace 

concentrations of the radionucl ide (<  E) in the presence of macromolar 

concentrations of t he  dominant cation in the solution and sorbed on the 

solid matrix. m he se lec t iv i ty  coeff ic ient  i s  defined as follows: 



where ii i s  the concentration of the radionucl ide ( i )  on the solid 

matrix,, 

i s  the concentration of the radionuclide ( i )  in the equi l i -  

brium ~ o l u t l ~ n ,  
d x. j$ the concentration of the dominant cation ( j )  on the 

J 

sol i d  matrix, 

x i s  the concentration of the dominant ,cation ( j )  in the 
j 

equilibrium solution, 

j i s  the cationic charge of ( j ) ,  and 

i i s  the cationic charge of ( i ) .  

Because ( i )  i s  the radionuclide and present in trace quant l t les ,  i i / x i  = Kd 

of the radionuclide. Thus equation ( 1 )  can be rearranged to the following 

i i i log Kd = 3 log K ( i ) / ( j )  + - log i - - log x . 
j j j j 

A log-plot of Kd versus the concentration of xj should give a s t ra ight  l ine  
i with a slope of i / j  and an ~ n t e r c e ~ t  equal t o  1 l u g  K + F log i 

J ( i > / ( j >  J j 

~ e c a u s e  the concentration of ( j )  >> ( i ) ,  the 'term log i i s  constant and 
j 

equal t o  the cation exchange capacity of the sol id  exchanger. 

Select ivi ty  coeff ic ients  of Ni, S r ,  and Na were determined re la t ive  

t o  macroconcentrat~~ns o f  t a  (equil i lrr iuni concentrations ranging from 

t o  1 - M )  fo r  the Muscatine s i l t  loam s o i l .  Approximately 1 gram sample of 

t h i s  so i l  were saturated (by repeated washings iniOak Ridge type centrifuge 

tubes) w i t h  20 ml of 1 - N Ca(N03)2 containing traqer quantit ies of Ca-45. 

The calcium solution concentrations were varied by di lut ing with d i s t i l l e d  



I 

water so t h a t  e q u i l i b r i u m  ca lc ium concentrat ions i n  t h e  s o l u t i o n  phase 

ranged from 1 t o  as low as l o m 4  - N. Tracer  q u a n t i t i e s  (< !) d f  Ni-63, . .  

Sr-85, and Na-22 were added t o . t h e s e  suspension's and e q u i l i b r a t e d  by :f:: 

shaking overn ight .  Adsorpt ion o f  Na-22 and Sr-85 was complete a f t e r  

overn igh t  shak'ing, however, adsorp t ion  and desorp t ion  o f  N i  -63 was t ime 

depende'nt ( ~ a b l e s  3 and 4) .  The l o g - l o g  p l o t s  d f  the  Kd values .obtained 

f o r  each o f  these rad ionuc l  ides  (Ni-63, Na-22, and Sr-851 a t  var ious  
. 

ca lc ium s o l u t i o n  concentrat ions are  presen'ted i n  F ig .  5. A reasonably 

good f i t  ( a l l  r2 > 0.90) t o  a s t r a i g h t  l i n e  was found f o r  a l l  rc id ionucl ides 

4 cons ider ing  t h a t  the  range oT ca lc ium concent ra t ions  was n e a r l y  10 . The 

s lope o f  each curve, however', d i d  n o t  represent  " i d e a l "  behavior,  v i z ,  

t he  slop'es fo r  Sr-85 and Ni-63 should' have been -1 w h i l e  the  s lope f o r  
. . . *  . 

Na-22 shbuld 'have been -0.5.. 
' . . , ! ,  

The K ~ ' S  o f  sodium and n i c k e l  i n  t he  presence o f  ' var ious  cal.cium, 
. . 

concentrat ions were obtained w i t h  Conasauga shale.' 
: . .  8 

. . . . 
For sodium 

l o g  Kd = 0.51 - 0.24 l o g  (Ca) r2 = 0.760, n = 12 , 

when 1.0 5 (Ca) 5 7 . 1  x 1 0 ' ~  . . 

and f o r  n i c k e l  
2 

l o g  Kd = -.06 - 0.81 l o g  (Ca) r = 0.905, n = 12 

when 1.0 .s (Ca) 2 1.3 x (Ca) i n  meq/ml. 

These regress ion  equat ions can be subt rac ted  from equat ion (2 )  and' t h e  

s e l e c t i v i t y  c o e f f i c i e n t s  can be expressed i n  terms o f  ca lc ium concentra- 

t i o n s  (F ig .  6 )  by s imple power laws o f  t h e  form . . 

where a and b a r e  constants and x i s  t he  ca lc ium c o n c e n f r a t i o n i m  

the s o l u t i o n  phase. 



Movement of Radionuclides i n  Conasauga Shale Relative to  Calc.ium: 

Conasauga shale ( <  No. 35 mesh) was dry-sieved into channel chroma- 

tographs using a TLC spreader. Instead of inclining the chromatographic 

plate  a t  68 degrees, the following'data were obtained while the plate was 

in a horizontal position. The radionuclides were introduced into the 

columns via  paper wlcks (10 cm) dipped in 10 ml of 1 - N Ca(NOj)q contained 

i n  polyethylene t e s t  tubes. Each tube contained t racer  levels - M )  of 

a radionucl ide (H-3, Na-22, Ni-63, Sr-85, Ru-106, Cd-109, Ce-144, and Sb-125) 

and Ca-45 to  monitor Ca movement. Thus, in t h i s  manner, the profiles 

(concentration versus distance along the chromatograph) of water, the dis- 

placing cation ( ~ a )  and each radionucl ide can be evaluated im a single 

wetting. After wetting t o  10 cm, the columnswereremoved i n  1 cm increments. 

The columns containing H-3 and Ca-45 were dissected immediately a f t e r  

removing the TLC plate  covering the chromatograph to avoid loss of H-3. 

The cations were displaced from the shale increments using three 10 ml 

washing of .1  - N Ca(N03)* in 0.1 1 HCl and DTPA (1.3 g / l ) .  From the d is -  

t r i b ~ l t i o n  of water, calcium and the radionuclides along the chromatograph 

(Figs. 7 and 8 )  Kd values and se lec t iv i ty  coefficients will be determined 

using the coupled-equati ons model. Dl s t r i  bution patterns in Figs. 7 .and 

8 expose an important problem for  these analyses. The dominant ca t ion '  

such as calcium, has a spacial ly  variable concentration over the length 

of the chromatograph. , Both the distributlon'and se lec t iv i ty  coefficients 

a re  functions of th i s  concentration, and hence they also vary as a function 

o'f distance .along the chromatographic column. These two coefficients should, 

therefore, not be determined d i rec t ly  from the chromatograph, b u t  rather 

from sorption parameters which do not vary. Quantities a and b of equation 

(3)  which resulted from analyses of the batch measurements f i t  t h i s  cr i ter ion 
t 



very  we l l .  ~ h e s e  constants, a  and b  o f  the  equat ion K = axb,' a r e  a l s o  

e a s i l y  obta ined from the  numerical ana lyses 'o f  the  d i s t r i b u t i o n  pa t te rns  

of t he  var ious  radionucl  ides  along t h e '  chromatograph. I n  t h i s  manner, 

equat ions ( 2 )  and ( 3 ) '  can be used t o  determine s e l e c t i v i t y  and d i s t r i b u -  

t i o n  c o e f f i c i e n t s  as func t ions  o f  t he  concentrat ions o f  the 'dominant  

ca t ions .  

SUMMARY 

The o b j e c t i v e  o f  t he  p r o j e c t  i s  t o  ca l cu la te .  d i s t r i b u t i o n  c o e f f i c i e n t s  

(Kdls) of rad ionuc l  ides  i n  chromatographic columns f i l l e d  w i t h  s o i  1  o r  

o ther  porous geo log ica l  media. Values ca l cu la ted  w i l l  then be compared 

t o  Kdls determined i n  the  .convent ional batch method. Las t  year ,  a  water 

t r a n s p o r t  and a  mass-transport equat ion were opt imized t o  f i t  the exper i -  

mental data.  Th i s  year,  i n i t i a l  e f f o r t s  were d i r e c t e d  a t  assessing the 

t h e o r e t i c a l  s e n s i t i v i t y  o f  these models. Because no s i g n i f i c a n t  d i f f e r -  

ences cou ld  be detected i n  the movement o f  the  rad ionuc l ides  between 

wet t ings  us ing  d i s t i l l e d  water as an e l u t i n g  s o l u t i o n ,  i t  became apparent 
. . 

t h a t  the  models were o f  1  i t t l e  use unless they were coupl.ed t o  ' a  competing- 

i o n  mass t r a n s p o r t  equat ion. Th i s  equat ion coupled w i t h  the  water and mass 

t r a n s p o r t  equat ions descr ibe rad ionuc l i de  movement us ing  e l u t i n g  so lu t i ons  

o f  var ious i o n i c  s t rengths.  The model has been developed and i s  being 

used t o  determine Kdls and s e l e c t i v i t y  c o e f f i c i e n t s  from experimental  data. 

once the  uniqueness o f  the model has been ve r i f i ed ,  these c o e f f i c i e n t s  i n  

t u r n  w i l l  be compared t o  those t h a t  have a l ready  been determined i n  con- 

v e n t i  onal batch procedures over  ranges of c a l c i  um concent ra t ion  , ( l  t o  



Table  1 .  D i s t r i b u t i o n  c o e f f i c i e n t s  (Kd) i n  s o i l  chromatographs. 1 

Calcium concen t r a t i on  i n  e l u t i n g  s o l u t i o n  

0.10 0.01 

Muscatine s i l t  loam 

Fuquay sand 

Ca-45 0.23 1.23 

0.46 1.48 Sr-85 

Na-22 0.26 0.15 

N i  -63 0.85 5.4 

'1-129 0.02 0 .0  . . 

Tc-99 0.11 
. . -.- 

0.02 
. . - ...-.- 

'1/Rf = 1 + p Kd/n where p and n a r e  bulk d e n s i t y  
and p o r o s i t y  o f  t h e  s o i l .  For Muscatine s i l t  loam, 
p = 1 .21 g/cm3, n = 0.545; Fuquay sand,  p = 1 .38 g/cm3, 
n = 0.479. 



 able 2. Comparison o f  chroma.tographic Kd va1,ues ,, 

t o  those determined by the  batch 
measurement technique; 

. . 

Ca Concentrat ion 1  

. 0.1 meq/ml 

.. . Chromatograph . Batch 

'ca lc ium concent ra t ion  o f  e l u t i n g  s o l u t i o n  f o r  ihromatograph 
s tud ies  and e q u i l i b r i u m  concent ra t ion  f o r  batch 
s tud ies  c a l c u l a t e d  from the  regress ion  equat ions f o r  

S r .  K, = 0.28 ( ~ a ) - ~ . ~ ' .  r2 = 0.99 
- U 

Nay Kd = 2.34 ( ~ a ) - . ~ ~ ~ ~  r2 = 0.9'3 

N i .  Kd = 33.9 ( ~ a ) - ~ . ~ ~ .  r2 = 0.98 
- 

where (Ca) i s  ca lc ium concent ra t ion  i n  meq/ml . 



Table 3. I n f l u e n c e  o f  Time on So rp t i on  of N 'ckel  
on <2pm F r a c t i o n  o f  a Muscat ine S i l t  Loam 1 

- 

C a Time , ( h r )  
Concent ra t i  on 2 6 2 4 

K~ values determined from reg ress ion  equat ion: 

For  2 h r  

Kd = 15.9. (Ca) -0.92 r2 = 0.980, n = 1 0  

6 h r  

Kd = 27.5 (Ca) - U s 8 '  r2 = 0.990, n = 10 

24 h r  

Kd = 33.9 (Ca) -0.90 r2 = 0.979, n = 10 

where ( ~ a )  1 S cal  clum cunce111r.d 1 ior,r i i l  n~eq/ml. 



' Table 4. I n f l uence  o f  Time on ~ e s o r ~ t i o n  o f  Ni-63 
f rom <2pm F r a c t i o n  o f  Muscat ine S i l t  Loam. 

. .  . 

. . 

Desorpt ion i n  1 1 Ca 
Sorp t i on  Time ( h r )  . a f t e r  24 h r  . # 

3 - e n  



MOVEMENT RADIONUCLIDES IN FUQUAY S A N D  

4 5 6 7 0 

DISTANCE (cm) 

F igu re  1 



MOVEMENT OF RADIONUCLIDES IN FUQUAY SAND 

DISTAUGE (cn?) 

Figure  2 



MOVEMENT 3F RADIONUCLIDES IN Mi'SCATiNE SILT LOAM 



MOVEMENT OF RADION.UCLIDES: I N  MUSCATIKE SILT LOAM 

Figure 4 



~ i g u i e  5. ~ i s t r i b u t i o n  c o e f f i c i e n t s  as a F u n c t i o n  o f  Calc ium 
Concen t ra t ions  i n  t h e  S o l u t i o n  Phase (Muscat ine S i l t  L a m ) .  

, 



Figure  6.  S e l e c t i v i t y  C o e f f i c i e n t s  as a Funct ion o f  Calcium 
Concentrat ions i n  t he  So lu t i on  Phase ' (Muscatine S i  1 t Loam). 



F igu re  7 .  D i s t r i b u t i c n  o f  Water and Ca i n  Conas.3uga Shale 
a f t e r  Wet t inc  t o  10 cm w i t h  1 - N Ca(NO3I2. 



DISTANCE IN CM : i 

F i g u r e  8. R e l a t i v e  D i s t r i b u t i o n  o f  T racer  Q u a n t i t i e s  o f  Sr,  N i ,  and Na ' 

t o  Ca a f t e r  Wet t ing  Conasauga Shale t o  10 cm w i t h  1 1 Ca(N03)2. 
i 



DISCUSSION--C. W. FRANCIS 

Experimental Chromatography 

Q. I s  t h e  so l ven t  aqueous? 

A. I n  t h i s  case, i t  was water. We can use d i f f e r e n t  Ca concentrat ions, 

d i f f e r e n t  Na concentrat ions--whatever we need t o  do9 t o  de tec t  

. m o b i l i t y .  

Q. Are the  p l a t e s  p ro tec ted  aga ins t  evaporat ion? 

I\. Yes. After. we p u t  I n  t h e  so i  l s l u r r y  and l e t  it dry, we cover t h e  

chromatograph w i t h  p l a s t i c  up t o  t h e  5 cm l i n e ,  and then clamp a 

convent ional  TLC ( t h i n  l aye r  chromatograph) p l a t e  on top.  Also, , 

a l l  o f  these experiments a r e  c a r r i e d  o u t  i n  a c losed system. 

Q. Does muscatine s i l t  loam have a low i r o n  content? 

A. W e d i d n ' t p u r i f y  i t .  I t ' s a  g o o d a g r i c u l t u r a l  s o i l ,  h igh  i n  

organ ic  m a t e r i a l .  I would guess t h a t  i t  has l e s s  than 2% Fe (11) 

o r  (111): 

Q. What i s  the  s i z e  f r a c t i o n  o f  t he  s o i l  t h a t  y o u ' r e  us ing? 

A. Every th ing  l e s s  than 5 0 0 ~ .  

Q. Did you p e r f o r m a n y  t e s t s  t o  determine t h e  e f f e c t s  o f  spo t t i ng?  

A. Yes, we've t r i e d  i t  j u s t  about every way poss ib le .  I t  cannot be 

done upside down, as t h i s  w i l l  r e s u l t  i n  s t reak ing  a long t h e  side; 

b u t  i t  can be done i n  a number o f  o the r  ways. 

Q. Did you get  any p a r t i c l e  s i z e  f r a c t i o n a t i o n  f rom top t o  bottom when 

t h e  s l u r r y  se,Lt les u u t ?  

A. I d o n ' t  know. When we e l u t e  i n  a sandy s o i l ,  we might  s impiy be 

moving very  f i n e ,  submicron-sized p a r t i c l e s  from the  bottom t o  the  



end o f  the  column. To c o r r e c t  f o r  t h i s ,  i n  some Pu experiments 

performed l a s t  year  (see ORNL-5337, " Q u a n t i t a t i v e  Analys is  o f  S o i l  

Chromatography. I Water and Radionucl ide Transport "  by M. Reeves,' 

C. W. Francis ,  and J. 0.' Dugutd) we e l u t e d  fuquay sand several  

t imes and .then spot ted  i t .  We s t i l l  saw a Pu spot  a t  the  end o f  

the  column. However, ' fuquay sand i s  an unusual type o f  s o i  1  i n  

t h a t  organic mat te r  can. be d ispersed very e a s i l y .  Consequently, 

the Pu a t  the  end o f  the  column cou ld  be a so lub le  organ ic  ma t te r  

compl ex. 

Q. I f  you had p a r t i c l e  f r a c t i o n a t i o n  due t o  s ize ,  w i t h  f i n e  p a r t i c l e s  

on the  top- and coarse ones on the  bottom, wou ldn ' t  the  water move 

f a s t e r  on the  bottom, next  t o  t he  g lass? 

A. I t  cou ld  be. 

Q. When you l oad  the  p la tes ,  i s  i t  s u f f i c i e n t  t o  s l u r r y  the  s o i l  i n  

water  and l e t  i t  dry?  

A. Yes. A t  f i r s t ,  we thought t h i s  method would j u s t .  work w i t h  sandy 

s o i l .  When we t r i e d  i t  w i t h  muscatine s i l t  loam, however, even 

though the . loam cracked d u r i n g . t h e  d r y i n g  process, we obta ined more 

u n i f o r m i t y  , o f  water - f ron t  movement than we had w i t h  the  fuquay 

sand; w i t h  the  sand, the  water movement i s  so f a s t  t h a t  i t  r e s u l t s  

i n  some v a r i a b i l i t y .  

Q. What do you do i f  a crac'k develops i n  the. s o i l ?  

A. I f  the re  i s  a l a r g e  crack, the  w a t e r w o n ' t  b e a b l e  t o  move up the  

column; t o  so lve  t h i s  problem, we j u s t  push on the  end of t he  

c v l u ~ ~ r n  t o  c lose  up the crack.  

Q .  Do you r e l y  on s e t t l  i n g  o r  do you. v i b r a t e  t h e  column? 

A. We j u i t  r e l y  on s e t t l i n g .  , I n  f a c t ,  , w i t h  t h e  conasauga shale, we 

d i d n ' t  even wet i t . We s imply dry-s ieved i t  i n t o  the  columns, 



making sure t h a t  t h e  columns were v e r t i c a l .  I t h i n k  t h i s  i s  the  

d i r e c t i o n  we should be tak ing ,  s ince  i t  i s  c l o s e s t  t o  the  ac tua l  

s i t u a t i o n  l i k e l y  t o  be found i n  the  f i e l d - - a  water f r o n t  coming 

i n t o  an unsaturated s a l t  dome. 

Q. How t h i c k  a r e  the  samples as f a r  as the  beta e m i t t e r s  a r e  concerned? 

A. We do see some se l f -abso rp t i on ;  however, we' re n o t  r e a l l y  i n t e r e s t e d  

i n  q u a n t i t y  b u t  r a t h e r  i n  how f a r  a  p a r t i c u l a r  rad ionuc l i de  moves. 

Q.  What about Sr? I t h i n k  y o u ' r e  j u s t  measuring the  sur face.  

A: We use gamma Sr, n o t  beta.  

Q. A f t e r  d r y i n g  rad ionuc l i des  (e.g., Pu and Am) on the  crushed rocks; 

.have you f o u n d ' i t  d i f f i c u l t  t o  g e t  them back o f f  the  rocks? 

A. 'We've t r i e d  t o  determine whether t he re  i s  r e t e n t i o n  a f t e r  d ry ing .  

I n  t h e  case o f  Pu, I c a n ' t  be sure. We d i d  n o t  have o u r  NaI de tec to r  

on ou r  chromatographic scanner f o r  those experiments, and there fore  

would have had d i f f i c u l ' t y  i n  p i c k i n g  up low concentrat ions.  For  . 

t he  o the r .  rad ionuc l  ides  t h a t  we've used, I 've seen no evidence o f .  

r e t e n t i o n  a f t e r  d ry ing .  I n  the  case o f  Cs, however, we d o n ' t  even 

use it; 1 . t ' ~  ~ilj' b p l n l o n  t h a t  I L w i l l  1101 i i i igvat t  very  f o r .  

Q. I wouldn ' t  say the  same t h i n g  about your  data. I t  doesn ' t  seem 

1 i k e  any th ing  has stopped a t  the 4 crn mGrk; ever.yth1ny see1115 Lu be 

moving. 

(No answer y i  v e r ~ )  



DISCUSSION--MARK REEVES 
. . 

. . 

Modeling . 

Qi IS the unsaturated d i s t r i b u t i o n  c o e f f i c i e n t  t h a t  you use..the same 

as bne f o r  a sa tura ted  system? 
. . 

A. The model assumes t h a t  t he  d i s t r i b u t i o n  c o e f f i c i e n t  i s  p r o p o r t i o n a l  

t o  the  degree o f  s a t u r a t i o n - - i  .e., t o  t he  water con ten t  d i v i d e d  b y  

t h e  t o t a l  p o r o s i t y .  (See ORNL-5337, " Q u a n t i t a t i v e  Ana lys is  of S o i l  

Chromatography. I Water. and ~ a d i o n u c l  i d e  Transport "  'by M. Reeves, 

C .  W .  Francis ,  and J. 0. Duguid.) 

Q. . Do the  X i ' s  and X j ' s  i n  you r  equat ions represent  a c t i v i t i e s  o r  : 

concent ra t ions? . ,  : 

A. They are  concentrations:-meq/g. . . 

Q. Was t h e  equat ion you used fo r  the  s e l e c t i v i t y  c o e f f i c i e n t .  dependent 

on a' homoionic exchange? 

A. No, the  va len tes  a r e  taken i n t o  account i n  the  equat ion .  T h e  P ' s  

represent  t h e  valence. 

Q. What happens if you have more than one competing i o n - - f o r  examp.le, 

Ca and Na competing w i t h  Sr? 

A. The program . is  s e t  up i n  a general .manner so t h a t  i t  can handle any 

number o f  competing species. 

Q. Would your  setup s t i l l  be based on b ina ry  s e l e c t i v i t y  c o e f f i c i e n t s  

i t e r a t i n g  through t o  s imu la te  simul taneous s i  tuat i 'ons? 

A. Yes, t h a t ' s  r i g h t .  



. .  Rad ionuc l ide  Movement i n  Shale (F igure  7, 8 )  

Q. I s  t h e r e  any reason why t h e  l i q u i d  concent ra t ion  and the  a c t i v i t y  

on t h e  shale should fa1 1  o f f  a t  t he  same d is tance? 

A. It has t o  do w i t h  t h e  equat ion f o r  t h e  s e l e c t i v i t y  c o e f f i c i e n t ,  

which requ i res  t h a t  t h e  l i q u i d  and a c t i v e  s o l i d  concentrat ions f o r  

t h e  minor  c o n s t i t u e n t  be the  same as those f o r  t h e  major cons t i t uen t .  

Q. Are ' these computer-generated curves? 

A. Yes, they are: 

Guarding Against  E r r o r  

Q. How s e n s i t i v e  a r e  your  c a l c u l a t i o n s  t o  p o s s i b l e  e r r o r s  i n  those 

exponents on t h e  Ca concent ra t ions  (F igures  5, 6 ) ?  

A. We w i l l  have t o  i n p u t  experimental  e r r o r s  and use those i n v e r s e l y  

t o  weight ou r  parameters t h a t  we opt imize.  I suspect t h a t  we w i l l  

need t o  i n p u t  r e l a t i v e l y  l a r g e  e r r o r s  and emphasize t h a t  l e s s  i n  

ou r  op t im iza t i on ,  since, f o r  experimental  reasons, we a r e  n o t  p lann ing  

on p r e e q u i l i b r a t i n g  t h e  crushed rocks o r  s o i l .  What we w i l l  be 'do ing  ins tead 

i s  t o  p u t  a  dominant c a t i o n  i n t o  t h e  s o i l ,  which, i n  a sense, 

e q u i l  i b r a t e s  it, and then a1 low the  t r a c e  m a t e r i a l  t o  e l u t e  i n t o  

i t . Also, we w i l l  be doing a  s e n s i t i v i t y  ana lys i s  on the  f i n a l  

r e s u l  t s  . 

Q. Do you have any f e e l i n g  as t o  whether your  o p t i m i z a t i o n  schemes 

f o r  t he  d i s p e r s i v i t y  and f o r  t h e  s e l e c t i v i t y  c o e f t ' i c l e n t  will be 

unique? 

A. . We a r e  a t tempt ing  t o  guard aga ins t  t h e  p o s s i b i l i t y  t h a t  they w i l l  
n o t  be unique by us ing  both comparable batch measurements and . . 

s i m p l i f i e d  a n a l y t i c a l  formulas. There i s  a  s l i g h t  phys i ca l  d i s t i n c t i o n  

between them, however: t he  d i s p e r s i v i t y  r e f e r s  o n l y  t o  t h e  l i q u i d  



phase as i t .  f lows through t h e  so l  id , ,  whereas the  s e l e c t i v i t y  

c o e f f i c i e n t  r e f e r s  t o  both s o l i d  and l i q u i d  phases. However, I'm 

n o t  sure whether t h i s  d i s t i n c t i o n  i s  s u f f i c i e n t  t o  assure uniqueness. 
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THE KINETICS AND REVERSIBILITY OF RADIONUCLIDE 
SORPTION REACTIONS w I m  ROCKS - 

PROGRESS REPORT FOR FISCAL YEAR 1977 

INTRODUCTION 

The work described in this report is part of the Waste 
/ 

Isolation Safety Assessment Program (WISAP) managed by the 
Pacific Northwest Laboratory for the Office of Waste Isolation. 

Progress in fiscal gear 1977 is reported (the pro,ject was 
begun in March 1977) . 

Assessment .of the safety of radioactive waste storage in 

rock formations requires a knowledge of radionuclide sorption 

on the rock. Sorption data is used in predicting migration 
from the storage site to the biosphere. Radionuclide sorption 
is described in terms of equilibrium sorption coefficients 

(Kdls). Since Kd.values obtained in the labroatory depend 
on the methods used to obtain them, reliable, reproducible 
data are difficult to find. To avoid this problem, it is 

necessary to define a method or methods which will yield 

reproducible and useful data for predicting sorption. The 
effects of experimental variables on Kd values must be under- 

srood if'a useful measurement method is to be defined. The 
specific goal of this program is to'determine the effects of 

irreversible sorption reactions and rates of sorption on 

measurement of Kd. This information will help to define a 

sp'cific method for Kd measurement and will provide a signi- 

ficant amount of site-specific sorption data. 

Some sorption reactions have been shown to be irreversible. 

An example is the replacement of cations by cesium ion in mica- 

like minerals. Cesium ion is essentially "f ixedt' in the sorp- 

tion sites of these minerals and cannot be recovered by ion l l  



exchange reactions. Irreversible sorption reactions will 

affect Kd measurements. Since fixed radionuclides will not 

appreciably exchange with ions in the aqueous phase, Kd values 

will likely be more sensitive to the total amount of radio- 

nuclides present in the experiment than if sorption were 

reversible. 

There are two types of reactions that result in changes 

in Kd with time. The first is a sorption-desorption reaction 

with the rock. This type of reaction will probably be 

diffusion-controlled and is relatively rapid (on the order 

of days or weeks). The second is the reaction of geologic 

media with macro-components of the groundwater. Possible 
reactions are : (1) mineral transformation, (2) mineral 

dissolution, and (3) precipitation of dissolved minerals 'and 
other groundwater components. This type of reaction is 

expected to be slow. 

The work completed thus far emphasizes a thorough charac- 

teri,zation of the rocks chosen for study, determination of , 

the% precision of Kd measurements using the batch equilibration. 

method, and accelerated "weathering" experiments by leaching,, 

the rocks. 

MATERIALS AND METHODS 

ROCKS 

Four rock types were selected, each representing a 

possible location of a deep geologic waste repository. 

These rocks are basalt, quartz monzonite porphyry ("granite"), 

argillite, and rocksalt. The sampling location and the 

geologic formations from which these samples were obtained 

are given in Table I. 

t 



TABLE I 

SOURCE OF. ROCK SAMPLES 

RDck Type Sampling hcation Geologic Formation 

Basalt Sentinal Gap, Washington Ihntanum Flm 
Outcropping . .  . . 

Quartz Monzonite Nevada Test Site Climax stock 

Porphyry ("Granite") Sample UE15e7 

. 8 . . 
Argillite Nevada Test Site Eleana 

. . Sample VE17e (2200' ) . . 
. . 

Rocksalt Carlsbad, New Mexico 

ERDA Drill Hole #9 
(2621.2-2621.8' ) . . 

.. ' . * 

GROUNDWATERS 

Groundwater analyses were obtained for the four sa~rlpling 

sites listed above. Synthetic groundwaters with compositions 

approximating those ot the above sites were pyepafecl .  ' A 
thoroughly analyzed. water from a well near Paterson, 

washington(') was selected as representative of Hanford 

basalt aquifers. It is a sodium bicarbonate water with a 

pH of 8.2. Two groundwater 'types found beneath the Nevada 

Test Site were chosen for experiments with granite and 

Eleana argillite. They are, respectively, a sodium-calcium- 

bicarbonate-sulfate water")and a calcium-magnesium-bicarbonate 

water. ( 3 )  A nearly saturated brine solution obtained by 

dissolving salt core from the Carlsbad, New Mexico site in ' 

deionized water is the "groundwater" associated with the 

salt. The compostions of the syrrthetic groundwaters are . 

given in Table 11. 



TABLE I1 

COMPOSITION OF SYNTHETIC I GROUND WATERS^^ 

Argillite Basalt Granite , .Salt 

295. mg/a NaHC03 620 mgla CaS04.2H20 112 mgla CaC03 287 g/a NaCl 

302 mgla NaHC03 ' '76.mgla NgC03 6.0 gla Na2SO4, 
,135 mgla NaHC03 16 mg/e ~ a ~ B , O ~ * l o H ~ o  

14 mg/ a NaHC03 - 

520 mgla NaBr 
29 mgla KC1 

*AS prepared. 
1 

13 mg/a KI 

40 mgla MgC12 
3.3 gla CaC12*2H20 

6 mgl a FeC13 
33 mgla SrC12*2H20 

' . 1.6 mgla Rb2SOt+ 
1.3 mgla CsCl . 



MDIONUCLIDES 

' The radionuclides chosen for study are those which appear 

to be of most importance in radioactive storage safety (i.e., 

present in significant quantities in the wastes, possess long 

half-lives, and have high toxicity). These radionuclides are: 

/ 
ki cesium-137, s trontium-90, tec n-gtaCmF4-9., ruthenium-106, 

prome'tfu--ar47, ne-237, plutonium, and americium-241. 
c ' l  / 

METHODS 

Equilibri.vm radionuclide distributions were measured 

using batch experiments. Five grams of crushed rock were 

pre-equilibrated overnight with thirty milliliters of the 

appropriate unspiked groundwater in sealed pretared 

polycarbonate centrifuge tubes (50 ml). The tubes were. 

centrifuged and the supernate discarded. This pre- 

equilibration was repeated to ensure minimal changes in the 

groundwater composition when the spiked groundwater solution 

was added. The tubes were then weighed so that the residual 

volume of unspiked groundwater not decanted could be 

measured. This volume was used to correct the initial 
concentration of tracer since the tracer solution is diluted 

by it. Thirty milliliters of groundwater spiked with a 

single radionuclide were then added to the tubes and the 

tubes were shaken for 48 hours and centrifuged. The super- 

nate was decanted from the crushed rock and analyzed for 

tracer concentration and pH. The tracer concentration was 

determined by standard counting techniques. Blank 

experiments were run to measure sorption of the tracer on 

the centrifuge tubes. 

Both pH and Eh were allowed to vary in these cxpcriments. 

The crushed rock buffered both the pH and Eh of the ground- 

water solutions. Measurement of these quantities were made 

for each rock-groundwater composition after the equilibration. 



~~uilibrium Kd values were calculated from tracer 
. 

analyses of the groundwater, solutions before and after equili- 

.bration with the crushed rocks. ~ i S e  repetitions of each rock- 

groundwater-radionuclide equilibration were made to determine 

the precision of the .Kd measurements. 

, The effect on Kd of transformation ("weathering") of 

the' rock over long time, periods is being studied. ' Accelerated 

weathering of basalt, granite, and argillite is being attempted 

by continuous leaching with ho't, distilled water in a soxhlet 

apparatus. The effect of leaching on the microstructure and 

chemical composition of rock surfaces and Kd values. is being 

studied. 
. . . . 

RESULTS AND DISCUSSION 

CHARACTERIZATION OF THE ROCKS 

Each of the four rock types was characterized as follows: 

(1) bulk elemental analysis, .(2) qua'litative mineralogy, and 

(3)'surface area of crushed samples. Thorough characteriza- 

tion.was necessary so that effects of sample characteristics 

on Kd measurements could be determined. Additional 

characterization work is needed (i. e. , carbonate b r l  water 

content, ion exchange capacity, quantitative mineralogy, and 

organic.content) and will be completed in fiscal year 1978. 

Elemental Analysis 

Samples of basalt, granite and argillite were' dissolved 

in dilute, aqueous hydrochloric acid after fusion with 

lithium metaborate. These,solutions were immediately 

analyzed using an inductively coupled argon plasma source 



spectrometer (Applied Research Laboratories). This instrument 

measures the concentration of 29 elements simultaneously. 
Aqueous filtered solutions of the New Mexico rocksalt were 
also analyzed with this instrument. 

Ten elements of measurable concentration.were detected : 
in the basalt, 'granite, and argillite samples. Results of 
these analyses are given in Table 111. Averages of at least 
three analyses are given. Carbonate and water 'were not' 

determined. 

TABLE ,111 

CHEMICAL COMPOSITION* OF BASALT, GRANITE, AND ARGILLITE 

Oxide Basalt Granite 

Si02 

A1203 

Fen t 

MgO 
CaO 

Na,O 

K2 0 
Ti02 

BaO ' 

P2°5 

Total 

;'Given in weight percent. 

Argillite 
57.3 
20.7 

5 . 6 2 '  

2 . 3 3  
I. 41 
0.92 
1.29 
0.79. 

t~nly ferrous iron is assumed to be present. 



.. . RHO-ST-4 

Partial analysis of the soluble fraction of the salt 

(>99 percent) gave the following results. 
. . 

TABLE IV 

CHEMICAL . COMPOSITION OF THE SALT 

Weight Percent 

33.3 
0.3 
0.09 
0.18 

0.01 
NDYc 

>kND. =.. Not determined 

Mineral Content 

The mineral content of each rock type wasdetermined 

using X-ray diffraction and 'scanning electron microscope- 
microprobe techniques. X-ray diffraction patterns for the 

crushed rock,,samples , , are shown in Figure 1. The minerals 
which can be identified from these diffraction patterns are 
given in Table V. 

TABLE V 

MINERALS IDENTIFIED BY X-RAY ' DIFFRACTION 

..Basalt Granite Argillite 

Labradorite Anorthite Quartz 

Salt 

Halite 
. . ' Quartz Chlorite Sylvite Augite 

Biotite Stilbite 

, Albite 
Brookite 



2 0  60 5 0 .  40 30 20 1 0  0 

FIGURE 1 

X-RAY DIFFRACTION PATTERN (COPPER SOURCE) 
OF BASALT, GWNITE,  ARGILLITE, AND SALT 
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Polished sections of the rocks were examined with an 

SEM-microprobe to.measure grain size and identify mineral 

phases. Element maps and spot analyses were compared with 

secondary photomicrographs of the rock surcaces and were used 
.. . . 

. . to identify mineral phases. The results of analyses of . , 
. . 

different areas on the polished surface of each rock type are 
. . 

shown. in Figures 2 through 20 in the Appendix. The 

abbreviations for the mineral phases shown in the photo- 
micrographs are given below. 

Q = quartz - Si02 
Or = K-feldspar - KA1Si3O8 
Ab = albite - NaA1Si308 
An = anorthite - CaA12Si208 
Py =.. pyroxene - Ca (Mg ,Fe)Si205 or (Mg ,Fe)Si03 . :; 

. .  . . .  .Mt = . magnetite - .  Fe304 
. .  . 

11 = ilmenite -.FeTiD3 
. . 

Bt .= .  biotite. - K(Mg,Fe) 3(A1Si3010) (OH)2 
Ap:. = apatite - Ca5 (PO4) (F,Cl,OH) 
Tt . . .  . ,=.  . titanite - CaTiSiOs 

..PI, = .  plagioclase - NaAlSi 308.-CaA12Si208 . . . .  . 

Ha: = halite - NaCl 
Gy = gypsum - CaSO4-2H20 

i 

Ep = epsonite - MgSU4./H2U 
Cy ='clay 

Ct = calcite - CaC03 

The mineral phases identified in each rock type are 

summarized in Table VI. The minerals are listed in order 

of dccrea~ing abundance. 

,The basalt , . is fine-grained (crystals are 1 to 200 pm) with 

a large amount of glassy or very fine crystalline groundmass. 
The relatively weak diffraction lines for the basalt (see 

Figure 1) indicate a large amount of amorphous material is 

present. Ilmenite exists as dendrites throughoutthe matrix. 



TABLE V l  

. - 
Basalt Granite Argillite . Salt 

. " 

Plagioclase Plagioclase Quartz Halite 
. . . . .  

Pyroxene ~ u a r  t z Clay Gypsum 

Ilmenite 
. , 

Albite orthoclase , Epsonite 

FeSiOL, Orthoclase calcite Clay . . 

Magnetite Ti02 

Biotite 

Titanite 

Apatite 

The "granite" (actually a quartz monzonite porphyry) 

is very course' grained with some crystals as large as a few 

centimeters long. There appears to be very little amorphous 

material present. Photomicrographs of argillite show 

crystals of quartz, orthoclase, Ti02, and calcite scattered 

throughout a clay 'matrix (the principal clay mineral is '' 

chlorite as determined by X-ray diffraction). The lamellar 

structure of the clay is apparent from ehe photomicrograplzs. 
The salt consists of large halite crystals (1 to 10 mm) with 

inclusion of,fine-grained clay, gypsum, and epsonite. . 

Surface Area 

Measured values of Kd are dependent on the surface area 
. . 

of the crushed 'rock. The extent of sorption is directly 
proportional to the surface area since sorption is a surface 
reaction. Therefore, surface areas must be reported.along 

with Kd values so that data from different investigations 

can be compared. Alternatively, distribution coefficients 

can be defined in terms of surface area as folluws:" 



. , 

Kd 
- .  KdO. - = ml/m2 . . 
surface arealgram . .. 

. . 
where K d  is defined in standard terms (ml/g) . The distribu- 

tion . . coefficients . are . reported both as Kd and KdO in this 

report. 

The surface areas measured by the BET method'are given 

in Table VII. 
. ' . ., '. 

TABLE VII 

SURFACE AREAS OF CRUSHED ROCKS 
. . . . 

Rock Type surface' Area,* m2/g 

. Basalt 5.1 
. . 

Granite 0.9 
Argillite 5.4 

ND . : Salt 
. .  , . . 

9; 
Average, of two measurements. 

DISTRIBUTION COEFFICIENTS 

Equilibrium~Kdls for 1 3 7 ~ s ,  9 0 ~ r ,  lo6Ru, Pu, and 241Am 

were measured urider conditions simulating natural groundwater 

in.contact with the rocks (see Methods section). The crushed 

rock loaded with radionuclides from these measurements will 

be used in  later experiments to test the reversibility of 

radionuclide sorption. . The . loaded rock will be equilibrated 

with ,other solution compositions (unspiked groundwater and 

groundwater spiked with ~ a + ,  K', ~ a + ~ '  and ng+2) and t h e  

resulting Kd values measured. 



The precision of the Kd measurements was determined by 

repeating each equilibration experiment' five times. The 

initial concentrations of tracers were as follows: 137Cs, 
52 u~i/a'; 90~r, 750 p~ila; ~ O ~ R U ,  70 pCi/!L; PU, 730 pCi/~; 
and 241Am, 6,500 pCila. The measured pH values of the equi'- 
librated groundwater solutions are given in Table VIII. The 
Kdvalues obtained in terms of milliliters per gram and 
milliliters per square meter are given in Tables IX and X, I 

respectively. These values are not yet corrected for ' 

~~ntainer sorption. 

TABLE VIII 

pH VALUES OF EQUILIBRATED SOLUTIONS 

Basalt Granite Argillite . Salt 

Cesium-137 8.64 8.00 8.69 7.41 

Stontium-90 7.90 7.92 8.74 ' 7.39 

Ruthenium-106 8.37 7.97 8.62 .7.49 

Plutonium 8.61 8.16 8.72 7.37 

Americium-241 8.78 8.15 8.69 7.34 

TABLE IX 

SUMMARY OF Kd VALUES IN MILLILITERS PER GRAM" 
. . 

Basalt . Granite Argillite Salt 

1 3  7cs 296 + 31 '650 t 64 986 + 114 0.07 + 0.09. 
9 Osr 151 2 18 5.46 t 0.45 141 + 44 0.13 + 0.15 
lo6h 38.0+8:1 . 210k15 1,991 + 375 3.55 + 0.30 
Pu 19.8 + 4.0 5,398 t 1,123 318 + 49 1,228 + 627 
2 4 lAm 231 + 18 ' 60,436 + 28,875 2,.637 + 1,345 2,265 + ,285 

'r'C 
The error given is the standard deviation for five replicate experiments. 
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TABLE X 

SUMMARY OF Kd VALUES IN MILLILITERS PER SQUARE METER+ .,, 

. . Basalt Granite Argillite - Saltt 

722 ? 71 137Cs 58.0 + 6.1 183 2 21 -- 
90sr . 29.6 + .3.5 6..06 + 0.50 35.4 + 8.1 - - 

7.45 + 1.59 . 233 + 17. 369 + 69 - - lo6Ru 
,3.88 k'0.78 5',998 2 1,348 58.9 + 9.1 - - Pu . .. 

. . 2 4 1 h  45.3 + 3.5 67,151 + 32,083 488 + 249 - - 

* 
The error given is the standard deviation for five replicate 
experiments. 

'surface area was not measured for salt. 

The wide range of Kd values obtained shows the importance 
of mineral content of the rock. The salt has.a very low 

affinity 'for 137Cs, 90Sr, and lo6Ru as expected because of 
its 10;: ion exchange capacity. Only the small amount of clay 
present in the salt can act as an ion exchanger and the tracer 
ions have to compete with a high concentration of Na+ in . 

the' brine. However, both Pu and 24 'Am sorb strongly on the 
. ,  . , 

s a l ~ ,  probably because of precipitation and/or physical sorp- 
tion. 

b 

  he granite strongly sorbs 1 3 7 ~ s ,  lo6Ru, PU and 241Arn, 
' but sorbs gOSr weakly. The Kd for 3 7 ~ s  is particularly high 

with granite, possibly because of the strong affinity of 
Cs ion for mica. The relatively high calcium concentration 

of . .  . the granite groundwater may explain poor sorption of ' O S ~  
. .  , 

since these two cationssare knownto compete for the same 

sorption sites. No explanation for the strong actinide sorp- 

tion can be offered. 
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The radionuclides are poorly sorbed by the basalt 

compared to granite and argillite. The two actinides and 

lo6Ru in particular are weakly sorbed. The formation of 
anionic Pu carbonate complexes in the basic (pH = 8.6) ground- 
water solution would result in poor Pu sorption since anions 

are weakly sorbed. The basalt groundwater contains about 
- 

0.0034 M - HC03 so that carbonate is available for complex 

formation. Americium may also form carbonatelhydroxyl com- 

plexes in basic solutions. 

P'ormation of anionic complexes nlig11L alsv explain the 

relatively poor sorption of Pu in argillite. About 0.0042 M - - 
HC03 is available for complex formation. As expected, the 

sorption of 1 3 7 ~ s ,  90Sr, and l o 6 ~ u  is relatively strong 

because of the high clay content of the argillite. . 

LEACHING EXPERIMENTS 

Samples of crushed basalt, granite, and argiilite were 

leached continuously with hot, distilled water in soxhlet 

extractors in order to simulate long-term "weathering" 

effects on the surface of these rocks. The effects of this 

accelerated "weathering" on Kdls will be examined in later ' 

experiments. Dissolution and hydrolysis of the rock surface 

.will likely affect radionuclide sorption. 

After one month of leaching, the surface of the basalt 

sample had turned brown (originally it was black) due tu furma- 

tion of ferric hydroxide. 'l'he Ye(P1) in ehe basalt was ox id i zed  

by air in the extractor. A significant amount of the sample 

had dissolved and then precipitated in the boiling flask as 

a white, colloidal suspension (probably Si02-xH20). A brown 

layer also developed in the granite sample due to Fe(1.I) oxida- 

tion and hydrolysis. The boiling flask developed a hard crust 



on the inside surface due to dissolved material from the 
granite. No change in the argillite sample was observed, 

however, large amounts of colloidal silica formed in the 

boiling flask. 
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APPENDIX 

Phase Analyses of Polished Surfaces for 
Basalt, Granite, Argillite, and Salt 



FIGURE 2 

IDENTITY OF MINERAL PHASES IN BASALT, 
AREA A, 400X 



FIGURE, -3 

IDENTITY OF MINERAL PHASES I N  BASALT, 
AREA B ,  700X 



FIGURE 4 

IDENTITY OF MINERAL PHASES I N  BASALT, 
AREA C ,  lOOOX 



FIGURE 5 

IDENTITY OF MINERAL PHASES IN BASALT, 
AREA D, 400X 



FIGURE 6 

IDENTITY OF MINERAL PHASES I N  BASALT, 
AREA E ,  lOOOX 



FIGURE 7 

IDENTITY OF MINERAL PHASES IN GRANITE, 
AREA A, lOOX 



FIGURE 8 

IDENTITY OF MINERAL PHASES I N  GRANITE, 
AREA B ,  lOOX 



FIGURE 9 

IDENTITY OF MINERAL PHASES IN GRANITE, 
AREA C, 50X 



FIGURE I n  

IDENTITY OF MINERAL PHASES IN GRANITE, 
AREA D, lOOX 



FIGURE 11 

IDENTITY OF MINERAL PHASES IN GRANITE, 
AREA E, lOOX 



FIGURE 12 

IDENTITY OF MIYERAL PHASES IN ARGILLITE , 
AREA A, 2000X 



FIG'URE 13 

IDENTITY OF MINERAL PHASES IN ARGILLITE, 
AREA B, 2000X 



FIGURE 14 

IDENTITY OF MINERAL PIIASES IN ARGILLITE, 
AREA C ,  2000X 



. . .  

FIGURE 15 

IDENTITY OF MINERAL PHASES IN ARGILLITE, 
AREA D, 2000X 
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FIGURE 16 

IDENTITY OF MINERAL PHASES IN ARGILLITE, 
AREA E, 2000X 



FIGURE 17 

IDENTITY OF MINERAL PHASES IN SALT, 
AREA A, lOOX 



IDENTITY OF MINERAL PHASES I N  SALT, 
AREA C ,  lOOX 



FIGURE 19  

IDENTITY OF MINERAL PHASES I N  SALT, 
AREA D,  30X 



FIGURE,  20 

IDENTITY OF MINERAL PHASES IN SALT, 
AREA E ,  lOOX 



DISCUSSION--G. SCOTT BARNEY 

Source o f  Rock Samples (Table I) 

Q .  Do you know t h e  depth o f  t h e  sample from t h e  c l imax stock? 

A. NO, b u t w e c o u l d  f i n d  out.  
. . . . . . . .  . 

. . 
, . 

Minera l  Phases i n  ~ a s a l t ,  Area A (F igure  2) * '  
. . , .  I I 

Q. A r e , t h e  bubb les . i n  t he  rock  sample seen,wi.th s u f f i c i e n t  frequency 
. . 

t h a t  they,,could, . be . in terconnected? 

A. We made some surface-area measurements i n  t h e  basa l t ,  and have 

found t h e  sur face ,area t o  be somewhat l a r g e r  than' expected. This  
.- 

cou ld  , r e f l e c t  a r e l a t i v e l y  h igh  po ros i t y .  
. . . . , . 

. . 

Q. What i s  t he  p o r o s i t y  o f  b a s a l t ?  

A. We. d i d  n o t  measure t h e  p o r o s i t y  o f  t h i s  p a r t i c u l a r  sample. The 

sample was taken from ~ e n t i n a l  Gap, a t  approximate ly  . t he  . l e v e l  o f  

t he  Columbia River .  I ' m  n o t  sure f rom'wh ich  p o r t i o n  o f  t h e  rock  

, .the. sample was taken; i t  cou ld  have been f rom t h e  top  area, which 

' :  . had . a f a i r  at-iount .of ;esicular bubbles. The proposed r e p o s i t o r y  

s i t e ,  however, i s  : located; ... . underground, where the"basa1 t i s  denie 

and has very  low permeabil itj, ~ h i c  cou ld  b e  a case,' 'then, where a 

. . .  
'' sample o f  'a rock  outcropping i s . n b t  s u f f i c i e n t  t o  determine the..  key ' .  

' 

" c t i a rac te r i s t , i cs  o f '  t h e ' r o c k  a t  t he  underground s i t e .  , ' 

. . ? .  . . , ,  . . .  I . . .. 
sur face  Areas o f  Crushed Rock (Table V I I I )  

. , , . 
, . 

Q. Are they a1 1 crushed t o  approximate~ly t h e  same degree? 

A. Yes. 

a 



Q. Do you have a p a r t i c l e  s i z e  range? 

A. We have n o t  done a p a r t i c l e  s i z e  ana lys is .  

Q. Are these BET measurements? 

A. Yes. 

Q. Are BET sur face measurements appropr ia te  f o r  an aqueous system? 

These measurements p rov ide  an ex terna l  p a r t i c l e  sur face area, whereas 

t h e  water sees a t o t a l .  o f  t h e  i n t e r n a l  p l u s  ex te rna l  sur face area. 

A. W e ' l l  have t o  l ook  i n t o  tha t .  We used the  BET method because i t  

was a v a i l a b l e  t o  us, and i s  one way o f  r e l a t i n g  sur face area t o  Kd. 

Minera ls  I d e n t i f i e d  b y . t h e  Sem-Microprobe (Table V I )  

Q. You have FeSi04, l i s t e d  as a mineral  found i n  basa l t .  That i s  an 

unusual mineral  t o  be occu r r i ng  n a t u r a l l y ;  a re  you sure t h a t  i t  

wasn' t 01 i v i n e ?  

A. A l l  I know i s  t h a t  i t  was an i r o n  s i l i c a t e .  We d i d  n o t  f i n d  i t  

throughout t h e  basal t .  sample, however. 

Q. Why d i d  you choose Hot t o  use t h i r ~  secl iur~s  a i ~ d  a pe t rog raph i c  micro-  

scope t o  examine t h e  samples. Experienced p e t r o l o g i s t s  can determine 

t h e  composit ion o f  small  samples very accura te ly .  

A. We had no o n e . t o  do i t  a t  t h e  time. We do have some work a long t h a t  

l i n e  planned. However, as a chemist, I f e e l  more con f iden t  i n  i d e n t i -  

f y i n g  phases by t h e i r  chemical composition. 

Q. Are you us ing t h e  SEM method? 

A. Yes, we are .  



Q. Doesn' t  t h a t  have r a t h e r  low p r e c i s i o n  compared t o  pe t rograph ic  . 

methods? 

A.  Yes, i t  does. 
r 

Q. ~ a s a l t s  genera l l y  have a  good deal o f  opa l ine  s i l i c a ,  so the re  are' 

probably h igh  s i l i c a  l e v e l s  i n  t h e  waters t h a t  a r e  i n  con tac t  w i t h  

them. I n  some b a s a l t  samples from A u s t r a l i a ,  f o r  example, t h e  

uptake, f i x a t i o n ,  and i r r e v e r s i b l e  adsorp t ion  o f  t r a c e  elements 

such as Co a re  markedly promoted i n  the  presence o f  e leva ted con- 

cen t ra t i ons  o f  s i l i c a .  Consequently, I t h i n k  i t  i s  impor tan t  t o  

know the  d isso lved s i l i c a  content  i n  b a s a l t  and a r g i l l i t e .  

(No answer g iven.  ) 

pH Values o f  E q u i l i b r a t e d  So lu t ions  (Table V I I I )  

Q .  was t h e  f i n a l  spiked s o l u t i o n  e q u i l i b r a t e d  w i t h  rock? 

A. We p reequ i l  i b r a t e d  the  rock  w i t h  the  groundwater, t o  prevent  changes 

i n  t h e  concent ra t ion  o f  the  groundwater when we added the  spiked 

groundwater . 

Q. The o ther  p a r t i c i p a n t s  a t  t h i s .  meeting e q u i l i b r a t e d  water w i t h  

ground-up sample and then added a  spike t o  t h a t  water. I s n ' t  i t  

eas ie r  t o  e q u i l i b r a t e  water w i t h  a  s o l i d  than v i c e  versa? 

A. T h a t ' s  one way t o  do it; I dull' t krlow wh-ich way i s  t h e  best.  

Q. How do you t e s t  f o r  e q u i l i b r a t i o n  du r ing  t h e  p r e l i m i n a r y  s teps? 

A.  We have n o t  y e t  measured concent ra t ion  as a  f u n c t i o n  o f  t ime i n  t h e  

s o l u t i o n ;  t h i s  i s  p a r t  o f  t he  k i n e t i c s  work t h a t  we w i l l  be doing 

nex t  year .  

Q. What was t h e  form o f  t h e  Ru? 

A. I b e l i e v e  i t  i s  Ru(I1)'. We l e t  t h e  Eh, pH, and chemical species 

? come t o  whatever values were d i c t a t e d  by the  groundwater. 



Q. Do you know t h e  o x i d a t i o n  s t a t e  d i s t r i b u t i o n  o f  the Pu? 

A. No, I d o n ' t .  

Q. Were t h e  s o l u t i o n s  aerated? 

A. The experiment was done i n  sealed c e n t r i f u g e  tubes, a l though the  

water  had a i r  i n  I t .  With the  b a s a l t  samples, I assume tha t ,  s i nce  

they  a r e  reducing,  t h e  concent ra t ion  o f  oxygen may change as a 

f u n c t i o n  o f  t ime.  

Summary o f  Kd b l u e s  (Tab le  Ix) 

Q. I n  determin ing thc  Kd f o r  s a l t ,  d o n ' t  you have t o  take the  e f f e c t s  

o f  temperature i n t o  account? Wi th  s a l t ,  i n  p a r t i c u l a r ,  very  t i n y  

changes i n  temperature cou ld  have the  e f f e c t  o f  skimming o f f  t he  Pu 
o r  o ther  r a d i o n u c l i d e  on the  sur face--or  depos i t i ng  a d d i t i o n a l  

q u a n t i t i e s .  For a substance t h a t  i s  as s o l u b l e  as s a l t ,  I would 

t h i n k  t h a t  ext remely r i go rous  temperature c o n t r o l  would be necessary, 

so t h a t  t h e  temperature cou ld  be mainta ined constant  w i t h i n  one- 

t e n t h  o f  a degree--otherwise, t he  Kd would be a meaningless number. 

A.  Determining Kd values i n  s a l t  I s  very  d i f f i c u l t .  You cannot s t a r t  

o u t  w i t h  a s o l u t i o n  t h a t  i s  100% satura ted  w i t h  s a l t ,  because o f  

temperature v a r i a t i o n s :  a temperature drop o f  a few ten ths  u.l' d 

degree w i l l  cause the  s a l t  t o  coa t  on top o f  t he  Pu. Consequently, 

I. am n o t  sure whether our  Kd measurements f o r  s a l t  a r e  v a l i d  o r  

n o t - - p a r t i c u l a r l y  i n  view o f  t he  s u r p r i s i n g l y  h igh  Kd values f o r  

bo th  Pu and Am. On t h e  o the r  hand, t h e  f a c t  t h a t  t h i s  was n o t  pure 

s a l t  b u t  r a t h e r  s a l t  mixed w i t h  c l a y  cou ld  be a f a c t o r .  

Summary. o f  Kd Val ues (Tab1 e , X )  

Q. How.do you measure sur face area? 



A. . An, . , i n e r t  gas--nitrogen, . . I t h i n k - - i s  passed- - through t h e  sample .a t  a  ( ?. 

temperature low enough t o  main ta in  the  gas i n  l i q u i d  form. . Then . 

t he  sample i s  heated and the  amount o f  gas g iven o f f  i s  measured. 
. ., . . . . . . ,  . 

A ':rnonolayek6f gas i s :  assumed t b  be'present  on the  sample s u r f a c e .  ' 
. . . .. > 

Q. Why a re  the  Kd values o f  t he  g r a n i t e  samples h igher than those of 
:< . . 

the  o ther  rock  types? 

A.  ~ 6 ; ' ~ s  t 'h8 exp lanat idn  could b e  t h a t  t h e  has a  ; f a i r l y  h i g h  ' 

b i o t i t e  con ten t ,  so: t h a t  i r r e v e r s i b l e  s o r p t i o n  may be tak ing  p lace.  

For Pu and Am, I d o n ' t  know the  reason. 

. . .  

Q .  Mi i re  a l l  f i v e  . . experiments .. done i n  the  same p iece o f  g r a n i t e  simul- 
i:  

taneousl y?  ._  , . ._ . . 

A .  No, they.were done on-crushed sub-samples. 

Q. Then you assume t h a t  Sample A o f  g r a n i t e  i s  e q u i v a l e n t  t o  sample B ?  
. , . . 

A .  We hope . so., . That 's  why we're t a k i n g  5 g  o f  t he  sample and crushing 

i t  i n t o  f a i r l y  f i n e  p a r t i c l e s .  . . . .  . . . .  

Q. How much o f  t h e  sample d i d  you s t a r t  w i t h ?  I t ' s  been my experience 

t h a t  you need t o  take a  l a r g e  a l i q u o t ,  g r i n d  it, mix it, and sample 

tha t .  

A.  We s t a r t e d  w i t h  about 1Q I b .  

A r t i f i c i a l  Weathering o f  Rocks (Leaching Experiments) 

Q. ' Do you c o n t i n u a l l y  c y c l e  t h e  same f l u i d  pas t  t he  rock? 

A. No, we leach w i t h  hot  d i s t i l l e d  water. 

Q. And you change t h e  s o l u t i o n  p e r i o d i c a l l y ?  

A. Yes, we do. 



Q. Have you found t h e  A1 c o n t e n t ' t o  remain constant  dur ing  t h e  weather- 

i n g  process? 
. . . . 

A. We haven' t measured any of t h e  chemical cont.ent, e i t h e r  i.n ' the 
b o i l i n g  f l a s k  o r  i n  t h e  sample. 

Q. Then you a r e  not '  concerned w i t h  mass balance? ' 

A. We a r e  p r i m a r i l y  concerned w i t h  t h e  chemical changes t h a t  take 

p lace on t h e  sur face o f  t he  crushed rock, and how these chenges 

a f f e c t  Kd. 

Q. I n  the  a r t i f i c i a l  weathering of basa l t ,  i t  i s  important  .. . t o  keep i n  
mind t h a t  t h e  sur face may be gross ly  d i f f e r e n t  under aerdbic and 

anaerobic cond i t ions .  I n  t h e  presence o f  oxygen, i r o n  oxid'es are  

being formed; i n  i t s  absence, fe r rous  i r o n  would remain so lub le  , 

r a t h e r  than being p r e c i p i t a t e d .  

A. I agree. We a re  n o t  s imu la t i ng  p r e c i s e l y  t h e  cond i t i ons  t h a t  w i l l  

occur in '  t h e  b a s a l t  repos i to ry .  Th is  i s  j u s t  a f i r s t  attempt; our  ' 

methods w i l l  become more r e f i n e d  l a t e r  on. ' 
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ABSTRACT 

A preliminary inves t iga t ion  of t h e  microstructure of four geologic 

media was undertaken t o  examine the  i n t e r ac t i on  of Cs, Sr,  Gd &d U wigh 

those  media. Since K. measurements o f ten  v a r y b y  more than an order of 
U 

magnitude on rocks of t he  same strata separated by severa l  f e e t ,  it was 

probable t h a t  &nor 'rock components p lay  an important r o l e  i n  radionuclide 

sorpt ion.  A qua l i t a t i ve  analysis  of the  rock surfaces a f i e r  equ i l ib ra t ion  

+ ++ ++ 
with solut ions  of Cs , Sr  , ~ d + + +  and U02 revealed t h a t  clay minerals 

a r e  responsible f o r  a l l  important sorpt ion t h a t  takes place on t h e  rocks 

s tud ied  (Magenta dolomite, Bell  Canyon s i l t  stone,  Eleana shale  and c lay  

bearing h a l i t e ) .  'Thus it i s  concluded t h a t  a r e l a t i v e l y  small por t ion of 

these  rocks i s  a c t i v e l y  responsible f o r  sorption charac te r i s t i cs .  Gd 
. .. 

was bound on a l l  samples, probably as Fe bearing ch lo r i t e s .  Cs w a s  

s t rong ly  held on t he  Eleana shRle, probably by an i l l i t e .  Although 

uranium was associa ted with an unident i f ied  c l ay  i n  the h a l i t e  sample, 

uranium sorpt ion probably occurred a s  UO CO which woQd not signi  f i ca.nt,l y 
2 3' 

r e t a r d  uranium movement at  t r a c e  concentrations. S i m i l ~ r l y  Sr .gas re- 

t a ined  only as  SrS04 on Magenta and t h i s  mechanism i s  not s ign i f ican t  at 

t r a c e  l eve l s .  These analyses were performed by cor re la t ing  e lec t ron  

microprobe elemental d i s t r i bu t i on  photomicrographs with x-ray analyses of 

t h e  four  rocks. 



Introduction 

P, f e a s i b i l i t y  study was undertaken t o  ve r i fy  the  u t i l i t y  of a micro- 
. ,  . . . . . . . , ' 

s t r u c t u r a l  analys is  of se lected rocks t o  y ie ld  relevant information . 
. 

' on' the  ,. . 
. . 

mechanism of ra i ionucl ide  sorpt ion on common rock miners.1~. It i s  commonly 
. . . . . . 

accepted t h a t  ion-exchange i s  t h e  predominant mechanism of radionuclide 
. . 

. . 

sorpt ion.  However, t h e  major const i tuents  of comrnon rock such a s  carbonates, 
. . . . 

s i l i c a t e s  and quartz a r e  general ly  not recognized a s  good ion-exchangers. 

It i s  thus . . expected t h a t  minor rock components would play t he  predominant 

r o l e  i n  re tarding radionuclide movement i n  geologic ,media. Clay minerals 

a r e  commonly assumed t o  be responsible f o r  t h e  bulk of ion ic  sorption on. 
. .  . 

rocks although . . t h i s  f a c t  has not been v e r i f i e d  before now. This study has .  
. . . .  , 

sought cor ie ia t ions  between concentrations of t e s t  ions on tine surface of 
. . . .  ' 

rocks and t h e  underlying mineralogy i n ,  elemental d i s t r i bu t i on  phot~microgra@is 

obtained with t he  automated e lec t ron  microprobe. 

Our main concern i n  t h i s  study i s  t o  v e r i f y  t h a t  t h e  e lect ron.  gicro- 

probe ana lys i s ,  i s  capable of y ie lding inforhat ion on t h e  associa t ion,  of t e s t  

ions with individual  minerals. I f  clays a r e  responsible f o r  the. bulk of 

sorpt ion which t,zRes place i n  rock . . aocembiages, i t  i s  not  a t  a l l  c l ea r  at 

t h e  ou tse t  \&ether. .Lhe lnicroprobe has t he  reso lu t ion  t o  i den t i fy  individual  

c lay  p a r t i c l e s .  For t h i s  purpose it i s  f e l t  t ha t  r e l a t i v e l y  concentrated 

t e s t  solut ions  should be used. A t  a l a t e r  time it i s  f e l t  t h a t  concentrations 

of t he  t e ~ t  ions, m a y  he reduced by using autoradiography i n  conjuncti,on . . 

479. . . 



with  microprobe analyses of t he  t e s t  rocks. The use of concentrated solut ions  

would i n s u r e  t h a t  t h e  microprohe i.m.l.ld de tec t  t he  t c a t  iuil uli Llie smf'&Ce 

and would e l i n i n a t e  t h e  need fo r  t h e  time consuming mapping of t h e  surface 

requ-ired when two techniques a r e  used i n  conjunction. 

Experimental - 

Four rock samples were chosen for  t h i s  i n i t i a l  study: a sample of 

Eleana shale' taken from t h e  Nevada Test s i t e  at a core depth of 1805 &.-, 

and t h r e e  core samplco from AEC #8 i n  t he  LQS M E ~ I R . ~ ~  of oo&keast N~~ 

Mexico. The New Mexico samples a r e  a Bel l  Canyon sandstone from a core depth 

of 4823.4 f't., Magenta dolomite from t h e  Rustler form3tion at 749.5 ft . , and 

a very d i r t y  salt  sample from the  Salado a t  2186.0 f t .  X-ray analyses of 

these  rocks revea l  t h a t  t h e  Eleana shale  i s  composed pr imari ly  of quartz, 

s i d e r i t e ,  and chanosite with minor phases of ch lo r i t e ,  i l l i t e ;  microcline, 

o l igoclase ,  pyrophyl l i te ,  t a l c ,  c a l c i t e ,  and t r ace s  of pyr i t e ,  marcosite, 

and ferroan dolomite. (I) The Bell  Canyon earldrlune was composed of quartz,  

c a l c i t e ,  kao l i n i t e ,  ch lo r i t e ,  a small mount offe1dspa.r and possibly some 

dolomi.l;e. Magenta i s  pr imari ly  dolomite with quartz and gypsum p r e ~ c n t  as 

minor phases. The d i r t y  salt i s  pr imari ly  h a l i t e  with 7.8 % by weight c lay  in-  

c lus ions  consis t ing of montmorillonite, ch lo r i t e ,  kao l i n i t e ,  i l l i t e ,  mixed 

. . 
layer '  montmoril1oni';e-chlorite, magnesite and t a l c .  

Snmples of these  rocks were equ i l ib ra ted  with solut ions  of .Cs,  Sr,  Gd 

and U t o  form an a r r ay  of 16 rock-ion pa i r s .  migs o f  t0hp8e r ~ c k l ;  wcre 

allowed t o  equ i l ib ra te  f o r  th ree  days a t  ambient conditions and then  rinsed 

wi'L;h solut ions  f r e e  of Cs, Sr,  W o r  U f o r  one day t o  remove loosely-'bound 

or soi.ul~le ions from t h e  rock surfaces.  

Dolutiorls used i n  these  equ i l ib ra t ions  wzre prepared by equ i l ib ra t ing  

deionized water with powdered s a m ~ l e s  of t h e  rocks f o r  four 'days .  The rock 
- . - . . - . . - -. -. . .. . . .. . . 

( 1 )  A l l  x-ray analyses were performed by G. T.  Gay. 
480 



so l ids  were f i l t e r e d  o f f ,  and . the  pH and Eh of t he  resu l tan t  solut ion a r e  

given i n  Table I. Since no attempt 'was made t o  preclude a i r  from these  
;., . . . . , . . . .  .. . 

so l~~-Lions ,  t3.e oxi.d?-tior_ yo t en t i a l ,  measured with a br igh t  p l a t ' i n h  .e lect rode,  

- .  
/ 2')' ' *. r e f l e c t s  the  " i r revers ib le  ?a-gen po ten t ia l .  "' This oxidation po t en t i a l  w i l l  

++ 
assure t h a t  uraniuii remains i n  t h s  +6 cxidation i t a t e ,  a s  UO 2 ' 

The- other 

. . ,  
ions i n  t h i s  study have' oniy one oxidation s t a t e .  

/ .  

Before beginning a ' de ta i l ed  study of a l l  16 rock-ion pa i r s ,  it was,. f e l t  

t h a t  en i n i t i a l  screening of t he  rock-ion p a i r s  c m l d  be used t o  el iminate 
. . 

from the  r r ~ t r i x  those 2a i r s  ~~hj.ckl have l i t t l e  mutual ' a f f i n i t y .  This i n i t i a l  

screening analysis  consisted of contacting . . t he  rocks. with very concentrated 

t e s t  i on  solutions (1.0 M i n  t h e  case of Cs, Sr  and Gd, and 0-. l . l r ; . in t he  

case of U )  and then examining each rock f o r  t e s t ' i o n  accumulations on t he  

surface.  I f  no accumulation was observed with t he  automated e lec t ron  

microprobe, operated i n  t h e  wave length dispersive mode, it was f e l t  t h a t  
. , 

t h i s  rock-ion p a i r  could be s a f e ly  deleted from the  matrix. In  t h i s  

manner s i x  rock-ion pa i r s  were eliminated from t h e  matrix a s  shown i n  

Table 11. 

Of these rock-ion p a i r s  f o r  which t e s t  ions. were;observed on t h e  

surface ,  t h e  ,salt... sample was found t o  pick up t e s t  ions .only i n  areas  of 
. . . . 

high. s i l i c o d ,  rkprese i~ ta t ive  of c lay n inera l s .  Cs'. was re ta ined on the 

Eleana shale  while Sr  Fjas re ta ined as ei%Ii'Xr 3, r e l a t i v e l y  izsolnble  car- 

bonate o r  sliLfate on t he  Magenta, 2 e i l  Canyon sandstone and the  d i r t y  s a l t .  

~ ; d  wets 011 every nanple r,qllile u i - ~ ~ n i ~ n  .:las r~ti!.ineii on ' t l~ch the 

Nag~nta  as  UO,CC, and t h e  c lay  ir, t he  salt  zarr.?le. ' 

L 3 

In  t 5e  case of SrSO!, , SrCQ, zr,d TJO:,CO, f ~ r m z t i c n  on t h e  above. rocks, - P -. c 1 

these  ions were so  s t rongly soxbedthat  t h e i r  presence complet,ely masked 

( 2 ) ~ e r k l e ,  F. ' G . ,  "Oxidation-reduction processes i n  So i l ,  " in Chemistry 
of t he  So i l ,  F. G. Bear (ed)  ( ACA Monograph 126).  New York, Reinhold 
1955, pp. 200-218. 481 



, . _ : . .  . . ,. . i e ,  . .  ... 9 ... . , . .  
TABLE I 

. . .... . . _  . 

p H  and Eh of Solutions Equi l ibra ted with Indicated ~ o c k s  ' 

. . ' ; * .  . 
Magenta Be l l  Canyon Eleana Shale Dirty S a l t  

S i l t  Stone 

Eh ' ( vo l t s )  0.58 0.53 0.52 0.53 
. '  ... . 

Detect ion.of  .Test Ions with Automated Electron Microprobe 

Magenta B e l l  Canyon 
S i l t  Stone 

- - 

Eleana Shale . Dirty'  S a l t  

+ Ind ica tes  the  presence of t he  ion  on t h e  rock . . 

- Ind ica tes  t h a t  ion w a s  undetected. Approximate de tec t ion  l i m i t  f o r  

each ion i s  given i n  pnrent.hesbs; Co (0.05$), 01- (0.03%), GI1 (6.13$), 

u (0.1%). 



. .  . . 
other  bc t ive  species on t h e  rocks. Since t h e  s 0 1 u b i l i t ~ ' ' ~ r o d u c t s  of these  

. . . . . . . . 
compounds a r e  too l a rge  t o  make them e f f ec t i ve  a s  binding agents 'for t h e  

. . . . . . . . . . . . 
very d i l u t e  s o l ~ t i o n s  expected i n  sitz, the .  concentration of Sr rrgs reduced 

. . ,. . 
ts 50 acm A i n  t h e  c a r 3  de ta i l ed  study ,?resented below while U was reduced t o  

. , . . . . 

1000 ppm. Calculations using s o l u b i l i t y  products and t h e  bicarbonate 
. ., . 

'; , . . I  ' ?  , . . , . . 
- .  . . . 

equilibrium ind ica te  t h a t  f o r  Sr  concentrations l e s s  than 10 ppm, no ore- 

c i p i t a t e  formation i s  e'xpected, while f o r  uranium, t h i s  l i m i t  i s  l p p m : .  
. . ' .  . . . . . . ,  . : .  4 

Ia our more de ta i l ed  study, so lu t ion  concentrat iocs were s e t  a t  2.5xiC 
. .  . ' .  _ I. .'. :. . .  L;: ' i t  

ppm C s  , 50 ppm Sr  , 1 . 0 ~ 1 0  ppm Gd and 1000 ppm uranium. ~ o l & i o n s  were ' 

. . . . 
prepared, a s  before,  b y  being equ i l ib ra ted  with t he  rocks $prior t o  addi t ion 

. . 

of t h e  t e s t  ion.  The rock samples were ground t o  f l a t n e s s  with No. 603 
. . . . 

carborundum paper. Chips of t h e  rocks were then equi l ibra ted3.n  solut ions  t o  
. . . . 

form the  t e n  rock-ion p a i r s  which had p o s i t i ~ o  res2onses i 2  t h e  screening 
. . . . . . 

analysis .  These rocks were r insed as before and examined with t h e  micr&robe. 
. , . . 

On a l l  elemental d i s t r i bu t i on  photomicrographs (EDPN) l i g h t  areas  ind ica te  . 
. . 

t h e  preserice 03 t h e  se lected element. These EDPM's a r e  200X so t h a t  t he  
. . . . 

distance between g r i d  l i n e s  i s  approximately 3&. Since exposure times vary 

from one EDPMto t h e  next, a l l  r e s u l t s  a r e  in te rpre ted  only i n  a qua l i t a t i ve  
. . 

manner. Similar ly  t he  i den t i f i c a t i on  of minerals must be curlsidered tenta-  

t i v e  at t h i s  time. 

A t  t h e  reauced concentration l e v e i s ,  ST was found only as  SrSO, -I. on 

t h e  Magenta sample 8.s shown i n  F i v e  1. Strontium was not detectable  on 

e i t h e r  t h e  Ecll' Canyon s a n d s t ~ n e  o r  t h a  dirt.y s a l t .  Hence, none of t h e  

rocks demonstrated any s ign i f i c an t  a f f i n i t y  f o r  strontium. In  t h e  case 
. . . . 

of uranium sorpt ion on Magenta, most of t h e  surface Mg and Ca were re- 

1 placed by uranium, probably a s  UOpC03 a s  shown i n  F'igure 2. A normal 

doiomite d i s t r i bu t i on  f o r  Ca and Mg would almost completely cover t h e  



photomicrograph. Although U i s  a l s o  pos i t i ve ly  corre la ted with ICY Al, 

S i  and Yg as  shown i n  Fimre 3, a.pnsit , ive ~ t ; ~ t c m c n %  that, U i s  sorbed By 
, .. . . 

., . .. . . . . 
, . 

a c l ay  mineral would 5e  d i f f i c l d t  t o  make on th?  Sas i s  of t h i s  s e r i e s  be- 
. . 

. . . ,  . . . . . 
cause t h e  uranyl carbonate i s  so prevalent .  On t h e  other hand, uranium 

. .  . , . ,. . .. . . . . . , . 
i s  not associa ted wi th  quartz a t  coordinates ( 3 , l )  o r  a mineral resembling 

, '  " .  . . . . 

l i e  a ( - 1 - 1 )  I n  t h e  case of t h e  c lay  inclusions i n  t h e  d i r t y  s a l t ,  
. . .  . ,  . 

, . 
U i s  associa ted wi th  t h e  c lay  r i ch  areas  a s  shown i n  Figure 4 and 5.  ere, 

. . . . . .  . ,- . 

U i s  s t rongly  cor re la ted  with Mg,  A l ,  Fe ~ n d  Si .  This behavior may be 
.. . . . . 

i nd i ca t i ve  of saponi te-chlor i te  i n  view of t h e  negative cor re la t ion  with 

K;(? l )  however, it i s  l i k e l y  t h a t  uranium has entered a simple exchange 

. . t . .  
..> ..... . . 

r eac t i on  with Magnesite t o  form UO CO C a  i s  present as gypsum and demon- 
, .  3 

2  . 3 '  . , " . 

s t r a t e s  no a f f i n i t y  f o r  U. Sioii lari ly,  p y r i t e ,  FeS2, r e t a in s  no U. A 
. . . ,  . , . . 

c l a y , . l i k e l y  k a o l i n i t e ,  which has X a  subs t i tu ted  fo r  K,  demonstrates no 

a f f i n i t y  f o r  U at' ( - 2 , l ) .  . An i l l i t e  at (4,-1) shows no a f f i n i t ;  f o r  U. 
. . . .. 

The only sample showing any Cs soi@.lon was t h e  Elcana Ollalc as slluwll 

i n  f i gu re  6 and 7. C s  was s t rongly cor re la ted  with K, S i ,  '1.g and Fe, 
. . 

, . 
This c l a y  i s  l i k e l y  i l l i t e -ve rmicu l i t e  which ' i s  rencjwn fov i t s  aff ini ty  t o  

cesium. Areas showing no cesium takeup a r e  ferroan dolomite a t  ' (-3,4 )', 
.. : . . 

quar tz  (+3, -2) and s i d e r i t e  (-3,O). 
. . . . .  

G~cLulinium was sorbeci on ell four  rocic samples. .The EDPM (elerndntal 

d i ~ t r i b ~ t i o n  pnotomicrographs) fo r  the Z1eana shale a re  shown i n  Fig-fle 8. 

The l i g h t  s5reak running a t  455 above hor izontal  i n  the  tog r i gh t  qijadrant 

reveals  t h e  negative cor re la t ion  of Gd f o r  K. A pos i t ive  cor re la t ion  i s  

obtained f o r  I-, Al, S i  and Fe, poss ibly  chamosite or  ch lor i t e .  I n  t h e  
- ,. 

Bel l  Canyon sandstone shown i n  Figures 9 and 10,  once again there  i s  a . 
. . 

strong preference of Gci fo r  Fe, Mg, A 1  and ~ i '  ind ica t ive  of 'chlor i te .  

( 3 )  Bodine, M C. Jr., "Geochemistry and mineralogy of' s i l i c a t e  assemblages 
associa ted with Permian Basin evaporites,"  New Mexico Bureau of Mines 
and Mineral Resources Circular  159 (1977). 
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An area  of dolomite at ( 3 , l )  shows no Gd a f f i n i t y .  The Girty sa l t ,%s+iple .  . i s  . , .  , . . . . ... 

s h o - i  i n  Figures 11 and 12 reveals t h a t  .Gd i s  taken up. i n  ,a  c1,ay ,pocket, wh.ich 
. . .. . 

i s  pos i t i ve ly  corre la ted with Fe, Pg, A 1  and S i ,  possibiy a ch lo r i t e .  When I( 
, .  . .  . .. . .. . 

i s  associated with Al and S i ,  poss ibly  . i l l i t e ,  . ,  as  at ( -2 , - l ) ,  Gd.is not r e - ,  
. . . . ,.. .. . 

' t e ined.  Anhydrite ( -? , I )  i s  not sssocia+,ed with Gd. Lastly,  F i g g e  ,I3 . . . .  . 
, .  .. 

shows t h e  in te rac t ion  of gadolinium with Yagenta. Here it i s  s,een tha; Gd 
. .- . . 

i s  sorbed i n  several  areas ,  such a s  ( b , 2 ) ,  which a r e  high i n  K,  Al, S i ,  "big 
. . . . 

and Fe [not shorn) as  wel l  as  having a .  nore disi?erse$ pa t t e rn  vhickt. general ly  

cor re la ted  with dolomite. This l a s t  e f f e c t  i s  more than l i k e l y  caused by 

displacing t he  carbonate-bicarbonate equ i l i b r i u r  t o  form a hydroxide which 
. . . .  . . . .  

, . . .  
i s  r e l a t i v e l y  insoluble.  Hydroxide formation sho1.1l.d. not occur a t  Gd con- ; 

:. . ._ . . .  : 

3 centra t ions  below 10  ppm. 

An attempt was made t o  come up with a b e t t e r  character izat ion of  t h e  

mineral phases which a r e  associa ted with Cs and Gd. For t h i s .  character i -  
, .  . . . 

zat ion,  geologic t h i n  sect ions  were prepared without cover s l i d e s  so  t h a t  
. . 

.. : . ,  

t h e  .section could be examined, both with t h e  petrographic microscope and 
. . .' 1 . .  

t h e  e lec t ron  microprobe. I n  t h e  case of t he  Bel l  Canyon sandstone, t h i s  

e f f u r t  was ssmcwhat ~uccessfi.1~1 a.s we were able  t o  obtain a semi-Gant i t a t ive  

analysis  of t he  mineral which re ta ined gadolinium. This mineral i s  ch lo r i t e .  

For t h e  other  specimens, t h e  r e s u i t s  are  a t  present  inconciusive. 

Although t h e  r e s d t s  cf t n i s  study a r e  not t o  be construed a s  anything 

but p re l i a inary ,  we may make severa l  conclusions. F i r s t l y ,  at  t h e  high 

concentrztions consid!red i n  t h i s  study, c l ay  x i n e r d s  appea.r t o  be responsible 
+ +++ 

f o r  a l l  of .the important so~ .p t ion  which takes  place between Cs , Gtl and 

++ . 
UO, and Eleana, Shale, Magenta dolomite, Bell  Canyon sandstone and c lay  

bearing h a l i t e .  It may then 'he concluded t h a t  a r e l a t i v e l y  small por t ion 
485 



of these  rocks a r e  a c t i v e l y  responsible f o r  sorpt ion charac te r i s t i cs .  
, . 

Gad01 lnium was tounl i n  all s a q l e s ,  probably a s  i r on  bearing clay, with a 
. . .. , . . 

probable ac t i ve  mineral being ch lor i t e .  Cesium was re ta ined by t h e  Eleana 
. . . . 

, . . -. . ... . 
Shale, i n  wnich i l l i t e  i s  t h e  probable ac t i ve  mineral. Although i l l i t e  w a s  

- 4  . 

a l s o  present ,  i n  t h e  c l ay  bearing h a l i t e ,  no cesium re ten t ion  was obcerved 
. . 

. . . .  
i n  t h i s  case. A poss ib le  explenaticn f o r  Cs not being obsei-~ed i n  the  h a l i t e  

. . 
, . .  

sample i s  t h a t  t h e  i l l i t e  may be too f i n e l y  dispersed t o  build up Cs con- 
. - .- ' 

cen t r a t i on  above the mjcroprhe detect ion liul,ts. Strontium was not 

s i g n i f i c a n t l y  r ~ t a i n e d  Qn any snmglec oo ~ 1 r 2 0 ~  1,s not  forxci st i.;dce 
. , > .  . 

concentrations: 
% .  . 

Although t h e  c lays  observed i n  t h i s  s tudy were i n  scme cases f i n e l y  
. , 

divided,. a s  i n  t h e  case of t he  i l l i t e  c lay  i n  t he  h a l i t e  sample, f requent ly  
. . .; , ... 

clays  of  a given type formed e a s i l y  recognized pa t te rns  o r  were present i n  

d e t r i t a l  gra ins  l a rge  enough t o  be observed d i r ec t l y .  This f a c t  allowed 
. . 

t e n t a t i v e  i d e n t i f i c a t i o n  of t h e  minerals as  wel l  as  allowing i den t i f i c a t i on  

o f  associa t ions  between t he  t e s t  ions znd t he  i n d i v i d ~ a l m i n e r a l s  bg 
. . 

e lec t ron  microprobe techniques. 
, . .  . .  



MAGENTA - S T R O N T I U M  

.- - -.-- . - - . 

Stronti urn Distribution Sulfur Distribution 

Miag ngisi urn Dl stri~bution Calcium Distribution 

Figure 1. Elemental distribution photomicrographs   ED^) of Sr con4Xmin- 
ated Magenta. The predominant Sr phase i s  
replaces Ca in  gypsum. (200~) 



MAGENTA - U R A N I U M  

U rani urn Distribution 

Mag nesi urn Distribution Calcium Distribution 

Figure 2. EDPM of uranium contaminated Magenta. The predominant U phase 
appears to be U02C0 as I@ and Ca, are dramatically reduced from 
a normal dolomite d 9 stribution as shown in Fig. 1. (200~) 
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D I R T Y  S A L T  - U R A N I U M  

~ ~ u m  DiotdbMm Chlorine DEdri Won 

I 

Aluminum Distribution Silicon Distribution 

Figure 4. EDPM of uranium contdmted dirty salt. Uranium is associated 
with clay rich areas and not NaCl. Upper right portion-of uranium 
EDEM is missing because of a topographical effect. The p'redominant 
U *ae is U e l ~  U02W3, from reaction with Mgnspite. (200x1 



D I R T Y  S A L T  - U R A N I U M  

l ron Distribution 

Sulfur Distribution Calcium Distribution 
Figure 5. EDPM of U contaminated d i r t y  salt. When Fe i s  associated with 

clay, Fe i s  correlated with U while K, Na,  S and Ca are  not 
correlated. However, the  posi t ive correlat ion with i ron  bearing 
clay i s  not def ini t ive i n  view of the  reaction of U with Magnesite. 
(200~) 
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E L E A N A  S H A L E  - C E S I U M  

Cesi urn Distribution Potassi urn Distribution 

Aluminum Dt~lr312ion 

F&JLW~ 6. EDPM of cesium contandm 
K, Al. and Si indicative 

~ t e d  Eleana Shale. Cs is associal;ed with 
of illite-vermiculite . (200x1 



E L E A N A  ' S H A L E  - C E S I U M  

m 

l ron Distribution 

Magnesium Distribution Calcium Distribution 

Figure 7. EDPM of Cs contaminated Eleana Shale. C s  i s  associated with Fe 
except f o r  the  ferroan dolomite at (-3,4). Cs i s  a l so  correlated 
with Mg. (200~) 
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B E L L  C A N Y O N  - G A D O L I N I U M  

Gadoli n i  um Distribution 

I ron Distribution Mag nesi urn Dl stri bution 

Aluminum Distribution Silicon Distribution 

Figure 9, EDW of gadolinium contaminated B e l l  Canyon,sandstone. Gd is 
associated with Fe, &, A l  and Si,indicmtive of chlorite. (200~) 



B E L L  C A N Y O N  - G A D O L I N I U M  

L rr . p g  
' B  

Calcium Distribution 
pi:-> - .s : 3 ~,$$,--~~;-.:~#, r$$;; ,. &, '.yq** , , 

. 
: , .I , . , , , 7 ,x:; ,. : 

+ -$ 

Potassi um Distribution Sodium Distribution 

Figure 10. EDm of gadolinium contaminated Bell Canyon sandstone. The 
sorptive miner81 colltains Borne K but no Cst nr Na. Dolomite a t  
( 3 , l )  i s  not retaining Gd. (200~) 



D I R T Y  S A L T  - G A D O L I N I U M  

Gadolinium Distribution 

Aluminum Distribution Silicon Distribution 

Chlorine ~$@ribution 
9' 



D I R T Y  S A L T  . !r: 
G A D O L I N I U M  

-! 1 

Sodium Distribution 

I - 

l ron Distribution Potassi urn Distribution 

Calci urn Distribution Sul fur  Distribution .s& 
t .  

i ; ~  $ , ~ ~ - ~ j , ~  , ;v 

Figure 12. EDPM of gadolinium contaminated dirt salt. Gd is not associated 
with pyrite,  anhydrite o r  i l l i t e .  &00~) 



M A G E N T A  - G A D O L I N I U M  

Gadoli niurn Distribution Potassi urn Distribution 

Aluminum Distribution allicon Distribution 

Mag nesi unr Distribution Calci urn Distri hution 

Figure 13. EDm of gadolinium contaminated Magenta. Gd i s  associated 
with clay a t  (4,2) which i s  high i n  K, Al, S i  and Mg, 
possibly chlori te .  Also there i s  a diffuse Gd pat tern 
associated generally with dolomite which i s  l ike ly  a con- 
centration ef fec t .  (200~) 4g9 





Contact Circumstances and Valences Re1 a ted 
:. Z.., . . . . /  L . : . . ,. . . .. toTestResultss- : * 7 : - j : : , :  . . .: . .,, .. . .. . . . I  ) . , . I  , 

Q. Are your t e s t  l i m ' i t s  p a r t l y  t h e  r e s u l t  o f  t h e  circumstance o f  : " 

"contaht. .or.  t h e  :va l  enee indigenous , to your materials?..:: :.%.: : . . .  . 

source. We removed sur face mate r ia l s  i n  order t o  look  a t  those 
,. ! .. .,., . .  

t h a t  were re ta ined  i n  a"very. " r e d  " way;"' ~ e . . a l  l$wed th ree  days o f  
. . . .. 

con tac t  i n  a doped rock -eq i l  i b r i a t e d  s o l u t i o n  w i t h  ~ ~ 2 0 ; .  Before 

..:. ,:any dopement was-.added.:al:l, , a re  very  c lose .  t o  ph7; . Al.1' had,. i r r e v e r s i b l e  

. , 0xygen:potent ial  and' on l y  one:.valence sta$e'.:+ , : . . .i:.- ' . 

. . . %  ' :.".' . *  . . . . .  . 

Desc r ip t i on  and I d e n t i f i c a t i o n  o f  Figures 

Q. What i s  t h e  composit ion o f  d i r t y  s a l t ?  

A. P r i m a r i l y  h a l i t e  w i t h  7-8% d isso lved minerals.  

Q. I s  t h a t  calcium s u l f a t e ?  

A. No. Gypsum c r y s t a l .  

Q. Exac t l y  what are.  your  p i c t u r e s ?  

. A  The p i c t u r e s  a re  a l l  250 X so the  d is tance between the  g r i d  l i n e s  

i s  rough ly  40 p. The p i c t u r e s  a r e  no t  comparable, however, because 

t h e  times vary. The samples were ground f l a t ,  #600 carborundum 

.paper. 

Q. Why n o t  use a beam t o  probe t h e  upper r i g h t  area o f  t h e  Mg d i s t r j b u t i o n  

i n  F igure  9? 

A. We could have, b u t  d i d n ' t .  



. . 
Spec i f i c  Quest ions on Test  Results 

Q. Have you v e r i f i e d  t h a t  t he re  i s  no SrS04 i n  t h e  magenta dolomite? 

A. Yes. There i s  none. 
. . . . ) . . . .  . . . . .  . . .  . :  . . . .  . . . . . .  . . . . . . . . . . . .  , ,  . . 

. . . . . . .  .> " , 

Q. . How do you know i t '  s n o t  CaU03 i n  the  magenta dolomite . . :insfea:d:of . . . .  . '  ; . . . . 

U02C03? :;:.! . . ,  . . .  . . . .  
' .,, . . . .  I .  . . I ' _. 

A .  Ca has been replaced. on the  surface. 1.n ' a d d i t i o n  the- iso lubi . l  i t y ,  o f  

CaU03 i s  v e r y  h igh,  t hus  no p r e c i p i t a t e  shou1,d form.. . . . . . . 

. . .  . . .  . . . . .  . . 

Q. How d i d  ybu k n ~ w  it. .w& t h ;  i l l  i  t e  t h a t  took up t h c  .Co ::in, the , ',, . . 
eleana shale? . . . . . . ,  . ! .  . 

< .  .:::. . , 

A. .' .It .was an. educated 'guess, p r i m a r i l y  based on.'.the..pos-itive assoc ia t i on  

w i t h  K; i n ,  1 ooking through ' the ."shopping 1 i s t "  . o f  minera.1.s st:vongly 

associated w i t h  t h e  shale, i l l i i t e  i s  one. 
. . . . . . . . . . . . . . . . .  

) . .  . . . .  . 1 : . . , . 
. . . . . .  
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LABORATORY MEASUREMENTS OF RADIONUCLIDE DISTRIBUTION 

BETWEEN SELECTED GROUNDWATER AND GEOLOGIC MEDIA 

Bruce R. Erdal 
K. Wolfsberg, R. Vidale, C. Duffy, and D. C. Hoffman 

Los Alamos Scientific Laboratories 

I. Kd Values f o r  A1 luvium and Bentonite. 

Rat ios f o r  the d i s t r i b u t i o n  o f  a  number o f  nucl ides have been measured between 

ground water and benton i te  and Nevada .alluvium. These studies are per t inen t  t o  the 

NV Radionucl ide Migrat ion Pro jec t  a t  the Nevada Test S i t e  as wel l  as re levant  t o  

the generic studies o f  nuc l ide  migrat ion being conducted by Task 5 .  The e q u i l i -  

br ium d i s t r i b u t i o n  c o e f f i c i e n t ,  Kd, ,for the d i s t r i b u t i ~ n .  of a c t i v i t y  - i s  conven- 
t i o n a l l y  def ined as: . . ? .  . I %  

. * 
, . . , , . .  

. . , . . ; :., 
- - a c t i v i t y  i n  s o l i d  phase/mass o f  s o l i d  , 

Kd a c t i v i t y  i n  solution/volume o f  so lu t i on  

I n  most o f  these experiments the a c t i v i t y  was counted only i n  the so lu t ions i n  

order  t o  r e t a i n  i d e n t i c a l  count ing geometry and, consequently, measure the f r a c t i o n  

o f  the  a c t i v i t y  i n  the  l i q u i d  phase, f. The equation f o r  the d i s t r i b u t i o n  c o e f f i -  

c i e n t  can then be expressed: . . 

f rnl o f  so lu t ion  
K d = ( ) (  O l d  )- 

It must be noted that ,  under many condit ions, we know tha t  equ i l i b r ium i s  no t  

achieved, o r  we are no t  c e r t a i n  if i t  i s .  However, we s t i l l  measure the d i s t r i -  

bu t ion  o f  a c t i v i t i e s  between phases as defined above and we c a l l  the r e s u l t i n g  

value the d i s t r i b u t i o n  r a t i o ,  Rd, which i s  i den t i ca l  t o  Kd, bu t  does not  imply 

equ il ~IJI.;UIII. 
The a l luv ium samples are f r o m t h e  Nevada Test S i te .  Most experiments were 

1  conducted w i t h  mater ia l  from hole U5e (RNM-1) ' in  Frenchman F l a t  from v e r t i c a l  

depth o f  256 m, and some from 331 m. Mater ia l  f o r  some other experiments came from 

a preshot samp.1e taken a t  a  depth o f  238 m from hole U3bv i n  Yucca F la t .  A l l  
samples.were taken below the water table.  A geologic descr ip t ion  o f  the unsorted . 
mate r ia l  from the Frenchman F l a t  samples fo l lows:  

ID. C. Hoffman, R. Stone, and W. W. Dudley, Jr .  "Radioact iv i ty  i n  the Underground 
Environment of the Cambric Nuclear Explosion a t  the Nevada Test S i te ,  Los Alamos 
Sci e n t i  f i c Laboratory Report LA-68774s (1  977). 



Petrographic descr ip t ion:  

Alluvium cons i s t s  of  mineral and t u f f  fragments i n  an iron-oxide r i ch ,  f i n e  
. . 

grained matrix, not s t rongly  consolidated. . . 

Major consti  tugnts l a rge  enough t o  be i den t i f i ed  op t i c a l l y  a r e  quar tz ,  plag- 

ioclase,-a1 kal i  feldspar;  c a l c i t e ,  glass. '  shards,  and opaques. 

Minor const i tuents  l a rge  enough t o  be i 'dentif ied op t i c a l l y  a r e  amphi bole, 

b i o t i t e ,  .orthopyroxene, cl  i  nopyroxene.. . . 

X-ray data :  

Glass (broad' hump), pl ag i .0~1  ase ,  a1 kal i f e ldspar ,  m i  nor quartz 

Mi cro,probe data:  

Fresh g lass ,  a l so  f ine -  K Na.76+.11 - .61+.07~~.05+.02~~.02+.02 - 
- 0 

- 
grained devi t r i f i c a t i o n  
products (probable zeol i  t e s )  A11.43+.05Si7.52+.06 - - 18 

Pl agi ocl ase phenocrysts Na.55+.02Ca.46+.04K.03+.01A11 - - - . 4 7 + . 0 3 ~ ~ 2 . 9 6 + . 0 2 ~ 8  - 
A1 kal i fe ldspar  Na.  43+. 03 '~ .  02+. - 01 K. 58+. - 0 3 ~ '  1 .04+. - 02'8 

Ca lc i t e  ca 9 9 ~ g  61 C03 
(one ana lys i s )  

1 

Clinopyroxene Ca.85Mg.77Fe. 3 ~ ~ ~ 2 . 0 ~ 6  
(one analysi  s )  

Orthopyroxene Ca.04Mg1 . 3 0 ~ ~ . 7 2 ' ~ 1 . 9 5 0 6  
(two analyses)  

1 

Portions of the  dr ied  samples were graded by s ieving.  A small amount was a l so  

ground and graded. Rentonite i s  the  material sometimes used in  d r i l l i n g  mud a t  

NTS. I t  was used without grading, Since we a r e  in te res ted  i n  the  behavior of the  

sainples in t h e i r  natural  s t a t e ,  no attempt was mad,e t o  purify the  mater ia ls  o r  . .: 

change the  ions already on the  sorption s i t e s .  Cati0.n exchange capacity was deter-  

mined by shaking separate  1.00-mg port ions of the  so l i d s  with 20 ml of 0.5 ! CsCl 

(pH = 8.2) o r  0.5 - M SrAc2 ' ( p ~  = 8 . 5 ) ,  spiked k i t h  13T~i o r  8 5 ~ r ,  respect ively ,  f o r  

3 t o  5 days. The pH of these  sol..utions was not adjusted because i t  was s u f f i -  

c i en t l y  c lose  t o  t h a t  of the  ground waters. After washing of the  so l i d s  with 

wa,ter, they were gamma cnunted t o  determine the amount of Sr  o r  Cs t h a t  exchanged. 

Portions of the  samples were a l so  sen t  t o  LLL f o r  determination of surface  area by 

nitrogen absorption (which we recognize may not be appl icable)  and s ieve  ana lys i s .  

The r e s u l t s  of these  character iza t ions  a r e  given i n  Table I .  I t  appears t h a t  

ne i the r  the  cat ion exchange capacity nor the  gas-absorption surface  area vary more 

than ab0ut . a  f a c t o r  of  two with the  s ieve  s i z e  o r  source of the  a l l u v l u ~ .  However, 



Cat ion Exchange Sieve I .  .... ~ 
surfacea Capacity Anal ~ i s , , , ~  ; 

(meq/100 g) Area (d . . 
. . .  

M a t e r i a l  Mesh Size S r  cs ( m 2 )  10%' , 50% . . . 90% 

AI 1 u v i  umC , . 

U5e, 256m 100 - 200 14 10 14..9 .70 . :  105 , 155 
.' 5 

~ 5 e ,  256111 + i o o  10 6.1.1. 200 780 4:OOO 

U5e, 331 m ungraded 16 . . . . 

U3bv, 238111 ungraded 2 2 9.2 87 270 2000 ' 
. . 

1 .  

Bentoni t e  ungraded 56 72 33.8 2 1 35 8 5 

a Surface area and s ieve analyses arranged f o r  by D. 6 .  Coles (LLL) and . . .  

performed by A.  H. Bierman (LLL). 

b ~ a r % i d l e  s i z e  diameters :korresponding t o  10, 50, and 90 p e r c e n t i l e s  of , 

t h e  cumulat ive d i s t r i b u t i o n .  

 he mate r ia l  i s  l a b e l l e d  by ho le  des ignat ion  and depth. 

d ~ r o u n d  mate r ia l .  A1 1 o thers  a r e  s iev f  rigs o f  n a t u r a l  s izes.  
. . 

. . 



. t h e  re la t ionsh ip  between the surface area and cation exchange capacity i s  a l so  no 

b e t t e r  than a f a c to r  of  2. The diameters;of the  p a r t i c l e s  as  calculated from the .  

gas-absorption measurements a r e  ,in the  0.2- t o  0.4-pm range, m u c h  smaller than ,the 

s i eve  s izes .  These da ta ,  together w i t h  the  cat ion exchange capacjty measurements, 

ind ica te  t h a t  in te rna1 , sur face  area must play a major r o l e  i n  sorption f o r  a l l u -  

v ium;  The ungraded :.bentonite has a somewhat g rea te r  ca t ion exchapge capacity and . _i 

, . . . surface  area .  . . . . .  .. . . . . , .  
: ., 

Ground water used in the sorption experiments came.from a depth .of  341 m in 

well RN!!~-ZS 'which i s  near U5e. Analysis o f  the  'water was arranged f o i b y  W .  W .  

Dudley, ' J r .  'and 'performed a t  t h e -  USGS Laboratory i n  Denver. The following a r e  . , 

+ 2 + . + concentrat ions .'in?rng/l: ~i+', 18; M g  , 5.5; K', 10; Ela ,66,; L I  , 0.030; HcO;, 
-2 6 ;  C1;.:23; F-: 

170; co3 ,,, , 0.6; S i02 (d i s s . ) ,  62"; so4-', 41. In addi t ion,  t o t a l  - .  

anions, 4.32 'meqll; t o t a l '  ca t ions ; '  4.48 meq.11; evaporated, residue a t  180°, .314 ... 
+ 

mg/l (ca lcula ted,  310 mg/l) ; pH,'8.5. Our deionized water has a Na concentration 

of < 1 ppb and a reii.ktai.lce of 18 MSt-cm. The,pH i s . 5 . 9  t o  6.6. ' 

Three types. of tagged solut ions  were prepared f o r  the  sorpt ion s tud ies .  --The..  

f i r s t  was prepired by evaporating a mixture of the  fol1owi:ng commercially ava i l ab le  

"ca r r i e r - f ree"  nucl'ides t o  dryness i n  a polyethelyene .tub.e:. 4 4 ~ e ,  5 2 ~ ~  ,. 3 3 ~ a ,  

85 Sr , 9 5 ~ r - 9 5 ~ b ,  3 7 ~ s ,  8 5 ~ r ,  6 0 ~ o ,  and 2 4 ~ b ;  Concent~ated HCI was added,  and t h e  

mixture was taken .dry again t o  convert the  s a l t s  t o  chlor ides .  , Then. ,ground .water 

was added and, " a f t e r  s t i r r i n g ,  the  mixture was centrifuged f o r  1 hour a t  IGOCO, rpm. 

The supernate was 'centrifuged a second 'arid a t h i rd  time. in f:resh tubes and was then 

d i lu ted  w i t h  more ground water and stored in polyethylene. The 9 5 ~ r  was not so lub le ,  

i n  the:$rd;nd water. The pH of the  spiked ground water remained a t  8.5,  and no 

activ!ty was deposited on the  polyethelene b o t t l e  o r  on the  polyethyene tubes in 

which the  experiments were parrormcd: Similar  spiked sod~i t ions  of 8 8 ~  and 2 3 7 ~  i n  

both ground water 'and deionized water were prepared. The urani uma was in the  form 

of uranyl ion. A l a s t  type of radioact ive  solut ion was prepared by 1eaching.a . t u f f  . 

sample containing v o l a t i l e  f i s s ion  products from an underground nuclear explosion. 

The ground-water 1 each contained mostly 31 I ,  and a1 so measurable quan t i t i e s  of 

9 9 b ~ ~ ,  ' 0 3 ~ u ,  and 24 26'1 2 7 ~ b .  Ascending paper chromatography revealed a t  l e a s t  

th ree  iodine species having the following Rf values and percent of t o t a l  of iodine: 
- - 

0.02, 10%; 0.25, 40%; 0.68, 50%. These species a r e  probably 104 , 103 , and I - ,  

respect ively  . 
Batch' sorption .and desorption experiments we-re performed by shaking weighed 

t quan t i t i e s  of a speci f ied  sol ' id,  which'had been . . pre-equili 'brated with ground water, 

w i t h  20 'ml of tagged water f o r  a given time in stoppered polyethylene centr i fuge 
. . 



tubes a t  room temperature o r  i n  sealed polyethylene b o t t l e s  a t  70°C. A t  the end of 

the  shaking period, the  1 i q u i d  phas; was separated from so l ids  by three c e n t r i -  

f u g i n g ~ ,  each i n  a new polyethylene cen t r i fuge  tube, f o r  1 hour a t  16000 rpm. A .  

9- o r  10-ml a l i q u o t  of the so lu t i on  was a c i d i f i e d  and counted on a ca l ib ra ted,  95 
3 cm , coax ia l  Ge(Li) detector .  An a l i q u o t  of the o r i g i n a l  so l u t i on  was a lso counted. 

i n  the same geometry so t h a t  the f r a c t i o n  i n  so lu t ion  could be determined. Inten- . 

s i t i e s  o f  i nd i v i dua l  peaks i n  the spectra were resolved and atoms o f  each nuc l ide 

a t  zero t ime were determined w i t h  the GAMANAL code. 
2 

The pH o f  the water was measured a f t e r  many o f  the experiments.. There was . , 

very l i t t l e  change i n  pH a f t e r  a l l u v i a l  ground water ( i n i t i a l  pH 8.5) was contacted 

w i t h  a l luv ium o r  bentonite; f i n a l  pH values ranged randomly between 8 . 3  and 8 .7  . . . .  

'lhe pH of the deionized water ( i n i t i a l  pH - 6) increased t o  values o f  8 t o  8.6 

a f t e r  contact  w i t h  a l luv ium and t o  % 9 w i t h  bentonite. The po ten t i a l  of t he  p l a t -  , .  

inum ha l f - ce l l  immersed i n  our so lu t i on  was measured' r e l a t i v e  t o  a calomel h a l f -  

c e l l  (244 mV). A l l  the ground waters measured i n  the laboratory  gave values o f  400 
3 t o  435 m i l  1  i v o l  t s .  According t o  Garrel s and Ch r i s t  , the dissolved oxygen from 

a i r  provides a m i l d  ox i d i z i ng  ef fect  and Eh values between 300 and 350 mV a t  a pti 

o f  8. We a lso  attempted t o  measure the po ten t i a l  o f  water f resh from the RNM-2s 

we l l ,  before the  water equ i l i b ra ted  w i t h  a i r ,  and 0btained.a value o f  330 mV f o r  

the plat inum ha l f - ce l l  i nd ica t ing ,  s t i l l ,  a m i l d  ox id iz ing  e f f ec t .  The pH o f  the 

water a t  t h a t  t ime was 8.0. We are aware of the d i f f i c u l t i e s  i n  making good Eh 

measurements and o f  the problems w i t h  e lectrode measurements, and, consequently, do 

no t  attempt t o  i n t e r p r e t  these measurements fu r the r .  

The Rd values obtained from each experiment w i t h  a l luv ium are tabulated i n  

Tables I 1  and 111; those f o r  bentoni te i n  Tables I V  and V.  The values are arranged 

f i r s t  accordinq t o  s ~ r p t i o n  or desorption values, and then according t o  shaking 

time. The reader should c a r e f u l l y  note the type o f  alluvium, temperature, and 

o ther  condi t ions explained i n  the footnotes. 

2 ~ .  Gunnink and J. B. Niday, "Computerized Quan t i t a t i ve  Analysis by Gamma-ray, 
Spectrometry", UCRL-51061 (1972) ; extens ive ly  modi f ied , f o r  use a t  the LASL ,Central 
Computer F a c i l i t y  by B. R. Erdal, CNC-11. 

3 ~ .  M. ~ a r r e l s  and C. L. Chr is t ,  Solut ions Minerals, and ~ ~ u i l i b r i a  
(Freeman, Cooper and Company, San Francisco, 1965), p. 136. 

. t 



. TABLE 11. DISTRIBUTION RATIOS FOR. ALLUVIUM 

Distr ibution Ratio,, R, 
U 

Mesh Shaking Time 
E:cperimenta y g  Size (days) - Sr - B a Cs Co Y Eu(II1) Ce(II1) 

100-200 
1'00-20Od 
100-200 
200-400 
Cngraded 
200-400 

+I00 
Ungraded 
Ungraded 
1 00-20Od 
1 00-200 
800-200 
100-200 
1 00-200 
100-200 

. . 

1 00-200 
'1 00-200 
100-200 
100-200 "' 

1 00-200 
100-200 
100-200 

a ~ n l e s s  otherwise speci f ied  samples from U5e, 256 m ;  weight of alluvium was approximately l g .  Ground water from RNM-2s 
was used. Experiment- involved sorp:ion from solut ion.  

b ~ r o m  U3bv, 238 m. 
'~r0t-n U5e, 331111. 

d ~ i f f e r e n t  sieving from r e s t  of 100-200 mesh from sarrie source. 

e ~ e i o n i z e d  water was used. 

f~xperime.nt involved desorption from sol i d .  

otherwise indicated,  experirent  conducted a t  room temperature (20 2 5°C). 

h ~ . 5  g of alluvium. 



TABLE I 1  I. DISTRIBUTION RATIOS FOR ALLUVIUM 

D is t r i bu t i on  Ratio,' Rd 

Mesh 
Size 

1 00-zood 

1 00-zood 

1 00-200. 

100-200 

100-200 

100-200 

1 00- 200 

1 00-200 

200-400' 

I Ingraded 
200-400 

+I00 

Ungraded 

Ungraded 

100-200d ' 

1 00-zood 

100-200 

100-200 

1 00- 200 

100-200 

100-200 

100-200 

100-200 

100-200 

100-200 

100-200 

100-20Q' 

1 00-200 

100-200 

Shaking Time 
( days ) 

a - h ~ e e  footnotes i n    able 11. 
i Tagged so lu t i on  from leaching o f  mater ia l  from an underground nuclear t e s t  was used. 



Experiment 
(9) 

Weight 

2 
1 
2 
1 
2 
1 
0.5 
0.5 
2 
1 
0.5 
0.5 
0.5 
0.5 
2 
1 
0.5 
0.5 
0.5 
2 
1 
2 
1 

TABLE I V .  DISTRIBUTION RATIOS FOR BENTONITE 
' .  

D i s t r i b u t i o n  Rat io ,  R~~ 

Shaking T ine  
(days ) - S r Ba C s  - C o Y E u ( I I 1 )  - C e ( I I 1 )  

2.8 1380 1790 1580 '637 >280 .* > I90  
2.8 2640 2800 780 161 0.- . >540@ . '360 

11 $ 6  904 1660 1420 428 >I490 ' '330 
. 11.6 1130 1560 . 1570 504 1430 . >540 

27.6 1110 2590 1480 4 60 1450 , >280 
27.6 - 2040 3340 . 2083 990 >510 
27.9 3890 
27.9 ,5830 . , 

41.8 ' 2490 14800 1890 , 2080 . ,  " . !4500,; . .  . 
'300 

41.8 1140 ' '. 6880 1940 2260 >660 
42.9 ' 1580 
42.9 . 3840 
34.8 3880 
34.8 ' 3490 
39.0 2.5 10 735@ 2190 . 1510 75900 >740 
39.0 2370 6920 . 2040 - 4800 >1.4000 . >I520 
53.8 . a 446d0 , 

65.7 . . 561 0 . . 

16500 ' 
. .. 

65.7 
141.1 2900 5380 1960 2600 7574.0 '1060 
141.1 231 0 4730 2280 761 0 '2200 
144.6 2630 6100 . 18C0 2950 >I4000 >1470' 
144.6 2690 54 5(! 21 50 941 0 241 00 >2400 . . 

. . 

a Deionized wate r  w8s used. 

b ~ x p e r i m e n t s  i n v o l v e d  deso rp t i on  f rom s o l  i ds .  

' ~ 1 1  exper iments conducted a t  roon, temperature.  



Exper iment  

TABLE V .  DISTRIBUTION RATIOS FOR BENTONITE 

a'b'csSee f oo tno tes  o f  Tab le  I V .  

Shaklng T9me 
(days) 

2.8 

2.8 

11.6 

11 ,,6 

27.6 

27.6 

27.9 

27.9 

41.8 

41.8 

42.9 

D i s t r i b u t i o n  Ra t i o ,  R~~ 
-,..- , = .,..-. - 



I n  examining Tables I 1  - V one can make some general observat ions as w e l l  as 

ob ta in ing  Kdls which a re  Rdls a t  e q u i l i b r i u m  o r  steady state..  T h e  s c a t t e r  i n  t he  

apparent equi 1  i bri.um' values i s l a r g e r  than the  experimental  u n c e r t a i n t i e s ,  which 

a r e  u s u a l l y  smal le r  than 1.0%. Consequently, we f e e l  t h a t  we are  not:,sampling 

s t r i c t l y  i d e n t i c a l  samples o r  condi-tions-,.. and when g i v i n g  e r r o r s  .on avera.ges we 

g i v e  t h e  standard d e v i a t i o n  ,o f ;  .the popu la t i on  as a, more - r e a l  i s t i c :  err0. r  r a t h e r  than 

the  standard d e v i a t i o n  o f  the:average. 'Species w i t h  low Kd values a t t a i n  e q u i l i -  

br ium by s o r p t i o n  i n  t imes o f  l e s s  tha,n one week whereas those w i t h  l a r g e  Kd , 

values r e q u i r e  t h r e e  t o  f o u r  weeks; . , . . . . , .  

In,some cases.apparent e q u i l i b r i u m  values reached by desorp t ion  a re  d i f f e r -  
, . . . .  

e p t  from those re.ached by sorp t ion .  We speculate t h a t  t h e s e  o b s e r v ~ t i o n ~ " m a y  be a  ' 

consequence o f  t h e  f o l  1  owing phenomena. The s o l u t i o n  from which . . sorpt ion '  takes 

p lace may c o n t a i n  d i f f e r e n t  species o f  t he  .same element . .  ( f o r  . . example, i ons  d f "  
d i f f e r e n t ,  o x i d a t i o n  . .  s ta tes ,  . d i f f e r e n t l y  cornpiexed ions, a n d  va r ious '  degree6 b f  ' ' 

h yd ra t i on  d r  po l ymer i za t i on ) .  I f  the  exchange between su;h spec ies  i s  very "slow 

and they  e x h i b i t  d i f f e r e n t  s o r p t i o n  c h a r a c t e r i s t i c s ,  o n l y  one species may sorb ' 

s t r o n g l y  w h i l e  t h e  o t h e r  remains i n  s o l u t i o n .  The s o l l i b l e  species i s  then-, absent 
. " . .  . .  ., . 

i n  t h e  desorp t ion  experimen't. . . 

 he- i 6 rp t ' i&  p r o p e r t i e s  f o r  some idns  a r e  more s e n s i t i v e  t o  t h e  type o f  a1 1  u- 

vium, dei&e o f  grading, and tempekature t h a n  thdse f o r  o t h e r  ions.  T h i s  may be - .. .. . . . , ,  , 

due t o  var ious types o f  minera ls  o r  g r a i n s  p lay ing  d i f f e r e n t  r o l e s  i n  t he  s o r p t i o n  
. . . ,  . . 

o f  d i f f e r e n t  i o n s .  \fe' hope t o s t u d y  t h i s  poss ib le  e f f e c t .  

Such u n c e r t a i n t i e s  l e a d  t o  l a r g e r  e r r o r s  i n  K d ,  sometimes . f a c t o r s  . o f  2 o r  , . 

mork, than we 1  i k e .  .However,: we. 'hope t h a t  t he  values w i l l  s t i l l  be use fu l  s ince  

some o f  t he  o the r  parameters i n  modeling the  t ranspo.r t  .o f  nuc3 ides. a re  o n l y  known 

w i t h  much 1  arger  uncer ta in t ies ' .  Some. o f  our. conclus ions f o r  t he  a1 l.,uvium s tud ies  

a re  out1 ined i n  t h e  f o l l o w i n g  paragraphs; 

Stront ium: E q u i l i b r i u m  appears t o  be a t t a i n e d  by s o r p t i o n  i n  l e s s  than 3 

days. However, t he  Kd appears t o  be q u i t e  dependent on temperature, and p a r t i c l e  

s ize .  For  t h e  s o r p t i o n  experiments w i t h  t h e  100-200 mesh s ize,  we o b t a i n  values of 

Kd o f  239 - + 40 ml/g a t  room temperature and 536 + 109 ml /g a t  70°C. For desorp t ion  

a t  room temperature and t h e  same mesh s ize ,  we o b t a i n  a  somewhat smal le r  value, 

175 - + 9  ml/g. The change may be due i n  p a r t  t o  changes i n  t he  s o l i d  dur i r ly  t h e  

s o r p t i o n  and deso rp t i on  runs (perhaps d i s s o l u t i o n  o f  carbonates).  We would recom- 

mend us ing  217 - + 45 m l / g * f o r  t he  e q u i l i b r i u m  v a l u e . f o r  sorp t ion-desorp t ion  f o r  

100-200 mesh a l l u v i u m  a t  room temperature. The behavior  o f  S r  as a  f u n c t i o n  o f  

a l l u v i u m  source and p a r t i c l e  s i z e  should be s tud ied  f u r t h e r .  



Barium: I t  appears t h a t  the  time f o r  equ i l i b r ium i s  12 t o  24 days a t  room ,,, 

temperature and more than 3  days a t  70°C. As w i t h  S r ,  the Kd i s  dependent on the 

source o f  the  al luvium. I f  we take a l l  values f o r  the 100-200 mesh mater ia l  af ter . ,  

12 days f o r  both  so rp t ion  and desorption, we obta in  a  Kd value o f  4400 - + 1100 ml/gm . 

a t  room temperature and 8750 - + 500 mllgm a t  70°C. For a l l  U5e samples a t  room 

temperature a f t e r  12 days, we ge t  5200 - + 2000 ml/gm. For S r  and Ba a  ra ther  con- 

s t a n t  r a t i o  o f  Kd8s (Sr/Ba), 0.056 - + 0.014, i s  obtained f o r  a l l  experiments i n  

s p i t e  o f  the la rge  va r i a t i ons  i n  the i nd i v i dua l  Kd8s. 

Cesium: Equi l  i brium appears t o  be establ  ished a f t e r  = 12 days ' a t  room tem- 

perature  and 1 3  days a t  70°C. For the 100 t o  200mesh al luvium,"the Kd . i s  8300 - + .  . 

1800 ml/g a t  room temperature and 6000 - + 400 ml/g a t  70°C. The d i f fe rence  be- : 

tween these values i s  no t  as great  as ' those f o r  S r  and Ba. ~ u r t h e r , ;  the "a1 ues f o r  . 

o ther  p a r t i c l e s  and sources are s i m i l a r  t o  these numbers. We recommend using an - 

o v e r a l l  average of 7700 - + 1600 ml/gm. 

Cobalt: Equ i l i b r ium f o r  sorpt ion seems t o  be a t ta ined a f t e r  about 2  weeks 

f o r  room temperature and 70°C. For sorpt ion, the apparent Kd8s are 13300 - + 
1200 ml/g and 18000 - + 1500 ml/g f o r  room temperature and 70°C. For desorption, the 

apparent Kd i s  s i g n i f i c a n t l y  h igher a t  room temperature, 28000 + 9000 ml/gm. The 
- 

- 
d i f f e rence  may be due t o  the  preparat ion of the t racer  from an evaporated ch lo r ide  . . 
residue. There may be some small competi t ion between i on  exchange and ch lo r ide  * 

L 

complex format ion i n  the so rp t ion  experiments, 

Yt t r ium, Cerium, Europium: I n  macro quan t i t i es  the t r i v a l e n t  ions o f  these 

elements form qu i t e  inso lub le  hydroxides a t  pH 8  t o  8.5. The measured Kd8s are 

q u i t e  la rge.  Any small values are probably due t o  incomplete cen t r i fuga t ion  o r  the 

presence o f  co l l o i ds .  We be l ieve  t h a t  a l l  the Kd8s are greater than 20,000 ml/gm. 

Antimony:. The complex chemistry of antimony, p a r t i c u l a r l y  i n  basjc so lu t ion,  

i s  r e f l e c t e d  i n  the spread o f  d i s t r i b u t i o n  r a t i o s  w i t h  d i f f e ren t '  experimental , 

cond i t ions.  Sorpt ion experiments using the commercial t r ace r  d r i ed  t o  the ch lor -  

ide, and t h e n  hydrated, gave Kd8 s  o f  6.0 + 1  .5 m l  /g and 12 + 2  m l  /g a t  room tem- 

perature  and 70°, respect ive ly ,  i n  periods o f  greater than 3  days. . . !. The Kd for  

desorpt ion i s  much g rea te r  than f o r  sorpt ion,  - 65 ml/gm, assuming equ i l i b r ium was. 

a t t a i ned  i n  140 days. This d i f fe rence  may be due t o  ch lo r ide  complex formati.on, o r  

t o  almost i r r e v e r s i b l e  changes on sorpt ion.  A1 so noteworthy. i s  the f a c t  t h a t  the . r ,  

al luv ium from U3bv has a  s i g n i f i c a n t l y  lower Kd f o r  ,Sb than the mater ia l  from ..~5e.., 

The Sb obtained from leaching of shot debr is  where no ex t ra  ch lor ides are involved 

gave a  s t i l l  d i f f e ren t  Kd8s: 32 - + 5 ml/g f o r  sorpt ion, and=  200 ml/g f o r  de- 

sorpt ion.  
514 



Uranium (urany l  ) :  The c o n t a c t  t imes f o r  experiments w i t h  2 3 7 ~  were 1  im i  t ed  

by  i t s  7-day h a l f  l i f e .  The Kdls f o r  s o r p t i o n  and desorp t ion  from ground water a r e  

a 7 and 9, respec t i ve l y .  From de ion ized water, the  Kd f o r  s o r p t i o n  i s  60.' 

The d i f f e r e n c e  may be due t o  h igher  carbonate concent ra t ion  i n  t he  ground water 
-. . 

l ead ing  t o  compet i t ion  between carbonate complexing and s o r p t i o n  of t he  urany l  ion .  

Iod ine :  The th ree  i o d i n e  species i n  the  leach water have been mentioned 
-. 

above. For sorp t ion ,  we ge t  a  r e l a t i v e l y  small Kd,24.5 - + 0.7 m l / g ;  however, the  Kd 

f o r  desorp t ion  i s  400 - 900 m l / b .  Perhaps o n l y  one species absorbs s t rong ly .  ' 

Molybdenum: The 66-hour h a l f  l i f e  o f  "MO severe ly  l i m i t e d  i t s  usefulness. 

The Kd appears t o  be a 23 ml/g. 

Niobium: E q u i l i b r i u m  seems t o  be es tab l i shed  i n  3 weeks f o r  s o r p t i o n  and 

,@ somewhat longer  p e r i o d s  f o r  desorpt ion.  The Kd i s  2700 - + 100. 

Ruthenium: For sorp t ion ,  the:Kd appears t o  be 1040 - + 80 ml/g, and, i s  a t -  

t a ined  i n  2  weeks. As w i t h  I the  Kd i s  much l a r g e r  f o r  desorpt ion.  

We a r e  n o t  i n t e r p r e t i n g  the  ben ton i te  s tud ies  ex tens i ve l y  i n  t h i s  r e p o r t ,  

s ince  they a re  probably o f  l i m i t e d  i n t e r e s t  t o  task 5. The m ix ing  f o r  t he  2-gram 

samples may have been poor and the  o v e r a l l  s c a t t e r  o f  r a t i o s  i s  worse than f o r  

a l luv ium.  The Kd's f o r  S r  and Ba do n o t  d i f f e r  as much as f o r  a l luv ium.  

11. Se lec t i on  o f  M a t e r i a l s  

A f i e l d  t r i p  was conducted t o  NTS du r ing  the  week o f  12-16 September t o  ga in  

f i r s t  hand knowledge of  t h e  t e s t - s i t e  geology w i t h  .specia l  re fe rence t o  problems o f  

r a d i o n u c l i d e  migra t ion .  I n  p a r t i c u l a r ,  we wished t o  examine and c o l l e c t  appro- 

p r i a t e  samples o f  genet ic  rock  types upon which s o r p t i o n  experiments m igh t  be 

conducted. We f e e l  t he  t r i p  was f r u i t f u l  bo th  i n  g i v i n g  us an overview o f  the  

s t r u c t u r e  o f  t h e  t e s t  s i t e  and i n  p r o v i d i n g  us w i t h  the  samples we sought. 

Sur face exposures o f  basa l ts ,  t u f f s ,  and ' l imestones appear f r e s h  and q u i t e  

s u i t a b l e  f o r  our  needs. Surface a l l u v i u m  samples were c o l l e c t e d  from Jackass 

F l a t s ,  b u t  the  degree t o  which these samples a re  rep resen ta t i ve  i s  d i f f i c u l t  t o  

assess. D r i l l  core  samples o f  a l l uv iun i  may be needed. V a t e r i a l  was a l s o  c o l l e c t e d  

from t h e  Climax stock (granite) and the  Eleana fo rmat ion  ( sha le ) .  Surface m a t e r i a l  

f rom t h e  Climax s tock  proved unrepresenta t ive  o f  t he  s tock  as a  whole due t o  

weathering. Therefore samples f rom the  subsurface were a l s o  obtained. Surface 

samples from t h e  Eleana fo rmat ion  a r e  a l s o  unrepresentat ive,  s ince  o n l y  the  s i l i -  

c i f i e d  p o r t i o n s  of t h e  fo rmat ion  form outcrops. I t  w i l l  t h e r e f o r e  be necessary t o  

ob ta in  d r i l l  core  samples o f  t he  Eqeana format ion.  . 



DISCUSSIONS--BRUCE R. ERDAL 

L e a c h a b i l i t y  and Sorp t ion .  

. . 
Q. When you use waters obta ined from leach ing contaminated t u f f  a r e  

, . . .: 
t h e  r e t e n t i o n  f a c t o r s  r e a l l y  more r e l a t e d  t o  l e a c h a b i l i t y  no t  ' 

r e a l l y  Kd? . . 
. . A. Yes, i t s  l e a c h a b i l i t y  and sorp t ion ,  so you have twomecha~nismsat  

t h a t  p o i n t ,  . ,  . . 
. .,. 

Q. Did  you con tac t  t h e  same rock samples used i n  t he  adsorpt ion. '  

experimenrs w ~ t h  "c lean" groundwater t o  o b t a i n  t h e  d e s c r i p t i o n  . . . . 

values t h a t  you r e p o r t ?  

A. Yes. 
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"IMPLICATIONS OF OKLO TO WASTE STORAGE" 

Guest Lec tu re  by 
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. . 
Dr.  Ap t  presented i n f o r m a t i o n  ob ta i ned  ove r  t h e  l a s t  two years  

under the .  OWI-funded' "'Inves t iga t i ' ons  o f  ' t h e  Natu ra l  F i s s i o n  r e a c t o r  

Program.'" .The reader  . i s  ' r e fe r red  t o  two progress r e p o r t s : . '  
. . 

1 . " I n v e s t i g a t i o n s  o f  t h e  Natu ra l  ~ i s s i o n  Reactor Program, 
October,  1976 - September ,, 1977," e d i t e d  by K. E.  Apt ,  LA- 
7032-PRY November, 1977. 

2. " I n v e s t i g a t i o n s  o f  t h e  OKLO Natura l  F i s s i o n  Reactor,  J u l y ,  
1976. 

f o r  more d e t a i l s  on t h i s  program. 

Other  p e r t i n e n t  papers funded under t h i s  program i n c l u d e :  

3. " M i g r a t i o n  Paths f o r  OKLO Reactor Products and A p p l i c a t i o n s  t o  
t h e  Problem o f  Geolog ic  Storage o f  Nuclear  Wastes," G.  A. Cowan, 
LA-UR 77-2787 and IAEA-TC-119131 . 

. . 
4. " A p p l i c a t i o n s  o f  Eh-pH Diagrams t o  Problems and ~ e t e n t i o n  ' 

a n d l o r  M i g r a t i o n  o f  F i ss i ongen i c  Elements a t  OKLO," D. G. 
Brook ins,  Department o f  Geology, U n i v e r s i t y  o f  New Mexico, . . 

IAEA-TC-119133. i 
. , 

5. "Search f o r  Other  ' ~ a t u r a l  ' F i s s i o n  ~ e a c t o r s  ," K. E. Apt ,  
J .  P. Balagna, E, A. Bryant ,  G. A. Cowan, W.  R .  Dan ie ls ,  
R .  J. V ida le ,  and D.. G. Brook ins,  LA-UR-77-2796 and IAEA-TC- 
119137. . . 

A l l  t h r e e  o f  these  papers were p resen ted  a t  t h e  Technica l  Committee 
.-. Meet ing (Exper ts  Group) on Natu ra l  F i s s i o n  Reactors,  I n t e r n a t i o n a l  

Atomic Energy Agency; December 19-21, 1977; Pa r i s ,  France. 

For  more i n f o r m a t i o n  on t h i s  program c o n s u l t  OW1 Month ly  Progress 

Repor ts  Y/OWI/IN-311' l u  YIOWIIINF-3/12, and Y/OWI/TM-4.311 t o  Currglnt, o r  

c o n t a c t  Ken Apt  o r  George Cowan d i r e c t l y ,  FTS 843-4457 o r  commerci'al 

(505) 667-4457. 
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DISCUSSION -- K .  E. APT 

U Crystal ization (Sl ides 1 ,  2 ,  3 )  

Q .  Do you mean recrystal izat ion or do you mean in f i l t r a t ion  of new 
uranium into the f i e ld?  

A .  No new uranium has accreted on the old c rys ta l s .  Similarly we know 
t h a t  the old c rys ta l s  have not dissolved and then been recrystall ized 
because we see t h i s  retention of the configuration on a centimeter.  
sca le  and we see i t  a lso on a micron scale ,  so i t  has stuck together 
for  180fl millinn years.  

Depth i s  Oxygen Buffer 
' . I  . .  . . . . . . 

Q. Would you say the depth was a natural buffer i n  oxygen fugacity? - 
. , 

A .  Yes, the depth provided th i s  buffer so tha t  there was essent ia l ly  
no f r e e  oxygen and hence the U remained insoluble. Even i f  y0.u 
keep U in solution t h a t  long, apparent lythere i s  no regrowth of 
c rys ta l l iza t ion  on the surface of the old veins. 

Four Reactors a t  Oklo 

Q. Are you saying there were four separate reactor volumes a t  Oklo? 

A.  A t  l e a s t  four; ' they or iginal ly  thought there were s ix  b u t ,  as they 
investigated, two grew together .  They ave 10-20 111 i l l  drSea and 

one rn in thickness. All a re  of a comparable age, w i t h i n  a million 
. . 

years or  so. 

. .  . 

Reactor Uplift . 

Q. 1.f the reactor occurred a t  a depth of three to four kilometers tiow 

long has i t  been u p  near the surface? 

A .  The up l i f t  occurred within the l a s t  couple of million years. I t ' s  ,. 

a f a i r l y  recent event. I t  seems tha t  the only ore deposits being 



discovered a re  those that  a re  being uplifted.  Otherwise they would 
s t i l l  be down there and we would not be able 'to f i n d  .them. 

Xe Loss 

Q. Can.you comment about the Xe isotopes in the Oklo grains? 1 s  t h e '  
loss more -,than you would predict from the - f i s s ion  recoi l?  

, . 
A .  Yes. I think the' simple interpretation i s  that  X; i s  not retained 

in the c rys ta l l ine  l a t t i e e  of 'the k2. I t  can migrate out; i t s c ' ,  
tonic potential conside'rably d i f f e r s  from that  of P u  or U. I t  can 
diffuse out a t  a more rapid ra te .  

Circulating Groundwater . . 

Q. I s  i t  the circulating groundwater that  made the ore fissionable i n  

the ,f i rs . t  place? 

A .  we knbw that  water mist have been there a t  t h e  time. cer tainly 
water was the vehicle fo r  the precipitation of primary and secondary 
ore. I t  was also,  probably, a heat dissipating medium. Convection 

currents no doubt occurred around the reactors,  again something . '  
. 

l ike  25 kilowatts of power were produced there. Fluid inclusion. 
inb'icates temperatures between 300" and 400°. C .  Since the c r i t i c a l  . 

. point i s  374O and 218 atmospheres we could have been very near the 
c r i t i c a l  point of water. That would have meant that  above that  
point i t  was a two-phase system, the solid ore then the f lu id .  The 

circulating f luid then would not only have moderated the reactor 
b u t  'cooled and control led i t ,  modifying. expansion. If you were 
below that  c r i t i c a l  point you could have had bubble formation. The 

bubble formation would have been a more rapid control mechaqism. to 
slow the c r i t i c a l i t y  of mu'l t~plicatl~on down. You would s t i l l  have 

had eirculat 'ion. 

Situation Unique? 

t 
Q. I s n ' t  t h i s  disposal qui te  unique since i t  would be so ,d i f f i cu l t  to  

create  such a low oxygen fugacity? Most rock types are  nowhere 



near atm. i n  oxygen. I ' m  t h i n k i n g  o f  any rock  system which 

have Fe203. You iieyu i r-e Ltie preeserlct! o f  organic carbon i n  your 

systems t o  s t a b i l i z e  i t .  A t  these low values t h a t  requ i res  an 

a c t i v e  carbon as we l l ,  so these a re  very spec ia l  geo log ica l  circum- 

stances. 

A. I d o n ' t  t h i n k  i t ' s  t h a t  hard t o c r e a t e a  lowoxygen fugac i t y .  I . 

t h i n k  t h a t ' s  what 's  i n  ex is tence a t  a km o r  two i n  ,most rock  

types. When rock  depos i ts  a re  two and ' f o u r  km deep do you s t i l l  

f i n d  h igher  oxygen fugac i ty?  

French Provide Sampl es 

Q. Do you take these samples y o u r s e l f ?  

A. No, t h a t ' s  been one o f  t he  problems. We deal through the .  French 

Atomic Energy Commission. They' r e  ve ry  h e l p f u l  6ut  nevertheless 

t h e r e ' s  an ocean between;us, a language, and a l o t  o f  o ther  th ings  

too.  

Russians Share In fo rmat ion  

Q. Do they g i v e  these answers t o  t h e  Russians, and so f o r t h ,  too? 

A. Yes, they ' ve  been q u i t e  cooperat ive i n  g i v i n g  them t o  t h e  Russians. 

The Russians haven ' t  done much work on.them however. 

C r i t i c a l  i ty  

Q. I see t h i s ;  t h e r e  a re  two aspects t o  Oklo. The geo log ica l  h i s t o r i a n  

i s  l ook ing  f o r  precedence, a t  l e a s t  hoping f o r  v e r i f i c a t i o n  t h a t  

t h e  concept i s  workable. However, t h e  o ther  s ide  o f  t h e  quest ion 

i s  t h a t  t h e  r e p o s i t o r y  represents a g rea t  number o f  c r i t i c a l  masses 

and under t h e  r i g h t  circumstance t o  go c r i t i c a l  w i t h  t h e  i n f i l t r a -  

t i o n  o f  water. There a r e  rumors t h a t  such an explos ion occurred 

i n  Russia. 



A.  I t h i n k  t h e  hypothesis has been suggested f o r  t h a t  c r y p t i c  explos ion 

. tha t  occurred i n  t h e  s o v i e t  Union some years  back. Waste d i d  

accre te  .and form a c r i t i c a l  mas,s. I don! t b e l i e v e  t h a t  myself ,  

though. 

Poison   el ease Per iod undetermined 

Q. D i d  you i n f e r  from t h e  problems o f  . reactor  poisons whether some o f  

. t h e  f i s s i o n  products are  removed du r ing  t h e  t ime o f  the  r e a c t o r  o r  

whether they  a r e  removed af terward? I s  there  anyth ing you can ., 

i n f e r  about t h e  exact t i m i n g  o f  f i s s i o n  product  mob i l i za t i on .  

-*.. A .  I d o n ' t  , t h i n k  so. There a r e  so many parameters. t h a t  could t u r n  a 
' 235u reac toc .o f f - -decreas ing t h e  water content,  t h e  decrease i n  

content,  and t h e  bu i l dup  o f  r e a c t o r  products, which are  poisons. 

/I There could be- t h e  acc re t i on  o f  o ther  poisons. I f  you 'had a p e r f e c t  

system t h a t  you cou ld  c o n t r o l  and watch, then yes, but  we. a r e  

l ook ing  a t  t h e  d i f f e r e n c e  between b i g  numbers and I d o n ' t  t h i n k  you 

could i n f e r  t h a t  . it was t h e  bu i ldup of f i s s i o n  product  poisons 
1 ._- 
1 i which stopped the  reac tor .  
\ .  , - 
I" Reactor -Cycl es . 
1) - Q. You don' t mean t o  imply t h a t  one p a r t i c u l a r '  r e a c t o r  source operated , 
h 

f o r  awhi le  and then another one. The i m p l i c a t i o n  i s  t h a t  each i s  

f l u c t u a t i n g ,  i s  i t  no t?  

A .  . The French have speculated t h a t  t h e  reac to rs :  propagated .themselves 

somewhat l i k e  "b rush f i res "  once you g o t  the  c r i t i c a l  mass going, 

as i n  t h e  one ' d i s t r i b u t i o n  when t h e  neutron f l u x  went out. q u i t e  a 

b i t  f u r t h e r  than that. reg ion  which was a c t u a l l y  c r i t i c a l .  Well t h e  

neutron f l u x  would tend t o  burn o u t  those poisons t h a t  might  e x i s t  

there, more so than i t  would burn 2 3 5 ~ ,  hence i t  would propogate 

i t s e l f  o f f  i n t o  larger. regio i is .  But  yes, 'the zones probably d i d  

occur somewhat cont inuously--simul taneously-- f  o r  600,000 years. I 

t h i n k  t h a t ' s  t h e  impl ica t i .on .  



Q. I wanted t o  make sure t h a t  t h e  process was i n t e r m i t t e n t ,  rand.omly 

i n t e r m i t t e n t  over ha1 T a in-i 11 iur~ yedr-s, which complicates t r y i n g  ' t c i  

deduce any f i n e  s t r u c t u r e  i n  t h e  movement,of some o f . t h e  f i s s i o n  

products. 

A. The simp1 i s t  i n t e r p r e t a t i o n  was t h a t  i t  was constqnt,  and we're . 
. 

a lmost c e r t a i n  t h a t  t h i s  wasn' t  the  case. There was no doubt 

cyc l img depending on water content  and so on. 

Reactor Temperatures r .. 

Q. Are there  o the r  . i n d i c a t i o n s  o f  t he  temperatures a t t a i n e d  o ther  than 

f l u i d  i n c l  usinl.rs, say Ti,\. ~ ~ ~ i ~ i l r l  r l . . ! !~ III i r ~ ~ r ' d l  asserr~biadcje? I Rave 
done a  l o t  o f  rock  me1 t i n g  and t h a t  evidence i s  p r e t t y  shaky,. 

A. That c r i t i c i s m  i s  v a l i d .  There a re  new techniqu$s and mineral  

assembladge i s  one o f  them. 
, 

Q. What was t h e  m o b i l i t y  o f  Pb? 

A. I n t e r e s t i n g l y  enough more than two- th i rds  o f  t h e  Pb has.escaped 

f rom the r e a c t o r  system. It seems t o  be i n  t h e  adjacent  neighborhood 

ou ts ide  b u t  i t  d i d  escape from t h e  u r a n i t e  g ra ins  and formed t h e  , :' 
s u l f i d e s  found outs ide .  \ 

A 
Q. Sorry, I guess I d o n ' t  understand t h e  mechanisms you env is ion  f o r  

these th ings  g e t t i n g  out .  You sa id  t h a t  10% o f  t h e  added f i s s i o n  

prnrll.!r+s might have escaped by r e c o i l  and t h a t  t h e  on ly  o the r  

mechanisms, s ince  t h e  g ra ins  never r e c r y s t a l l i z e d ,  a r e  s o l i d  
2 d i f f u s i o n  a t  1 0 - ~ 4  cm per year.  So how a re  you g e t t i n g  these 

f i s s i o n  products o u t  o f  g ra ins  by which they a r e  escaping f rom t h e  

p i l c ?  . 

A. Well ,  i t appears t h a t  c e r t a i n  f i s s i o n  products and r e a c t o r  products-- 

t h e -  lanthanides and a c t i n i d e s  pr imar i l y - -were  re ta ined  a t  those 

r a t e s  and were r e t a i n e d  by t h e i r  ve ry  low d i f f u s i o n  r a t e s  i n  t h e  

u r a n i n i t e .  Th is  i s  as ide  from t h e  mechanism o f  r e c o i l  when they 



were produced. Elements l i k e  i o d i n e  and Xe were no t  r e t a i n e d  i n  

t h e  c r y s t a l l i n e  s t r u c t u r e  and came o u t  much f a s t e r .  We see t h a t  Cs 

f o r  ins tance came o u t  w i t h i n  i t s  h a l f  l i f e  o f  30 years and i t  

migra ted  away from the  very r i c h  u r a n i n i t e  source. 
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"TRACE ELEMENT .SORPTIONS BY SEDIMENTS AND SOILS -- SITES:AND' PROCESSES" 
. . . . . , . .  . .  . . 

. . .  . .. 

Guest Lec ture  by . . . &  . . .:-. ... . . .  : . 

D r .  Eve re t t  Jenne 
. . Un i ted  States.  Geqlogic Survey . , . . 

. . .Water Resources D i v i s i o n  
' : .  . . .  : . 

. .  3 345..Middl e f  i e l d  Road, MS-.21 . , ., 

Menlo Park, C a l i f o r n i a  94205 . :  .. . . .. 

Dr. Jenne presented a  paper based on h i s  p u b l i c a t i o n  "Trace Element 

Sorp t ion  by Sediments and So i l s - -S i tes  and Processes," publ ished as 

Chapter 5  o f  a  book Symposium on Molybdenum i n  t h e  Environment: Vol . 2, 

e d i t e d  by W. Chappel and K. Petersen. The pub1 i s h e r  i s  Marcel Dek.ker, 

Inc .  (New York, 1977, pa3es 425-553). 

I n  t h i s  a r t i c l e  D r .  Jenne presents a  hypothesis t h a t  t h e  most 

s i g n i f i c a n t  r o l e  o f  c l a y - s i z e  minera ls  i n  t r a c e  element s o r p t i o n  by 

s o i l s  and sediments and dur ing  t r a c e  element t r a n s p o r t  by f l u v i a l  sys'tems 

i s  as a  mechanical subs t ra te  f o r ' t h e  p r e c i p i t a t i o n  and f l o c c u l a t i o n  o f  

organics and secondary minera ls .  A c o r o l l a r y  i s  t h a t  t h e  c lays  themselves 

a r e  a  r e l a t i v e l y  unimportant  t r a c e  element s ink .  A r a t i o n a l e  i s  presented 

f o r  t h e  occurrence o f  t h e  var ious  s inks  on c lay-minera l  surfaces. 

The second p r o p o s i t i o n  i s  t h a t  any one o f  t h e  number o f  t r a c e  

element s inks  may be a  q u a n t i t a t i v e l y  impor tan t  r e p o s i t o r y  f o r  c e r t a i n  

elements o r  groups o f  elements i n  a  g i ven  sediment, depending on t h e  

r e l a t i v e  abundance and r e a c t i v i t y  o f  t h e  var ious  s inks,  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 t h e  depos i t i ona l  environment. Evidence i s  summarized 

t h a t  t h e  impor tan t  s inks  a r e  o'xides o f  i r o n  and manganese, o rgan ic  

mat ter ,  s u l f i d e s ,  and carbonates. . O f  l esse r  importance a r e  t h e  phosphates, 

i r o n  s a l t s ,  and t h e  c l a y  s i z e  a l u m i n o s i l i c a t e  minera ls  themselves. The 

r e a c t i v i t i e s  o f  t h e  var ious  s inks  a r e  i n t e r p r e t e d  i n  terms o f  t h e i r  

s t r u c t u r a l  and sur face p rope r t i es .  V a r i o ~ l s  s inks  a r e  evaluated as t o  

t h e i r  na tu re  and proper t ies ,  as w e l l  as t o  t h e i r  d i s t r i b u t i o n  i n  s o i l s  

and sediments. 



The moderators f e l t  t ha t  these views would broaden the horizons of 

nuclear waste sc i en t i s t s  who, i n  general, have been considering ion 
exchange as  the most important sorption mechanism. 

For further information the reader i s  encouraged to consult the 
complete paper or  correspond direct ly with Dr. Jenne, (41 5)  323-81 11, 
ext .  2143. 



DISCUSSION--E.A. JENNE 

Relevance of Near Surface Data 

Q. I hope t h a t  i n  t h e  d iscussions sometime d u r i n g . t h i s  week we w i l l  

have t h e  oppor tun i t y  t o , d i s c u s s  how r e l e v a n t  these phenomena, i n  

s o i l s  and near sur face waters and t h e  l i k e ,  a r e  t o  those t o  be 

a n t i c i p a t e d  i n  t h e  v i c i n i t y  o f  t he  deposi tory.  I know t h a t  they 

a r e  r e l e v a n t  a t  c e r t a i n  low l e v e l  s torage f a c i l i t i e s  on t h e  sur face 

and i n  SURF cons idera t ions  and o the r  t h ings  o f  t h a t  s o r t ,  b u t  I ' m  . 

wondering how f a r  they can be extended i n t o  t h e  regime w i t h  which 

we should be s p e c i f i c a l l y  concerned. 

A. Tha t ' s  a  ve ry  good po in t ,  and p a r t  o f  the  reason t h a t  I prefaced my 

t a l k  by saying t h a t  u n f o r t u n a t e l y  I ' m  no t  accustomed t o  working a t  

4 km depth because y o u ' r e  n o t  l i k e l y  t o  have l a r g e  q u a n t i t i e s  o f  

t h e  amorphic Fe oxides o r  t h e  amorphic Mg oxides presumably a t  

4 km. 

Imp l i ca t i ons  For  B u r i a l  o f  Waste 

Q.  I s  t he re  much known about t h e  k inds o f  phenomena t h a t  you i l l u s t r a t e d ;  

about how t h a t  ma te r i a l  decomposes w i t h  b u r i a l ?  

A .  There i ~ s  a t  l e a s t  a  small group o f  people who a r e  ve ry  a c t i v e l y  

invo lved i n  t ha t ,  and they w r i t e  r e a c t i o n  sequences. I ' d  say 

r e l a t i v e l y  l i t t l e  i s  known o f  t he  r a t e s  o f  these th ings .  

Q. I want to' mention t h a t ,  i f  we ' re  l ook ing  a t  i t s  p o t e n t i a l  hazards 

t o  man, even tua l l y  rad ionuc l i des  w i l l  reach the  sur face and o f  

course we r e a l l y  would have a  hazard. Therefore, some o f  t he  near 

sur face mechanisms t h a t  you discussed w i l l  be r e l e v a n t  i n  t h e  f i n a l  

ana lys is .  

A. Yes, as t h e  rad ionuc l i des  approach the  biosphere t h e  s tud ies  I 

. r e f e r  t o  become q u i t e  va luab le .  
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"210~b GEOCHEMICAL STUDIES" 

. . Guest Lecture by 
Dr. Larry Benninger 

Yale University 
Deartment of Geology and Geophysics 

New Haven, Connecticut 06520 

Dr. Benninger presented material describing h is . s tudies  on the mass 
balance and natural cycl ing of lead in the geosphere. Lead inputs from 
r a i n f a l l ,  natural geologic weathering, and man-caused pollution a r e  
compared with lead  exports in surface and groun'dwaters to  elucidate the 
f a t e  of t race constituents i n  t h e  geosphere such tha t  a bet ter  understanding 
of element cycling may be obtained. 

The experience and sampling designs worked out by Dr. Benninger and 
co-workers can  offer  i nsi yht for  proposed nucl ide migration f i e ld  
studies . 

For fur ther  information the reader i s  encouraged to correspond 
direct ly  with Dr. Benninger. 



DISCUSSION -C. BENNINGER 

Problems i n  Measuring S tab le  Pb 

Q. I d o n ' t  t h i n k  i t ' s  been 'done i n  t h a t  I l l i n o i s  work, bu t  has anyone 

attempted t o  r e l a t e  t h e  s t a b l e  Pb concent ra t ion  t o  groundwater-- 
. . 

t h e  v a r i a b i l i t y  o f  s t a b l e  Pb t o  2 1 0 ~ b  concen t ra t i on? .  ' . . 

. . : .  

A. Our p r e j u d i c e  i s  t h a t  . i n  ,, most n a t u r a l  watecs i t  i s  not  a n a i y t i i i l i y .  , .,. . . 
'I 

poss ib le  t o  measure s t a b l e  bb. C l a i r e  Pat terson i s ,  t he  korldi 's 
' 

. .  . 

expe r t  on a t tempt ing ,  t h a t ,  and i t ' s  d e f i n i t e l y  made h i s  l i f e  very  ,, ,' 

d i f f i c u l t .  He has never succeeded i n  measuring what he considers 

t o  be an accura te  concent ra t ion  of Pb i n  seawater, and I t h i n k  the  . ' 

s i t u a t i b n  i s  n o t  muih b e t t e r  for f f e i h  water. I t  i s  very  d ' i f f i c u l t  
\ '  . - . . t o  c o l  l e c t  an uncontaminated sample t o  t e s t  f o r '  Pb. 

. . 
' t : .  .. 

S i g n i f i c a n t  Residence Time For Some 'lOpb 
.. . : I  . . . 226Ra . . .  

Q. I s n ' t  ' lOpb j u s t  an e q u i l i b r i u m  constant  from decay--from 

and ~ n - - a n d  t h e  s o r p t i o n  c o e f f i c i e n t  o f  lead onto t h e  mater ia l '  i n '  

t h e  groundwater? 

A. I t h i n k  i t  depends on howyou look  a t  equ i l i b r i um.  I f  you t h i n k  

you know t h a t  t h e r e  i s  a  f i n i t e  popu la t i on  of s i t e s  which a re  good 
q i t w  f n r  t h e  s n r p t i n n  o f  Ph, then you can say you have an e q u i l i b r i u m  

s i t u a t i o n .  However, you never have e q u i l  i brium unless you t h i n k  

t h e r e  i s  a  ve ry  spec ia l i zed  s i t e .  I f  you want t o  make t h e  mean 

res idence t ime  c a l c u l a t i o n  then you g e t  numbers between zero and 

17 years. Rased on those data and leav ing  2 2 2 ~ n  o u t  o f  it. t h e  

count  probably causes you t o  overest imate t h e  res idence t ime i n  

some o f  those cases. Nevertheless, t h a t  water has been down the re  

f o r  a  long time. When you take a  sample and yo'u. f i n d  so lub le  21OP , 
i t  sugggests t h a t  t h e r e  i s  a  s i g n i f i c a n t  res idence time. And if 

t h a t  concent ra t ion  i s .  maintained a t  steady s ta te ,  then i t  i s  

capable of moving away. Th is  def ies our p re jud ice  w i t h  respect  t o  



2io~b, because we suppose t h a t  i t ' s  going t o  go ou t  on p a r t i c l e s  . , 

ve ry  r a p i d l y ,  and the re  i s  a f r a c t i o n  o f  i t  which i s  no t  do ing 

t h a t ,  
\ 

Organic Mat ter  Complexes 

Q. . What about organic mat ter  complexes? 

A.  I d o n ' t  know o'f many s t rong complexes f o r  lead, whether. i n  groundwater 

you.' d' expect t h a t .  . . 

Sub-micron-size P a r t i c l e s  

Q. I s  i t  poss ib le  t h a t  those water samples conta in  sub-micron-size 

. p a r t i c l e s  which have sorbed the  "Opb? 

A .  Yes, i t  i s  possib le,  b u t  i t  has t o d o  w i t h  howyou d e f i n e  "soluble."  

If you can pump f i n e  p a r t i c l e s  out  o f  a we l l ;  then they can move 

through t h e  groundwater regime n a t u r a l l y .  From t h a t  p o i n t  o f  view 

i t  doesn'lt mat ter .  

S i  1 t Fac to r .  i n  R iver  Systems 

Q. Don' t  your  r e s u l t s  ( t h a t  a l l  b u t  a m in i scu le  amount o f  lead i s  

t ranspor t  on p a r t i c u l a t e  mat ter )  depend t o  some ex ten t  on t h e  f a c t  

t h a t  bo th  o f  t he  r i v e r  systems you have used have a f a i r l y  heavy 

s i l t  load? 

A .  That 's  n o t  t r u e  f o r  t he  Connecticut, which has a very  low suspended 

s o l i d  concentrat ion.  The Susquehanna i s  somewhat higher. They ' re  

both puny i n  comparison t o  r i v e r s  l i k e  t h e  M i s s i s s i p p i .  We d o n ' t  

have anyth ing  i n  a r e a l l y  d i l u t e  system, b u t  t h e  average concentra- 

t i o n  of suspended s o l i d s  i n  t h e  Connect icut R iver  i s  on t h e  order  

o f  20 mg/E. 

Q. Doesn' t most o f  t h e  Pb g e t  swept up by whatever s i l t  t he re  i s ?  



A. I t  gets  swept up by iomethingr  I 'm n o t  c o n v i n c e d t h a t  i t  does.nl't ' 

have something t o  do w i t h  reac t i ons  i n  t he  r iver, : ,because 1.t i t  was 

go ing  t o  be j u s t  p a r t i c l e s ,  t he re  s h o u l d n ' t  be any i n  t he  groundwater. 

. , Pb More Serious P o l l u t a n t  than Pu .. , . . .  . . .  I . j  : 

Q. At one p o i n t  i n  t h e  d iscuss ion  you.irnpl. ied the  r e l a t i v e  seri'ousness ..' 

between deep geo;logic m o b i l i t y  of Pb and Pu. I guess then i n  

s o c i e t a l  terms P U  i s  immediately l ooked  upon as a  t e r r i b l e ,  . . .  p rob i  . em. 

But  i f  you l ook  a t  t h e  h i s t o r y  o f  man, perhaps one o f  t he  most 

harmful  elements i s  Pb consumed i n  water from Roman. v iaducts,  w i t h  
' , -  . 

lead pipcs.  P o  Pb i s  a s ~ r . i r . l ~ i \  p r l l l u t a n t .  As a r e l a t i v e  s o c i r l t s l " '  ' . . 
, . 

, . .  
hazard I t h i n k  ~b has had a  f a r  e f f e c t  than Pu. 

. . , , 
: ' .  . 

A. Yes,, t h a t ' s  . r i g h t .  
. . 
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INTRODUCTION 

In addition to  Task4 presentations by subcontractors and guest . 

lecturers,  seve,ral s c i en t i s t s  working on related programs--both under 

OW1 ' s auspices and independently--were invited t o  the information meeting. 
To p u t  the ongoing work into perspective, representatives of the programs 
were asked t o  present a short i'nformati.on discussion of . the objectives 
of the i r  work and.progress to  date which related to  nud ide  transport 
data. A brief synopsis of each ta lk  follows: 

Bob Dosch 

Sandia National Laboratories 

The purpose of the Waste .Isolation Pi lo t  Plant (WIPP) i s  t o  demon- 
s t r a t e  the safety of disposing of radioactive wastes in a bedded s a l t  
f a c i l i t y .  The demonstration, in par t ,  will be validated experimentally, 

both in the laboratory and ,in s i t u  (underground) a t  the WIPP.. The major 

focus of the p i lo t  plant operation involves ERDA defense-related 1,ow- 
and intermediate-level transuranic ( T R U )  wastes. However,. the scope 'of 
the WIPP project also specif ical ly  includes experimentation using 
commercially generated high-level wastes (HLW) and spent unreprocessed 
fuel elements. 

Some WIPP/HLW experiments are  currently being conducted, and others 

a re  planned in an interrelated laboratory bench-scale and in s i t u  program. 
Laboratory test ing i s  performed under control led conditions, within a 
small physical scale;  i t s  useful resu l t s  can be obtained in a cost- 
effect ive manner. In s i tu  tes t ing may be necessary t o  val idate  laboratory 
resu l t s  where combinations of actual di.sposa1 conditions' cannot be 

adequately simulated in the lab. These conditions include large thermal 

f i e lds ,  large radiation fluxes from the waste i n  combination with the 
l i t h o s t a t i c  pressure (180 atm), and a potentially corrosive s a l t  mine - 
environment. In s i t u  tes t ing i s  necessary to  adequately demonstrate, in 



a s p e c i f i c  geologic taci lity, that HLW can be safely isolated from the 
biosphere. Bench-scale experiments i'n large salt blocks wi 11 provide a 
bridge between the laboratory and i,n situ experimental programs. 

Laboratory experiments in progress include radionucl ide migration, 
sorption, and distribution coefficient measurements in brine and rock 
sampl es from southeastern New Mexico; leaching tests on candidate HWL 
waste materials plus their chemical and physical interactions with 
bedded salt; and rock mechanics measurements on such properties of salt 
as plastic, thermal, and structural behavior. Current programs also 
incl ude measurements of radiation-induced stored enerq,y in WIPP sa l t ;  
e f f e c t s  on the chemistry (oxidation-reduction behavior) of actinides in 
the interactive radiation-temperature-pressure-brine environment surround- 
ing the wastes; and development of additional (secondary) long-term 
migration barriers (e. g . , getters) for radionucl ides. Bench-scal e programs 
in progress include heated salt block measurements of thermal and structural 
response, brine migration toward a heat source, and corrosion testing of 
candidate materials for waste canisters, overpacks, and engineering and 
experimental equipment. The materials and metallurgy programs are of 
major importance for the spent unreprocessed fuel element part of the 

experimental program. 

k o r '  rnore information the reader is encouraged to correspond with ' 

' 

Bob Dosch and Martin Molecke (FTS 475-1 565 and FTS-475-8816, respectively) . :. 

Commercial numbers are (505)264-1565 and (505)264-8816 respectively. 
' 

NRC (NUCLEAR REGULATORY COMMISSION) PROGRAM 
Dana Is herwood 

Lawrence Livermore Laboratory 

Dana Isherwood (LLL) presented an out1 ine of a ,simp1 e prototype 
one-di.mensiona1 model capable of predicting the travel times, of radio- 
nuclides from a repository to the biosphere assuming a disruptive event 
has occurred and a given pdth length to the biosphere. Input data 

requirements include solid waste form leach rate, hydrologic values, and. 
Kd values. The work is being performed for the Nuclear Regulatory 



Commission whose ro l e  wil l  be t o  independently judge the#environmental 
and safe ty  repor ts  which DOE submits f o r  each repository.  

The reader i s  encouraged t o  correspond d i r ec t l y  with Ms.' Isherwood 
f o r  more information. 

STUDIES FOR GEOLOGIC STORAGE OF RADIOACTIVE WASTE 

IN THE SOUTHEAST ' . . 

I .  W .  Marine and S. J .  F r i t z  
Savannah River Laboratory 

I .  W .  Marine and S. J .  F r i t z  presented an ou t l ine  of s tudies  they 
a r e  performing t o  evaluate the  f e a s i b i l i t y  of storage of radioact ive  

waste i n  the  southeastern United S ta tes .  They a r e  concentrating on 
gran i tes ,  metamorphic rocks, and argi l laceous  rocks i n  the  Piedmont and 
Coastal Plain from Maryland t o  Mississippi. The s tudies  f a l l  i n to  two 

categor ies :  ( 1 )  those w i t h  the  aim of ult imately designating a su i t ab l e  
s i t e  and host rock f o r  in i t ia l -phase  operations of a repository,  and 
( 2 )  those concerned with research applicable t o  storage i n  the  rock 
types of i n t e r e s t  i r respec t ive  of the spec i f ic  location.  

The i n i t i a l  s tudies  on s i t e  designation a r e  reviews of l i t e r a t u r e  
and exis t ing knowledge by subcontractors f o r  f i v e  subregions t h a t  . cover , 

. 

the  e n t i r e  region. The aim of these s tudies  i s  t o  designate favorable 
areas  f o r  f i e l d  s tudies .  Before requests f o r  proposals-for these  l i t e r a t u r e  

s tudies  a r e  issued, the  s t a t e  geologist  off.ices and othcr in teres ted 
s t a t e  o f f ices  a r e  being contacted and informed. During April 1977, 

information meetings were arranged for  Maryland, Virginia, North Carolina, 

South Carolina, and ~ e o r g i a .  

Research applicable t o  radioactive waste storage in the  rock types 

of i n t e r e s t  includes the  f o l l o w i ~ g  s tudies :  

1.  A parametric study of geologic and hydrologic performance character is-  

t i c s  required of a subsurface storage f a c i l i t y .  .~ 

2. A docunientation and evaluation of damage t o  mines, wells ,  and 

uriderground f ac i  1 i t i e s  caused by earthquakes. 



3. A study of membrane phe~iomencl 'ill ltle yruund. 

4. A study o f  t h e  a p p l i c a b i l i t y  o f  methods o f  measuring i n  s i t u  s t ress  

.when a f r e e  rock  sur face i s  unavai lable.  

5. A study o f  f r a c t u r e  c losu re  w i t h  depth i n  c r y s t a l l i n e  rock. 

The reader i s  encouraged t o  read OW1 tnonthly repo r t s  Y/OWI/INF/3/1 

t o  Y/OWI/INF-12 and Y/OWI/TM-4311 t o  Current f o r  summaries o f  progress 

and t o  correspond d i r e c t l y  w i t h  t h e  speakers. 

AN INVESTIGATION OF THE UTILITY OF GULF COAST SALT DOMES 

FOR THE STOKAGL AND/OR DISPOSAL OF RADIOACTIVE WASTES 

R. E. F e r r e l l ,  J r .  

Louis iana S ta te  U n i v e r s i t y  

R. E. F e r r e l l ,  J r . ,  o u t l i n e d  the  major components and s tud ies  o f  

i n t e r e s t  t o  nucl  i d e  m i g r a t i o n  ' inc lude geochemical and geohydrologic 

s tud ies  o f  groundwater and s t r a t a  present  i n  domed s a l t ,  environs. S a l t  

samples a r e  being analyzed f o r  sodium, potassium, calcium, magnesium, . 

and st ront ium. Anions w i l l  be measured a lso .  

The reader I s  encouraged t o  consu l t  t he  OW1 monthly repo r t s  c i t e d  

p r e v i o u s l y  f o r  summaries o f  progress, and t o  correspond d i r e c t l y  w i t h  

LSU i n v e s t i g a t o r s  J. D. Mart inez, R. L. Thoms, and R. E. ,Fe r re l l ,  J r .  

GEOCHEMICAL INTERACTIONS AND CHARACTERIZATIONS 

D. BIB. Stewart 

U. S. Geological Survey - Reston 

D. B. Stewart descr ibed t h e  OWI-sponsored techn ica l  support study 

"P-1 Physical  Chemistry o f  S a l t  and Br ine . "  

The amount and phys ica l  p roper t i es  o f  b r i n e  t h a t  can occur i n  s a l t  

r e p o s i t o r i e s  a t  e levated temperatures and pressures adjacent  t o  waste- 

bear ing  c a n i s t e r s  w i  11 have considerable impact on the  mechanical s t reng th  



and s t a b i l i t y  o f  t he  repos,.itory. B r ine  w i l l  form r e a d i l y  from water 

absorbed on surfaces; d i f f u s i o n  along g r a i n  boundaries; movement o f  

f l u i d  i nc lus ions ;  dehydrat ion o f  hydrous minera ls  such as gypsum, po l y -  

h a l i t e  o r  clays; o r  even from leakage through f a i l e d  shaf t  openings. 

The temperature-pressure diagram. f o r  NaC1-H20 descr ibes t h e  l i m i t s  

f o r  c o e x i s t i n g  so l i d - l i qu id -gas  assemblages i n  s a l t  r e p o s i t o r i e s .  .' 

I s o b a r i c  temperature-composit ion diagrams show composit ional d e t a i l s  a t  . 

pressures below t h e  c r i t i c a l  p o i n t  and above i t. Proper t i es  o f  t h e  

f l u i d  phases. such. as volume, dens i ty ,  heat capaci ty ,  enthalpy, v i s c o s i t y ,  

surfacedtension, osmotic c o e f f i c i e n t s ,  etc., can be w e l l  descr ibed 

(>0.1% - <2%). from a v a i l a b l e  data. 

~ d b i t i o n  of o the r  components causes changes i n  t he  so l  i d -1  i q u i d -  

vapor r e l a t i o n s h i p s .  However, ' e q u i l  i b,rium i s  a t t a i n e d  r a p i d l y ,  l a r g e  

f reez ing  p o i n t  depressions occur, and t h e  boundary o f  t h e  l i q u i d  f i e l d .  

s h i f t s  markedly.' USGS i s  determin ing t h i s  s h i f t  f o r  NaC1-CaS04-Hz0 

and f o r  t h e  system NaCl-KCl-MgC12-CaS04-H20 t h a t  i s  i n  equi1,ibriurn w i t h  

s o l  i d  NaGl and CaS04 ( o r  i n te rven ing  compounds). ' A l l  o f  t he  phys ica l  
p r o p e r t i e s  o f  t he  ensuing bul  k  b r i nes  w i l l  be measured, o r  deduced, from 

a corresponding s t a t e  argument and p rope r t i es  o f  t he  system NaCl-H20. 

Because aggregates of s o l i d s  a r e  mechanical ly  weakened by i n t e r s t i t i a l  

1  i q u i d ,  . , de terminat ion  o f  mechanical p r o p e r t i e s  o f  b r i ne -bea r ing  aggregates 

i s  needed. A haximum o f  one - th i rd  by weight  o f  b r i n e  ( n o t  water) ,  and 

probably much less, w i l l  des t roy  rock  s t rength .  Hence, phys ica l  chemical 

da ta  w i l l  s e t  l i m i t s  t o  permiss ib le  water access a t  s p e c i f i e d  temperatures, 

a s s i s t  i n  t h e  design o f  c r i t i c a l  measurements o f  mechanical s t rength ,  

and w i l l  enable t h e  volume and o the r  p rope r t i es  o f  b r i nes  generated by' 

t h e  access o f  water t o  be determined. 

The reader i s  encouraged t o  consu l t  t he  p rev ious l y  c i t e d  OW1 monthly 

r e p o r t s  for.summaries o f  progress and t o  correspond d i r e c t l y  w i t h  Dr. Stewart.  



SHALLOW LAND BURIAL STUDIES 
- .  

W. W'. Wood 

U.  S. Geological Survey - Reston 

Th is  program, j o i n t l y  sponsored by EPA, i s  l ook ing  a t  t he  m ig ra t i on  

o f  nuc l i des  f rom b u r i a l  t renches a t  f a c i l i t i e s  such as Maxey F la ts ,  Ky., 

and West Val ley,  N. Y. . . 
. - 

W. Wood descr ibed a f i e l d  study being performed i n  which USGS i s  

o b t a i n i n g  1 eachates from commercial s h a l l  ow-1 and b u r i a l  grounds and 

c h a r a c t e r i z i n g  t h e  leachate  chemistry  and m ig ra t i on  o f  nucl ides. The' - 

importance o f  thorough charac te r i za t i on  and proper sample handl ing 

procedures was stressed. For compl i c a t e d  leachates, such as present  i n  

shal low-land nuc lear  b u r i a l  s i t e s ,  t h e  use. o f  ac tua l ,  as opposed t o  

syn the t i c ,  leachates i s  important .  

The reader i s  encouraged t o  correspond d i r e c t l y  w i t h  Dr. Wood. 

NEAR FIELD WASTE/ROCK INTERACTION 

. D. M. Roy 

Pennsylvania S ta te  U n i v e r s i t y  

. . . . 

D .  M .  Roy doscr ibed several .studies being pel-farmed for\ OWI' urlcler*, 

t echn ica l  support, i n c l u d i n g  "Chemical Reactions w i t h  Repository Rock/Wast,eU 
. i 

which has the, ob jec t i ves  o f  assessing contac t  metamorphism o f  waste w i t h  

h o r t  rock  dur ing  t h c  thcrmal period o f  waste storage. I 

.. . 
The h igh- leve l  wastes (HLW I s )  t o '  be placed underground i n  rock 

formations, w i l l  con ta in  s i g n i f i c a n t  amounts o f  r a d i o a c t i v e  decay heat 

f o r  t h e  f i r s t  hundred-or-so years o f  i s o l a t i o n .  Several physical  - 
chemlcal changes analogous t o  natura l 'geochemical  processes can occur 

d u r i n g  t h i s  "thermal per iod."  The waste c a n i s t e r  can a c t  as a heat '  . 
* .source and cause changes i n  the  mineralogy and p roper t i es  o f  t he  surround- 

i n g  rocks.  Geochemically, t h i s  i s  "contac t  metamorphism". I n  t h e  event 

t h a t  t h e  c a n i s t e r  i s  corroded and breached, chemical reac t i ons  can.occur 

between t h e  HLW, t h e  surrounding rock, and poss ib l y  t h e  remains o f  t he  



can is te r .  In a dry repository which has not been backfi l led (and thus 
pressur ized) ,  these  in teract ions  could be slow a t  best w i t h  r a t e s  decreas- 

ing rapidly a s  the  HLW cools. However, s i gn i f i c an t  in teract ions  can 
occur i n  years; months, o r  even days under hydrothermal conditions. 

These conditions could be created by the  combination of HLW heat, over- 
burden pressure, and water mobilized from the  rocks or  derived from 

groundwater intrusion; A t  the end of the  thermal period these in teract ion 

products would cons t i t u t e  the  actual HLW form (or  "source term") subject  
t o  the  low temperature leaching and migration processes under invest igat ion 

' i n  other laborator ies .  I t  i s  qui te  possible t h a t  these  in teract ion 
product waste. forms will  have superior propert ies compared t o  the  or iginal  
HLW. 

Experimental programs in i t i a t ed  a t  Penn S t a t e  during the  l a s t  year 
aim a t  determining the  nature of any chemical or  mineralogical changes 
i n ,  o r  in teract ions  between, HLW so l ids  and host rocks under various 
repository ambjents. Studies w i t h  ba sa l t s ' a s  the  repository rock.are  
supported by Rockwell Hanford Operations and w i t h  shales by the  Office 
of .Waste I so la t ion .  

A second study invest igates  the  sorption and f i xa t i on  of cesium by . 
shale.  Large cat idns  such as  CS' a r e  p re fe ren t ia l ly  sorbed and p a r t i a l l y  

.f ixed by fine-grained 2:1-type layer  s i l i c a t e s  such as  micas, vermiculi tes,  
smecti tes,  and various mixed-layer minerals. Since these  minerals a r e  

common const i tuents  of many shale formati'ons, the  formations may provide 
su i t ab l e  location f o r  the  burial of radioactive waste containers.  

However, the  usual invest igat ions  of cation sorption and f ixa t ion  must 
be extended t o  the  condit ions l i ke ly  t o  develop in the  v i c in i t y  of 
buried radioact ive  waste. 

Pr ior  t o  possible leakage from buried containers,  elevated temperatures 
around t he  burial s i t e  w i  11 develop, 1 eadi ng t o  hydrothermal modification 
of t he  surrounding mineralogy. A range of temperature and of mineralogy 

must be,envisaged. I f  and when there  i s  leakage, an outward di f fus ion 

of radioactive ions will occur by solvation i n  the  f l u i d s  in the  shale.  

The r a t i o  of radioact ive  ions/normal ions will. diminish outwards from 

t 
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the source. A t  near distances from the source, high temperature modifica- ' 

t ions of the clay minerals and high concentrations of radioactive cations 
may lead to  saturation of the f ixat ion capacity. A t  'greater distances, . 

l i t t l e  o r  no thermal modification of the clay minerals and lower concentra- 
t ions of ions will  permit maximum sorption and f ixat ion.  

The reader i s  encouraged to  consult the previously ci ted OW1 monthly 

reports for  summaries of progress and to  correspond direct ly  w i t h  

Pennsylvania S ta t e  University personnel Drs. Della Rqy, G. W .  Brindly, 
J .  V .  Biggers, G .  J .  McCarthy, W .  B. White, S. I.omarneni, and B.  ~ h e e t z ,  
f o r  rrlore information. 

ORNL ECOLOGY STUDIES 
E.  A. Bondietti 

Oak ~ i d ~ e  National Laboratory 

Dr. Bondietti reported on some of the plutonium-organic complex and 
plutonium-geologic ma.teria1 sorption studies which show Pu'sorption 
i s  very sensi t ive to  the valence s t a t e  present i n  the system. The work' 
i s  supported by DOE-Division of Biomedical and Environmental Research. 

Speciation of transuranium elements in the environment was discussed 
with par t icular  emphasis on P u .  The thermodynamic approach to  evaluating 
Pu  speciation was reviewed, and examples presented to  exemplify the 
complexities of Pu chemistry in aqueous solutions. An example of the 
actual evaluation of Pu oxidation s t a t e s  i n  natural water was presented. 
The r e su l t s ,  which indicated tha t  Pu(II1) and/or PU( IV)  dominated the  
soluble Pu f ract ion,  were compared to  a simple model involving the 
tlydro'lytlc species of Pu(1V). Literature data were also evaluated w i t h  

respect t o  the Pu(1V) model. In a l l  cases, the soluble concentrations 
of Pu in natural waters were i n  reasonable agreement with the model. 
Dissolution studies with Pu02 were reviewed and data presented to  demon- 
s t ra te  thdl uxidized P u ,  ( P u ( V ) ,  and/or P U ( V I )  species may be responsible 
f o r  the re la t ive ly  h i g h  Pu  concentrations reported. The mechanism of 

oxidation appeared to  be related to  radiolyt ic  effects .  



The reac t i ons  of Pu w i t h  se lec ted  organic substances found i n  t h e  

environment were s tud ied  t o  eva lua te  the  valence and metal-complex, 

behavior  o f  Pu. Hexavalent Pu (and, by in ference,  pentavalent  Pu) was 

uns tab le  i n  t h e  presence of f u l v i c  acid, po l yga lac tu ron i c  ac id,  and 

a l g i n i c  acid. Ci t rate-Pu(V1) complexes, however, were r e l a t i v e l y  more 

s tab le ;  Plutonium ( I V )  was the  most s t a b l e  valence upon i n t e r a c t i o n  

w i t h  these organics. Fu r the r  reduc t i on  o f  PU(1V) t o  PU( I I1 )  occurred by 

f u l v i c  and humic ac ids.  The reduct ion ,  under aerob ic  cond i t ions ,  does 

n o t  appear t o  occur above pH 3.1 and t h e  mechanism i s  probably s i m i l a r  

t o  t h e  FE[I I I) reduc t i on  p rev ious l y  documented f o r  phenol i c  humic substances. 

Data were presented t h a t  demonstrate t h a t  Pu i s  a t  l e a s t  p a r t i a l l y  

associated w i t h  humic ma te r ia l s  i n  ORNL s o i l  conta iminated 30 years ago 

w i t h  t r a c e  l e v e l s  o f  Pu. Desorpt ion s tud ies  us ing  s o l i d  exchange r e s i n s  

a l s o  showed t h a t ,  w h i l e  a c a t i o n  exchange r e s i n  d i d  n o t  desorb Pu from 

s o i l  a f t e r  14 weeks e q u i l i b r a t i o n ,  c h e l a t i n g  r e s i n  e f f e c t e d  Pu desorp t ion .  

The desorp t ion  r a t e  was no t  constant,  suggest ing d i f f e r e n t i a l  Pu forms. 

Whi le t h e  res in -ex t rac tab le  Pu was be l i eved  t o  o r i g i n a t e  f rom s o l i d -  . 

phase organic complexes, over 80 percent  o f  t h e  Pu i n  t h i s  s o i l  was n o t  

r e a d i l y  resin-desorbable. This  i n d i c a t e s  t h a t  more i n e r t  so i l -Pu  r e a c t i o n  

products e f f e c t i v e l y  i m n o b i l i z e  s o i l  Pu. Some o f  these assoc ia t ions '  

a l s o  appear t o  be organic. 

D e t a i l s  may be found i n  the  f o l l o w i n g  a r t i c l e s :  

1. Bondiett i . ,  E. A. 1974. ~ d s o r ~ t i o n  o f  Pu(1V) and Th(1V) by S o i l  
/ 

Co l l o ids .  Agronomy Abstracts.  

2. B o n d i e t t i ,  E. A., S. A. Reynolds, and M. H. Shanks. 1976. I n t e r a c t i o n  

o f  Plutonium w i t h  Complexing Substances i n  S o i l s  and Natura l  Waters. 

I AEA-SM- 199/ 51 . 
3. B o n d i e t t i ,  E. A. and S. A. Reynolds. a 1977. F i e l d  and Laboratory 

Observat ions on Plutonium Ox ida t ion  States.  DNWL-2117, pp. 505-533. 

4. B o n d i e t t i ,  E. A. and F. J. Sweeton. 1977. Transuranic Spec ia t ion  

i n  t he  Environment. I n :  Proc., Symposium on Transuranics i n  

T e r r e s t r i a l  and Aquat ic  Environments, M. G.  White and P. B. Dunaway; 

eds,, NVO 178. 
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4
WISAP--OPEN FLOOR DISCUSSION

From Thursday afternoon through Friday (September 22-23) participants

met in unstructured open discussion.  The following is a distillation of the

salient points and conc6rns aired by the attendees, none of whom are directly

identified in this summarization.  Subject matter has been arbitrarily

categorized under the six subtasks that constitute Task 4, Nuclide Transport

Data.  (See R. J. Serne's overview introducing this report.)

SUBTASK 1:  EVALUATION OF EXPERIMENTAL SORPTION/DESORPTION METHODOLOGY

One participant noted a weakness in the collection of experimental data.

Typically, nuclide sorption is measured only in the adsorption direction.

In leaching experiments, however, he has found that Plutonium resists

desorption--Pu is reacting with the minerals and is not exchangeable.  Such

irreversible sorption should be identified, so that overly-conservative

assumptions that sorption is readily reversible may be revised in future

safetyassessments.

In a discussion of the advantages and disadvantages of batch-versus-

column Kd experiments, the time required for measurement was described by

one researcher as extremely lengthly.  In his case, he reported, three mon
ths

have been spent on batch experiments  that  have only "scratched the surface. "

The process is described as weighing out samples, washing samples With

groundwater, adding a hot solution, shaking, centrifuging, taking off the

solution and measuring (for pH, Eh), counting it, and putting it back.  If

a time study is required, this must be repeated two or three times.

When column experimentation was suggested as a speedier alternative to

get  comparable  data,  .it was countered that column experiments  are  only  fast

if distribution coefficients are low and the column can be made to "behave

properly."  On high-distribution coefficients (10 or beyond), such experi-

mentation becomes tedious since enormous amounts of effluent  must be

collected before a breakthrough occurs.  Sometimes it is preferrable,

e.g., with Np and other lower-valence cations, to work on columns, because

of difficulties in differentiating blanks from those that have small sor
ption.
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.Not i n f requen t l y ,  t h e  s o r p t i o n  tubes a re  h igher  than t h e  blanks because 

o f  an i o n  exc lus ion  i n  some o f  t h e  minera ls .  I t  was gene ra l l y  agreed 

t h a t  on low Kds, column experiments a r e  bes t ,  and batch experiments 

a r e  p r e f e r r e d  where h i g h  Kds e x i s t .  I n  experiments w i t h  a  " loaded" 

column (ex t remely  h i g h  K ~ s ) ,  when the  t r a c e r  i s  pu t  i n  and a  s o l u t i o n  

passed through it, r e s u l t s  can r e q u i r e  l ong  e l u t i o n  t imes. With a  

Kd o f  10 t o  10,000, i t  i s  probably  d e s i r a b l e  t o  do ba tch  exper iments .  

Between 70,000 and 1,000,000, t h i s  becomes d i f f i c u l t .  

An a t tempt  was made t o  jusge the  m e r i t s  o f  d i f f e r i n g  methodologies 

t o  e l i m i n a t e  those which were l e s s  acceptable, so t h a t  t h e  scope o f  

t h e  WISAP experimental  program cou ld  be narrowed i n  t he  hope of be t -  

t e r  s a t i s f y i n g  d i f f i c u l t  t ime  c o n s t r a i n t s .  However, a  cau t i on  was 

r a i s e d  on b r i n g i n g  t h e  a n a l y s i s  down t o  one o r  two approaches and miss- 

i n g  t h e  "wea l th  o f  a1 t e r n a t i v e s . "  O W I ,  be fo re  i t  was subdivided, used 

m a t e r i a l s  from deep geo log i ca l  ( f r e s h )  cores under r i g i d l y - c o n t r o l  1  ed 

cond i t i ons .  To anyone's p resent  knowledge, no one i s  do ing  t h i s  today, 

and i t  i s  considered a  most un fo r tuna te  gap. The cost ,  however, was 

enormous; over  $1/2 m i l l i o n  per  s i t e  t o  sample a  core. Therefore, a t  

present ,  none o f  t he  experimental  methods w i l l  be dropped. Hopefu l l y ,  

da ta  gathered i n  t h e  f i s c a l  year .1978 w i l l  a l l o w  the  most promis ing 

methods t o  be i d e n t i f i e d ,  and f u t u r e  e f f o r t s  w i l l  concentrate on those. 

It became apparent d u r i n g  d iscuss ions  t h a t ,  i n  f i s c a l ,  year  1977 

methodology eva lua t ions  s u f f e r e d  from l a c k  o f  s tanda rd i za t i on  and 

inadequate d i r e c t i o n  on which qeo log ic  samples shn111d he used i n  

exper imentat ion.  The i n i t i a l  approach.was t o . a l l o w  i n v e s t i g a t o r s  

t o  u t i l i z e  samples which were convenient  t o  o b t a i n  and v a r i e d  i n  

type, so t h a t  t h e  program would show r a p i d  r e s u l t s  and p rov ide  a  

more gener ic  da ta  bank. A f t e r  much d iscuss ion ,  i t  was concluded t h a t  



some exper imentat ion must be performed by a l l  i n v e s t i g a t o r s  us ing  the  

same rock, t o  pe rm i t .  ana l ys i s  of d i f fe rences r e s u l t i n g  from methodology, 

bu t  t h a t  i t  i s  a l so  necessary t o  have a  v a r i e t y  o f  re fe rence samples t o  

broaden the  data base of t he  study. Se lec t i on  of a  " s u i t e "  o f  samples 

would n o t  prevent  any l abo ra to ry  from work ing w i t h  o thers ,  based on t ime 

and equipment avai  1  able. 

The quest ions remain o f  where su i tab le .samples  may be obta ined 

i n  q u a n t i t y  and the  f i n a n c i a l  o u t l a y  invo lved.  Free donat ions, w h i l e  

h e l p f u l ,  may n o t  p rov ide  t h e  des i red  q u a l i t y  c o n t r o l .  

There are'now i n  ex is tence some 25 geochemical standards of one 

k ind  o r  another.  I t  i s  necessary t o  check w i t h  t h e  USGS and t a l k  w i t h  

o thers  who have produced standards, s ince  high-qua1 i t y  ma te r ia l  ' i s  i n  

sho r t  supply. Canada probably produces t h e  best  a v a i l a b l e  standards and 

has t h e  most experience, b u t  USGS, a long w i t h  the  French, Japanese, East 

Germans, and South Afr icans,  a r e  a l s o  producers. Commerical products 

e x i s t  which a r e  n o t  necessa r i l y  t op  q u a l i t y ,  bu t  have the  homogeneity 

essen t i a l  t o  t h i s  research. 

Standardized s o l u t i o n s  a re  a l s o  needed f o r  experimental  c o n t r o l .  

Argonne's technique o f  con tac t i ng  rock  w i t h  rock-equ i l  i brated water i s  

mentioned, bu t  t h e r e  i s  some quest ion  t h a t  a  r o c k - e q u i l i b r a t e d  s o l u t i o n  

can be obta ined con tac t i ng  crushed rock  and d i s t i l l e d  water f o r  a  few 

weeks. Lack o f  c h a r a c t e r i z a t i o n  o f  t he  s o l u t i o n  'is a l s o  a 'p rob le ls  w i l h  

t h i s  method. Some expressed t h e  'need f o r  more than a  s i n g l e  s o l u t i o n  

f o r  each rock  t o  o b t a i n  d i s t r i b u t i o n  c o e f f i c i e n t s .  However, a  uniform 

s o l u t i o n  can be mod i f ied ,  keeping o the r  f a c t o r s  constant  by va ry ing  one 

c o n s t i t u e n t  up o r  down. This app l i es  p a r t i c u l a r l y  t o  t he  case o f  t h e  

sodium i o n  t o  o b t a i n  data r e l e v a n t  t o  s a l t  deposi ts .  

A  p ro toco l  must be developed f o r  c r e a t i n g  standard samples. This  

problem has been approached by every group prepar ing  geochemical standards 

and i t  i s  no t  an easy exerc ise  t o  crush a  l a r g e  amount (100 l bs .  o r  more) 

t 
t o  t h e  acceptable s ize .  Typ i ca l l y ,  standards produced a r e  requ i red  t o  

pass a  200-mesh seive.  There i s  a l s o  t h e  problem o f  adding a  l o t  of i r o n  

i n t o  t h e  sample du r ing  the  g r i n d i n g  process. 
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Some quest ioned t h e  need f o r  such a  h igh  degree o f  homogeneity i n  

terms o f  long-term s a f e t y  assessment ex t rapo la t i on .  The op in ion  was 

expressed t h a t  any experiment measuring t r a c e  adsorp t ion  must have t h i s  

degree o f  ref inement i n  o rde r  t o  f o l l o w  v a r i a t i o n s  i n  t r a c e  element 

composition. Frequent ly  a  minor c o n s t i t u e n t  may be doing most o f  t h e  

so rp t i on .  

S tandard iza t ion  i s  impor tant  and i t  i s  a l s o  essen t ia l  t o  separate 

t h e  n a t u r a l  range of f i nd ings  from what might  b e  c a l l e d  the  "b ias"  o f  

each experiment t o  f i n d  t h e  t r u e  na tu ra l  v a r i a t i o n .  

The g r a n i t i c  rocks found a t  many t e s t  s i t e s  i n d i c a t e  t h a t  e a r l y  work 
1  w i t h  NBS Standard and G Westerly Gran i te  would be product ive.  A g rea t  

deal o f  pe r iphe ra l  i n fo rma t ion  a l r e a d y . e x i s t s  about the  ranges and proper- 

t i e s  o f  these, s ince  they have a l ready been analyzed i n  l abo ra to r ies  

around t h e  world. 

A t  Hanford, where research i s  underway on t h e  f e a s i b i l i t y  o f  l o c a t i n g  

a  r e p o s i t o r y  cavern below t h e  reservat ion ,  basa l t  sampl es a re  r e a d i  l y  ava i  1  - 
able.  It was suggested t h a t  a  l a r g e  core sample be s p l i t  by USGS o r  another 

agency f o r  ana lys i s  by var ious  labs, along w i t h  samples, o f  b a s a l t  from the  

same r e g i o n  which a r e  f a i r l y  homogeneous and can be provided i n  rock  o r  

powdered forin t o  spec i f i ca t i on ,  

I t  was suggested t h a t  t h e  group i n i t i a l l y  use r e l a t i v e l y  inexpensive 

gener ic  samples and some "simpTeM system t o  check o u t  experimental d i f f e r -  

ences; a round-robin approach designed t o  i d e n t i f y  any l a b ' s  " i n h c r c n t  b ias."  

Then t h e  ana lys is  would. go on t o  more r e a l i s t i c  samples ( t h e  best  homogeniza- 

t l o n  o r  m ix tu re  obta inab le)  which would b r i n g  back some o f  t he  "confusion," 

y e t  n o t  mask t h e  p o i n t  being sought, e..g. na tu ra l  v a r i a t i o n  i n  Kds, re tarda-  

t i o n ,  e tc .  I n d i v i d u a l s  cou ld  o p t i o n a l l y  u t i l i z e  experimental designs on 

o the r  ma te r ia l s  a v a i l a b l e  o r  convenient t o  cover as l a r g e  an a r ray  o f  geo- 

l o g i c  ma te r ia l s  as possib le,  but  w i t h  improved charac te r i za t i on  over t h e  

present  system. I 

The f i n a l  d e t a i l s  o f  t h e  c o n t r o l  l e d  sample program were l e f t  t o  PNL 

and OW1 t o  negot iate,  based on time, money, and l o g i s t i c a l  cons t ra in ts .  



. . 
SUBTASK 2: DATA BANK GENERATION , . . , .  

.- 
The 'quest ion i s  being asked, i n  a  gener ic  sense: "What a r e  t h e  - 

r i s k s ;  what a r e  the  r e t a r d a t i o n  fac tors  i n  a  hypo the t i ca l  environment?.." 

An essen t i a l  f i r s t  s tep  i n  answering t h i s  i s  t h e  c r e a t i o n  o f  a .  . 

gener ic  data bank con ta in ing  the  inherent  c h a r a c t e r i s t i c ?  o f  .se lected ' .  
. . .  : 

geo log ic  ma te r i a l s  and t h e  so lu t i ons  w i t h  which they come i n  contac t .  

These, along w i t h  t h e i r  app rop r ia te  s o r p t i o n  c o e f f i c i e n t s  ( K ~ s ) ,  t i e d  

i n t o  a  common data base and s t a t i s t i c a l l y  analyzed, w i l l  g i v e  mode_lers 

the  data they need t o  c a r r y  ou t  a  r i s k  assessment. 

W i t h i n  t h e  e x i s t i n g  t ~ o - ~ e a r  t ime frame the re  i s  a  p ress ing  need t o  

conso l ida te  i s o l a t e d  s tud ies  ( t h e  numbers generated) i n  a  meaningful way 

f o r  s t a t i s t i c a l  i n t e r p o l a t i o n  on which t o  base p r e d i c t i v e  t rends.  This  

can be accomplished by u t i l i z i n g  a  common " laundry l i s t "  o f  va r i ab les  

f o r  measurement. 

Laundry 1  i s t  ' c h a r a c t e r i s t i c s  o f  water composit ion would i nc lude  such 

f a c t o r s  as major ca t ions ,  anions, pH, Eh, p lus ,  i f  poss ib le ,  ,so luble 

organ ic  content  and some o f  the  minor cons t i t uen ts .  For geo iog ic  mater ials, ,  

c h a r a c t e r i z a t i o n  would i nc lude  sur face area and/or c a t i o n  exchange capacity,.: 

t he  amount o f  minera ls ,  and the  organic content .  o f  t h e  m a t e r i a l .  A l l  a r e  

parameters t h a t  may have an e f f e c t  on Kds. 

These parametr ic  cha rac te r i za t i ons  should make i t .  poss ib le  t o  i n t e r -  

p o l a t e  from one regime t o  another.  Whi le n o t  conclusive, s ince  s t a t i s t i c s  

cannot show cause a r~c l .e f rec t  and v a r i a t i o n  ex is ts ,  i n  . s o r p t i o n  by t h e  same 

rock  a t  d i f f e r e n t  s i t e s ,  t h e  r e s u l t i n g  predic.t'ions would.,have more v a l i d i t y  

than any t h a t  can be made t o  date. 

A conceptua l iza t ion  o f  t h e  Generic Data Bank fo l l ows .  



Generic Data Bank 

Independent Var iables Dependent Var iables 

Geologic M a t e r i a l  P rope r t i es  Groundwater Prope.cties Nucl ide Proper t ies  Kd Isotopes Uncer ta in ty  L i m i t s  

M i  nera l  ogy Amount 
Primary Minera ls  I 
Secondary Minera l  s  I 
CaC03 X 
Hydrous Oxides X 
Organic Content I 

Cat ion Exchange Capaci t y  
Anion Exchange Capacity 
Surface Area 

pH 
E h 
Major Cat ions 
Major Anions 
Sol ub l  e Organ'c 
Composition 

Soluble Si02 
Solubl e Minor Species 
Temperature 

VI 
Hydro1 og i  c  Proper t ies  

VI Hydraul i c  Conduct iv i  t y  
fi 

Permeabi 1 i t y  
Poros i t y  
Water V e l o c i t y  
Percentage Saturaton 
Poros i ty 
Water V e l o c i t y  
Percentage Sa tu ra t i on  
F i ssu re  .Surface-Area-to-Volume Ra t io  

Tracer Concen- 
t r a t i o n  . 

Tracer Valence 
S ta te  D i s t r i b u t i o n  

E q u i l i b r a t i o n  Time 

a. Pu 
b. Np 
c.  Am 
d. Tc 
e. I 
f. etc.  



'i , : '  . . . . 
I t  was obierved . :  t h a t  most of t .he.determinat ions a r e  r o u t i n e  pe t ro -  

" .  : .  . 

g raph ic  desc r ip t i ons  w i t h  ,costs : p e r  sample t e s t e d  i n  t he  $100-$150. 
. . . ,  

range; n o t  a  . great. . expend,i,ture . . .  . compared t o  funds spent on "o ther  p ro jec ts . "  

U n t i l  a  s i t e  spec i f i c  focus i s  poss ib le ,  r i s k  ana lys is .must  be'made 

us ing  gener ic  t o o l s .  A t  t he  "bottom l i n e "  be fore  cons t ruc t i on  begins, a  

g rea t  deal o f  s i t e  spec i f i c .work  w i l l  be requ i red . . , .  . . . . 
. . 

I t i s  . d i f f . i c u l t  t o  .provide;a s i n g l e  . laundry  . l i s t  f o r  t h e  geo log ic  

wor ld  and i t  is :  acknowledged tha t ,  i n  s e t t i n g  measurement parameters,, 

some e f f o r t  may be wasted. However, i f  t h e r e  i s  no phys ica l  bas is  f o r  

measuring a  parameter, . t h e . r e s u l t s  should n o t  c o r r e l a t e  w i t h  t h e  t rend  
. . 

p red i c ted  and, i f  t h e  parameters a r e  n o t  measured, t h e r e  i s  n o  way t o  
, , 

f o rma l i ze  a  s t a t i s t i c a l  approach and develop p r e d i c t i v e  c a p a b i l i t y  from 
. . 

t he  mass o f  data.  

Many f e l t  i t  i s  .not ess.enti.al .to concentrate a t t e n t i o n  on the  complete 

c h a r a c t e r i z a t i o n  o f  rocks excep t .w i th  c e r t a i n  types. i n  which f i x a t i o n  and 

exchange may he . important  (CS and S r )  and w i t h  Pu, Cm, and Np i n  t h e i r  
. . . . . . 

reduced s ta te .  . .  , . . .  
. . , .  

Obta in ing samples of groundwaters t h a t  do no t  change before  reaching 

the  sur face i s  a  major problem, a l though a  few w-el l -character ized samples 

a re  ava i l ab le ,  e..g.i WIPP s a l t  brine,. . . . . 

~ h &  suggest ion t h a t .  p l a i n  d i s t i l l e d  water be s u b s t i t u t e d  f o r  u n i f o r m i t y ,  

was d iscarded'  because d i s t i  1  l e d  water changes' 'character when i t  comes i n  

contac t  w i t h  rock .  However,' we1 1  water i s  v a l i d  because--while n o t  i n  

e q u i l  i b r i u m - - i t  has been-  down w i t h  t h e  rock  f o r  a  long t ime and ca t i ons  

which a r e  e a s i l y  measured, c o n t r o l  t he  sorpti'on o f  many o f  t h e  nuc l i des  

being d e a l t  with: I n  some instances, a  minor  c o n s t i t u e n t  o r  anions may 

have an impor tan t  e f f e c t ,  e.g. carbonates, bu t  t he re  a r e  few cases i n  

geo log ic  waters where f l u o r i d e ,  etc:. , i s  .high enough t o  make t h i s .  a  f a c t o r  

i n  c h a r a c t e r i z a t i o n  , 

I n  r e g a r d  t o  the  composit idn o f  so lu t i ons ,  t he re  a r e  many f a c t o r s  

n o t  y e t  u n d e r s t o o d i n  kxp'erimehts a t  t h e  t r a c e r  l e v e l  o f  rad ionuc l ides ,  

underscor ing t h e  importance o f  t he  researcher  comprehending exac t l y  t h e  



p r o j e c t  on which he i s  working. I n  add i t i on ,  s ince t h e  a r b i t r a r y  

v a r i a t i o n  o f  a  s o l u t i o n  const i tuency  changes t h e  character  o f  the  rock  

w i t h  which i t  comes i n  contact ,  Argonne's approach (shaking up water 

w i t h  rock  t o  o b t a i n  a  s t a r t i n g  s o l u t i o n )  i s  recommended i f  complete 

chemical c h a r a c t e r i z a t i o n  i s  performed a t  t h e  t ime s o r p t i o n  experiments 

a r e  performed. 

Decisions must be made on how ex tens ive l y  t o  cha rac te r i ze  so lu t ions ,  

whether t o  the  p o i n t  o f  determining every c o n s t i t u e n t  o r  focusing on 

major  cons t i t uen ts  only.  The consensus was t h a t  t he re  w i l l  be v a r i a t i o n  

i n  d e t a i l  required,  based upon i n d i v i d u a l  s i t u a t i o n s .  

While s c i e n t i s t s  can make up most standard solut ions; '  i f  t h e  

experitnent c a l l s  f o r  adding r a d i o a c t i v e  elements such as Pu, t h e  method 

must be h i g h l y  r e f i n e d  s ince  spec ia t i on  i s  dependent on how t h i s  i s  done. 

Suggestions w i l l  be requested f rom p a r t i c i p a n t s  i n  f u t u r e  correspondence 

regard ing the  concent ra t ions  o f  t race rs  t o  be used, t h e  h i s t o r y  o f  t h e i r  

p u r i f i c a t i o n ,  and how t races a re  t o  be added. 

A f te r  more heated d iscussions on t h e  p r o ' s  and con's o f  complete 

cha rac te r i za t i on ,  t h e  moderator issued a  decree t h a t  a s s i m i l a t i o n  o f  data 

f o r  s t a t i s t i c a l  ana lys i s  w i l l  r e q u i r e  a  h igher  degree o f  cha rac te r i za t i on  

f o r  bo th  s o l i d s  and l i q u i d s ,  i n  order  t o  compare the  Kds generated by 

t h e  group so f a r .  The goal i s  t o  analyze t h e  e f f e c t  o f  a  dependent 

v a r i a b l e  ( K ~ )  w i t h  many independent var iab les- - the  parameters on the  

" laundry  l i s t " .  I t  i s  acknowledged t h a t  some t ime may be wasted on 

c h a r a c t e r i z i n g  c e r t a i n  mater ia ls ,  b u t  having t h e  numers i s  essen t ia l  t o  

understanding t h e  system. Also, mare invent iveness i s  urgcd i n  working 

o u t  experimental techniques under anoxic condi t ions.  

A p ro toco l  w i l l  be designed f o r  water'sample se lec t i on .  I f  t h e  

r e p o s i t o r y  o f  i n t e r e s t  i s  s a l t  dominated, t h e  ove r l y ing  and ~ ~ n d e r l y i n g  

geo log ic  ma te r ia l s  w i l l  be a f f e c t e d  by s a l t  b r i ne .  The a q u i f e r  expected 

t o  be present  i n  e q u i l i b r i u m  w i l l  n o t  con ta in  a l l  t he  s a l t ,  b u t  t h e  

d i s r u p t i v e  event which moves mate r ia l  f rom one l a y e r  t o  another must be 

considered, so a  range o f  p o s s i b i l i t i e s  w i l l  be covered f o r  each s i t u a t i o n .  



A f i n a l  p o i n t  voiced on rock  cha rac te r i za t i on  suggested t h a t . r o c k s  

i n  general represent  a  se r ies  o f  mineral  phases and these phases a f f e c t  

Kds, r a t h e r  than the  o v e r a l l  rock chemistry. From a s i n g l e  chemistry, 

l i t e r a l l y  hundreds o f  rock-mineral compositions a r e  possible, e.g. g ran i te ,  

i n  which t h e  Kd i s  dominated by b i o t i t e  o r  some .other  very  small mineral ,  

w i t h  fe ldspar and quar tz  making o n l y  minor con t r i bu t i ons .  

The moderator countered tha t ,  besides t o t a l  chemical ana lys is ,  

d e t a i  1  ed mineralogic s tud ies  should be performed t o  i d e n t i f y  minor 

const i tuents .  As Kd experiments on i s o l a t e d  minerals a r e  c a r r i e d  out, 

those which have a very h igh  s e l e c t i v i t y  f o r  nuc l ides  w i l l  'be i d e n t i f i e d .  ' ,  

Rocks which commonly conta in  t races o f  these excel l e n t  sorbers w i l l  be ' 

character ized,  s p e c i f i c a l l y  t o  determine t h e  presence o r  absence o f  

these mineral s. 

The c o r r e c t  method o f  measuring sur face areas o f  geo log ic  ma te r ia l s  

was discussed i n  d e t a i l ,  dur ing  which t h e  adequacy o f  BET measurement 

was questioned, and use o f  g l y c e r o l  o r  ethy lene g l y c o l  was described as 

" s t i l l  somewhat; inadequate." 

Measurement o f  sur face area may be an important  l i n k  s ince i t  may 

c o r r e l a t e  w i t h  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  o r  r e t a r d a t i o n  f a c t o r  i n  

hydraul i c  model i ng . O f  equal i n t e r e s t  i s  s o r p t i o n  capac i ty  ( c a t i o n  

exchange capac i ty )  as i n fo rma t ion  r e l a t i n g  t o  d i s t r i b u t i o n  c o e f f i c i e n t s .  

While agreeing t h a t  c a t i o n  exchange i s  a  p r i n c i p l e  mechanism i n  rad io -  

n u c l i d e  sorp t ion ,  researchers express concern about empir ic ism invo lved 

i n  " j u s t  t a k i n g  sample rock and seeing how -much i t  adsorbs." ( 1 t  i s  

po in ted ou t  t h a t  t he re  i s  no more empir ic ism here than i n  BET measurement.) 

Most 'see a.need f o r  f u r t h e r  s tandard iza t ion  o f  methodology t o  

permi t  comparison o f  r e s u l t s .  S o i l  and rock  methodology, some ind i ca te ,  

may n o t  co r re la te ;  because a  method i s  used i n  s o i l  ana lys i s  does n o t  

d u t ~ n ' i a t i c a l l ~  make i t  usefu l  on geologic ma te r ia l s .  Th is  i s  espec ia l l y  ' 

t r u e  f o r  s o i l s  of secondary minera ls  versus rocks whose pr imary minera ls  

r e s i s t  weathering such as b a s a l t  and g r a n i t e .  A counter op in ion  was 

o f f e r e d  suggesting t h a t  t he  g l y c e r o l  process i s  no t  j u s t  f o r  s o i l s  b u t  

a l so  f o r  c l a y  minerals t h a t  have been "cleaned up.'" 



An improved method of u t i l iz ing  aqueous solutions with the i r  
surface tensions and viscosi ty  i s  needed. Recent studies using humidity 
(plain water) and other experiments with microporous substances (10/20 
angstroms in diameter) have produced resu l t s  similar to  those using 
ethylene glycol. Problems exis t ,  e.g. reaching the inner layer of 
montmorillonite with the glycerol technique, and montmorillonite-- 
while not a major constituent--can be found in both "dirty" s a l t s  and 
grani tes .  In summary, par t ic ipant 's  experience indicates,  despite 
some problems, the ethylene glycol or  a "wet" method i s  best f o r  
characterizing surface.area,  since BET does not r e l a t e  physically 

t o  anything meaningful in sorption studies using aqueous solutions. 
Also, since some small par t ic les  may dominate in sorption, par t ic le  s i ze  
dis t r ibut ions a r e  important in controlling cation exchange capacity, 
whether looking a t  clays o r  ground-up rock, A standardized mesh 
range should be used f o r  comparison of surface areas of different  
materials. 

A dilemma exis t s  i n  finding a new name fo r  what has been called 
the "Kd." On one hand, extensive use of the term has been made in 
the l i t e r a t u r e  over the past 30 years. However, there i s  growing 

confusion on the part of many sc i en t i s t s  who regard the -term as  a 
constant instead of the variable i t  represents (except i n  certain 
solvent extraction s i tua t ions ) .  

Among the a l te rna t ives  suggested are:  "sorption r a t io , "  

"se lec t iv i ty  quotient," "sorption quotient," "specific retention," 
or  simply "dis t r ibut ion coeff ic ient ."  

The opinion i s  voiced tha t ,  while i t  i s  doubtful the sc i en t i f i c  
community will drop the use of Kd a f t e r  a l l  t h i s  time, some al ternat ive 
should be found. I t  was decided to seek feedback from the group; 

then permit the coordinator to a r b i t r a r i l y  impose some "simple designation" 
tha t ,  hopefully, will not duplicate any sc i en t i f i c  symbol already i n  use. 



SUBTASK 3: DATA BANK SYNTHESIS 

Concern and much discussion centered on the  i n t e r p r e t a t i o n  o f  

breakthrough curves observed i n  experiments, as opposed t o  the  symmetrical 

o r  chomatographic curves pred ic ted by c u r r e n t  models. 

A 1973 month-long experiment was described by a modeler us ing  two 

forms of Pu i n  which one moved s low ly  and the  o ther  much f a s t e r  (10 t o  

100 times f a s t e r ) .  The i n v e s t i g a t o r  has spent t h e  l a s t  several years 

s tudy ing t h e  m ig ra t i on  of Pu and Am i n  l a rge  blocks o f  t u f f  (several  

cub ic  f e e t )  w i t h  t h e  same e f f e c t ( s )  noted--the bu lk  o f  a c t i v i t y  a t  t h e  

sur face and a small peak a t  t h e  end o f  t h e  f l o w  path w i t h  both t a i l s  

vary ing  asmmetrical ly .  The experimenter, who does no t  be1 ieve  t h e  

r e s u l t s  a re  due t o  cracks o r  c o l l o i d s ,  i nd i ca ted  he sees t h e  same r e s u l t s  

f o r  every th ing  w i t h  a Kd o f  10 o r  over, bu t  acknowledged t h i s  might n o t  

be important i n  terms o f  migra t ion .  Therefore, c a l c u l a t i o n s  assuming 

each element has a v e l o c i t y  o r  Kd i s  no t  v a l i d .  

The f e e l i n g  was expressed t h a t  such experiments must extend over a 

llluch longer pe r iod  f o r  anyth ing t o  come ou t  t h e  bottom o f  the  column and 

t h a t - t h e  s l i c i n g  technique described was comparat ively "rough." 

Among o ther  observat ions, t h e  modeler ' c a l l e d  spec ia l  a t t e n t i o n  t o  ' 

t he  asymmetric e f f e c t  o f  n u c l i d e  d i s t r i b u t i o n  i n  columns, i l l u s t r a t e d  

by a . s l i d e  o f  s t r o n g l y  bound Cs which d i d  n o t  move b u t  a l s o  produced a 

small  percentage o f  a c t i v i t y  through t h e  column. Quest ioned i f  t h i s  

might be due t o  crude sl Sclng and s - l u f f i n g  o f f  o f  t h e  ma te r ia l ,  t h e  

speaker pointed o u t  t h a t  two techniques were used f o r  chalks and shales 

and y i e l d e d  s i m i l a r  r e s u l t s .  The modeler f e e l s  t h a t  cu r ren t  simple 

chromatographic models d o n ' t  adequately p r e d i c t  a complex system. 

I t  was countered t h a t  what i s  r e a l l y . b e i n g  seen i s  d i f f e r e n t  s i t e s  

. w i t h  d i f f e r i n g  s p e c i f i c  adsorp t ion  tenac i t i es - - the  f i r s t  adsorp t ion  a t '  

t h e  -"best s i t e s "  and f a s t e r  movement when these s i t e s  a r e  saturated.  

The modeler r e p l i e d ,  w i t h  t h a t  k ind  o f  s i t e  d i spe rs ion  the re  w i l l  always 

be s e l  f-sharpening f r o n t s  t h a t  tend t o  reduce spread because the  1 eading 

t 
edge o f  any concent ra t ion  wave i s  going t o  have t h e  lowest  concent ra t ion  



and i s  going t o  be adsorbed by "best s i t e s . "  Followed t o  i t s  l o g i c a l  

conclus ion,  he po in ted out, t he  lead ing edge ( lowest  concent ra t ion)  w i l l  

be taken up on s o l i d  s i t e s  w i t h  the  h ighest  s p e c l v l t y  f o r  t h a t  ion, and 

what i s  observed i s  sel f -sharpening on t h e  lead ing edge and broadening on 

t h e  t r a i l i n g  edge. 

An experimentor descr ibed column experiments w i t h  S r  and sandy 

m a t e r i a l s  ( i n  which t h e  Kd f o r  t he  S r  was 15), us ing constant  i n p u t  

t h a t  showed a t a i l i n g  e f f e c t .  When e l u t i n g  t h e  column, the  curve 

produced was a m i r r o r  image o f  t h e  adsorp t ion  curve, i n d i c a t i n g  t h a t  

t h e  adsorp t ion  isotherm i s  l i n e a r ,  The e f f e c t  i s  phys ica l ,  r a t h e r  

than a n o n - l i n e a r i t y  i n  t h e  isotherm, and can be expldfned or1 the 

bas is  o f  d i f f u s i o n  and t h e  i n a c c e s s a b i l i t y  o f  c e r t a i n  pore spaces. 

The same r e s u l t s  have been observed i n  a number o f  f i e l d s  ( a  paper 

publ ished w i t h i n  t h e  past  year, based on p e s t i c i d e  data shows exac t l y  

t h e  same t rend by p u t t i n g  i n  a f i r s t - o r d e r  r e a c t i o n  term. Th is  does 

n o t  i n d i c a t e  t h a t  t h e  adsorp t ion  was a f i r s t - o r d e r  type reac t ion ,  b u t  

t h a t  t he re  i s  probably some f i r s t - o r d e r  e f fec t - -poss ib l y  d i f f u s i o n  i n t o  

inaccessable pores. I n  t h e  case o f  a f r a c t u r e d  medium i t  could represent  

d i f f u s i o n  of t h e  s o l u t e  i n t o  pore spaces w i t h i n  t h e  s o l i d  mat r ix ,  fo l lowed 

by d i f f u s i o n  back o u t  again and convect ion through t h e  f r a c t u r e  causing 

complex v e l o c i t y  pa t te rns  o r  " t a i l i n g . "  

Concerns were a l s o  voiced over whether these phenomena a r e  
dependent on t h e  d i r e c t i o n  o f  f low.  From a pu re l y  chemical s tandpoint ,  

whether the  f l o w  i s  v e r t i c a l  o r  ho r i zon ta l  i s  n o t  a c r i t i c a l  f a c t o r .  

When a coll.rmn i s  r u n  and t h e  Interrnr'x begins bctween chemistry  and 

water  t ranspor t ,  s u b t l e  d i f f e rences  w i  11 probably be noted, b u t  hope fu l l y  

these can be r e f e r r e d  t o  hyd ro log is t s  or '  hydrodynamicists f o r  f u r t h e r  

study. 

'Some p a r t i c i p a n t s  questioned t h e  accuracy o f  t h e  model, and I t  
was expla ined tha t .  t h e  WISAP modeling system t r e a t s  a chain o f  radionucl ides,  

a l l o w i n g  each n u c l i d e  t o  have more than one species w i t h  i t s  own m ig ra t i on  

p roper t i es .  I t  f u r t h e r  a l lows a chemical r e a c t i o n  o f  species as they 

migrate,  e.g. s t a r t i n g  o u t  w i t h  a Pu(1V) and changing t o  Pu(V1). I n  t h i s  



non-equ i l ib ra ted s i t u a t i o n ,  t he  thermodynamic f o r c e  w i l l  convert  one 

species t o  t h e  other .  The chemical r e a c t i o n  can be modeled and a curve 

pred ic ted w i t h  one peak coming ou t  o f  t h e  second curve, poss ib l y  showing 

chemical. interchange between t h e  two species. A t  some p o i n t  a "smear" . . 

w i l l  occur. Wi th r a t e  c o n t r o l  adsorp t ion  it skews i n  f r o n t  o f  t he  peak 

and w i t h ' r a t e  c o n t r o l  desorp t ion  i t  skews i n  back. This model holds 

t r u e  f o r  a l l  b f  t h e  radionucl ides,  n o t  j u s t  PU, ' b u t  t he  quest ion  remains 
' 

whether t h e  model i s  adaptable t o  the  concept o f  t h e  s a f e t y  assessment 

program. 
. . . . 

A  p a r t i c i p a n t  asked i f ,  under a g iven s e t  o f  &ircumstances, the re  , 

would be th ree  Kd values needed t o  described t h i s  e f f e c t  and was answered 

i n  t h e  a f f i r m a t i v e .  A comment was o f f e r e d  t h a t  one number cannot be used 

t o  descr ibe a g iven s e t  o f  ma te r ia l ' and  so lu t ions ,  and t h i s  might a l s o  

e x p l a i n  why v a r i a t i o n s  . . a r e  found between labs  s ince they a re  working w i t h  

d i f f e r e n t  . . forms o f  rad ionuc l  ide .  

Another p a r t i c i p a n t  po in ted ou t  t h a t  he f e l t  two issues were being 

confused. I f  t h e  model proposed i s  co r rec t ,  i t  must be assumed e i t h e r  
--- t h a t  t h e r e  i s  a n o n - l i n e a r i t y  i n  t h e  isotherms (so t h a t  as i t  becomes 

more d i l u t e  t h e  adsorab i l  i t y  changes) o r  t h a t  i t ' s  non-equil i brium. 

However, he added, if h i s  understanding o f  chromotography i s  accurate, 

when the re  are  a g rea t  many s i t e s  the re  w i l l  be very  d i f f e r e n t  adsorba- 

b i l i t i e s .  Tracer movement a t  e q u i l i b r i u m  w i t h  a l i n e a r  s o r p t i o n  isotherm 

should r e s u l t  i n  bell-shaped curves. He asserted t h a t  t h e  exp lanat ion  

g iven cannot be c o r r e c t  w i t h u u l  n o n - l i n e a r i t y  o f  t h e  isotherm o r  a 

k i n e t i c  problem. ( I n  t h e  l a t t e r ,  he would i nc lude  channel ing through 

gaps r a t h e r  than channel ing described as "hopping from one p a r t i c l e  t o  

another. " ) 

A second comment i nd i ca ted  that ,  i n  a camp1 i c a t e d  system, the re  

might a l s o  be c e r t a i n  f i n e  p a r t i c l e s  moving o u t  o f  t he  f l o w  channel 

(e.g. montmoril l o n i t e  o r  another t i n y  adsorbing p a r t i c l e )  w i thou t  

p r e i b n t i n g  microscopic channel ing,  leaching, o r  a break i n  t h e  column. 

He added t h a t  t h i s  has been a long-term problem f o r  chromotographers. 



The p o i n t  was made t h a t  t h e  modelers a r e  n o t  i n  t h e  business o f  

"making .pe r fec t  columns," b u t  o f  descr ib ing  a  geologic system and, i f  

t h e  geo1ogl"c system " i s  an imperfect  column," t h a t  i s  what needs t o  be 

described. 

While t h e r e  was general agreement w i t h  t h i s  po in t ,  i t  was f .u r ther  

argued t h a t ,  i n  d e a l i n g  w i t h  the  k ind  of i d e a l i z e d  model being proposed, 

the re  must e i t h e r  be added t o  i t  a n o n - l i n e a r i t y  i n  the  isotherm o r  

something e lse.  

I n  conc lus ion  i t  was pointed o u t  t h a t  the-modelers w i l l  watch what 

i n d i v i d u a l  researchers a r e  doing c l o s e l y  i n  the  f u t u r e  i n  order  t o  make 

assessments as t o  whether c e r t a i n  complex i t ies  i d e n t i f i e d ' b y  var ious  

labs might  be impor tant  but,  because o f  var ious c o n s t r a i n t s  ( f i n a n c i a l ,  

personnel, time, e tc . )  w i t h i n  t h e  program, a  simp1 i f i e d  model . w i l l  cont inue 

t o  be used. There i s  a  k i n d  o f  "opt imazation" t h a t  has t o  be gone through 

i n  p lann ing what i s  t o  be modeled.so--at l e a s t  i n  t h e  sho r t  run--modelers 

may produce something t h a t  w i l l  be 1  ess-than-acceptabl e  t o  everyone 

involved,  and t h i s  must be recognized. 

A  numerical model e x i s t s  f o r  rad ionuc l i de  t ranspor t  ( a t t r i b u t e d  l a t e r  

i n  t h e  d iscuss ion t o  George Pinder, Pr inceton)  t h a t  takes i n t o  cons idera t ion  

t h e  k i n e t i c  s o r p t i o n  p r o p e r t i e s  o f  ma te r ia l s  i n  contac t  w i t h  f l u i d s .  The 

model balances t h e  r a t e  o f  so rp t i on  and desorp t ion  a g a i n s t . t h e  c a r r i e r  r a t e  

o r  f l u i d  f l o w  so t h a t  t he re  a re  combinations o f  t h e  two ra tes  t h a t  can 

produce i r r e v e r s i b l e  s o r p t i o n  a t  one extreme, and v i r t u a l l y  r e v e r s i b l e  a t  

t h e  o ther .  

A  strong second was voiced on t h e  importance o f  k i n e t i c s  by a  

p a r t i c i p a n t  who be l ieves  tha t ,  however measurements a r e  done, t h e  p o i n t  

i s  n o t  t h e  t ime r e q u i r e d  t o  reach e q u i l i b r i u m  bu t  t h e  r a t e  a t  which 

e q u i l i b r i u m  i s  a t ta ined .  A t  a  conference several weeks e a r l i e r ,  he po in ted 
' 

out,  t h e  pr imary quest ion  was "What i s  t h e  r a t e ? "  Long-term r a t e s  a r e  

needed, bu t  emphasis should be on t h e  r a t e  o f  approach. A ser ious gap i s  

c reated i f . t h i s  i s  n o t  p a r t  o f  t h e  data co l l ec ted .  



'. ':. a : '  . . , . , . _ . : '  :. 

Dis.cussions . turned t o .  the subject  o f  i n t e rac t i on  w i t h   hydrologist,^ 

and the. coup1 i ng o f .  .the'.chemi s t r y  t o  the hydrodynamics. o f  the ' repos i to ry  

environs; . The coordinator observed tha t .  the c rea t ion  o f  the most 

l jrobable scenarios,.and the evaluat ion o f  t h e i r  consequences i s  the goal 

o f  WISAP w i t h i n  the broader scope o f  the safe ty  .assessment program. 

1n discussing I ,  prefer red s i tes ,  short  o f  being s i t e  spec.i f ic, everyone . . 

should have a  genera:l p i c t u re  o f  the k ind o f  repos i to ry  and the 

mater ia ls  l i k e l y  t o  be involved w i t h  any o f  them. Among these are the 
. . 

Columbia. River basalts; the Climax s t i c k  g ran i t e  and Eleana shale o f  the 

~evada  Test S i te ,  bedded s a l t s  i n  several. locat ions,  cap rock from s a l t  

domes . i n  Louisiana, a'nd poss ib ly  some. pre-Cambrian mater ia l  from ~ i n n e s o t a .  

The extent  o f  exposure t o  water i's a l so  an important parameter, 

e.g. whether accident o r  "earthquake" condi t ions should be taken i n t o  

account w i t h  the corresponding 1arge.amount o f  water i n j ec ted  r a p i d l y  

i n t o  a  reposi tory;  as wel l  as t h e  more common s i t u a t i o n  i n  which very 

small quan t i t i es  o f  water w i l l  be going i n  a t  a  .very.s low ra te .  I n  . . 

es tab l ish ing p r i o r i t i e s  f o r  scenarios deal ing w i t h  the i n t r u s i o n  o f  

water, f o r  whatever reasons, i t  was agreed t h a t  condi t ions must be 

p rec ise ly  defined so t ha t  everyone w i l l  be working w.ith the same system. 

A t  the same time, i t  was stressed t ha t  modeling assumptions must be 

broadenough i n  scope t o h a v e  the po ten t i a l  o f  covering other s i m i l a r  

cases i f  questions a re  ra ised about them. ) 

It was pointed out  tha t  there i s  no i n ten t i on  o f  pu t t i ng  waste i n t o  

s i t e s  where f lowing water a t  any appreciable v e l o e i t y  o r  volume i s  

present ., Therefore, i n  deal ing w i t h  hypothet ical  s i t ua t i ons  there w i  11 

be a  res idua l  uncer ta in ty  about the d i r e c t i o n  from which any ex i s t i ng  

water w i l l  come, i t s  ve loc i ty ,  and i n  what d i r e c t i o n  i t w i l l  go. ~ e ~ a r d l e s s  

of,how deeply the problem i s  pursued, i t cannot be addressed i n  a  completely 

s c i e n t i f i c  manner. ' . ' 

The response was that ,  by the same token, Task 4 can se t  l i m i t a t i o n s  

when experimentation i s  underway. The most probable scenario must be 

examined wi thout  absolute understanding o f  f low ra tes and compositions 



i n  t h e  hope t h a t  t h e  f i n d i n g s  w i l l  be re levan t  t o  t h e  t o t a l  assessment 

program. Even though everyone may n o t  be completely comfor table w i t h  

t h e  r e s u i t s ,  t h e  s t a t i s t i c a l  i n t e r p o l a t i v e  approach and s e n s i t l ' v i t y  

ana lys i s  w i l l  be h e l p f u l .  I t  would n o t  be product ive  t o  group scenarios 

t o o  c l o s e l y  i n t o  a  narrow range, bu t  t o  a l l o w  some spread t h a t  w i l l  
p rov ide  t h e  basis f o r  i n t e r p o l a t i o n .  

I n  terms o f  creat img a  " r e a l i s t i c  f l u i d "  f l ow  f o r  a  r i s k  p r e d i c t i o n  

scenario, an average taken f rom . the  l i t e r a t u r e  shows a  range o f  .016 t o  

16 km per  year according'  t o  Meinzer and Wenzel , Hydrology, Dover Pub1 i c a -  

t i ons ,  1942. A t y p i c a l  v e l o c i t y  a t  t h e  WIPP s i t e  i s  ,01 f e e t  per  day, 

b u t  t h i s  va r ies  w i t h  t h e  s t ra t i g raphy .  Some est imates a r e  as low as a 

few klns i n  a m i l  1  i o n  .years. NTS repor t s  a  2 t o  200 m range per  year. 

( I t  was po in ted o u t  t h a t  t h e  pr imary concern i s  w i t h  f lows f o r  accident  

scenarios, and t h a t  t h e  OW1 phi losophy has been changed i n  regard t o  t h e  

g r a n i t e s .  Because g r a n i t e  i s  u s u a l l y  associated w i t h  water, any repos i -  

t o r y  p u t  i n  g r a n i t e  w i l l  be sub jec t  t o  water seepage and some f i n i t e  

f l o w  would be involved.  

A p a r t i c i p a n t  suggested t h a t  d i f f u s i o n  must be considered t o  

determine whether t h i s  i s  t h e  c o n t r o l l i n g  mechanism i n  t h e  t ranspor t  

equat ion  where Kds a r e  used. There has been work repor ted  i n  which, 

when d i f f u s i o n  r a t e s  were i d e n t i f l e d  f o r  water, i t  was found t h a t  t h e  

d i f f u s i o n  r a t e  f o r  t h e  sorbing ma te r ia l  e s s e n t i a l l y  i s  reduced by t h e  

same r e t a r d a t i o n  f a c t o r  used f o r  n u c l i d e  advect ion. 

One Ph.D. t h e s i s  surveyed d i f f u s i o n  c o e f f i c i e n t  l i t e r a t u r e  and 
2 

r e p o r t s  10-I  lo- ' '  crn per  second f o r  el ementn w i t h  Kds i n  t h e  order  

o f  103 t o  lo4 .  The i n v e s t i g a t o r  i nd i ca ted  he could i n  f a c t  p r e d i c t  t h e  

d i f f u s i o n  c o e f f i c i e n t  b e t t e r  w i t h  t h e  Kds and the  water content  p o r o s i t y  

i n  t h i s  way than by measuring them w i t h  experimental procedures. 

Some s c i e n t i s t s  quest ioned t h e  value o f  l abo ra to ry  measurements 

versus f i e l d  s tud ies  because t h e  rea l .  i n t e r e s t  i n  r i s k  assessment l i e s  

i n  d i s p e r s i v i t y  through f r a c t u r e s  r a t h e r  than through homogeneous 

mate r ia l s .  While t h e  l abo ra to ry  numbers a r e  the  ones t h a t  a r e  used 
r 



i n  r i s k  a n a l j s i s ,  i t  won' t be known. f o r  years i f  t h e  model developed 
. . 

i s  r e a l l y  capab7e o f  p red ic t i ng 'wha t  i s  going t o  happen. With a  small  

l abo ra to ry  co1,umn t h e  researcher i s  1  ooking a t  i n t e r g r a n u l a r  v e l o c i t y  

v a r i a t i o n s .  On a  l a r g e r  s c i l e ,  some degree o f  heterogeniety i s  , 

in t roduced and the .  hetkrogeniety "takes over" i n  t h e  mix ing.  On going 

t o  t h e  f i e l d  scale', . presumably d i s p e r s i v i t y  i s  on t h e  order  o f  kms because 

o f  t h e  scale o f  heterogeniety i s  on t h e  order  o f  kms. There i s  some 

quest ion  about whether t o  c a l l  i t  t h e  "scale o f  heterogeniety"  o r  

d ispers ion.  

Another sub jec t  f o r  debate was whether t o  go o u t  . i n t o  t h e  f i e l d  

t o  measure d i  s p e r s i v i  t y  o r  t o  at tempt t o  determine v e l o c i t y  d i s t r i b u t i o n s  

"very  . . c a r e f u l l y . "  It was genera l l y  f e l t  t h a t  i f  v e l o c i t y  d i s t r i b u t i o n s  

a r e  known w i t h  extreme accuracy, d i s p e r s i v i  t i e s  w i l l  a1 1  be extremely 

i n s i g n i f i c a n t .  Mix ing  w i l l  be accounted f o r  by v e l o c i t y  d i s t r i b u t i o n  

o f  t h e  f l u i d  (groundwater). 

The op in ion  was a l s o  expressed t h a t  understanding d i s p e r s i v i t y ,  

does n o t  take care  o f  channeling. Also i n  cases i n  which f l o w . i s ,  rap id ,  

k i n e t i c  e f f e c t s  a r e  very  important  i n  p r e d i c t i n g  n u c l i d e  sorpt ion.*  Where 

f l ow  goes very s low ly  through o ther  paths, k i n e t i c  e f f e c t s  a r e  n o t  important .  

It was argued that , .  i n  a  heterogenous system, which contains, f o r  

example, a  s i x - i nch  l a y e r  o f  g rave l  in termixed w i t h  vas t  l a y e r s  o f  f i r m e r  

g l a c i a l  s o i l ,  t h e  water w i l l  go through t h e  grave l .  Therefore, i t  i s  n o t  

t h e  Kd i n  t h e  ti l l bu t  t h e  Kd i n  t h e  gravel  t h a t  matters, posing a  r e a l  

sampl i n g  problem,. 

A  p a r t i c i p a n t  asked whether, when a  s i t e - s p e c i f i c  case i s  taken, the re  

would be an e f f o r t  t o  measure d i s p e r s i v i t i e s  o f  t h e  appropr ia te  formations, 

because a t  t h e  present  t ime the re  a r e  o n l y  about th ree  o r  f o u r  values i n  

t h e  l i t e r a t u r e  f o r  d i s p e r s l v i t y  and they vary  by orders o f  magnitude. 

Since l i t t l e  i s  known about d i s p e r s i v i t y ,  he a l s o  quest ions the  value o f  

" p u t t i n g  a  l o t  o f  e f f o r t "  i n t o  Kd determinat ion.  The group acknowledge 

t h a t  t h e  problem i s  a  very  r e a l  one, bu t  t h a t  t he re  a r e  o the r  f a c t i o n s  

working on it. 



An opinion advanced was that  increased dispersion i s  not necessarily 
bad because i t  has the e f fec t  of spreading the ac t iv i ty  out over many 
cubic mil cs of material and 1,owering t h e  concentratioii--a Ileal Ll~y fac Lor. 

In doing calculations fo r  a recent project,  the participant said,  about 
half the reduction in the ac t iv i ty  level a t  the boundary with the biosphere 
was caused by major disperison, with the other half due to,decay. A c r i t i ca l  
point i s  whether the spread i s  f a s t e r  than the decay which, in turn, 
depends on path lengths and half l ives .  (In t h i s  s i tuat ion i t  helped 
rather  than hindered. In others,  potential damage.would be great because 
nuclide spread will be much fur ther . )  

In summary, i t  was agreed tha t  the chemists should continue a close 

1 iaison with hydrologists and disruptive-event predictors t o  ensure tha t  
sorption-desorption work i s  compatible. Essential to  the meaningful use 
of models in the safety assessment, will be the a b i l i t y  to  re la te  a range . 

of measurements to  a corresponding s e t  of models covering that  range, t o  
check f o r  sens i t iv i ty .  

SUBTASK 4: VALIDATION STUDIES 

Subtask 4 (of Task 4 ) ,  "Val idation Studies," enters the realm of 
long-term extrapolation, drawing on thermodynamics, know1,edge of weather- 
ing, natural observation, and his tor ical  events (such as Oklo, e tc . )  in 
the search fo r  data to  verify short-term 1aborator.y measurements. 

In recognizing tha t  changes in water composition produce corresponding 
changes i n  minerals, one approach i s  to hypothesize a certain type of 
water going into a system, run some Kds through the material, and u t i l i z e  
thermodynamics and mineral s t a b i l i t y  diagrams to  predict whether the 
rock.should weather t o  another form. The procedure i s  t o  identify a 

f ina l  product through contacting a rock w i t h  the groundwater. If higher 
Kds a re  found f o r  the weathered materials the s i tua t ion  is '  re lat ively 
s table;  i f  Kds a r e  lower, there i s  probably going to  be some movement. 

This i s  one way of compensating fo r  the long-term change in solid 
materials.  



. . 
In response .,to t h e  issue.of whether rock. materials would be considered 

as weathering in the presence or absence of air, the reply was that the 
I 

scenario would dictate that consideration, but the most 1 i kely situation 
would be in the absence of oxygen. One scenario, however, must certainly' 
involve 'material that is l'ifted to the surface or near surface, and some 
systematic and objective manner of determining what kind of experiments 

to run* for this contingency is required. 

It was advanced that weathering (metasomaticism) in rocks is an 
extremely complex field and somewhat beyond the scope of the immediate 

study, but the gro;p should look closely at what research has been done 
in order to make the soundest educated guesses. 

Moving from generic to site-specific analysis requires the selection 

of a basic set of materials that are highly comparable (so the numbers 
generated will show some agreement) and of immediate significance in 
respository selection. 

For long-term extrapolation of waste isolation risk, it suggested, 

the flow over thousands of years becomes a decisive factor as, for example, 
in the infiltration of limestone with magnesium-rich water. The composition 
of the rock does not remain the same year after year. However, it was 

countered, with much of the .rock under discussion (aquatards) . the 
transport rate is so slow that a predictable weathering sequence will 
occur. 

A question was raised about restoring equilibrium in the case in 
which Pu .is put on a repository in the reduced state Pu(II1) or Pu(IV), 
but mobilizes as a .Pu(VI). The equilibrium re1ationshi.p~ would create 

more Pu(\rI) to replace that mobilized until eventually all Pu was changed 

to Pu(V1). 

This raised the further question of whether time is being,wasted 
' arguing about the stabil i ty of Pu OV) because over geological time it is 

known .that plus six is relatively mobile and, given a chance, it will be 

removed. The kinetics of ~u(1V) oxi.dizing to Pu(V1) at environmental 



pHs and t r a c e r  concent ra t ions  a r e  no t  known. Also, as long as the  

r e p o s i t o r y  remained i n  a reduced s t a t e  t h i s  t rend should be minimized. . 

Know1 edge o f  t h e  short-range hydro ' logical  condl t i v r ~ s  sui~r%ounding a 

r e p o s i t o r y  s i t e  i s  important ,  bu t  t he re  i s  a d e f i n i t e  l i m i t  t o  t h e  

number o f  bore holes d e s i r a b l e  and t h i s  remains a ser ious c o n s t r a i n t ' o n  

r i s k  assessment f i e l d  studies.  
. . 

Since i t  i s  n o t  es tab l ished how soph is t i ca ted  the  group may be i n  

i t s  understanding o f  geo log ic  t ime frames and weathering, c e r t a i n  ideas 

may be int roduced i n  t h e  program geared t o  l o c a t i n g  some a u t h o r i t y  who 

i s  a b l e  t o  " p i c k  up t h e  b a l l  I' and produce answers t h a t  w i l l  prove s a t i s -  

f a c t o r y  both t o  t h e  s c i e n t i f i c  community and. the  geiieral p u b l i c .  Because 

o f  t ime cnnqt- ra ints and t h e  pressing need f o r  long-term so lu t i ons ,  t h e  

task  a t  hand might  be compared t o  conducting an "accelerated t lme t e s t "  

such as i s  done t o  measure d u r a b i l i t y  o f  c e r t a i n  commercial products. 

The u t i l i z a t i o n  o f  crushed rock  i s  a k i n  t o  running an accelerated t ime 

t e s t  i n  c e r t a i n  aspects. Gr inding c reates  much greater  sur face areas 

upon which s o r p t i o n  can occur and should speed up the  approach t o  

e q u i l i b r i u m .  

A quest ion  was r a i s e d  regard ing p u b l i c  concern about poss ib le  

b a c t e r i a l  e f f e c t s  over  t h e  long-term i n  waste r e p o s i t o r y  locat ions .  I n  

a deep sub-surface environment, can b a c t e r i a l  e f f e c t s  occur i n  an organ'ic 

coniplex o r  i s  t h i s  a problem t h a t  may be e l im inated from cons idera t ion? 

WIPP has i n d i c a t e d  t h a t  you cannot dismiss t h e  problem ou t  o f  hand 

and t h a t  p a r t  o f  t h e  acceptance program w i l l  be t o  r e t a i n  b i o l o g i s t s  

delegated t o  i n v e s t i g a t e  whether bac te r ia  growth i s  poss ib le  a t  t h e  

depths under d iscuss ion and i n  t h e  absence o f  a i r  (anaerobic bac te r ia ) .  

Since WIPP has d i f f e r e n t  r e s t r a i n t s  than OW1 on acceptance c r i t e r i a ,  OW1 

i s  a t  present  t a k i n g  t h e  p o s i t i o n  o f  non-acceptance o f  any organic 

m a t e r i a l  t o  be bu r ied  i ,n  a repos i to ry .  

I t  was p o i n t e d . o u t  t h a t  w h i l e  the re  i s  t h e  p o s s i b l i t y  o f  t races  o f  

o rgan ic  m a t e r i a l  (shales, etc.)  and inorgan ic  chemical decomposition o f  



I 
organic ma te r ia l s  t o  be considered, the re  i s  s t i l l  some quest ion  i n  ., . , 

t e rns  of whether v i a b l e  organisms can e x i s t  i n  t h e  deep r e p o s i t o r y  . . . .  . 

environment. 

A  ph i losoph ica l  p o i n t  was r a i s e d  by one geo log is t  who ind i ca ted  

he fee ls  " f a i r l y  comfortable" about the  a b i l i t y  t o  p r e d i c t  what i s  

going t o  happen as f a r  as nature  i s  concerned but  "very uncomfortable" '. 

p r e d i c t i n g  what w i l l  happen t o  t h i s  system when man i n t e r j e c t s  one o f  
h i s  f a c i l i t i e s  ( s t o r i n g  wastes, b r i n g i n g  i n  bac ter ia ,  e tc . )  as operat ions . 

begin. He f e e l s  t h a t  man-induced changes, which may be o f  a much 

shor te r  d u r a t i o n  than geologic changes, a re  f a r  1  ess p red ic tab le .  

There was general agreement on t h i s  p o i n t  b u t  i t  was a l s o  observed 

t h a t  t h e  quest ion  being ra i sed  i s  a  "near f i e l d "  problem and responsi -  

b i l i t i e s  delegated t o  t h i s  group (WISAP) are  " f a r  f i e l d "  i n  nature. 

The opinion.was a l s o  advanced t h a t  i f  you study t h e  e f f e c t s  on t h e  

t o t a l  path l eng th  back t o  the  biosphere t h e  warp caused by t h e  r e p o s i t o r y  

i s  small .  A t   anf ford, f o r ' s h a l l o w  land b u r i a l ,  t h e  approach i s  t o  

work "backward" beginning w i t h  thep rob lem s t a r t i n g  a t  t h e  Columbia 

R ive r  ( a k i n  t o  t h e  biosphere) and working toward t h e  storage tanks 
" "  

t h a t  have 11 and 12 molar sodium hydroxide so lu t i ons .  Research i s  

extended.to t h e  sa tura ted a q u i f e r  near t h e  r i v e r  and back through t h e  : 

200 f e e t  o f  'unsaturated s o i l  c l o s e r  t o  - the  tank. For ca l cu la t i ons ,  

t h e  "worst case no-man's land" s i t u a t i o n  i s  used, e.g. a  segment 

around t h e  tank p r i o r  t o  d i l u t i o n  w i t h  groundwater I D  g iven zero 

r e t a r d a t i o n  c a p b i l i t i e s .  Using t h i s  assurnptlon, conservat ive r e s u l t s  

a re  obtained which a r e  acceptable under s a f e t y  assessment standards. 

A quest ion  was r a i s e d  ,about t h e  source o f  water en te r ing  t h e  . . 
repos i to ry ,  and whether humic a c i d  o r  o the r  m a t e r i a l  o f  t h i s  type 

coming i n  w i t h  groundwater w i l l  e f fec t .  r e t a r d a t i o n  o f  nuc l ides  by 

forming so.lubl& complexes. The response was t h a t  i f  t h e r e  i s  cause 

f o r  concern such as f o r  c e r t a i n  type o f  rock  (e.g., shale) t h e  problem 

would be looked a t  more c a r e f u l l y .  



A fur ther  comment was offered on the "biology problem," pointing 

out tha t  there a r e  two t o t a l l y  different  s i tuat ions in types of reposi- 
t o r i e s .  In high-level wastes made up  of glass  and cdptlble of. heating 
u p  t o  between 300 and 400° C there i s  not l ike ly  to  be much biological 
a c t i v i t y  of any type. For Tow-level waste including organics the 
s i tua t ion  may be d i f fe rent .  NRC may require the destruction of a l l  
organics by incineration t o  obtain an assured product fo r  burial .  

In summary, no suggestions of new methods or concepts were forthcoming 
-when compared with a c t i v i t i e s  planned in Subtask 4, to attempt to  
bridge the gap from short-term laboratory studies to  the tens o f  

thousands (or  a million) years necessary fo r  a complete safety assessment. 

SUBTASK 5: SORPTION-DESORPTION MECHANISM STUDIES 

The role  of oxidation-reduction in control 1 ing nuciide sorptiurl 
evoked coisiderabl e discussion. One topic was methods of control 1 i ng 
Eh  and whether, in f a c t ,  one can properly measure it., 

In interpretat ion of reversible potent ial  ( E h  electrode measurement) 
findings may not be too re1 iable  because without a great deal of 
experience in t h i s  area i t  i s  d i f f i c u l t  t u  ubtain a ''good" r e v e r s i h ! ~  
electrode reading. Ag Chloride and P t  (properly activated with H) 

offer  the best poss ib i l i t i e s .  Ferrous may a lso  be used under some 

circumstance b u t ,  beyond these' few examples, results are  d i f f i c u l t  t o  
obtain a t  no,ryal 1 aboratory temperatures. 

. , 

A second approach by some sc i en t i s t  doing soi l  extract pH measurement, 

follows a , less complex path. The pH measurements o f  different  experimenters 

a re  compared t o  establ ish a trend or  re la t ive  scale.  This might also 

be done with Eh,  e.g. a measurement of 400 mil l ivol ts  would suggest 
strong reducing conditions in natlrral water, whi 1 e a second measurement 
of +ZOO would indicate the system i s  operating i n t h e  direction of an 
oxidizing condition, whatever the "real"  values'may be. 



It was pointed ou t  t h a t  i f  oxygen i s  bubbled i n t o  a  s o l u t i o n  w i t h  

almost any metal t h e  p o t e n t i a l  w i l l  r i s e ,  so t h a t  i n  a  sense t h e  more 

oxygen present  t h e  more l i k e l y  ma te r ia l  present  w i l l  be ox id ized,  

provided t h e  k i n e t i c s  a r e  s a t i s f a c t o r y .  I n  theory  the  oxygen content  

and Eh a r e  r e l a t e d  b u t  i t  i s  questioned whether t h i s  r e l a t i o n s h i p  

holds i n  p rac t i ce ,  s ince Eh measurements us ing p t  e lectrodes o f t e n  do 

n o t  s t a b i l  i ze .  

One researcher i s  repor ted  t o  be us ing  a  c o n t r o l l e d  p o t e n t i a l  

coulometer t o  make c e r t a i n  t h e  ox ida t ion  p o t e n t i a l  i s  constant, and by 

doing so c o n t r o l s  the  valence o f  ions  i n  so lu t i on .  It i s  poss ib le  t o  

po ise  t h e  system w i t h  chemical buffers a lso,  bu t  there  i s  then a  

f u r t h e r  p'roblem o f  t h e  m a t e r i a l  used t o  po ise  it, which may i n t e r f e r e  

w i t h  t h e  rock  composition, sorpt ion,  e tc .  The same researcher r e p o r t s  

he has no t  observed Pu p l a t i n g  on the  e lectrode,  bu t  i t  was quest ioned 

i f  t h i s  would ho ld  t r u e  over the  long run. 

Another p a r t i c i p a n t  asked i f  bubbl ing a  gas m ix tu re  o f  known 

oxygen fugac i t y  would have l e s s  impact on the  system. However, i t  was. 

po in ted o u t  tha t ,  w i t h  gases, k i n e t i c  problems a r i s e  depending on how 

so lub le  they a r e  and whether t h e  k i n e t i c s  o r  the  redox r e a c t i o n  i s  

f a s t  enou'gh t o  "do what you want t o  do." A p a r t i c i p a n t  suggested 

redox p o t e n t i a l  may be c o n t r o l l e d  i n  t h i s  way if t h e  pH i s  . c o n t r o l  led, 

bu t  t he re  i s  a  l i m i t e d  range i n  'which t o  operate and the  researchers 

must be aware. again o f  t h e  k i n e t i c s  o f  t he  r e a c t i o n  i n  which he i s  

in teres ted.  

I t  was suggested t h a t  t h i s  has been commonly done f o r  a  crude 

c o n t r o l  o f  redox a t  B a t t e l  l e ,  e.g., +ZOO vs + 400 mv'. , Experiments a t  

L.S.U. on s o i l s  and sediments u t i l i z e d  such a  system which have c o n t r o l l e d  
+ p o t e n t i a l s  t o  - 50 mv. . . 

~xper imenta1.des igns  must concentrate on a  reducing s i t u a t i o n .  

While i t  i s  a b igger  problem t o  have a  cont inous reducing . s i t ua t i on  

going on, th is - -a long w i t h  several c o n t r o l  experiments ca r r i ed '  ou t  a t  

t h e  atmospheric leve l - -permi ts  a  check f o r  s i g n i f i c a n t  d i f fe rences.  



I f  these d i f f e r e n c e s  are  n o t  forthcoming, i t  i s  l i k e l y  t h a t  t he  need 

f o r  f u r t h e r  anoxic  experiments w i t h  t h a t  same n u c l i d e  a r e  unnecessary 

and t h e  research can r e t u r n  t o  simpler  atmospheric cond i t ions .  

So f a r ,  the group has n o t  addressed the  anoxic versus the  oxygen 

s i t u a t i o n  except f o r  t h e  f a c t  o f  recogn iz ing  the  chal lenge o f  experiments 

a t  t h e  i n f i , n i t e s i m a l l y - l o w  f u g a c i t y  o f  oxygen requi red.  Even if. the  

i n v e s t i g a t o r  f e e l s  he i s  c o n t r o l l i n g  the  system i n  an anoxic  c o n d i t i o n  

i n  t h e  l abo ra to ry ,  w i t h o u t  some expensive and very  soph is t i ca ted  

atmospheric chamber t h e  r e s u l t s  a r e  quest ionable.  

The suggest ion was o f f e r e d  t h a t  r e s u l t s  can be obta ined i n  a 
"good vacuum" i f  t h e  researcher  i s  w i  11 i ng t o  remove oxygenated water 

by  f reez ing- thawing cyc les,  the11 i n j e c t i n g  anoxic water i n t o  the  

vacuum. Th is  would be e s p e c i a l l y  workable w i t h  s t a t l c  batch experiments, 

e.g., a  s e r i e s  o f  vacuum tubes w i t h  var ious  types o f  minera ls  o r  

samples evaluated and a l lowed t o  e q u i l i b r a t e .  

Another commented t h a t  t he  redox problem was germane t o  Pu b u t  

n o t  f o r . C s ,  S r , . e t c .  The response was t h a t  i f  you consider  , . o n l y  t he  

p o s s i b l e  valence s ta tes  o f  t h e  n u c l i d e  i t s e l f ,  t h i s  i s  t rue .  But, i n  

i n t e r a c t i o n  w i th .  a heterogenous m ix tu re  o f  minera l  s--a1 1 owing changes. 

t o  gn on i n  t he  s o l i d  m a t e r i a l  and the  solut ion-- the,  Kd w i l l  be a f f e c t e d  

by  redox -sens i t i ve  cons t i t uen ts .  While t h e  valence state  nf the , . . 
n u c l i d e  may n o t  .change, t h e r e  111dy be some o the r  e f f e c t .  

An o b j e c t i o n  was r a i s e d  concerning t h e  use o f  powdered rock  

because o f  i t s  oxygen content .  The general f e e l i n g ,  however, was t h a t  

t h e  o x i d a t i o n  t h a t  takes p lace  when rock  i s  ground and puwdered i n  a i r  

i s  n o t  extensive (e.g., t h e  l u n a r  samples which have been c i r c u l a t e d  

throughout  t h e  wor ld  and a r e  s t i l l  use fu l  sample rocks) .  

I n  t h e  search ,f'or use fu l  f i g u r e s  i n  t he  1 i t e r a t u r e  o f  s c i e n t i s t s  

work ing w i t h  a c t i n i d e s  regard ing  redox p o t e n t i a l s  between t h e  four  

o x i d a t i o n s  s t a t e s  o f  Pu i n  so lu t i on ,  t h e  f e e l  i n g  was t h a t  t he re  i s  

1 i t t l e  known f o r  Pu i ,n  e i t h e r  concentrated o r  neu t ra l  so lut ' ion.  



- H o w e v e r , i t w a s l e a r n e d t h a t r e d o x p o t e n t i a l s f o r P u , N p , a n d U w e r e  
calculated some 30 years ago by one of the participants and published. 
I t  i s  believed the numbers s t i l l  stand or  a t  most "have changed minimally" 
i n  the interim. 

Known oxidation reduction potentials i n  (one molar) acid a re  not 
especially helpful t o  the research a t  hand. Recently, in order to  
resolve the question of whether ferrous ion will reduce Pu(1V) i n  neutral 
solution, an experiment was carried out determining tha t  t h i s  action 
does, in f a c t ,  occur. 

A typical repository will contain ferrous iron (neutral ) and 
sulfides in some cases. The cyestion. of whether a s i tuat ion might 
evolve to  the point where a small concentration of Pu would require an 
equal amount of iron to  reduce (a  one-to-one r a t i o )  was considered, 
along with whether the iron would need to  be in solution or part  of the 
geologic material t o  have t h i s  e f fec t .  

Experiments a re  contemplated using FeC03 ( s ide r i t e ,  a ferrous 
carbonate')' i n  a hydrogen atmosphere:, a t  50° C--the approx.imate temperature 

f o r  a 1000 m subsurface repository--to provide r a t i o  guidelines, e.g. 

10'~' molar of ferrous t o  reduce 10-l2 molar of P u .  The process involves 
pumping out gases from water containing 10-8 or -8 Pu by freezing and 
me1 t ing cycles and d i s t i l l  ing the water in an extremely high, vacuum onto 
FeC03 and Pu in a vacuum t u b e .  Variations may include introducing other 

gases.such as  N and C02. 

The problem o f  detajled avalysis of ferrous ion in groundwater 
in s i tu  wes raised. Ferrous iron found in groundwater has a slow r a t e  ' 

of oxidation and i s  acid-dependent; the more acidic  the medium, the 
slower the oxidation. Most mineral iron i s  ferrous and, instead of being 
liberated to  a f r ee  solution, i t  prefers t o  oxidi7e i n  s i t u  in the l a t t i c e .  

The comment i s  made that  i t  i s .one  thing t o  measure Eh  i n  water 
a f t e r  i t  i s  drawn to  the surface and another to  do so in . s i tu .  This i s  



an important  considerat ion from the po fn t  o f  view o f  geothermal wel ls  

because o f  oxidat ion,  scal ing,  e tc .  B a t t e l l e  i s  cu r ren t l y  working on an 

i n  s i t u  probe t o  measure pH and Eh n f  geothermal wel ls ,  w i t h  h igh tempera- , 

tu res  one o f  the major const ra in ts .  

Although no c l e a r  consensus was reached on whether Eh can be proper ly 

measured, i t  was establ ished t h a t  i t  can be cont ro l led,  a t  l e a s t  crudely, 

and experiments need t o  be performed t o  be t t e r  simulate sugges,ted anoxic 

condi t ions i n  repos i to r ies .  I n  add i t i on  the "Pu situation,". f o r  safe ty  

assessment might be considerably less complex than had been assumed, 

s ince i t  i s  h i gh l y  probable t h a t  any Pu found underground may . . be e n t i r e l y  

i n  the  ~ ~ ( 1 1 1 )  s ta te .  

S~veral other m~chanisms were b r i e f l y  mentioned as needing t o  be 

addressed. 

I f  so lu t ion 'pH 's  a re  o f  importance. i n  nuc l ide sorpt ion, sorpt ion 

onto s i  1  i c a  ge l  may provide useful  informat ion f o r  model ing  purposes. 

With hydrophobic elements, so l u t i on  concentrations govern sorpt ion 

a c t i v i t y  and con t ro l  movement i n  the system. There i s  a  tendency 

f o r  these el.ements t o  p rec ip i ta te ,  and t h i s  i s  an important mechanism 

f o r  study. 

S i n c k t h e r e  w i l l  be increased emphasis on very high sal , in i t ies, ,  the . 

mat ter  of compl exing when working w i t h  chlor ides should be considered. 

No one has addressed the  basic problem of sorpt ion bn rock,  Everyone 

assumes rock i s  a  s o l i d  phase, no t  undergoing any reac t ion  w i t h  

l i q u f d .  This i s  not  the case. If so lu t ion  i n  contact  w i t h  rock i s  

monitored, the concentrat ion, e .g. s i  1  i ca  and a1 umi num, . is observed 

going up. Presumably a  steady s ta te  w i l l  be reached, but most 

minerals are no t  a t  thermodynamic equ i l i b r ium and w i l l  continue t o .  
I 

slowly'change. 



WISAP--OPEN FLOOR DISCUSSION 

SUBTASK 6: TECHNICAL MANAGEMENT 

I n t e r p l a y  w i t h  Other Organizat ions 

It was suggested by seminar p a r t i c i p a n t s  t h a t  one o f  t h e  major 

b e n e f i t s  o f  t he  meeting was the  oppor tun i t y  t o  i d e n t i f y  t h e  "many pa ra l l e l s ' :  

between WISAP and o thers  working toward the  same ( o r  s i m i l a r )  goals. An 

observer commented t h a t  such oppor tun i t i es  f requent ly  have s u b t l e  bu t  

l a s t i n g  e f f e c t s  on f u t u r e  work and subsequent i n t e r a c t i o n s  between 

agency representat ives,  through r e c o g n i t i o n  o f  t he  need t o  a r t i c u l a t e  

problems more c a r e f u l l y  and a  g rea te r  understanding of t h e  problems 

faced by o the r  agencies. One ind i ca ted  t h a t  some immediate impact would 

be seen i n  t h e  modeling v a r i a t i o n s  on which h i s  g r o u p ' i s  working. 

Another asked. t h a t  h i s  o rgan iza t i on  have t h e  o p t i o n  o f  commenting 

upon developments "before they become absolute." Should they f a i l  t o  

take'advantage o f  t h a t  opt ion,  he said, t he  r e s p o n s i b i l i t y  would f a l l  on 
. 

them alone. - 
A t h i r d  speaker i nd i ca ted  t h a t  he f e l t  there  appeared.to be a  g rea t  

many dec is ions  imposed on WISAP f rom above ( i n  a d d i t i o n  t o  t h e  t ime  

schedule) many o f  which d i d  no t  necessar i l y  co inc ide  w i t h  " techn ica l  

r e a l i t i e s . "  He inqu i red  about any ,establ ished mechanism f o r  feedback. 

I n  response i t  was, po in ted ou t  t h a t  an adv isory  committee ex i s t s ,  and 

i f  t h e  group feels i t s e l f  i n  d i f f i c u l t y ,  he lp  can be en l i s ted .  i n  r e s o l v i n g  

problems. I t  was a l s o  observed t h a t  i f  experts are  f r u s t r a t e d  by being 

denied essen t ia l  in fo rmat ion  concerning p r o j e c t  cons t ra in ts ,  t h e  e f f o r t  

w i l l  be. s e r i o u s l y  'compromised,. . More complete data would he1 p  reduce t h e  

scope o f  t h e  study and t h e  amount o f  programming necessary. 

On t h e  same problem, the  r h e t o r i c a l  quest ion  was r a i s e d  abou-t what 

would happen i f  t h e  t ime came when t h e  group, o r  any i n d i v i d u a l s  involved, 

f e l t  t h a t  they could no longer l i v e  w i t h  t h e  r e s t r i c t i o n s  imposed. 

While a l t e r n a t i v e  routes  e x i s t  toward t h e  same goal through o the r  organized 

I 



e f f o r t s ,  i t  was f e l t  t h a t ,  t o  t h e  ex ten t  t h a t  i n d i v i d u a l s  remain associated 

w i t h  t h e  program, they  should make an e f f o r t  t o  accomodate t h e  s p e c i f i e d  

deadl ines.  The ulvicrus solut io ,n,  several nhserved, i s  n o t  t o  t ry  t o  

cover  every conceivable avenue o f  i n v e s t i g a t i o n ,  b u t  t o  d e f i n e  t h e  

problem as nar rowly  as p o s s i b l e  so t h a t  t h e  work can be done t o  t h e  

e x t e n t  t h a t  i s  poss ib le .  I f  i t  cannot be done, as respons ib le  s c i e n t i s t s  

a l l  have a moral o b l i g a t i o n  t o  say t h a t ,  a t  t h i s  time, they a r e  n o t  

ready t o  make t h a t  d e f i n i t i v e  a statement f o r  t he  s p e c i f i c  reasons 

s ta ted .  However, a t  present ,  whether o r  no t  t he  goal i s  p a t e n t l y  impossib le 

has n o t  been es tab l ished.  Only when t h e  work i s  underway w i t h  "a sound 

group of p ~ n p l e  and d sound technology estahl ished,"  i f  i t  i s  recognized 

t h e r e  i s  n o t  going t o  be s u f f i c i e n t  t ime, should t h i s  be communicated Lu 

t h e  proper  source. 

I n  regard  t o  t h e  p o l i t i c a l  r a m i f i c a t i o n s  o f  such ac t i on ,  another 

p a r t i c i p a n t  suggested t h a t  t h e  sponsoring o rgan iza t i on  be consul ted 

fint.. He i n d i c a t e d  he cou ld  n o t  see t h a t  t h e  s c i e n t i f i c  i n q u i r y  had 

been s t i f l e d  i n  any way beyond the  poss ib le  w i thho ld ing  o f  predetermined 

cond i t i ons .  

Another p a r t i c i p a n t  i n d i c a t e d  the  meeting had been i n f o r m a t i v e  w i t h  

regard  t o  some s p e c i f i c  problems, and i n  showing "where h i s  own work 

f i t s  i n t o  t h e  broader p i c t u r e . "  He was, he po in ted  out, impressed most 

hy t h e  amount o f  t a l e n t  and techn ica l  knowledge t h a t  can be brought t o  

bear on one p a r t i c u l a r  problem i n  a s h o r t  p e r i o d  o f  t ime. 

S t i l l  another pbserved t h a t  he t h i n k s  the re  i s  a reg re tab le  tendency 

f o r  people t o  g e t  bogyed down i n  small problems. f a i l i n g  t o  recognize 

t h e  long- term advantages o f  t h i s  k ind  o f  in terchange o f  ideds, 

Expressing a p p r e c i a t i o n  f o r  t he  p a r t i c i p a t i o n  i n  which "deep commit- 

ment. cou ld  be f e l t  t o  t h e  s o l u t i o n  o f  t h i s  very  complex and d i f f i c u l t  

problem," OW1 i n v i t e d  p a r t i c i p a n t s ,  a t  t h e i r  up t ion ,  t o  f u l l o w  up -the 

meet ing w i t h  any impressions n o t  a l ready  on record  a f t e r  they have had 

some t ime  t o  consider  t h e  d iscussions.  



Information Dissemination 

To a question 'about whether the exact parameters to be measured . 

would be distributed (upper and 1 ower 1 imi ts , ranges of temperatures, 
ranges of pressures, etc.), the reply was affirmative. Any further 
constraints, the chairman said, will be a matter for the sponsor to 
determine, e.g., how much they are willing to finance and which problems 
within that scope the group can best address constructively. 

WISAP will also keep participants informed of developments through 
an information bulletin or some other type of round-robin letter to 
solicit further comment and response, and to announce the availability 
of samples, etc. 

PROGRAM REDIRECTION 

A need is generally expressed to narrow the range of study in order 

to speed up the anlysis in line with OW1 time constraints. Those beginning 
with the "building block1'. approach (simp1 e mineral systems), are encouraged 
to work toward reality, a heterogeneous mixture of minerals. One suggestion 
was made that the number of experimental points could be substantially 
reduced through util izing the selectivity coefficients (mass action 
equilibria type) which imp1 icitly treat the problem of variable concentra- 
tions of solution composition. The' selectivity coefficients may be 
combined, explicitly treating the problem of variants. It was observed, 
however, that this technique works we1 1 at nucl ide concentrations above 
the tracer range, but little success has been realized at extre~rlely low 
concentrations. A counter argument was voiced that sorption results at 
higher-than-normal tracer concentrations in the region where selectivity 
coefficients can be successfully measured, should give conservative Kd 
values and thus be useful for safety assessment. This would be true as 

long as the radionucl ide under study did not precipitate or hydro1 ize at 
the higher-than-normal concentrations. 



It was observed t h a t  a t  t h i s  stage i n  t h e  progralll t h e  "natura l  

experiment" might supply some convenient cons t ra in ts .  While t h i s  may 

seem c o n f i n i n g  t o  the  research process, s e t t i n g  l i m i t s  cannot be avoided 

i f  progress i s . t o  be r e a l i z e d  and competence gained i n  cha rac te r i za t i on .  
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SUMMARY AND CONCLUSIONS 

On t h e  top i c .  o f  experimental  method01 ogy eva lua t ion ,  t h e  ,par t  i c i  pa.nt.s 

f e l t  i t  was premature t o  s e l e c t  o n l y  a  few methods and d ismiss , ,  o the r  
. . 

techniques., Even tua l l y  dec is ions  must be made on which .experimental 

methods a re  most accurate, l e a s t  c o s t l y ,  and l e a s t  t ime consuming. Program 

t ime and monetary c o n s t r a i n t s  w i l l  he lp  ensure t h a t  such a  method s e l e c t i o n  

occurs. Two aspects' must be considered when s e l e c t i n g  methods: ( 1  ) which 

l a b o r a t o r y  method most accu ra te l y  p r e d i c t s  t he  m i g r a t i o n  r a t e  o f  nuc l i des  -' - 
1 eached from a  deep geologic  repos i to ry ,  g iven t ime and monetary cons t ra in t s ,  

and ( 2 )  from the  o v e r a l l  sa fe ty  assessment' what a re  the  accuracy and sensi -  

t i v i t y  requirements. Since WISAP was s t i l l  i n  i t s ' i n f a n c y  these p o i n t s  

cou ld  n o t  be o b j e c t i v e l y  addressed. Work i n  FY 78-79 should-  p rov ide  t h e  

necessary data. 
. . 

A  consensus was reached tha t ,  dependent on the  Kd value, c e r t a i n  

experimental  methods a re  l e s s  u s e f u l .  For example f o r  nuc l i des  w i t (h  la,rge 

Kds (>1.000 ml /g ) f 1  ow through column . experiments . r e q u i r e  ext remely long 

t imes to .p roduce q u a n t i t a t i v e  r e s u l t s .  It was a l s o  emphasized t h a t  ex - "  
. . 

per iments must be r u n  i n  both the  sorp.t ion and desorp t ion  d i r e c t i o n s  t o  

exp lore  r e v e r s i b i l i t y .  I f  a  n u c l i d e  i s  i r r e v e r s i b l y  absorbed, i t s  migra- 

t i o n  p o t e n t i a l  i s  g r e a t l y  diminished. 

It became apparent du r ing  d iscuss ion  t h a t  progress t o  da te  su f fe red  

f rom l i t t l e  s t a n d a r d i z a t i o n , o r  d i r e c t i o n  on what geo log ic  samples should be 

u t i l i z e d  i n  l abo ra to ry  experimentat ion. I t  was concluded t h a t  some stan- 

dard  samples should be d i s t r i b u t e d  t o  each experimenter.  These standard 

rncks wn111d be used w i t h  designated groundwaters i n  a  round-robin approach 

t o  i d e n t i f y ' i n h e r e n t  l abo ra to ry  b i a s  and d i f f e r e n c e s  i n  'experimental methods. 

The rocks would be c a l l e d  " c o n t r o l l e d  samples,"' as opposed t o  standard 

samples which 'can note  a  very  we1 1  homogenized and charac ter ized sample 

which has been prepared u n d e r  r i g i d  .p ro toco l .  The rock  samples w i l l .  be 

s o l i c i t e d  by PNL from p o t e n t i a l  r e p o s i t o r y  s i t e s  and p r i v a t e  vendors w i t h  
. 

preference p laced on cns t  and r a p i d  a v a i l a b i l i t y .  The samples w i l l  be 

crushed, homogenized, f u l l y  character ized,  and d i s t r i b u t e d  by PNL. It was 



noted t h a t  i n s t i t u t i o n s  o r  i n d i v i d u a l s  w i t h  samples can ob ta in  some f r e e  

l a b o r a t o r y  work i f  they donate about one hundred pounds o f  m a t e r i a l .  

It was agreed t h a t  a v a r i e t y  o t  c o n t r o l l e d  samples should be used t o  

broaden t h e  data base and t h a t  s e l e c t i o n  o f  a " s u i t e "  o f  samples would n o t  

p reven t  any l abo ra to ry  from working w i t h  o ther  samples a lso .  

A gener ic  da ta  bank o f  Kd values i s  needed t o  all 'ow s a f e t y  assessment 

c a l c u l a t i o n s  based on r e t a r d a t i o n  f a c t o r s  f o r  any environment. W i th in  t h e  

n e x t  two years t h e r e  i s  a p ress ing  need t o  conso l ida te  i s o l a t e d  s tud ies  i n  

a meaningful way t o  cons t ruc t  a complete data bank. The method proposed i s  

t o  s t a t i s t i c a l l y  i n t e r p o l a t e  bet'ween known data p o i n t s  t o  c rea te  a con- 

t i nuous  Kd f u n c t i o n .  I n  o rde r  t o  perform t h i s  s t a t i s t i c a l  i n t e r p o l a t i o n ,  

besides t h e  n u c l i d e  Kd, t h e  rock  and water used must be thoroughly charac- 

t e r i z e d .  A " laundry  l i s t "  o f  parameters which should be measured i s  i n -  

c luded i n  the  t e x t .  The l i s t  inc ludes  such f a c t o r s  as major cat ions,  major 

anions', pH, ~h o f  t h e  groundwater and sur face area, cation-exchange capac- 

i t y ,  types and amounts o f  minera ls ,  and organic content  o f  t h e  rock .  These 

paramet r ic  c h a r a c t e r i z a t i o n s  should make i t  p o s s i b l e  t o  i n t e r p o l a t e  from 

one Kd experiment environment t o  another.  Whi le n o t  conclus ive,  s ince  

s t a t i s t i c s  cannot show'cause and e f f e c t  and v a r i a t i o n  e x i s t s  i n  s o r p t i o n  by 

t h e  same rock, t h e  r e s u l t i n g  p r e d i c t i o n s  w i l l  have more v a l i d i t y  than any 

which can be made t o  date.  

The moderater admonished a l l  experimenters present  t h a t  proper  s t a t i s -  

t i c a l  ana lys i s  w i l l  r e q u i r e  a h igher  degree o f  c h a r a c t e r i z a t i o n  o f  bo th  

r o c k s  and groundwater i n  t he  f u t u r e .  

The goal  i s  t o  analyze t h e  e f f e c t  o f  a dependent v a r i a b l e  (Kc!) w i t h  

many independent va r i ab les - - the  paraments on the  " laundry  l i s t " ,  I t was. 

acknowledged t h a t  some t ime  may be wasted on measuring c e r t a i n  parameters, 

b u t  having the  numbers i s  essen t i a l  t o  per forming the  s t a t i s t i c a l  i n te rpo -  

l a t i o n s .  

The proper way t o  measure the  sur face area of crushed rock  samples and 

s o i l s  was debated.. C u r r e n t l y  experimenters a r e  us ing  two methods--an 

adso rp t i on  method (B.E.T.) and a "wet" method (e thy lene g l y c o l ) .  



P a r t i c i p a n t s '  experience ind ica tes ,  desp i te  some problems, t h e  e thy lene 
, . 

g l y c o l  o r  s i m i l a r  "wet" method i s  bes t  f o r  cha rac te r i z i ng  sur face area. 

A dilemma e x i s t s  over t he  use o f  the  term Kd t o  descr ibe  the  r a t i o ,  o f  

the  a c t i v i t y  o f  n u c l i d e  sorbed on a  s o l i d  t o  the  a c t i v i t y  o f  t h e ,  nuc l  i d e  .:in 

t h e  contac t ing  so lu t i on .  The c o r r e c t  usage o f  Kd, which o r i g i n a t e s  i n  i o n  

exchange theory, requ i res  several c r i t e r i a  o r  cond i t i ons  which nuc lear  

waste expe r imen ta l i s t s  have o f t e n  overlooked. To chemists and s t r i c t  

s c i e n t i s t s ,  usage o f  the  term Kd f o r  much o f  the  emp i r i ca l  data generated 

by nuc lear  waste management personnel i s  improper and leads t o  i n c o r r e c t  
Y 

i n t e r p r e t a t i o n s .  The op in ion  was voiced tha t ,  w h i l e  i t  i s  doub t fu l  t he  

nuc lear  community w i l l  drop the  use o f  Kdy some a l t e r n a t i v e  should be 
L found. I t  was decided t o  seek feedback from the  group; then pe rm i t  t h e  PNL 

coord ina tor  t o  a r b i t r a r i l y  impose a  new designat ion.  

Much concern and d iscuss ion  surfaced on the  i n t e r p r e t a t i o n  o f  column 

breakthrough curves observed from experimental  data as opposed t o  sym- 

m e t r i c a l  curves p red i c ted  from chromatographic theory.  Skewed o r  t a i l i n g  

curves w i t h  a  major peak and one o r  more "m in i "  peaks a r e  o f t e r  observed. 

Causes and data reduc t i on  techniques were discussed, bu t  no c l e a r l y  

supportable hypothesis o r  numerical methods, respec t i ve l y ,  were i d e n t i f i e d .  

I n  l i g h t  o f  the  above complexi t ies,  some p a r t i c i p a n t s  quest ioned the  

accuracy and v a l i d i t y  o f  t h e  WISAP ( o r  f o r  t h a t  ma t te r  any o t h e r )  t r a n s p o r t  

model being proposed t o  perform sa fe ty  assessments. I t  i s  po in ted  ou t  t h a t  

t h e  modelers w i l l  watch what i n d i v i d u a l  researchers a r e  doing c l o s e l y  i n  

the f u tu re  I n  order  t o  make assessments as t o  whether c e r t a i n  complex i t ies  

i d e n t i f i e d  by var ious  l abs  might  be impor tan t  and m e r i t  i n c l u s i o n  i n  the  

s a f e t y  assessment model, b u t  because o f  var ious  c o n s t r a i n t s  ( f i n a n c i a l ,  

personnel, time, . . e t c .  ) w i t h i n  the  program, an i d e a l i z e d  chromatographic 

model w i l l  cont inue t o  be developed. There w i l l  be a k ind  o f  "bpt imiza-  

t i o n "  procedure fo l lowed.  As more i n fo rma t ion  and data  become ava i l ab le ,  

t he  lrludel e rs  w i  11 det'ermi ne whether more soph is t i ca ted  models a r e  war- 

ran ted .  



Subtask 4 o f  t h e  Nuc l ide  Transport  Program w i l l  a t tempt  t o  j u s t i f y  the  , .  

long- term e x t r a p o l a t i o n  o f  t h e  shor t - term labo ra to ry  measurements by us ing  

thermodynamics, knowledge o f  weathering, i n t e r p r e t a t i o n s  o f  f l e l d  ddta from 

OKLO, uranium deposi ts ,  e x i s t i n g  nuc lear  waste b u r i a l  grounds, and f u t u r e  

f i e l d  experiments. Methods discussed f o r  per forming these v a l i d a t i o n  

s tud ies  inc luded t h e  study o f  adsorp t ion  onto e x i s t i n g  rocks  i n  t he  envi -  

rons  o f  r e p o ' s i t o r i e s  as w e l l  as rocks types t o  which the  e x i s t i n g  ones 

m i g h t  l o g i c a l l y  weather, and the  use o f  experiments s i m i l a r  t o  "accelerated 

t ime t e s t s "  performed t o  t e s t  d u r a b i l i t y  o f  commercial products.  I t was 

a l s o  p o i n t e d  out  t h a t  the  r a t e  o f  approach t o  equ i l i b r i um,  o r  r a t e  o f  

change i n  mineralogy, etc . ,  i s  t he  key da ta  Lo determine r a t h e r  than t ime 

t o  reach eq'u.il i lrr ium. 

The p o t e n t i a l  f o r  o rgan ic  o r  b i o l o g i c a l  ( b a c t e r i a )  e f f e c t s  over long-  

term i n  t h e  r e p o s i t o r y  was discussed. rhe c u r ~ s e ~ ~ s u s  was t h a t  bac te r i a  

p robab ly  would n o t  e x i s t  i n  a deep r e p o s i t o r y  and, i n  most rock  types, very  

l i t t l e  organicvmatter  would be present.  Shale was one rock  type i n  which 

organ ic  ma t te r  m igh t  be present  i n  l a r g e  enough concent ra t ions  t o  m e r i t  

s tudy.  

The r o l e  o f  ox ida t i on - reduc t i on  i n  c o n t r o l l i n g  n u c l i d e  s o r p t i o n  evoked 

cons iderab le  d ia logue among the  p a r t i c i p a n t s .  Although the re  was no 

consensus on whether Eh cou ld  be accu ra te l y  measured, p a r t i c i p a n t s  agreed 

t h a t  f u t u r e '  experiments must concents.~Lc an ano)ric o r  red11t:ing e ~ v l r o n r r ~ e n t s  

t o  b e t t e r  s imu la te  assumed deep r e p o s i t o r y  cond i t ions .  

Mcthods of c o n t r o l l i n q  ox ida t i on - reduc t i on  p o t e n t i a l s  i d e n t i f i e d  are:  

m ix tu res  o f  gases, chemical bu f fe rs ,  b i o l o g i c a l  b u f f e r <  and e l e c t r i c a l  

( p o t e n t i a l  coulometry) .  The f i r s t  and l a s t  methods appear t o  o f f e r  t he  

most promise f o r  per forming nuc l i de  s o r p t i o n  experiments. 

Anoxic experirlierits w i l l  be Il.lcjre complex and c o z t l y  t o  perform, bu t  i f  

p r e l i m i n a r y  anoxic  s o r p t i o n  experiments show no s i g n i f i c a n t  d i f f e r e n c e s  

f rom experiments a t  atmospheric cond i t i ons  f u t u r e  experiments can r e t u r n  t o  

t h e  more easi ly-per formed atmospheric cond i t ions .  



A need was genera l l y  expressed t o  narrow t h e  range o f  study i n  o rde r  

t o  speed up t h e  ana lys i s  i n  l i n e  w i t h  OW1 t ime cons t ra in t s .  Those begin- 

n i n g  w i t h  the  " b u i l d i n g  b lock"  approach (s imple minera l  systems), a r e  

encouraged t o  work toward r e a l i t y - - a  heterogeneous m ix tu re  o f  minera ls .  

One suggestion was made t h a t  t h e  number o f  experimental  p o i n t s  cou ld  be 

s u b s t a n t i a l l y  reduced through u t i l i z i n g  the  s e l e c t i v i t y  c o e f f i c i e n t s  (mass 

a c t i o n  e q u i l i b r i a  type)  which imp1 i c i t l y  t r e a t  t he  problem o f  v a r i a b l e  

concentrat ions o f  s o l u t i o n  composit ion. The s e l e c t i v i t y  c o e f f i c i e n t s  may 

be combined, e x p l i c i t l y  t r e a t i n g  the  problem o f  v a r i a n t s .  I t was observed, 

however, t h a t  t h i s  technique works we l l  a t  n u c l i d e  concent ra t ions  above t h e  

t r a c e r  range, b u t  l i t t l e  success has been r e a l i z e d  a t  extremely low con- 

cen t ra t i ons .  A counter argument was voiced t h a t  s o r p t i o n  r e s u l t s  a t  

higher-than-normal t r a c e r  concentrat ions i n  t he  reg ion  where s e l e c t i v i t y  

c o e f f i c i e n t s  can be success fu l l y  measured, should g i v e  conserva t ive  Kd 

values and thus be use fu l  f o r - s a f e t y  assessment. Th i s  would be t r u e  as 

long as the  r a d i o n u c l i d e  under s tudy d i d  n o t  p r e c i p i t a t e  o r  h y d r o l i z e  a t  . 

t he  higher-than-normal concentra' t ions. '  
1 

I t  was obse rved . tha t  a t  $hi's stage i n  t h e  program the  "na tu ra l  o r  -most . . 

l i k e l y  cond i t ions"  might  supply some convenient . , cons t ra in t s .  Every reason- 

a b l e  1  i m i t  p laced on t h e  program helps narrow t h e  problem, i n t o  a  t ime frame 

t h a t  may make i t  iposs'i b l e  t o  meet es tab l ished deadl ines. Whi le t h i s  may 

seem con f i n ing  t o  the  research process, s e t t i n g  l i m i t s  cannot be avoided if 

progress i s  t o '  be rea l ' i zed  and competence gained i n  c h a r a c t e r i z a t i o n .  

I t was agreed t h a t  l i m i t s  on temperature, preqsure, pH, o x i d a t i o n  

reduc t i on  p o t e n t i a l ,  nuc l i des  o f  i n t e r e s t ,  geologies, and groundwaters 

would be appreciated.  No one cou ld  agree on d e f i n i t e  l i m i t s  f o r  any of 

these parameters. For.guidance, t h e  coo rd ina to r  suggested t h e  f o l l o w i n g  

l i m i t s  be imposed, sub jec t  t o  i n p u t  f rom the  general s c i e n t i f i c  community: 



Arb i  t a r y  L  ill1 i 1s Por Cjcperimcntsl Parameters 
' I 

Temperature 

Pressure 

Rocks 

Nucl i d e s  
: "' . . 
. . 

4" t o  70°C 

14.7 t o  2000 p s i  

5 t o  9 ', , . 
2 ,  

-400 t o  + 4 0 0 ~ 1 ~ .  
. , . . 

A1 1  types , .  . . .  . 

' A l l  types w i t h  some emphasis on s a l t  b r i n e  '' 

F i r s t  P r i o r i t y  - Tc, Pu, Ne, I, U, Cs, Ra, Sr ,  

Second' P r i o r l t y  - Ant, 51.1, N i ,  Se, Cm ' .,,, . . 

Lower P r i o r i t y  - Z r ,  Sin, Mo, Eu, Pd, Th,.' Pb, Pa, Nb 

The reader w i t h  comments on these l i m i t s  i s  encouraged t o  correspond 

w i t h  coo rd ina to r  R. J. Serne, PNL. 

F i n a l l y ,  t h e  PNL-WISAP team was encouraged t o  s e t  up an independent 

peer  rev iew group t o  mon i to r  t he  o v e r a l l  program and i n d i v i d u a l  tasks, 

such as Nuc l ide  Transpor t  Data. The coo rd ina to r  requests dl lendees and 

o t h e r s  i n t e r e s t e d  t o  nominate appropr ia te  i n d i v i d u a l s  i n  separate cor re-  

spondence. 
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