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The long- te rm performance o f  t h e  g r o u t  d isposa l  system f o r  Phosphate/ 
e .  

S u l f a t e  Waste (PSW) was analyzed. PSW i s  a  l ow- l eve l  l i q u i d  generated b.y 

a c t i v i t i e s  assoc ia ted  w i t h  N Reactor operat ions,  The waste w i l l  be mixed w i t h  

4 - d r y  s o l i d s  and permanent ly d isposed o f  as a cement i t i ous  g r o u t  i n  sub-sur face 

concre te  v a u l t s  a t  Hanfo rd 's  200-East Area. Two ca tego r i es  o f  scenar ios  were 

analyzed t h a t  cou ld  cause humans t o  be exposed t o  r ad ionuc l i des  and chemicals 

f rom t h e  g rou ted  waste: contaminated groundwater and d i r e c t  i n t r u s i o n .  I n  

t h e  groundwater scenar io ,  contaminants a r e  re leased  f rom t h e  b u r i e d  g r o u t  

mono l i ths ,  then e v e n t u a l l y  t r a n s p o r t e d  v i a  t h e  groundwater t o  t h e  Columbia 

R iver .  As modeled, t h e  contaminants a r e  assumed t o  l each  o u t  o f  t h e  mono l i t hs  

a t  a  cons tan t  r a t e  ove r  a  10,000-year per iod .  The o t h e r  ca tegory  o f  exposure 

i n v o l v e s  i n t r u d e r s  who i n a d v e r t e n t l y  c o n t a c t  t h e  waste d i r e c t l y ,  e i t h e r  by 

d r i l l i n g ,  excavat ing,  o r  gardening. 

Long-term impacts t h a t  cou ld  r e s u l t  f rom d isposa l  o f  PSW g r o u t  were 

expressed i n  terms o f  incrementa l  inc reases  o f  1) chemical concen t ra t i ons  i n  

t h e  groundwater and su r f ace  waters,  and 2) r a d i a t i o n  doses. None o f  t h e  

c a l c u l a t e d  impacts exceeded t h e  corresponding r e g u l a t o r y  l i m i t s  s e t  by 

Washington State,  t h e  Department o f  Energy, o r  t h e  Nuclear  Regulatorv  

Commi ss i on. 





SUMMARY 

The long- term performance o f  t h e  g r o u t  d isposa l  svstem f o r  Phosphate/ 

Sul f a t e  Waste (PSW) was analyzed. T h i s  r e p o r t  documents t h e  performance 

assessment, which served as i n p u t  t o  t h e  Environmental  Assessment f o r  t h e  

* - G rou t i ng  and Near-Surface Disposal  o f  Low-Level Rad ioac t i ve  Phosphate/Sul f a t e  

Waste f rom N Reactor Operat ions (U.S. DOE 1986a). The long- term performance 

o f  t h e  PSW g r o u t  d isposa l  system was eva lua ted  i n  terms o f  1) p o t e n t i a l  i n c r e -  

mental  increases o f  r egu la ted  chevicals i n  groundwater and i n  t h e  Columbia 

R iver ,  and 2)  p o t e n t i a l  incrementa l  radiation doses t o  a  person who e i t h e r  

i n t r u d e s  d i r e c t l y  i n t o  a  g r o u t  m o n o l i t h  o r  uses groundwater contaminated by 

1  ong-term re l ease  o f  PSW rad ionuc l  ides .  

PSW GROUT DISPOSAL SYSTEM 

The Phosphate/Sul fa te  Waste d iscussed i n  t h i s  r e p o r t  i s  a  l ow- l eve l  

r a d i o a c t i v e  waste generated by a c t i v i t i e s  assoc ia ted  w i t h  ope ra t i on  o f  t h e  

N Reactor  on t h e  Hanford S i t e  near  Richland, Washington. Contaminants i n  t he  

waste i n c l u d e  rad ionuc l i des ,  and non rad ioac t i ve  chemicals t h a t  a re  r e g u l a t e d  

by f e d e r a l  and s t a t e  d r i n k i n g  wate r  standards. The waste w i l l  be mixed w i t h  

g rou t - fo rming  m a t e r i a l s  (cement, f l y  ash, and c l a y s )  and then pumped as a  

s l u r r y  i n t o  sub-surface concre te  v a u l t s  on t h e  Hanford S i t e  f o r  hardening and 

permanent d isposa l  . 
The PSW g r o u t  d isposa l  s i t e  i s  l o c a t e d  i n  t h e  200-East area o f  t h e  

Hanford S i t e .  The c u r r e n t l y  p r o j e c t e d  volume o f  PSW w i l l  r e q u i r e  t he  use 

o f  approx imate ly  12 r e c t a n g u l a r  v a u l t s  made o f  r e i n f o r c e d  concrete.  Each 

v a u l t  w i l l  be 10.4 m deep, 15.24 m wide, 38.1 m long,  and l i n e d  on t he  i n s i d e  

w i t h  h igh-densi  t y  po lye thy lene .  Each v a u l t  w i  11 be covered w i t h  concre te  

cover  b l ocks  and s o i l  b a c k f i l l ,  then f i l l e d  w i t h  r a d i o a c t i v e  g r o u t  up t o  about 

90% o f  t h e  v a u l t ' s  volume. The remain ing 10% o f  each v a u l t  w i l l  be f i l l e d  up 
*- 

t o  t h e  concre te  cover  w i t h  non rad ioac t i ve  g rou t .  F i n a l l y ,  an overburden 

o f  s o i l  and rock  w i l l  be p laced  over  t h e  v a u l t s .  



MODEL OF GROUT DISPOSAL SYSTEM AND APPROACH OF PERFORMANCE ASSESSMENT 

I n  t h i s  performance assessment, we used environmental pathway models t o  

p r o j e c t  t r a n s p o r t  o f  contaminants from the  disposed waste form t o  p o i n t s  o f  
a 

human access. The t r a n s p o r t  may be the  r e s u l t  o f  na tu ra l  re lease mechanisms 

(e.g., d i f f u s i o n )  o r  a  consequence o f  i nadve r ten t  d i s r u p t i v e  i n t r u s i o n .  

Over very l ong  per iods of t ime (hundreds o r  thousands o f  years) ,  t he  - li 

v a u l t  and l i n e r s  a re  expected t o  degrade and a l l ow  some degree o f  contaminant 

m ig ra t i on  i n t o  the  s o i l  l a y e r s  around and below the  v a u l t  (vadose zone). 

Water p e r c o l a t i n g  down through the  vadose zone could c a r r y  contaminants down 

t o  the  groundwater and subsequently t o  uncon t ro l l ed  areas such as the  Columbia 

River ,  where humans cou ld  be exposed t o  the  contaminants. I n  a d d i t i o n ,  

because i n s t i t u t i o n a l  c o n t r o l  o f  the  Hanford S i t e  cannot be ensured i n d e f i -  

n i t e l y ,  an i nadve r ten t  i n t r u d e r  cou ld  conceivably move onto the  g rou t  d isposal  

s i t e  and be exposed t o  the  grout  contaminants by d r i l l i n g ,  excavat ing, o r  

gardening. 

The phys ica l  t r a n s p o r t  processes t h a t  cou ld  r e s u l t  i n  contaminat ion o f  

the  groundwater were modeled us ing  a  number o f  s i m p l i f y i n g  assumptions. An 

i n t a c t  g rou t  mono l i th  was assumed t o  be i n  d i r e c t  contac t  w i t h  t h e  surrounding 

s o i l ;  no i s o l a t i o n  c r e d i t  was taken f o r  the  l i n e r s ,  v a u l t ,  water-shedding cap, 

o r  b a r r i e r .  I n  t h i s  model, the  mono l i th  was assumed t o  be bathed w i t h  incom- 

i n g  water and a l l  t he  contaminants leached ou t  o f  t he  mono l i th  a t  a  constant  

r a t e  over  a  10,000-year per iod.  (Laboratory leach t e s t s  on small c y l i n d e r s  o f  

s imulated grout ,  i n  con junc t ion  w i t h  t h e  assumption o f  a  d i f f u s i o n a l  re lease 

mechanism and a  subsequent re lease model t h a t  can be scaled up t o  descr ibe 

f i e 1  d-scale re lease,  i n d i c a t e  t h a t  t o t a l  re lease from an uncracked mono1 i t h  

would a c t u a l l y  occur over a  much longer  p e r i o d  than 10,000 years; the  constant-  

re lease model used here i s  more conservat ive than the  assumed ac tua l  re lease 

model would be.) Once contaminants en te r  t he  vadose zone, they were modeled 

as t r a v e l i n g  t o  the  groundwater v i a  v e r t i c a l ,  one-dimensional t ranspor t .  Some 
I 

rad ionuc l ides  t r a v e l  through the  vadose zone more s low ly  than water, because 

they a re  sorbed on the  s o i l .  Some o f  t he  nonrad io log ica l  contaminants form 
* 



p r e c i p i t a t e s  i n  t h e  s o i l ,  and hence t h e i r  t r a n s p o r t  i n  t h e  vadose zone i s  

s o l u b i  1  i t y - 1  i m i  ted.  The remainder o f  t h e  contaminants were modeled as hav ing  

t he  same t r a v e l  t ime  as water .  

The amount o f  wa te r  a v a i l a b l e  t o  c a r r y  contaminants through t h e  vadose 

zone i s  a  f r a c t i o n  o f  t h e  amount o f  p r e c i p i t a t i o n .  Therefore,  t h e  a n a l y s i s  

was performed f o r  two recharge r a t e s :  one represen ts  an es t ima te  o f  c u r r e n t  

c l i m a t i c  cond i t i ons ,  and t h e  o t h e r  encompasses t h e  e f f e c t s  o f  a  h y p o t h e t i c a l  

w e t t e r  c l  imate. 

The second means by which humans c o u l d  become exposed t o  contaminants 

f rom t h e  g r o u t  s i t e  i s  by d i r e c t  i n t r u s i o n .  A c t i v e  c o n t r o l s  o f  t h e  g r o u t  

d isposa l  s i t e  were assumed t o  cease 100 years a f t e r  d isposa l  (a1 though t h i s  

s i t u a t i o n  i s  ext remely  u n l i k e l y ) .  A s u i t e  o f  i n a d v e r t e n t - i n t r u d e r  scenar ios  

was p o s t u l a t e d  ( d r i l l  ing,  excavat ing,  and gardening) ,  and t h e  r e s u l t i n g  

r a d i o l o g i c a l  doses were ca l cu la ted .  

C a l c u l a t i o n s  o f  r a d i o l o g i c a l  dose t o  humans a r e  d i r e c t l y  r e l a t e d  t o  a  

number o f  parameters s p e c i f i c  t o  each r a d i o n u c l i d e :  s o r p t i o n  i n  t h e  vadose 

zone, r a t e  o f  r a d i o a c t i v e  decay, and e f f e c t  o f  t h e  r a d i o n u c l i d e  on va r i ous  

organs i n  t h e  human body. Two computer codes were used t o  c a l c u l a t e  t h e  doses 

assoc ia ted  w i t h  va r i ous  exposure scenar ios  : t h e  ONSITE/MAXI 1 code (Nap ie r  

e t  a l .  1984) and t h e  DITTY code (Napier ,  Peloquin and Strenge 19861. 

RESULTS 

Long-term impacts t h a t  c o u l d  r e s u l t  f rom d isposa l  o f  PSW g r o u t  a r e  

expressed i n  terms o f  incrementa l  inc reases  o f  1) chemical concen t ra t i ons  i n  

t h e  groundwater and su r f ace  waters ,  and 2 )  r a d i a t i o n  doses. The impacts a r e  

then compared t o  correspondent  r e g u l a t i o n s .  

Non rad io l og i ca l  Chemical Impacts 

P ro jec ted  inc rementa l  inc reases  i n  concen t ra t i ons  o f  r e g u l a t e d  chemicals 

a re  l i s t e d  i n  Tab le  S.1. The concen t ra t i ons  were c a l c u l a t e d  f o r  two l oca -  

t i o n s :  a t  a  h y p o t h e t i c a l  w e l l  5 km downgradient f rom t h e  PSW g r o u t  d isposa l  
- -  s i t e ,  and i n  t h e  Colun~bia R i ve r .  A l though t h e  groundwater below t h e  Hanford 



TABLE S.1. Calcu la ted  Increase i n  Concentrat ions o f  Regulated Chemicals 
i n  a Hypothet ica l  5-km Well and i n  the  Colurr~bia River ,  mg/L 

I n  5-km Well Water I n  Columbia R ive r  Water Washington 
Recharae Rate. cm/vr S t a t e  ~ r i n k i n a  , ., 

0.5 5.0 0.5 5.0 Water ~ i m i t *  - .  
Primary 
contam: nants 

Arsenic 

Bar i  um 

Cadmi urn 

Chromi urn 

F luo r ide  

Lead 

Mercury 

N i t rogen 

Sel en i  urn 

S i  1  ver  

Secondary 
Contaminants 

Ch lor ide  3 x 10-I 3 x 10-I 2 x lo-8 2 x loe8 250 

Copper 8 x 7 4 10-l1 4 10‘1° 1 .0  

I r o n  3 3 1 10-l1 2 10-lo 0 .3  

Manganese 3 loe4 2 1 10-l1 1 x 10-lo 0.05 

Sul f a t e  3 x lo1 2 x 10 1 x 1 x l o - 6  250 
1 

Zinc 3 2 1 10-l1 1 10-lo 5.0 

S i t e  does n o t  c o n s t i t u t e  a p u b l i c  water supply, Washington S ta te  1 i m i t s  (as 

g iven i n  t he  Washington Admin i s t ra t i ve  Code) a re  l i s t e d  f o r  comparison (WAC 

1985).  A1 1 c a l c u l a t e d  concentrat ions are  below these 1 i m i  t s  es tab l  i shed f o r  

d r i n k i n g  water.  

The Hanford Reach o f  the  Columbia R ive r  i s  governed by Class A water b 

q u a l i t y  standards f o r  t he  Sta te  o f  Washington (WAC 1984).  These standards do 

n o t  l i s t  s p e c i f i c  concent ra t ion  l i m i t s  f o r  inorgan ic  chemicals, b u t  they do . .  
inc lude  l i m i t s  on b i o l o g i c a l  waste, t u r b i d i t y ,  thermal waste (hea t ) ,  and 

a e s t h e t i c  q u a l i t i e s  o f  t he  r i v e r .  The incremental increases o f  chemicals i n  
. - 



Columbia R i v e r  water  from d isposa l  o f  PSW g r o u t  a r e  p r o j e c t e d  t o  be v e r y  low 

and w i l l  comply w i t h  a l l  C lass A wa te r  q u a l i t y  standards. 

Radio1 o g i c a l  Impacts 

A summary o f  c a l c u l a t e d  r a d i o l o g i c a l  impacts i s  p rov ided  i n  Tab le  S.2; 

these va lues represen t  incrementa l  inc reases  i n  dose. Correspondent r egu la -  

t o r y  l i m i t s  a re  a l s o  l i s t e d  f o r  comparison. Maximum dose t o  an i n t r u d e r  i s  

compared t o  l i m i t s  e s t a b l i s h e d  i n  DOE Order 5480.1A (U.S. DOE 1981a) and by 

t h e  Nuc lear  Regulatory  Commission f o r  shal  low-1 and d isposa l  o f  commercial 

l ow - l eve l  wastes (U.S. NRC 1982a). Maximum dose f rom t h e  d r i n k i n g  wate r  

scenar io  i s  compared t o  Washington S t a t e  l i m i t s  f o r  a p u b l i c  water  supply  (WAC 

1985). I n  t h e  s h o r t  term, s t ront ium-90 and cesium-137 dominate t h e  i n t r u d e r  

impacts.  The long- term r a d i o l o g i c a l  impacts r e s u l t  p r i m a r i l y  f rom uranium- 

238. 

TABLE S. 2. Summary o f  Maximum Rad io l og i ca l  Impacts 

Regulatory Dose 
Dose, mrem/yr L i m i t ,  mrem/y r 

Total  Body/ Total  Body/ 
Scenario C r i t i c a l  Orqan C r i t i c a l  Organ 

Drinking Water, 0.02/0.3 4/4(a ) 
0.5 cm/yr recharge 

F u l l  Garden, 
5.0 cm/yr recharge 

River ,  both recharges 4 x 10-'/3 x lo - *  2 ~ / 7 5 ( ~ )  

In t ruder  ( r e s i d e n t i a l  60/200 5 0 0 / 1 5 0 0 ( ~ ~ ~ )  
home garden) 

Dominant 
Radi onucl i de 

( a )  WAC (1985). 
( b )  U.S. NRC (1982a) .  
( c )  U.S. DOE (1981a) .  

PURPOSE AND CONCLUSIONS OF PERFORMANCE ASSESSMENT 

T h i s  performance assessment was prepared as i n p u t  t o  t h e  env i ronmenta l  

assessment f o r  PSW g rou t .  An env i ronmenta l  assessment "means a conc ise  p u b l i c  

document ... t h a t  serves t o  b r i e f l y  p rov ide  s u f f i c i e n t  evidence and a n a l y s i s  f o r  

de te rm in ing  whether t o  prepare an env i ronmenta l  impact  s ta tement  o r  a f i n d i n g  

o f  no s i g n i f i c a n t  impact"  (U.S. EPA 1985a). Thus, an env i ronmenta l  assessment 

i s  a scoping document w r i t t e n  t o  a s s i s t  decis ionmakers.  



Environmental  assessments, and o t h e r  such documents descr ibed  by t h e  

Na t i ona l  Environmental  Pol i c y  A c t  (NEPA) o f  1969, t y p i c a l l y  i n c l u d e  a "bound- 

i n g  a n a l y s i s "  t o  h e l p  f o s t e r  what NEPA c a l l s  " e x c e l l e n t  dec is ions . "  A bound- 

i n g  a n a l y s i s  i s  performed w i t h  a s e t  o f  data,  model ing assumptions, and a c c i -  4 

denta l  r e l ease  scenar ios,  t h e  t o t a l  o f  which i s  s u f f i c i e n t l y  conse rva t i ve  so . - 
t h a t  t h e r e  i s  a h i g h  degree o f  con f idence  t h a t  as a r e s u l t  o f  t h e  compounded - 
conservat isms, t h e  c a l c u l a t e d  ( p r e d i c t e d )  env i ronmenta l  impacts w i l l  exceed 

those expected i n  p r a c t i c e .  I n d i v i d u a l  parameters a r e  n o t  n e c e s s a r i l y  extreme 

values. They may be mean va lues i n  cases where ample da ta  wa r ran t s  such a 

choice, o r  va lues w e l l  on t h e  conse rva t i ve  s i d e  o f  t h e  expected mean f o r  parame- 

t e r s  w i t h  h i g h l y  u n c e r t a i n  ranges o f  va lues.  Furthermore, when u n c e r t a i n t i e s  

e x i s t  r ega rd ing  model ing assumptions, t h e  assumptions a r e  made on what i s  con- 

s i de red  t o  be t h e  s i d e  o f  conservat ism. F i n a l l y ,  acc iden t  scenar ios  a r e  chosen, 

w i t h i n  t h e  bounds o f  c r e d i b i l i t y ,  t o  desc r i be  t h e  most se r i ous  i n c i d e n t s  ( i  .e., 

those w i t h  t h e  g r e a t e s t  impacts)  t h a t  c o u l d  reasonably  occur.  ( F o r  t h i s  per-  

formance assessment, " acc iden t  scenar ios"  were t h e  scenar ios  o f  i n a d v e r t e n t  

i n t r u s i o n  i n t o  t h e  g r o u t  d isposa l  s i t e . )  

To suppor t  t h e  env i ronmenta l  assessment f o r  g r o u t  d isposa l  o f  PSW, t h e  

au thors  of t h i s  long- te rm performance assessment used models and t h e  b e s t  

a v a i l a b l e  da ta  t o  p rov ide  what i s  b e l i e v e d  t o  be a "bounding a n a l y s i s "  such as 

t h a t  descr ibed  above. The r e s u l t s  can then  be used as i n p u t  f o r  de te rmin ing  

whether t o  prepare an env i ronmenta l  impact  s ta tement  o r  a f i n d i n g  o f  no 

s i g n i f i c a n t  impact.  

To a s s i s t  decis ionmakers,  c a l c u l a t e d  impacts were compared t o  p o t e n t i a l l y  

appl  i c a b l e  r e g u l a t i o n s .  It i s  n o t  p r e c i s e l y  known what r e g u l a t i o n s  w i  11 app l y  

t o  t h e  Hanford S i t e  and sur round ing  areas d u r i n g  t h e  pos t -ope ra t i ona l  p e r i o d  

o f  d i sposa l .  Regu la to ry  requi rements were c o n s e r v a t i v e l y  assumed t o  app ly  f o r  

a p e r i o d  o f  10,000 years  f o l l o w i n g  d i sposa l .  None o f  t h e  c a l c u l a t e d  impacts 

exceeded t h e  r e g u l a t o r y  l i m i t s  t h a t  were reviewed and p rov ided  f o r  comparison. 

Therefore,  t h e  r e s u l t s  o f  t h i s  performance assessment i n d i c a t e  t h a t  g r o u t  

d isposa l  o f  PSW can p rov ide  long- term p r o t e c t i o n  o f  p u b l i c  h e a l t h  and sa fe t y .  
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1.0 INTRODUCTION 

Th i s  r e p o r t  documents t h e  long- term performance assessment t h a t  i s  

descr ibed  i n  DOE/EA-0312, Environmental  Assessment f o r  t h e  Grou t ing  and 

Near-Surface Disposal  o f  Phosphate/Sul fa te  Waste f rom N Reactor Operat ions 

(U.S. DOE 1986a). 

The Environmental  Assessment (EA) was prepared f o r  t h e  Grout  Disposal  

Program, which i s  managed by Rockwell Hanford Operat ions (Rockwel l ) .  The EA 

a p p l i e s  s p e c i f i c a l l y  t o  Phosphate/Sul fa te  Waste from N Reactor Operat ions 

(PSW) , a 1 ow-level  r a d i o a c t i v e  waste stream scheduled f o r  g r o u t  d isposa l .  I n  

t h i s  a p p l i c a t i o n ,  g r o u t  i s  a  m i x t u r e  o f  l i q u i d  wastes and g rou t - fo rming  s o l i d s  

( p o r t l a n d  cement, f l y  ash, and va r i ous  c l a y s )  t h a t  w i l l  be pumped as a s l u r r y  

t o  sub-surface r e i n f o r c e d  concre te  v a u l t s  where i t  w i l l  subsequent ly harden 

i n t o  a  s o l i d  m a t r i x  t h a t  immobi l izes t h e  waste. The p r imary  purpose o f  t h e  

performance assessment (PA) con ta ined  i n  t h e  EA was t o  i n v e s t i g a t e  whether t h e  

g r o u t  d i sposa l  system f o r  PSW g r o u t  c o u l d  p rov ide  long- te rm p r o t e c t i o n  o f  

p u b l i c  h e a l t h  and sa fe t y .  To accompl ish t h i s  goal ,  P a c i f i c  Northwest 

Labora to ry  (PNL) researchers i n v e s t i g a t e d  t h e  pathways and mechanisms by which 

wastes c o u l d  conce ivab ly  be t r a n s p o r t e d  t o  t h e  biosphere. The r e s u l t s  of t h e  

s tudy  were then  compared w i t h  p o t e n t i a l l y  a p p l i c a b l e  f e d e r a l  and s t a t e  regu la -  

t o r y  requirements.  

T h i s  r e p o r t  begins w i t h  a  d i scuss ion  on t h e  rud iments  o f  a  PA (Chap- 

t e r  2.0). The p rogress ion  and o r g a n i z a t i o n  o f  t h e  remainder o f  t h e  r e p o r t  a r e  

shown i n  F igu re  1.1. Chapter 3.0 descr ibes  t h e  PSW waste stream and t h e  g r o u t  

d isposa l  system. Chapter 4.0 descr ibes  t h e  i n v e n t o r i e s  o f  contaminants 

( r a d i o n u c l  i des  and i n o r g a n i c  chemicals as r e g u l a t e d  by d r i n k i n g  water  s tan-  

dards)  i n  t h e  PSW g r o u t  and how we model t h e  re l ease  o f  contaminants f rom 

grou t .  Chapter 5.0 descr ibes  t h e  s imu la ted  t r a n s p o r t  o f  contaminants i n  t h e  

s o i l  sur rounding t h e  PSW g r o u t  d isposa l  s i t e  and t h e  subsequent movement o f  

t h e  contaminants i n  Hanford groundwater t o  p o i n t s  o f  access by humans. Chap- 

t e r  6.0 descr ibes  t h e  method o f  c a l c u l a t i n g  r a d i o l o g i c a l  doses p r o j e c t e d  t o  

r e s u l t  f rom h y p o t h e t i c a l  t r a n s p o r t  o f  r a d i o n u c l i d e s  t o  t h e  b iosphere.  For  t h e  

r e a d e r ' s  convenience, t e c h n i c a l  terms a r e  de f i ned  i n  Chapter 7.0. 
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2.0 PHILOSOPHY OF PERFORMANCE ASSESSMENT 

Th i s  chap te r  begins by d i scuss ing  t h e  purpose of PAS, t y p i c a l  s teps  i n  

t h e  PA process, and how t h e  r e s u l t s  o f  a  PA can be used. Sec t ion  2.2 g i ves  an 

overv iew o f  how t h e  PA process was used t o  eva lua te  a  s p e c i f i c  a p p l i c a t i o n :  

t h e  performance o f  t h e  d isposa l  system f o r  PSW grou t .  

2.1 GENERAL DISCUSSION OF PERFORMANCE ASSESSMENTS 

Performance assessment i s  a  m u l t i d i s c i p l i n a r y  exe rc i se  aimed a t  p r e d i c t -  

i n g  a  system's  response t o  reasonably  p r o j e c t e d  c o n d i t i o n s  ove r  a  des ignated 

p e r i o d  o f  t ime. The p r imary  purpose o f  a  PA i s  t o  es t ima te  whether a  system, 

as designed, w i l l  comply w i t h  a p p l i c a b l e  r e g u l a t i o n s .  T y p i c a l l y ,  l ong- te rm 

performance assessments a r e  conducted f o r  a  range o f  performance cond i t i ons .  

Scenarios a r e  se lec ted  t h a t  represen t  t h e  expected behav io r  o f  t h e  system as 

we1 1  as performance under s t r essed  o r  p a r t i a l  l y  f a i l e d  cond i t i ons .  Because 

researchers o f t e n  l a c k  q u a n t i t a t i v e  data p e r t a i n i n g  t o  t h e  long- term d u r a b i l -  

i t y  o f  t h e  system, conse rva t i ve  es t imates  a r e  se lec ted  i n  an a t tempt  t o  p ro -  

duce a  bounding a n a l y s i s  ( i .e . ,  a  p r e d i c t i o n  o f  performance under l e s s  than  

op t ima l  cond i t i ons ) .  

The s teps o f  a  PA a r e  shown i n  F igu re  2.1. F i r s t  t h e  system and i t s  

env i ronmenta l  s e t t i n g  a re  de f ined .  App l i cab le  r e g u l a t i o n s  d i c t a t e  t he  l e v e l  

o f  d e t a i l  necessary t o  d e f i n e  t h e  system. Second, a  s e t  o f  scenar ios  i s  

developed t o  p o s t u l a t e  reasonably  fo reseeab le  s t resses  on t h e  system. Next, 

t h e  phys i ca l  responses o f  t h e  system t o  t h e  scenar ios a r e  modeled. Las t ,  t h e  

consequences o f  t h e  scenar ios  a r e  c a l c u l a t e d  and compared t o  a p p l i c a b l e  

r e g u l a t i o n s  and des ign goals.  I f  t h e  consequences a r e  acceptable,  system 

p lann ing  may proceed. 

A l though t h e  procedure f o r  a  PA i s  s imp le  i n  concept, a p p l y i n g  t h e  

approach t o  ac tua l  s i t u a t i o n s  can be ve ry  d i f f i c u l t .  T h i s  i s  p a r t i c u l a r l y  

t r u e  f o r  cases i n  which t h e  engineered system i s  p o o r l y  de f ined ,  t h e  env i ron-  

mental  s e t t i n g  i s  n o t  w e l l  known, o r  when t h e  system's performance must be 

p r o j e c t e d  over  extended t ime  per iods.  Where unknowns o r  u n c e r t a i n t i e s  

e x i s t ,  es t imates  must be made. As p r e v i o u s l y  mentioned, conse rva t i ve  
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est imates a r e  o f t e n  used t o  ensure t h a t  t he  ana lys i s  w i l l  represent  t he  upper 

range of c r e d i b l e  impacts. For example, if we know t h a t  t h e  r a t e  of re lease 

f o r  a  c e r t a i n  contaminant i s  between x  and y, w i t h  y  represent ing  t h e  most 

r a p i d  re lease,  we model t he  re lease of t he  contaminant us ing  the  re lease r a t e  

y, so l ong  as o t h e r  model parameters a re  compatible w i t h  the  re lease r a t e  v .  

Most PAS performed f o r  waste d isposal  systems overest imate p o t e n t i a l  con- 

sequences i n  o rde r  t o  compensate f o r  i nhe ren t  u n c e r t a i n t i e s .  Examples o f  

these u n c e r t a i n t i e s  a re  1) waste c h a r a c t e r i s t i c s ,  system design parameters, 

and waste form performance; 2) the  understandinq o f  contaminant t ranspor t ;  and 

3) t he  s e l e c t i o n  o f  t he  reasonable i n t r u s i o n  scenarios t o  be analyzed. 

2.2 APPROACH TO PERFORMANCE ASSESSMENT I N  THIS REPORT 

The purpose o f  t h i s  PA i s  t o  support t he  EA by i n v e s t i g a t i n g  whether t h e  

PSW g rou t  d isposal  system can adequately p rov ide  long-term p r o t e c t i o n  o f  

p u b l i c  h e a l t h  and sa fe ty .  The PA conta ins  a  number o f  s i m p l i f y i n g  assump- 

t i o n s ,  as w e l l  a< a  l e v e l  o f  u n c e r t a i n t y  t h a t  cannot be q u a n t i f i e d  a t  t h i s  

t ime. When the  PSW g rou t  d isposal  system and associated a p p l i c a b l e  regu la-  

t i o n s  become more c l e a r l y  def ined, a " r e t r o a c t i v e "  PA cou ld  be conducted i n  

o rder  t o  more de fens ib l y  p r o j e c t  r e g u l a t o r y  compliance. 



2.2.1 Overa l l  Procedure 

I n  t h i s  PA, we model t he  t r a n s p o r t  o f  contaminants from the  waste form t o  

p o i n t s  o f  human access. Fo l lowing the  general procedure t h a t  was shown i n  

F igure  2.1, the  PSW g rou t  d isposal  system and i t s  environmental s e t t i n g  were 

de f ined as shown i n  F igure  2.2. ( A  d e t a i l e d  d e s c r i p t i o n  o f  the  PSW g r o u t  

d isposal  system i s  g iven i n  Sect ion 3.3 o f  t h i s  repor t . )  Because i t  i s  n o t  

y e t  poss ib le  t o  q u a n t i f y  t he  degree o f  p r o t e c t i o n  a f fo rded  by the  g rou t  v a u l t  

s t r u c t u r e  ( i  .e., cement w a l l s  and 1  i n e r s ) ,  the  mono l i t h  was modeled as 

d i r e c t l y  con tac t i ng  the  s o i l .  

A number o f  scenarios were pos tu la ted  t o  occur over a  10,000-year p e r i o d  

f o l l o w i n g  d isposal  o f  PSW grout .  The scenarios i d e n t i f y  pathways by which 

contaminants cou ld  be t ranspor ted  from the  mono l i ths  t o  humans. Two types o f  

pathways were postu lated:  1) m ig ra t i on  o f  contaminants i n t o  the  groundwater 

and then t o  the  Columbia River ,  and 2)  i nadve r ten t  i n t r u s i o n  i n t o  the  g rou t  

s i t e  a f t e r  a  hypo the t i ca l  l o s s  o f  i n s t i t u t i o n a l  (government) c o n t r o l .  The 

f i r s t  pathway (groundwater) app l i es  bo th  t o  rad ionuc l i des  and non rad io log i ca l  

FIGURE 2.2. Conceptual Model f o r  Grout Disposal System and P o t e n t i a l  
Exposure Pathways 



chemicals. Contaminant t r a n s p o r t  v i a  groundwater i s  descr ibed i n  Chapter 5.0. 

Ca lcu la ted  concentrat ions o f  chemical contaminants i n  groundwater and i n  the  

Columbia R iver  were compared t o  corresponding regu la t ions .  However, concen- 

t r a t i o n s  o f  rad ionuc l ides  must be t r a n s l a t e d  t o  human r a d i a t i o n  doses i n  o rder  4 

t o  compare them t o  regu la t i ons  t h a t  l i m i t  r a d i a t i o n  exposure t o  humans. Con- . - 

sequently,  c a l c u l a t e d  concentrat ions o f  rad ionuc l  ides  i n  t he  groundwater and - b 

Columbia R ive r  were used as i n p u t  f o r  dose models, as descr ibed i n  Chapter 6.0. 

Chapter 6.0 a l s o  descr ibes the  second major pathway o f  contaminant t ranspor t :  

inadver ten t  i n t r u s i o n  i n t o  the  g rou t  d isposal  s i t e .  Ca lcu la ted  doses t o  an 

inadver ten t  i n t r u d e r  a re  presented. 

2.2.2 Expected Performance Versus Modeled Performance 

The model of t he  grout  d isposal  system d i f f e r s  from the  ac tua l  system i n  

several  ways. F igure  2.3 compares the  system as modeled t o  the  ac tua l  system. 

De ta i l ed  desc r ip t i ons  o f  t he  grout  d isposal  system and modeling approach a re  

contained i n  Chapters 3.0 through 6.0. However, a  few general d i f f e rences  a re  

noted here. 

As designed, t he  grouted waste w i l l  be poured i n t o  p l a s t i c - l i n e d ,  s t e e l -  

re in fo rced  concrete vau l t s .  Each v a u l t  w i l l  be equipped w i t h  a  leachate  

c o l l e c t i o n  system. About 4 f e e t  o f  nonrad ioac t ive  grout  w i l l  be poured on t o p  

o f  the  r a d i o a c t i v e  grout .  Above the  g rou t  w i l l  be a  water-shedding cap and 

s h i e l d i n g  m a t e r i a l  up t o  ground l e v e l .  Over l ong  per iods o f  t ime, t he  l i n e r s  

and v a u l t  may f a i l ,  a l l ow ing  contaminants t o  d i f f u s e  out  o f  the  v a u l t  and i n t o  

t h e  s o i l  where they cou ld  be c a r r i e d  down i n t o  the  a q u i f e r  by advect ing water.  

Some contaminants would move more s low ly  because o f  geochemical i n t e r a c t i o n s .  

The contaminants would become dispersed before  and a f t e r  reaching the  aqui fer ,  

r e s u l t i n g  i n  reduced concentrat ions.  The mono l i th  i t s e l f  cou ld  a l s o  crack and 

crumble w i t h  age, p o t e n t i a l l y  p rov id ing  a d d i t i o n a l  sur face area from which 

contaminants cou ld  be leached. 

As modeled, t he  grout  mono l i th  i s  bathed w i t h  incoming water.  Because i t  - t 

i s  n o t  y e t  poss ib le  t o  spec i f y  how o r  when i t s  containment s t r u c t u r e s  w i l l  

f a i l ,  no containment c r e d i t  was taken f o r  the l i n e r s  o r  v a u l t .  However, the  

mono l i th  i s  assumed t o  remain i n t a c t  (uncracked) over  the  long term. As .- 
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modeled, the  contaminants a re  u n i f o r m l y  d i s t r i b u t e d  throughout  t h e  g rou t  

monol i th ,  and t h e  e n t i r e  i nven to ry  i s  re leased a t  a  cons tan t  r a t e  i n t o  t he  

s o i l  below. No c r e d i t  was taken f o r  reduced concent ra t ions  due t o  d ispers ion .  
. @  

The contaminants a re  modeled as t r a v e l i n g  d i r e c t l y  down t o  t h e  a q u i f e r  and 

then h o r i z o n t a l l y  t o  a hypo the t i ca l  w e l l  and on t o  t h e  Columbia R ive r .  

. * 



3.0 DESCRIPTION OF WASTE AND GROUT DISPOSAL SYSTEM 

A v a r i e t y  o f  low- leve l  l i q u i d  wastes (LLW) can be immobi l ized by g r o u t -  

ing .  The s p e c i f i c  l ow - l eve l  waste stream d iscussed i n  t h i s  r e p o r t  i s  c a l l e d  

PhosphateISul fa te  Waste f rom N Reactor Operat ions (PSW). Sec t i on  3.1 d i s -  

cusses t h e  na tu re  and source o f  t h e  waste streams t h a t  compose PSW. Sec- 

t i o n  3.2 i d e n t i f i e s  t h e  es t imated  volumes o f  t h e  waste be fo re  and a f t e r  

g rou t i ng ,  and t h e  composi t ion o f  t h e  g rou ted  waste. Sec t i on  3.3 descr ibes  t h e  

d isposa l  system planned f o r  t h e  g rou ted  waste. 

3.1 ORIGIN OF PSW WASTE 

PhosphateISul fa te  Waste i s  composed o f  t h r e e  waste streams t h a t  o r i g i n a t e  

a t  t h e  N Reactor i n  100-N Area o f  t h e  Hanford S i t e .  (The N Reactor produces 

spec ia l  nuc lea r  m a t e r i a l s ,  and i t s  byproduct  steam i s  used t o  generate e l e c -  

t r i c i t y . )  The waste streams a r e  des ignated as phosphate waste, s u l f a t e  waste, 

and s a n d f i l t e r  backwash. 

Phosphate waste i s  produced d u r i n g  p e r i o d i c  r e a c t o r  decontaminat ion u s i n g  

a commercial decontaminat ion agent t h a t  con ta ins  phosphor ic  ac id ,  c i t r i c  ac i d ,  

and t r a c e  amounts o f  o t h e r  chemicals.  The r e s u l t i n g  waste i s  a  d i l u t e  aqueous 

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

i n o r g a n i c  chemicals and r a d i o a c t i v e  elements ( r a d i o n u c l  i d e s )  o f  v a r y i n g  ha1 f- 

1 i ves . 
The two o t h e r  waste streams t h a t  make up PSW--sulfate waste and s a n d f i l -  

t e r  backwash--are produced d u r i n g  p e r i o d i c  c leanup o f  t h e  wate r  in N Reac to r ' s  

spen t - fue l  s to rage  bas in .  Ion-exchange r e s i n s  remove rad ionuc l i des  f rom r e c i r -  

c u l a t e d  s to rage  bas in  water .  S u l f u r i c  a c i d  i s  used t o  regenerate t he  c a t i o n  

exchange r e s i n ;  sodium hydrox ide  i s  used t o  regenerate t h e  an ion  exchange 

r e s i n .  Ex tens ive  r i n s i n g  o f  t h e  r e s i n s  produces a d i l u t e  sodium s u l f a t e  waste 

s o l u t i o n .  The a c i d i c  s o l u t i o n  i s  ad jus ted  t o  a  pH o f  12 w i t h  sodium hydrox ide  

t o  l i m i t  c o r r o s i o n  o f  t h e  carbon-stee l  s to rage  tanks. A lso  p resen t  i n  t he  

bas in-water  c leanup system i s  a  s a n d f i l t e r  f o r  removing e n t r a i n e d  s o l i d s  f rom 

the  water .  P e r i o d i c  f l u s h i n g  o f  t h e  f i l t e r  w i t h  wate r  generates s a n d f i l t e r  

backwash waste i n  t h e  form o f  a  d i l u t e  s l u r r y .  



3.2 VOLUME AND COMPOSITION OF PSW STREAM 

The volume o f  PSW t o  be g rou ted  i s  p r o j e c t e d  t o  be about  43,000 cub i c  

meters. These 43,000 cub i c  meters a r e  expected t o  be composed o f  
4  4  2.45 x 10 c u b i c  meters o f  s u l f a t e  waste and 1.14 x 10 cub i c  meters  o f  

3  phosphate waste, which a r e  then d i l u t e d  w i t h  7.2 x  10 c u b i c  meters o f  f l u s h  

water.  (The s a n d f i l t e r  backwash s ludge i s  i n c l u d e d  i n  t h e  volume o f  s u l f a t e  

waste.) For  each g a l l o n  o f  PSW, approx imate ly  7.5 pounds o f  g rou t - f o rm ing  

s o l i d s  (cement, f l y  ash, and c l a y )  w i l l  be added. The volume o f  t h e  g rou ted  

waste w i l l  be approx imate ly  56,000 c u b i c  meters; t h e  d e n s i t y  w i l l  be about  

12 1b/ga l  (1.44 x  l o 3  kg/m3). The p r o p o r t i o n s  o f  each component i n  t h e  d r y  

s o l i d s  b l end  a r e  shown i n  Table 3.1. 

Concent ra t ions  o f  r ad ionuc l  i d e s  and chemicals p resen t  i n  PSW a r e  1  i s t e d  

i n  Table 3.2. Not  a l l  r a d i o n u c l i d e s  a r e  s i g n i f i c a n t  i n  t h e  assessment o f  t h e  

long- term performance o f  d isposed g rou t .  C e r t a i n  r a d i o n u c l i d e s  have s u f -  

f i c i e n t l y  s h o r t  h a l f - l i v e s  such t h a t  they  do n o t  a f f e c t  t h e  r e s u l t s  o f  t h e  PA. 

Other  spec ies can be cons idered  "key" r a d i o n u c l i d e s  because o f  t h e i r  concen- 

t r a t i o n s ,  l o n g e v i t y ,  and m o b i l i t y .  The chemicals l i s t e d  here  a r e  those 

i n o r g a n i c  spec ies r e g u l a t e d  by t h e  Washington S t a t e  Department o f  Soc ia l  and 

Hea l t h  Serv ices  (WAC 1985). 

N i t r ogen  i s  r e g u l a t e d  when i t  e x i s t s  i n  t h e  fo rm of n i t r a t e  (NOg). How- 

ever ,  Tab le  3.2 i n c l u d e s  n i t r o g e n  f rom ammonia ( N H 3 )  N i t r i t e  and o rgan i c  

TABLE 3.1. Typ i ca l  Dry S o l i d s  Blend ( a )  

M a t e r i a l  

Type I-11-LA p o r t l a n d  cement 

C e n t r a l i a ,  WA ASTM Class F, f l y  ash 

A t t a p u l g i t e - 1 5 0  d r i l l i n g  c l a y  

I n d i a n  Red p o t t e r y  c l a y  

Amount 
(w t%)  

4  1 

4  0  

11 

8 

( a )  Based on t h e  f o r m u l a t i o n  developed a t  Oak Ridge 
Na t i ona l  Laboratory .  



TABLE 3.2. Concentrat ions o f  Chem I s  and Radionucl ides 
Present  i n  PSW Streams 1 ti7 

Chemical 

Arsenic (As) 

Barium (Ba) 

Cadmi um (Cd) 

Chromi um (Cr ) 

F luor ide (F) 

Lead (Pb) 

Mercury (Hg) 

Sel eni um (Se) 

S i l v e r  (Ag) 

Chlor ide (C1 ) 

Copper (Cu) 

I ron  (Fe) 

Manganese (Mn) 

Su l fa te  (SO4) 

Zinc (Zn) 

N i t r a t e  (NO3) 

Ammoni a ( NH3 ) 

Radionucl i de  ( a )  

Carbon-14 

Cobal t -60 

Strontium-90 

Technetium-99 

Iodine-129 

Cesium-137 

Urani um-238 

Pl u ton i  um-239 

Amercium-241 

Concentration i n  
Su l fa te  Stream, 

mol es/L 

6.7 x l o - *  
<4.0 

<2.2 x 1 0 - ~  

<6.0 x l om7  
<1.4 

<3.9 x 1 0 ' ~  

1.0 

6.3 x l o T 8  
C9.0 

1.1 

<5.0 

c1.6 x 

c3.6 x 1 0 ' ~  

2.4 x 1 0 ' ~  

c8.0 x 

2.2 
-- - 

Concentration i n  
Su l fa te  Stream, 

Ci /L 

Concentration i n  
Phosphate Stream, 

mol es/L 

6.7 x 

6.3 

3.6 x l oe8  
4.7 

1.0 

3.6 x 1 0 ' ~  

4.8 x 1 0 ' ~  

6.3 x 

1.9 x l oe7  
1.0 

1.8 x 

5.6 

6.5 

1.3 

1.8 x lo-' 
<2.0 

<8.7 x 

Concentration i n  
Phosphate Stream, 

Ci /L 

Concentration 
i n  S a n d f i l t e r  

Backwash, 
u9/9 

Concentration 
i n  Sandf i 1 t e r  

Backwash, 
Ci /kg 

(a )  Source: U.S. DOE (1986a). 

t * n i t rogen a r e  n o t  present i n  t h e  waste streams. I nc lud ing  a l l  sources o f  

n i t rogen  i n  the  inventory  i s  c o n s i s t e n t  w i t h  t h e  Environmental P ro tec t i on  

Agency's ( E P A ' s )  Proposed Rule f o r  Na t i ona l  P r imary  Dr ink ing  Water Regula- 

t ions ,  which s t a t e s ,  "Most ni trogeneous m a t e r i a l s  i n  n a t u r a l  wa te rs  tend t o  be 



conver ted  t o  n i t r a t e ,  and, t he re fo re ,  a1 l sources o f  combined n i t r o g e n  (par -  

t i c u l a r l y  o rgan i c  n i t r o g e n  and ammonia) should be cons idered as p o t e n t i a l  

n i t r a t e  sources" (U.S. EPA 1985b). 

The s t a t e  d r i n k i n g  wate r  s tandards do n o t  app ly  d i r e c t l y  t o  t h e  ground- 

water  beneath t h e  Hanford S i t e  because i t  i s  n o t  a  cont inuous source o f  p u b l i c  

d r i n k i n g  water .  However, t h e  chemical  spec ies eva lua ted  i n  t h i s  PA were 

se lec ted  f rom those r e g u l a t i o n s  f o r  comparison purposes. Comparison w i t h  

these va lues p rov ides  an i n d i c a t i o n  o f  t h e  g r o u t  system's  performance under 

t h e  most r e s t r i c t i v e  o f  standards. 

3.3 DISPOSAL STRUCTURE 

The s l u r r y  w i l l  be pumped i n t o  subsur face d isposa l  v a u l t s ,  where i t  w i l l  

harden i n t o  a  s o l i d  m a t r i x  t h a t  immob i l i zes  t h e  waste. A  p r e l i m i n a r y  des ign 

o f  t h e  d isposa l  v a u l t  i s  shown i n  F igu re  3.1. Each v a u l t  w i l l  be 10.4 m deep, 

15.24 m wide, and 38.1 m  long.  The w a l l s  and f l o o r  w i l l  be made f rom s t e e l -  

r e i n f o r c e d  concrete.  Each v a u l t  w i l l  be l i n e d  w i t h  a  h i gh -dens i t y  po lyeth.y lene 

l i n e r  which w i l l  p reven t  dewater ing o f  t h e  g r o u t  d u r i n g  s e t t i n g  and cu r i ng .  

An a d d i t i o n a l  l i n e r  w i l l  p rov ide  redundant p r o t e c t i o n .  Two l eacha te  c o l l e c -  

t i o n  systems w i l l  be i n s t a l l e d :  one t o  remove l eacha te  f rom t h e  base o f  t h e  

g r o u t  mono l i th ;  t h e  o t h e r  f rom between t h e  two l i n e r s  a t  t h e  bot tom o f  each 

v a u l t  ( t o  remove any l eacha te  t h a t  may pene t ra te  t h e  p r ima ry  l i n e r ) .  A con- 

c r e t e  cover  and a  c l a y  o r  a s p h a l t  cap w i l l  then be p laced  ove r  t h e  v a u l t ,  and 

t h e  remain ing volume above t h e  cap w i l l  be f i l l e d  i n  w i t h  s h i e l d i n g  b a c k f i l l  

up t o  grade. 

Each v a u l t  w i l l  h o l d  approx imate ly  5,000 cub i c  meters o f  r a d i o a c t i v e  

g rou ted  waste. The u n f i l l e d  volume o f  t h e  v a u l t  (about  1,000 c u b i c  meters )  

w i l l  be f i l l e d  w i t h  non rad ioac t i ve  g r o u t  t o  p reven t  subsidence. Hence, t h e  

r a d i o a c t i v e  g r o u t  w i l l  be about 9  m t h i c k ,  and t h e  non rad ioac t i ve  g r o u t  w i l l  

be about  1.5 m  t h i c k .  The f i n a l  d i s t ance  f rom ground l e v e l  down t o  t h e  t o p  o f  I) 

t h e  r a d i o a c t i v e  g r o u t  w i l l  be 5  m. 

F i n a l  c l o s u r e  of t h e  PSW g r o u t  d i sposa l  s i t e  w i l l  i n c l u d e  emplacement o f  

an i n t e r i m  su r face  b a r r i e r  over  t h e  v a u l t s .  
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FIGURE 3.1. Preliminary Design o f  a PSW Grout  Disposal V a u l t  





4.0 SOURCE TERM 

To q u a n t i t a t i v e l y  p r o j e c t  a  con taminan t ' s  movement o u t  o f  a  g r o u t  mono- 

t - l i t h  and through t h e  environment, t h e  source term o f  each contaminant i n  t h e  

g r o u t  m o n o l i t h  must be de f ined .  I n  t h i s  con tex t ,  "source term" r e f e r s  n o t  

o n l y  t o  t h e  i n v e n t o r y  o f  contaminants i n  t h e  g r o u t  mono l i th ,  b u t  a l s o  t o  t h e  . . 
amount r e l eased  f rom t h e  m o n o l i t h  and hence a v a i l a b l e  f o r  t r a n s p o r t .  T h i s  

chap te r  descr ibes  how t h e  source terms f o r  s p e c i f i c  contaminants were ca l cu -  

l a t e d  f o r  t h e  PA f o r  PSW grou t .  

Sec t i on  4.1 d iscusses t h e  i n v e n t o r i e s  f o r  t h e  rad ionuc l i des  and t h e  

r e g u l a t e d  non rad ioac t i ve  chemicals.  Sec t ion  4.2 descr ibes  t h e  c a l c u l a t i o n  o f  

t h e  f r a c t i o n  o f  waste re leased  f rom t h e  mono l i t h  as a  f u n c t i o n  o f  t ime. 

4.1 CALCULATING THE WASTE INVENTORIES 

The i n v e n t o r i e s  o f  s p e c i f i c  chemicals and rad ionuc l  i des  i n  t h e  PSW 

streams a r e  based on analyses o f  a c t u a l  waste samples. The d r y  g rou t - f o rm ing  

s o l i d s  added t o  t h e  waste a l s o  c o n t r i b u t e  t o  t h e  t o t a l  i n v e n t o r y  of  r e g u l a t e d  

non rad ioac t i ve  contaminants. Est imates o f  t he  d r y  s o l  i d s  ' c o n t r i b u t i o n  t o  

t h i s  i n v e n t o r y  a r e  based on q u a n t i t a t i v e  analyses o f  va r i ous  d r y  s o l i d s  com- 

ponents. Sect ions 4.1.1 and 4.1.2 descr ibe  how t h e  i n v e n t o r y  o f  each chemical  

and r a d i o n u c l i d e  was ca l cu la ted .  

4.1.1 Chemical I n v e n t o r y  

As s t a t e d  i n  Sec t ion  3.2, t h e  non rad ioac t i ve  chemicals i n  PSW g r o u t  t h a t  

were eva lua ted  i n  t h e  PA were those l i s t e d  i n  s t a t e  d r i nk i ng -wa te r  standards 

(WAC 1985). The p r ima ry  and secondary standards a r e  inc luded .  The i n v e n t o r y  

o f  a l l  r e g u l a t e d  i n o r g a n i c  chemicals i n  PSW g r o u t  (Tab le  4.1) i nc l udes  c o n t r i -  

bu t i ons  f rom t h e  t h r e e  waste streams, t h e  d r y  grout - forming s o l i d s ,  and any 

p rocess ing  a d d i t i v e s  such as de-aera t ing  agents. The c o n t r i b u t i o n s  f rom t h e  

. '  waste streams a r e  p r o j e c t e d  t o  be t h e  same as those measured i n  a c t u a l  waste 

samples. The chemical  concen t ra t i ons  i n  PSW streams shown i n  Table 3.2 were 

- .  m u l t i p l i e d  by t h e  t o t a l  volume o f  each waste stream t o  produce t h e  data shown 



G r  o m ~ ~ A m ~ ~ o o ~ ~ m h  o o b  
O O O O O m O O m O O C O + ~ , m  I o o o o o o o o o o o m o o o  



i n  Tab le  4.1. These volumes were 25,500 cub i c  meters o f  s u l f a t e  waste, 

11,400 c u b i c  meters o f  phosphate waste, and 1,200 k i log rams o f  s a n d f i l t e r  

backwash. 

I 
Chemicals i n  t h e  Dry  S o l i d s  

The remainder o f  t h i s  s e c t i o n  descr ibes  how t h e  chemical  c o n t r i b u t i o n s  
c .  

f rom t h e  d r y  g rou t - fo rming  s o l i d s  were ca l cu la ted .  C o n t r i b u t i o n s  f rom t h e  d r y  

s o l i d s  were es t imated  f rom t h r e e  sources: 1) analyses o f  t h e  f o u r  d r y  s o l i d s ,  

2) a  separate a n a l y s i s  o f  t h e  C e n t r a l i a  f l y  ash, and 3 )  measurements o f  chem- 

i c a l s  i n  an a c t u a l  sample o f  g rou t .  I n  t h e  l a s t  s e t  o f  measurements, t h e  

waste stream used t o  make t h e  g r o u t  sample was 60% a c t u a l  phosphate waste and 

40% s imu la ted  s u l f a t e  waste (Serne e t  a l .  1986). The p rocess ing  a d d i t i v e  f o r  

PSW, t r i b u t y l  phosphate, i s  n o t  a  r egu la ted  chemical and hence does n o t  

c o n t r i b u t e  t o  t h e  c a l c u l a t e d  i n v e n t o r y  o f  chemicals.  

The chemical c o n t r i b u t i o n s  f rom t h e  d r y  s o l i d s  were c a l c u l a t e d  as 

f o l l o w s .  When more than one measurement o f  a  chemical was a v a i l a b l e ,  t h e  

h i ghe r  va lue  was used. C e r t a i n  chemicals were n o t  de tec ted  i n  t h e  samples, 

and hence t h e i r  d e t e c t i o n  l i m i t s  were used i n  c a l c u l a t i n g  t h e  t o t a l  i nven to ry .  

Using d e t e c t i o n  l i m i t s  i s  conse rva t i ve  because i t  can r e s u l t  i n  t h e  c a l c u l a t e d  

i n v e n t o r y  be ing  h i ghe r  than t h e  a c t u a l  i nven to ry .  

The t o t a l  amount o f  d r y  s o l i d s  i n  PSW g r o u t  i s  c a l c u l a t e d  i n  

Equat ion ( 1 )  : 

3.88 x 10' kg 
(43,000 m waste 7.5 i b  sol ids)(  1 ga l  3)(o.::4 kg) = solids in 

' ( g a l w a s t e  0.00378 rn PSW g r o u t  (1) 

The d r y  s o l i d s  i n  t h e  1.5 m  o f  non rad ioac t i ve  g r o u t  t o  be p laced  over  t he  9-m- 

t h i c k  PSW g r o u t  must a l s o  be accounted f o r .  Assuming t h e  non rad ioac t i ve  g r o u t  

t w i l l  be made f rom t h e  same s o l i d s  t h a t  w i l l  be used t o  produce t h e  waste g rou t ,  
7  

we added i t  t o  t h e  PSW g r o u t  volume: (3.88 x 10 kg) (10.5 m/9 m) = 
7 

- .  4.5 x 10 kg d r y  s o l i d s .  

An a n a l y s i s  o f  t h e  f o u r  d r y  s o l i d s  i nc l uded  measurements o f  a r sen i c ,  

barium, chromium, i r o n ,  manganese, s u l f u r ,  and z i n c  (Tab le  4.2). These va lues 
~ - were m u l t i p l i e d  by t h e i r  we igh t  f r a c t i o n s  i n  t h e  d r y  b l end  f o r  g r o u t  (see 



TABLE 4.2. 

E l  ement 

Concentrat ions o f  Chemicals i n  D r y  Grout-Forming S o l i d s  

Cement 

Arsen ic  (ppm) 

Barium ( ppm) 

Chromium ( ppni) 

I r o n  (w t%)  

Manganese (ppm) 

S u l f u r  (w t%)  

Z inc  (ppm) 

F l y  Ash 

23 t 2  

1540 2 90 

75 t 20 

4.73 t 0.23 

590 t 20 

0.28 ? 0.1 

180 + 10 

A t t a p u l  g i  t e  C lay  

< 2 

330 t 100 

120 t 20 

2.09 k 0.10 

375 t 10 

<0.03 

82 t 5 

P o t t e r y  Clay 

15.5 t 1.5 

600 + 100 

90 t 20 

4.38 t 0.20 

203 t 8 

<O. 03 

85 ? 5 

Table 3.1), and then  m u l t i p l i e d  by t h e  t o t a l  k i log rams o f  d r y  s o l i d s .  The 

c a l c u l a t i o n  o f  a r s e n i c  i s  reproduced here as an example: 

[ (8 .8  ppm a r s e n i c  i n  cement) (0.41) 

+ (25 ppm i n  f l yash ) (0 .40 )  + ( 2  ppm i n  a t t a p u l g i t e ) ( O . l l )  

7  + (17 pprn i n  p o t t e r y  c l a y ) ( 0 . 0 8 ) ]  x  x  4.5 x  10 kg s o l i d s  

= 680 kg a r s e n i c  i n  d r y  s o l i d s  

I n v e n t o r y  o f  S u l f a t e .  I n  t h e  PA, t h e  t o t a l  amount o f  e lementa l  s u l f u r  

measured i n  t h e  d r y  s o l i d s  was c o n s e r v a t i v e l y  assumed t o  be i n  t h e  form o f  

s u l f a t e  (SO4), which i s  a  r e g u l a t e d  chemical .  Us ing t h e  same procedure, 
6  approx imate ly  1 x  10 kg o f  s u l f a t e  i s  c a l c u l a t e d  t o  e x i s t  i n  a l l  PSW g rou t ;  

t h e  d r y  s o l i d s  c o n t r i b u t e  about 95%. I n  a  separate ana l ys i s ,  11,000 t o  22,000 

ppm o f  s u l f a t e  were measured i n  a g r o u t  sample (Serne e t  a l .  1986). The 

h i g h e r  measurement i n  t h a t  a n a l y s i s  y i e l d s  t h e  same mass o f  s u l f a t e  as was 

p r e d i c t e d  f rom t h e  measurement o f  s u l f u r  i n  d r y  s o l i d s :  

22,000 kg su l fa te )  (1 kg d r y  g r o u t  grout) 
(10' kg d r y  g r o u t  2 kg wet g r o u t  

6 
3  1 x  10 kg 

1.44 x  10 kg m  non rad ioac t i ve  g r o u t  + waste g r o u t  - s u l f a t e  i n  )- PS, g r o u t  m3 g r o u t  9  m  waste g r o u t  



Therefore,  because two independent c a l c u l a t i o n  methods y i e l d e d  t h e  same value, 

we have g r e a t e r  conf idence t h a t  t h e  c a l c u l a t e d  va lue  i s  accurate.  

1 I n v e n t o r y  o f  Ch lo r ide .  C h l o r i d e  i s  assumed t o  e x i s t  i n  t h e  d r y  s o l i d s  i n  

a  concen t ra t i on  o f  <300 ppm, based on a  measurement o f  c h l o r i d e  i n  t h e  g r o u t  

sample (Serne e t  a1 . 1986). Th i s  assumption i s  conse rva t i ve  because i t  does 
. . 

n o t  d i scoun t  t h e  amount o f  c h l o r i d e  c o n t r i b u t e d  by t h e  PSW. The c a l c u l a t i o n  

o f  c h l o r i d e  i s  p a r a l l e l  t o  t h e  c a l c u l a t i o n  o f  s u l f a t e  i n  Equat ion ( 3 ) .  

Database. A sample o f  C e n t r a l i a  f l y  ash was a l s o  analyzed by  C a l i f o r n i a  

A n a l y t i c a l  Labora to r ies ,  I n c .  The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  shown i n  

Table 4.3. These da ta  were used t o  enhance t h e  database o f  chemical concen- 

t r a t i o n s  i n  f l y  ash. When t h e  database con ta ined  more than one measurement o f  

a  c e r t a i n  chemical ,  t h e  h i g h e r  va lue  was used i n  subsequent c a l c u l a t i o n s .  

No da ta  were a v a i l a b l e  f o r  t h e  concen t ra t i ons  o f  cadmium, lead,  mercury, 

selenium, s i l v e r ,  o r  copper i n  t he  o t h e r  d r y  s o l i d s  (cement, a t t a p u l g i t e  c l ay ,  

TABLE 4.3. Concent ra t ions  o f  emica ls  i n  
C e n t r a l i a  F l y  Ash ( $7 

E l  ement 

Arseni  c  

B a r i  um 

Cadmi urn 

Chromium ( T o t a l  ) 

Lead 

Mercury 

Selenium 

S i  1  v e r  

Copper 

Z inc 

Concentrat ion,  ppm 

< 2 

290 

1.4 

25 

< 1 

<0.1 

1 

< 1 

4 3 

4 1 

( a )  L e t t e r ,  D. J. Leu (Department o f  
Hea l t h  Serv ices,  S t a t e  o f  C a l i f o r n i a )  
t o  T. A. Fox (Pozzo lan ic  I n t e r n a t i o n a l ,  
Mercer I s l a n d ,  Washington), 
August 20, 1984. 



and Ind ian  Red p o t t e r y  c l a y ) .  However, t he  concentrat ions o f  these t r a c e  

elements are  n o t  expected t o  exceed t h e i r  concentrat ions i n  f l y  ash. There- 

fo re ,  t he  concentrat ions o f  these elements as measured i n  f l y  ash were assumed 
7 t o  be present  i n  a l l  4.5 x  10 ki lograms o f  d ry  s o l i d s  t o  be used i n  PSW 

grout .  

No data were a v a i l a b l e  on the  concentrat ions o f  f l u o r i d e  o r  n i t r o g e n  i n  

the  f o u r  d ry  s o l i d s .  However, a h igher  concent ra t ion  o f  f l u o r i d e  i n  PSW 

g rou t  would n o t  change the  p ro jec ted  concentrat ions o f  f l u o r i d e  i n  groundwater 

because f l u o r i d e  i s  assumed t o  reach a maximum concent ra t ion  i n  t he  vadose 

zone(a) due t o  so l  u b i  1 i t y  c o n s t r a i n t s  (see Sect ion 4.2.2). Therefore, any 

a d d i t i o n a l  f l u o r i d e  would form p r e c i p i t a t e s  r a t h e r  than d i s s o l v i n g  i n  t h e  

groundwater. The c a l c u l a t e d  i nven to ry  of n i t rogen  i s  thought  t o  be conserva- 

t i v e  because i t  inc ludes  n i t rogen  a c t u a l l y  present as ammonia i n  a d d i t i o n  t o  

n i t r o g e n  i n  i t s  regu la ted  form, n i t r a t e .  

4.1.2 Radionucl ide Inventory  

The rad ionuc l i des  addressed i n  t h i s  long-term PA a re  o n l y  those t h a t  have 

s i g n i f i c a n t  h a l f  l i v e s  and s i g n i f i c a n t  environmental impacts. Using the  con- 

cen t ra t i ons  l i s t e d  i n  Table 3.2, the  t o t a l  c u r i e s  i n  PSW g rou t  were c a l c u l a t e d  

as shown i n  Table 4.4. The c a l c u l a t i o n s  a re  based on 24,500 cubic meters o f  

TABLE 4.4. Radionucl ides i n  PSW Grout (a )  

Radionucl i d e  

Carbon-14 

Cobal t -60 

S t r o n t i  um-90 

Techneti um-99 

l odine-129 

Cesi um-1 37 

Uranium-238 

Pl utonium-239 

Americium-241 

Sul fate,  C i  

2.4 x 

4.9 x lo1 
8.1 x l o 2  
9.8 x 1 0 ' ~  

1.7 x 

1.2 x 10 3 

2.7 x 

5.9 x l o0  
8.1 

Phosphate, 
C i  

Sandf i 1 t e r  
Backwash, 

C i  

1.0 x 10-l1 

7.4 x 10 2 

3.4 

5.1 I O - ~  

7.1 x 10'12 

4.6 x 10' 

1.3 x lo-' 
1.2 

7.4 

4 3 
(a )  5.66 x 10 m o f  disposed grout. Source: U.S. DOE 1986(a). 

Total  C i  

6.8 x 10-I 

Concentration 
i n  Croyt, 

C i  /m 

1.2 x 

4.8 x 

1.4 x l o e 2  
2.6 x 1 0 ' ~  

3.1 x 

2.3 x 1 0 ' ~  

4.8 

1.1 

2.6 x 

- - - 

(a )  The vadose zone i s  t he  unsaturated reg ion  of s o i l  between the  ground 
sur face and the  water tab le .  

4.6 



s u l f a t e  waste, 11,400 cub i c  meters o f  phosphate waste, and 1,200 k i log rams o f  

s a n d f i l t e r  backwash. The f i n a l  concen t ra t i ons  a r e  a l s o  based on t h e  c u r r e n t  
4 p r o j e c t i o n  o f  5.66 x 10 cub i c  meters o f  g r o u t  a t  f i n a l  d i sposa l .  

Radionuc l ides cou ld  a l s o  be p resen t  i n  f l y  ash, one o f  t h e  d r y  g r o u t -  

fo rming  s o l i d s .  Measurable l e v e l s  o f  potassium-40 and radium-226 a r e  known t o  

be p resen t  i n  c e r t a i n  c e r t a i n  f l y  ashes (up t o  26 pCi /g  o f  4 0 ~  and up t o  

10 pCi /g  o f  2 2 6 ~ a ) ,  as r e p o r t e d  by t h e  E l e c t r i c  Power Research I n s t i t u t e  

(EPRI 1983). However, we d i d  n o t  a t tempt  t o  q u a n t i f y  t h e  r a d i o l o g i c a l  c o n t r i -  

bu t ion ,  i f  any, f rom C e n t r a l i a  f l y  ash i n  t h i s  ana l ys i s .  A  rad iochemica l  

assay o f  C e n t r a l i a  f l y  ash i s  planned, and i f  t h e  a c t i v i t y  i s  found t o  d i f f e r  

s i g n i f i c a n t l y  f rom t h a t  n a t u r a l l y  p resen t  i n  s o i l ,  t h e  r e s u l t s  c o u l d  be used 

t o  mod i f y  t h i s  ana l ys i s .  

4.2 RELEASE OF WASTE FROM GROUT MONOLITH 

Release f rom t h e  g r o u t  mono l i t hs  was modeled i n  two ways dependent upon t h e  

chemical s p e c i a t i o n  o f  t h e  contaminant under cons ide ra t i on .  Contaminants t h a t  

a r e  n o t  l i m i t e d  by s o l u b i l i t y  c o n s t r a i n t s  were modeled as be ing  re leased  a t  a  

cons tan t  r a t e  w h i l e  t h e  l e s s  s o l u b l e  contaminants were assumed t o  be re leased  

accord ing  t o  t h e i r  s o l u b i l i t y  l i m i t s  and t h e  annual volume o f  wa te r  a v a i l a b l e  

f o r  t r a n s p o r t .  The subsequent t r a n s p o r t  o f  t h e  contaminants i n  t he  vadose 

zone and i n  t h e  groundwater i s  descr ibed  i n  Chapter 5.0. 

4.2.1 Constant-Release Model 

Contaminant movement downward f rom t h e  PSW g r o u t  d isposa l  s i t e  was 

modeled as cons tan t  across a  h o r i z o n t a l  c ross -sec t i on  beneath t h e  d isposa l  

s i t e .  Th i s  i m p l i e s  a  un i f o rm  re l ease  pe r  h o r i z o n t a l  area o f  s o i l  i n  t h e  g r o u t  

s i t e .  We assume t h a t  t h e  g r o u t  mono l i t hs  a r e  un i f o rm ly  spaced throughout  t h e  

g r o u t  s i t e ,  and t h a t  t h e  composi t ion o f  each m o n o l i t h  i s  t h e  same. For  t h e  

s o l u b l e  contaminants, t he  re l ease  r a t e  f o r  each m o n o l i t h  i s  modeled as a 

s i n g l e  cons tan t  va lue,  una f f ec ted  by t h e  wate r  f l o w  r a t e  o r  wa te r  chemist ry .  

The cons tan t  r e l ease  con t inues  u n t i l  t h e  t o t a l  r a d i o n u c l i d e  and chemical 

i n v e n t o r y  i n  t h e  mono l i t h  has been leached. 



C a l c u l a t i n g  t h e  Per iod  o f  T o t a l  Release 

The model c a l c u l a t i o n s  use 10,000 yea rs  as t h e  re l ease  t ime  i n t e r v a l  f o r  

r e l ease  o f  a l l  r ad ionuc l  i des  and chemicals f rom a  PSW g r o u t  mono1 i t h  ( w i t h  

t h e  excep t ion  o f  those chemicals w i t h  s o l u b i l  i t y - c o n t r o l  l e d  re l eases ) .  Th is  4 

re lease  i n t e r v a l  was c a l c u l a t e d  u s i n g  l a b o r a t o r y  data f rom PNL l e a c h i n g  

exper iments conducted on smal l  PSW g r o u t  c y l i n d e r s .  The f o l l o w i n g  equat ion,  . . 
which i s  suppor ted by t h e  American Nuc lear  Soc ie t y  (ANS 1984), descr ibes  a  

f r a c t i o n a l  r e l ease  f r om c y l i n d r i c a l  mono l i t hs  t h a t  i s  c o n t r o l l e d  by d i f f u s i o n  

o f  contaminants th rough t h e  g r o u t  (Huizenga e t  a1 . 1986) : 

where FR = f r a c t i o n  re l eased  
2 A  = geometr ic  su r f ace  area o f  t h e  c y l i n d e r  (cm ) 

3 V = geometr ic  volume o f  t h e  c y l i n d e r  (cm ) 

De = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  contaminant i n  g r o u t  
2 (cm /sec)  

t = t ime  ( sec )  

It i s  assumed t h a t  t h e  contaminants a r e  i n i t i a l l y  homogeneously d ispersed  i n  

t h e  c y l i n d e r ,  so t h a t  t h e  re l ease  r a t e  o f  any contaminant f rom any p a r t  o f  t h e  

sur face  o f  t h e  c y l i n d e r  i s  t h e  same. It i s  a l s o  assumed t h a t  t h e  re l ease  f rom 

a  c y l i n d e r  o f  f i n i t e  s i z e  can be approximate by t h e  re l ease  f rom a  semi- 

i n f i n i t e  s l a b  (which never  comple te ly  dep le tes ) ,  and t h a t  t h e  leached contami- 

nan ts  a r e  swept away r a p i d l y  such t h a t  t h e  s o l u t i o n  concen t ra t i on  a t  t h e  g r o u t  

su r f ace  i s  always zero  f o r  each contaminant.  These assumptions maximize t h e  

concen t ra t i on  g r a d i e n t  between t h e  mono l i t h  and t h e  sur round ing  s o i l ,  and, as 

a  r e s u l t ,  maximize t h e  p r o j e c t e d  r a t e  o f  d i f f u s i o n a l  re lease.  

Data f rom t h e  PNL l a b o r a t o r y  s tud ies  (Serne e t  a l .  1986) were p l o t t e d  as 

f r a c t i o n  re l eased  versus t ime,  and a  va lue  f o r  t h e  e f f e c t i v e  d i f f u s i o n  coef- 

f i c i e n t  (De) was es t ima ted  f rom a  b e s t  f i t  o f  Equat ion ( 4 )  t o  t h e  data.  A De 
r 

2 va lue  o f  approx imate ly  l o m 9  cm /sec was ob ta ined  f o r  t h e  most mob i l e  species.  

I t  was then  assumed t h a t  t h e  model c o u l d  be a p p l i e d  t o  r e l ease  o f  contaminants ' - . 
f rom b u r i e d  g r o u t  mono l i t hs  by u s i n g  t h e  same De and s c a l i n g  t h e  t ime  a x i s  

based on d i f f e r e n c e s  i n  t h e  surface-area-to-volume r a t i o  o f  t h e  two g r o u t  



mat r i ces .  The sur face-a rea- to -vo l  ume r a t i o  f o r  t h e  l a r g e  monol i t h  

(10.4 m x  15.24 m x  38.1 m) i s  3.8 x cm-l. 

A l though t he  geometry o f  t h e  l a b  t e s t s  d i f f e r s  f rom t h a t  o f  t h e  a c t u a l  

monol i ths ,  (e longa ted  rec tang les  r a t h e r  than c y l i n d e r s )  , s c a l i n g  d i f f u s i o n a l  

r e l ease  based on t h e  surface-area-to-volume r a t i o  has been shown t o  be a  c l o s e  

approx imat ion when l e s s  than 20% o f  t h e  t o t a l  i n v e n t o r y  has been re leased.  As 

d iscussed below, t h e  re l ease  r a t e s  i n  t h i s  PA were based on t h e  f r a c t i o n  

re l eased  d u r i n g  t h e  f i r s t  70 years  a f t e r  d i sposa l .  Th i s  f r a c t i o n  i s  0.7%, 

which i s  s i g n i f i c a n t l y  below t h e  20% upper bound. Contaminant r e l ease  t h a t  i s  

c o n t r o l l e d  s t r i c t l y  by d i f f u s i o n  i s  n o t  cons tan t  w i t h  t ime; r a t h e r ,  i t  i s  

f a s t e r  a t  t h e  beg inn ing  o f - r e l e a s e  when t h e  concen t ra t i on  g r a d i e n t  i s  t h e  

h i ghes t .  For t h i s  PA, t h e  re l ease  r a t e  was based on an e s t i m a t i o n  o f  t h e  

amount o f  a  contaminant t h a t  would be re leased  f rom a  g r o u t  mono l i t h  d u r i n g  a  

person 's  average l i f e t i m e  (70 years ) .  Because t h e  concen t ra t i on  g r a d i e n t  i s  

h i ghes t  i n i t i a l l y ,  t h e  f a s t e s t  r e l ease  would occur  d u r i n g  t h e  f i r s t  70 yea rs  

a f t e r  d i sposa l .  

The r a t e  o f  contaminant r e l ease  was es t imated  by us ing  Equat ion ( 4 )  w i t h  
2  a  De o f  cm /sec and a  surface-area-to-volume r a t i o  f o r  t h e  l a r g e  g r o u t  

mono l i t h  o f  3.8 x  c i l .  As mentioned above, t h e  t o t a l  amount o f  contami- 

nan t  t h a t  would be re l eased  by d i f f u s i o n  i n  t h e  f i r s t  70 years  i s  approx imate ly  

0.7% o f  t h e  i nven to ry .  T h i s  70-year average re l ease  r a t e  was used t o  e x t r a -  

p o l a t e  a  cons tan t  r e l ease  curve f rom zero  t o  t h e  100% re leased  l i m i t  (FR = 1) 

as shown i n  F igu re  4.1. Th i s  l i m i t  was reached a t  approx imate ly  10,000 years.  

(The i n i t i a l  p a r t s  o f  t h e  curves a r e  n o t  drawn t o  sca le ,  i n  o r d e r  t o  show t h e  

d e t a i l  a t  t h e  70-year p o i n t . )  Throughout t h i s  ana l ys i s ,  an average re lease  

r a t e  o f  approx imate ly  0.01% pe r  yea r  was assumed, based on t h e  i n i t i a l  70-year 

t ime p e r i o d  o f  d i f f u s i o n e d  re lease.  

Release Rate and M o n o l i t h  Crack ing 

The assumed cons tan t  r e l ease  r a t e  does n o t  t ake  i n t o  account a  change i n  

t h e  r a t e  o f  r e l ease  caused by c rack ing  o f  t h e  g r o u t  mono l i th .  It i s  d i f f i c u l t  

t o  p r o j e c t  how c rack ing  may a f f e c t  contaminant m i g r a t i o n .  Models can be 

p o s t u l a t e d  t o  p r o j e c t  how c rack ing  may be de t r imen ta l  o r  b e n e f i c i a l .  For 

example, impedances t o  contaminant d i f f u s i o n  may develop as a  r e s u l t  o f  d r y  



Time (yr) 

FIGURE 4.1. Scaled Curve o f  F r a c t i o n  o f  Contaminant Released from 
Grout Mono l i t h  as a  Funct ion o f  Time, Showing Extrap- 
o l a t i o n  Method f o r  Constant Release Approximation 

i n n e r  cracks w i t h i n  t h e  monol i th .  On the  o the r  hand, i f  water  were t o  pene- 

t r a t e  the  g rou t  v a u l t  and f l o w  between the  cracks, m i g r a t i o n  of contaminants 

would be enhanced because leach ra tes  a r e  d i r e c t l y  r e l a t e d  t o  the  sur face-  

area-to-volume r a t i o .  P re l im ina ry  leach t e s t s  performed on crushed g r o u t  
.8 

samples i n d i c a t e  a  d i s p r o p o r t i o n a t e l y  low r a t e  o f  re lease based on s c a l i n g  up 

Equation (4 )  by the  surface-area-to-volume r a t i o  (Serne e t  a l .  1986). A t  t h i s  

po in t ,  i t  i s  n o t  poss ib le  t o  a s c e r t a i n  the  reason f o r  t h i s  anomaly. The i 

boundary cond i t i ons  o f  t he  crushed g rou t  experiments a re  n o t  cons i s ten t  w i t h  



those used when develop ing Equat ion ( 4 ) ;  t he re fo re ,  i t  i s  n o t  s t r i c t l y  a  v a l i d  

express ion  f o r  d e s c r i b i n g  re l ease  f rom t h e  crushed g r o u t  by pass ive  d i f f u s i o n .  

Another p o s s i b l e  exp lana t i on  f o r  t h e  lower-than-expected re l ease  o f  con- 

I - taminants  f rom crushed g r o u t  i s  t h a t  r e l ease  i s  n o t  s t r i c t l y  caused by pass ive  

d i f f u s i o n  i n  t h e  g r o u t  pore water.  It i s  p o s s i b l e  t h a t  chemical r e a c t i o n s  

occur  on t h e  i n t e r n a l  su r faces  o f  t h e  g r o u t  o r  i n  t h e  pore water ,  thus  a l t e r -  

i n g  contaminant t r a n s p o r t .  Such chemical r e a c t i o n s  have been evidenced by  t h e  

presence o f  a  heavy ca l c i um carbonate p r e c i p i t a t i o n  on t h e  crushed g r o u t  sam- 

p les .  S tud ies  a r e  c o n t i n u i n g  i n  an a t tempt  t o  v a l i d a t e  models t h a t  p r e d i c t  

r e l ease  i n  cases where t h e  waste form i s  s t r essed  and cracked. As t h i s  i n f o r -  

mat ion becomes a v a i l a b l e ,  i t  can be used t o  update t h i s  and f u t u r e  analyses. 

4.2.2 Sol u b i l  i t y - C o n t r o l  l e d  Release 

S o l u b i l i t y  c o n s t r a i n t s  a r e  expected t o  l i m i t  t h e  r a t e s  o f  r e l ease  o f  

c e r t a i n  chemical contaminants f rom the  g r o u t  m a t r i x  t o  t h e  water  i n  t h e  vadose 

zone. To determine which of t h e  chemicals i n  PSW g r o u t  a r e  s o l u b i l  i t y -  

c o n t r o l l e d ,  s i t e - s p e c i f i c  parameters o f  t h e  s o i l  pore wate r  o u t s i d e  o f  t h e  

g r o u t  v a u l t s  were used as i n p u t  t o  t h e  geochemical computer code MINTEQ 

(Felmy, G i r v i n  and Jenne 1984). Based on t h e  r e s u l t s ,  t en  o f  t h e  PSW chemical 

species regu la ted  i n  WAC-248-54 (WAC 1985) were assumed t o  have s o l u b i l i t y -  

c o n t r o l  l e d  re l ease  r a t e s :  barium, cadmium, chromium, copper, i r o n ,  lead,  

manganese, s i l v e r ,  f l u o r i d e ,  and z i nc .  The s o l u b i l  i ty  1  i m i  t s  (maximum pre-  

d i c t e d  concen t ra t i ons  i n  t he  vadose-zone wa te r )  and u n d e r l y i n g  parameters a r e  

shown i n  Table 4.5. 

Concentrat ions o f  these elements i n  t h e  groundwater system were es t imated  

t o  be a t  t h e i r  maximum s o l u b i l i t i e s  i n  t h e  vadose-zone water.  Then, as con- 

taminants  i n  t h e  s o i l  wa te r  pe rco la ted  downward and mixed w i t h  wate r  f l ow ing  

i n  t h e  unconf ined a q u i f e r  beneath t h e  PSW g r o u t  d isposa l  s i t e ,  concen t ra t ions  

o f  contaminants were reduced by t h e  d i l u t i o n .  



TABLE 4.5. S o l u b i l i t y - L i m i t e d  Concentrat ions as Ca lcu la ted  by MINTEq 

E l  emen t 

Manganese 

I r o n  

Chromium 

Copper 

Ba r i  um 

Zinc 

Cadmi um 

S i  1 ve r  

Lead 

F l u o r i d e  

C o n t r o l l i n g  S o l i d  

Fe3(0H)8 

C r ( W 3  

CuO ( t e n o r i  t e )  

BaS04 ( b a r i t e )  

Zn2Si04 (w i  1  lemi  t e )  

CdC03 ( o t a v i  t e )  

AgCl ( c e r a r g y r i  t e )  

PbCOj ( ce russ i  t e )  

CaF2 ( f l u o r i t e )  

Assumed Parameters 

pH, 8.1 

Eh, 295 mV 

Potassium, 7.8 mg/L 

Sodium, 25 mg/L 

Magnesium, 14.4 mg/L 

Calcium, 56 mg/L 

Chlor ide,  22 mg/L 

Su l fa te ,  85 mg/L 

H4S i 04, 54 mg/L 

t o t a l  carbonate, 86 mg/L 

Maximum Pred i c ted  
Concentrat ion,  mg/L 



5.0 TRANSPORT OF CONTAMINANTS V I A  GROUNDWATER 

Th i s  chap te r  p resen ts  t h e  conceptual  model o f  t h e  groundwater scenar io ,  

# and descr ibes  t h e  mathematical  t heo ry  on which i t  i s  based. Numerical va lues 

of  i n p u t  parameters r e q u i r e d  by t h e  model a r e  presented, as w e l l  as assump- 

t i o n s  and approx imat ions t h a t  were made when ac tua l  phys i ca l  data was u n a v a i l -  
r - ab le .  Sec t ion  5.1 g i ves  an overv iew o f  t h e  model. Sect ions 5.2 and 5.3 

e x p l a i n  t h e  two submodels used t o  s imu la te  t h e  groundwater scenar io :  wa te r  

f l ow and contaminant t r a n s p o r t  i n  t h e  vadose zone and i n  t h e  unconf ined 

a q u i f e r ,  r e s p e c t i v e l y .  

5.1 GROUNDWATER SCENARIO--OVERALL CONCEPTUAL MODEL 

F igu re  5.1 i l l u s t r a t e s  t h e  o v e r a l l  conceptual  model f o r  t h e  groundwater 

scenar io .  I n  t h i s  scenar io ,  impacts t o  members o f  t h e  general  p u b l i c  a r e  

p o s t u l a t e d  t o  occur  through t h e  f o l l  owing pathway: contaminants (mob i le  

r ad ionuc l  i des  and non rad ioac t i ve  r e g u l a t e d  chemical s )  m ig ra te  o u t  of  t h e  g r o u t  

v a u l t s  ove r  a  p e r i o d  o f  t ime. No c r e d i t  i s  taken f o r  v a u l t  containment.  The 

contaminants a r e  assumed t o  e n t e r  t h e  s o i l  s o l u t i o n  (mo i s tu re  p resen t  i n  t h e  

s o i l )  by t h e  mechanisms descr ibed  i n  Sec t ion  4.2. The contaminants then move 

downward through t h e  vadose zone t o  t h e  uncon f ined  a q u i f e r  beneath t h e  g r o u t  

s i t e .  ( a )  Some rad ionuc l  i des  sorb t o  t h e  porous m a t e r i a l s  i n  t h e  ground and 

decay i n t o  i n s i g n i f i c a n t  q u a n t i t i e s  as they  move downward. S o l u b i l i t y - l i m i t e d  

chemicals a re  p o s t u l a t e d  t o  e x i s t  i n  t h e i r  maximum concen t ra t i ons  i n  t h e  

vadose zone. Upon e n t e r i n g  t h e  unconf ined a q u i f e r ,  t h e  rad ionuc l i des  and chem- 

i c a l  contaminants move i n t o  t h e  groundwater t h a t  i s  f l o w i n g  under t h e  g r o u t  

s i t e .  The contaminants a r e  modeled as m i g r a t i n g  a long  w i t h  t h e  groundwater as 

i t  moves pas t  t h e  l o c a t i o n  o f  a  h y p o t h e t i c a l  w e l l  and then f i n a l l y  on t o  t h e  

Columbia R iver .  

., ( a )  Contaminants i n  t h i s  scenar io  a r e  assumed t o  have vapor pressures so low 
t h a t  vapor phase t r a n s p o r t  i s  n e g l i g i b l e .  The scenar io  f u r t h e r  assumes 
t h a t  t h e r e  a r e  no mechanisms by which contaminants may m ig ra te  upward and 
be l o s t  t o  t h e  atmosphere through v o l a t i l i z a t i o n ,  o r  be removed f rom t h e  

, s i t e  by s o i l  e ros ion  o r  wa te r  r u n o f f .  Exposure v i a  a  d i r e c t  a i r  pathway 
i s  addressed, however, by t h e  i n a d v e r t e n t  i n t r u s i o n  scenar ios  descr ibed  
i n  Chapter 6.0. The impacts r e s u l t i n g  f rom i n h a l a t i o n  o f  resuspended 
contaminants t h a t  were mixed d i r e c t l y  w i t h  t h e  s o i l  a r e  expected t o  be 
bounded by t h e  scenar ios i n  Chapter 6.0. 



Vadose Zone 

FIGURE 5.1. Conceptual Model f o r  Contaminant M i g r a t i o n  

As a  bas i s  f o r  eva lua t i ng  long-term performance, concent ra t ions  o f  

regu la ted  nonrad ioac t ive  chemical species are  compared t o  d r i n k i n g  water  

standards i n  Sect ion 5 .4  a t  bo th  the  groundwater w e l l  and i n  t he  Columbia 

River .  To measure the  long-term r a d i o l o g i c a l  impacts, exposure t o  the  pub1 i c  

i s  c a l c u l a t e d  based on i n g e s t i n g  the  contaminated water from the  hypo the t i ca l  

w e l l ,  e i t h e r  through d r i n k i n g  the  water d i r e c t l y  from the  we1 1, o r  through 
a 

e a t i n g  crops and animals t h a t  were i r r i g a t e d l f e d  w i t h  the  contaminated water. 

A d d i t i o n a l l y ,  exposure i s  c a l c u l a t e d  (Sect ion  6.3) as a  r e s u l t  o f  d r i n k i n g  o r  

us ing  h y p o t h e t i c a l l y  contaminated Columbia R ive r  water. 



5.2 MIGRATION THROUGH THE VADOSE ZONE 

Water f l o w  and contaminant t r a n s p o r t  through t h e  vadose zone a r e  simu- 

l a t e d  by two models t h a t  a r e  separate b u t  l i n k e d .  The d e t a i l s  and assumptions 

o f  each a r e  discussed separa te ly .  

5.2.1 Water Flow Throuqh t h e  Vadose Zone 

T h i s  s e c t i o n  descr ibes  t h e  vadose zone model and e x p l a i n s  how va lues were 

c a l c u l a t e d  f o r  t he  model parameters (e.g., phys i ca l  p r o p e r t i e s  o f  t h e  vadose 

zone and t h e  t r a v e l  t ime  o f  wa te r  through t h e  zone). 

The vadose zone below t h e  f u t u r e  g r o u t  s i t e  i s  assumed t o  be composed o f  

severa l  h o r i z o n t a l  l a y e r s  o f  d i f f e r e n t  th icknesses t h a t  have ab rup t  i n t e r -  

faces. P r e l i m i n a r y  i n v e s t i g a t i o n s  of  t h e  vadose zone near  t he  f u t u r e  g r o u t  

s i t e  (observa t ions  o f  s t r a t i f i e d  s o i l  columns) i n d i c a t e  t h a t  a  v e r t i c a l  

v a r i a t i o n  i n  s o i l  p r o p e r t i e s  does e x i s t ,  and a  number o f  d i s t i n c t  reg ions  were 

i d e n t i f i e d .  F igure  5.2 i l l u s t r a t e s  t h i s  conceptual  model o f  t h e  vadose zone. 

The p r o p e r t i e s  o f  each 1  ayer  ( e  .g., wa te r  content ,  hydraul  i c  c o n d u c t i v i t y  as a 

f u n c t i o n  o f  water  con ten t ,  s o r p t i o n  d i s t r i b u t i o n  c o e f f i c i e n t )  a re  assumed t o  

be homogeneous throughout  each l a y e r .  However, d i f f e r e n t  l a y e r s  may have 

d i f f e r e n t  p r o p e r t i e s .  

Water movement through t h e  vadose zone i s  assumed t o  be s teady-s tate,  

one-dimensional ( v e r t i c a l  l y  downward), and descr ibed  by Da rcy ' s  law f o r  

unsa tu ra ted  f l o w  d r i v e n  by a  u n i t  h y d r a u l i c  g r a d i e n t  ( i  .e., o t h e r  f o r ces  a re  

assumed n e g l i g i b l e  compared t o  g r a v i t a t i o n a l  f o r c e s ) .  Thus, t h e  wate r  f l u x  

(equal t o  t h e  recharge r a t e  f o r  ou r  cons ide ra t i ons )  i s  equal i n  magnitude t o  

the  h y d r a u l i c  c o n d u c t i v i t y  

where q  = magnitude o f  s teady-s ta te  wate r  f l u x  ( recharge  r a t e )  

O = wate r  con ten t  

K(0) = h y d r a u l i c  c o n d u c t i v i t y  a t  wa te r  con ten t  0 

Because t h e  wate r  f l u x  i s  assumed cons tan t  throughout  a l l  l a y e r s  o f  t h e  

vadose zone, i t  f o l l o w s  f rom Equat ion ( 5 )  t h a t  t h e  h y d r a u l i c  c o n d u c t i v i t y  o f  



FIGURE 5.2. Conceptual Model o f  t he  Vadose Zone and Associated 
Water Flow and Contaminant Transport  

PSW Grout Disposal Site 

a l l  l aye rs  must be t h e  same. I f  t h e  laye rs  have d i f f e r e n t  h y d r a u l i c  proper-  

t i e s ,  t he  water  content  o f  a  g iven l a y e r  must have a  value (ei f o r  t he  i 
t h  

l a y e r )  such t h a t  

Path of 
Water Flow 
(Recharge) 
Contaminant 
Transport 

where Ki(o) i s  t h e  hyd rau l i c  c o n d u c t i v i t y  func t i on  f o r  t h e  ith s o i l  l a y e r .  

The t r a v e l  t ime o f  water through a  g iven l a y e r  i s  c a l c u l a t e d  as the  l a v e r  a 

th ickness d i v i d e d  by the  average pore water v e l o c i t y .  The average pore water 

v e l o c i t y  i s  c a l c u l a t e d  as t h e  water f l u x  d i v i d e d  by t h e  average water  content .  - - 

Buried Grout Monoliths 
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The t o t a l  t r a v e l  t ime  f o r  water  through t h e  e n t i r e  vadose zone i s  c a l c u l a t e d  

by summing t h e  t r a v e l  t imes th rough i n d i v i d u a l  l a y e r s :  

where tw = t o t a l  t r a v e l  t ime  o f  wa te r  through vadose zone 

twi = t r a v e l  t ime  o f  wa te r  through t h e  ith l a y e r  

n  = number o f  s o i l  l a y e r s  

Ti = t h i ckness  o f  t h e  ith s o i l  l a y e r  

and where t h e  water  con ten t  o f  t h e  ith l a y e r  has been w r i t t e n  t o  show t h a t  i t  

depends o f  t h e  wate r  f l u x ,  q. Unstab le  f low and v iscous " f i n g e r i n g "  caused by 

t he  ab rup t  l a y e r  i n t e r f a c e s  o r  by p r e f e r e n t i a l  paths through t h e  porous media 

a r e  assumed n o t  t o  occur.  

The number o f  s o i l  l a y e r s  and t h e  corresponding th icknesses used i n  t h e  

c a l c u l a t i o n s  o f  wa te r  t r a v e l  t ime  were taken f rom a  h y p o t h e t i c a l  s o i l  p r o f i l e  

thought  t o  be r e p r e s e n t a t i v e  o f  t h e  s t r a t i f i c a t i o n  a t  a  l o c a t i o n  under t h e  

g r o u t  d isposa l  s i t e .  Th i s  r e p r e s e n t a t i v e  s o i l  p r o f i l e  was generated by i n t e r -  

p o l a t i n g  da ta  (Fecht ,  L a s t  and M a r r a t t  1979) f rom s o i l  p r o f i l e s  (ex tend ing  t o  

the  wate r  t a b l e )  taken below t h e  216-A-8 and 216-A-37 c r i b s ,  which a r e  l o c a t e d  

on t h e  n o r t h  and south s ides  o f  t h e  241-AP tank  farm and t h e  g r o u t  d isposa l  

s i t e .  F i gu re  5.3 i s  a  schematic diagram o f  t h i s  s t r a t i f i e d  column. 

Hyd rau l i c  c o n d u c t i v i t y  f u n c t i o n s  ( f a c t o r s  t h a t  a f f e c t  t h e  r a t e  o f  wa te r  

f l o w )  f o r  m a t e r i a l s  i n  these l a y e r s  were n o t  a v a i l a b l e .  Instead,  t h e  h y d r a u l i c  

c o n d u c t i v i t y  f u n c t i o n s  were es t imated  by assuming t h a t  t hey  would be t he  same 

as those f o r  m a t e r i a l s  w i t h  s i m i l a r  p a r t i c l e  s i z e s  and geo log ic  s o i l  types.  

P a r t i c l e  s i z e  d i s t r i b u t i o n s ,  sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t i e s ,  and wate r  

r e t e n t i o n  c h a r a c t e r i s t i c s  had been p r e v i o u s l y  determined f o r  s i x  s o i l  samples 
Ir 

taken f rom a  15-m-deep excava t ion  a t  t h e  241-AP tank  farm a t  t h e  Hanford S i t e .  

One sample was taken f rom each ma jo r  ho r i zon  observed i n  t h i s  excava t ion .  A 

I t e x t u r a l  d e s c r i p t i o n  o f  these samples i s  g iven  i n  Tab le  5.1. These data were 
used t o  o b t a i n  approximate h y d r a u l i c  c o n d u c t i v i t y  f u n c t i o n s  f o r  model 

c a l c u l a t i o n s .  
. ~ 



Depth Soil 
(m) Type Comments - 

2.y3 1-1 Slightly Silty Sand 
A 67 

Silty Sand 
7 . - ,  

7.62 
4 Gravelly Sand 

Medium Sand 

Gravelly Sand 

Medium Sand 

Gravelly Sand 

Medium Sand 

Gravelly Sand 

FIGURE 5.3. Schematic o f  S o i l  P r o f i l e  I d e n t i f y i n g  
S o i l  Types Using Ava i l ab le  Data 

Figure 5.3 shows which o f  the  s i x  241-A s o i l  samples were used t o  approximate 

the  p r o p e r t i e s  o f  each l aye r .  
* 

Table 5.2 presents the  s o i l  p r o f i l e  data used t o  generate F igure  5.3 

along w i t h  the  t r a v e l  t imes t o  the  unconf ined a q u i f e r  through var ious  com- 

b i n a t i o n s  o f  s o i l s .  The numbers under columns A t o  D represent  t h e  combina- v 

t i o n s  o f  s o i l  types se lec ted  t o  represent  each l a y e r .  By us ing  predominant1.y 



TABLE 5.1. T e x t u r a l  D e s c r i p t i o n  o f  S o i l  Samples C o l l e c t e d  
f rom 241-AP Tank Farm Excavat ion 

S o i l  Sample Number and Type D e s c r i p t i o n  

1 Sandy g rave l  Unconsol idated, h o r i z o n t a l l y  bedded, 
ve ry  coarse sand w i t h  v e r y  f i n e  t o  
ve ry  coarse pebbles 

2  Sand 

3  Sand 

4  Gravel l y  sand 

5  S i l t y  sand 

Wel l -consol idated,  h o r i z o n t a l l y  bedded, 
medium t o  coarse sand 

H o r i z o n t a l  beds o f  w e l l - c o n s o l i d a t e d  
f i n e  t o  medium sand, t o  coarse sand 

Very unconso l ida ted  coarse sand w i t h  
pebbles and smal l  cobbles 

Very we l l - conso l i da ted  h o r i z o n t a l l y  
bedded, ve ry  f i n e  sand and s i l t  

6  S l i g h t l y  s i l t y  sand F ine  t o  ve ry  f i n e  sand loess  

coarse o r  f i n e  media, one can e s t a b l i s h  bounds on t h e  t r a v e l  t imes assoc ia ted  

w i t h  t h e  u n c e r t a i n t y  due t o  s o i l  types.  The da ta  below 15 m were used t o  

determine t h e  t r a v e l  t ime  f rom t h e  l e v e l  o f  t h e  proposed g r o u t  mono l i ths  t o  

t he  wate r  t a b l e .  The d i s tance  f rom t h e  bottom o f  t h e  mono l i ths  t o  t h e  wa te r  

t a b l e  was 64 meters. The t r a v e l  t imes l i s t e d  a t  t h e  bot tom o f  columns A  

through D a r e  cons idered r e p r e s e n t a t i v e  o f  t h e  e x i s t i n g  s o i l  column. No ma jo r  

f i n e  sand, s i l t ,  o r  c l a y  l a y e r s  were i n d i c a t e d  above t h e  water  t a b l e  i n  t h e  

s t r a t i g r a p h i c  c ross  sec t i ons  beneath t h e  216-A-8 and 216-A-37 c r i b s  i n  t h e  

200-East Area. However, t o  show t h e  e f f e c t  o f  a  f i n e  sand l a y e r  (such as 

occurs a t  t h e  su r f ace ) ,  a  3.05-m t h i c k  l a y e r  was i nc l uded  i n  columns E and F. 

The r e s u l t a n t  t r a v e l  t ime  o f  column E should be compared t o  t h a t  o f  column D, 

and t h e  t r a v e l  t ime  o f  column F should be compared t o  column A. These r e s u l t s  

i n d i c a t e  t h a t  f o r  a  5.0 cm/yr s teady-s ta te  recharge r a t e ,  minimum and maximum 
43 t r a v e l  t imes a r e  99 and 143 years,  r e s p e c t i v e l y .  These a r e  t h e  l owe r  and 

upper bounds o f  t h e  t r a v e l  t imes f o r  these s o i l  data; o t h e r  s o i l  combinat ions 

w i l l  r e s u l t  i n  t r a v e l  t imes  t h a t  f a l l  between these t imes.  An i n f i l t r a t i o n  

r a t e  o f  0.5 cmly r  r e s u l t s  i n  minimum and maximum t r a v e l  t imes  o f  784 and 



TABLE 5.2. S o i l  P r o f i l e s  t o  t h e  Water Tab le  and 
Trave l  Times Through a  64-m Depth 

Depth f rom Thickness o f  S o i l  Assignments 
Top t o  Bottom of Layer,  m  Layer,  m  ------- 

16.76 t o  24.38 

24.38 t o  36.58 

36.58 t o  42.67 

42.67 t o  45.72 

45.72 t o  79.25 (wa te r  t a b l e )  

T rave l  t i m e  i n  yea rs  

f o r  q  = 5.0 cm/yr 

f o r  q  = 0.5 cm ly r  

( a )  S u b s t i t u t e d  f i n e  l a y e r .  

1,110 years,  r e s p e c t i v e l y .  For  c a l c u l a t i o n s  i n  t h i s  r e p o r t ,  925 and 100 years  

were se lec ted  as t h e  t r a v e l  t imes t o  be used i n  t h e  t r a n s p o r t  model f o r  t h e  

0.5 and 5.0 cm/yr recharge ra tes ,  r e s p e c t i v e l y .  

5.2.2 Contaminant T ranspo r t  Throuqh t h e  Vadose Zone 

Contaminant t r a n s p o r t  th rough  t h e  vadose zone was modeled us ing  t h e  

TRANSS s o l u t e  t r a n s p o r t  code (Simmons, K i n c a i d  and Reisenauer 1986). T h i s  

code models one-dimensional ,  v e r t i c a l  t r a n s p o r t  o f  contaminants by an a n a l y t -  

i c a l  s o l u t i o n  o f  t h e  convec t i on -d i spe rs i on  equat ion,  i n c l u d i n g  f i r s t - o r d e r  

r a d i o a c t i v e  decay and l i n e a r  e q u i l i b r i u m  so rp t i on ,  and assuming a  l o c a l - s c a l e  

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

The remainder o f  t h i s  s e c t i o n  descr ibes  t h e  process f o r  de te rmin ing  t h e  

q u a n t i t y  o f  each r a d i o n u c l i d e  t h a t  i s  sorbed w i t h i n  t h e  l a y e r s  of t h e  vadose 

zone, and consequent ly,  how l o n g  i t  takes sorbed r a d i o n u c l i d e s  t o  t r a v e l  

through t h e  vadose zone. 

The 1  i n e a r  e q u i l i b r i u m  s o r p t i o n  c o e f f i c i e n t  ( d i s t r i b u t i o n  c o e f f i c i e n t ) ,  

Kd, f o r  a  g i ven  r a d i o n u c l i d e  i s  assumed t o  be cons tan t  i n  a l l  s o i l  l a y e r s  and 

f o r  any wate r  chem is t r y  and f l o w  r a t e .  S p e c i f i c a l l y ,  t h i s  i m p l i e s  t h a t  when 



severa l  r ad ionuc l i des  a r e  m i g r a t i n g  s imul taneously ,  t h e  s o r p t i o n  o f  any one o f  

them i s  s t i l l  governed by i t s  i n d i v i d u a l  Kd va lue  ( i . e . ,  t h e r e  i s  no compet i-  

t i v e  s o r p t i o n ) .  Because t h e  Kd va lue  f o r  a  s p e c i f i c  r a d i o n u c l i d e  depends on 

t he  chemical  species i n  which t h e  rad ionuc l  i d e  occurs,  t h i s  i m p l i e s  t h a t  t h e  

r a d i o n u c l i d e  e x i s t s  i n  o n l y  one form. 

Numerical va lues o f  Kd f o r  each rad ionuc l i de ,  w i t h  t h e  excep t i on  o f  

s t ront ium-90,  were taken f rom a s tudy  r e l a t e d  t o  s i n g l e - s h e l l  tank  con ten ts  

(Delegard and Barney 1983). The composi t ion o f  t h e  l i q u i d  waste c o n t a i n i n g  

t h e  rad ionuc l i des  i nc l uded  o rgan i c  complexants, and so t h e  Kd values ca l cu -  

l a t e d  f rom t h i s  s tudy  would be d i f f e r e n t  than t h e  Kd va lues f o r  t h e  rad ionu-  

c l i d e s  l each ing  f rom g r o u t  a long  w i t h  t h e  p r i m a r i l y  aqueous PSW c o n s t i t u e n t s .  

Because t h e  presence of  o rgan i c  complexants should a c t  t o  reduce Kd values,  i t  

i s  conse rva t i ve  t o  use t h e  va lues f rom t h e  s i n g l e - s h e l l  tank  s tudy.  I n  add i -  

t i o n ,  t h e  s a l t  con ten t  o f  s i n g l e - s h e l l  tank  l i q u i d  i s  much h i g h e r  than t h a t  i n  

t h e  g r o u t  leachate,  and h i g h e r  s a l t  con ten t  o f t e n  t r a n s l a t e s  i n t o  a  l owe r  Kd. 

Because o f  t h e  l a c k  o f  s p e c i f i c  da ta  on s o r p t i o n  o f  non - rad ioac t i ve  hazardous 

chemicals,  Kd va lues f o r  a l l  non - rad ioac t i ve  hazardous chemicals were assumed 

t o  be zero. 

The Kd va lue  f o r  s t ront ium-90 was expe r imen ta l l v  determined by l e a c h i n g  

s imu la ted  PSW g r o u t  and runn ing  a ba tch  Kd t e s t  w i t h  leacha tes  t h a t  con ta ined  

s t ront ium-90.  The va lues measured were approx imate ly  91 and 31 (Serne e t  a l .  

1986). I n  t h i s  PA, a  Kd o f  31  was used. There i s  no e f f e c t i v e  d i f f e r e n c e  

between u s i n g  a Kd o f  31  o r  91, because w i t h  e i t h e r  Kd va lue,  t h e  s t ront ium-90 

decays t o  an i n s i g n i f i c a n t  q u a n t i t y  w h i l e  t r a v e l i n g  i n  t h e  vadose zone. 

S o r p t i o n  tends t o  r e t a r d  t h e  movement o f  so lu t ion-phase  chemicals i n  t ime 

r e l a t i v e  t o  t h e  t r a v e l  t ime  o f  wa te r  ( t w )  I n  t h e  assumed theory ,  mean t r a v e l  

t imes f o r  sorbed chemicals can be r e l a t e d  t o  t h e  wate r  t r a v e l  t ime,  tw, by 

where tc = t r a v e l  t ime  o f  t h e  contaminant 

R = r e t a r d a t i o n  f a c t o r  

b  = b u l k  d e n s i t y  o f  t h e  porous m a t e r i a l  





(e.g., d i s p e r s i o n )  w i l l  c r e a t e  a range i n  ac tua l  t r a v e l  t imes o f  contaminant 

molecules moving through t h e  vadose zone, r a t h e r  than a s i n g l e  cons tan t  t r a v e l  

t ime  f o r  a l l  molecules.  

Table 5.3 p resen ts  h a l f - l i v e s ,  Kd values, r e t a r d a t i o n  f a c t o r s ,  and vadose 

zone r a d i o n u c l i d e  t r a v e l  t imes  f o r  each s i g n i f i c a n t  r a d i o n u c l i d e  and f o r  two 

recharge scenar ios.  The c l i m a t e  o f  t h e  s i t e ,  s o i l  c h a r a c t e r i s t i c s ,  and 

vege ta t i on  a f f e c t  t h e  r a t e  a t  which me teo r i c  wa te r  pe rco la tes  deep enough i n t o  

the  vadose zone t o  become recharge t o  t h e  a q u i f e r  and c a r r y  contaminants t o  

t h e  uncon f ined  a q u i f e r .  To q u a n t i f y  t he  e f f e c t  o f  t h e  groundwater recharge 

r a t e  on t h e  performance o f  t h e  g r o u t  d i sposa l  system, two average annual 

recharge r a t e s  were analyzed. Values of 0.5 and 5.0 cm/yr were chosen t o  

"b r idge"  expected recharge r a t e s  under d r i e r  and w e t t e r  c o n d i t i o n s  a t  t h e  d i s -  

posal  s i t e .  The lower  end o f  t h i s  range represen ts  recharge r a t e s  cons idered  

t o  be t y p i c a l  o f  present-day d r y  c l  i m a t i c  c o n d i t i o n s  (15 cm/yr p r e c i p i t a t i o n ) ,  

w h i l e  t h e  upper end represen ts  a h y p o t h e t i c a l  w e t t e r  c l i m a t e  (30 cm/yr 

p r e c i p i t a t i o n )  (Kirkham and Gee 1983). 

TABLE 5.3. Rad ionuc l ide  Trave l  Times i n  t h e  Vadose Zone f o r  
Recharge Rates o f  0.5 and 5.0 cm/yr 

Rad ionuc l ide  

Nucl i d e  

Carbon-14 

Stront ium-90 

Technetium-99 

Iodine-129 

Uranium-238 

Pl  u t o n i  um-239 

Americium-241 

Hal f - 1  i f e ,  
Y r 

5.7 x 10 3 

2.8 x 10 1 

2.1 l o 5  
1.6 x 10 7 

4.5 l o 9  

D i s t r i b u t i o n  
C o e f f i c i e n t  

(K,) 

T rave l  Time, y r  
~ e t a r d a t i o n ' ~ )  0.5 cm lv r  5.0 cm lv r  

Fac to r  (R) ~ e c h a r b e  ~ e c h a r $  

3 ( a )  Assuming os = 0.33 and pb = 1.8 g/cm . 
(b )  Serne e t  a l .  (1986). 
( c )  Delegard and Barney (1983).  



5.3 MIGRATION THROUGH THE UNCONFINED AQUIFER 

As w i t h  t h e  vadose zone, wa te r  f l o w  and contaminant t r a n s p o r t  th rough  t h e  

uncon f ined  a q u i f e r  were s imu la ted  by two models t h a t  a r e  separate b u t  l i n k e d .  

The d e t a i l s  and assumptions o f  each a r e  d iscussed separa te ly .  
I 

5.3.1 Water Flow Through t h e  Unconf ined A q u i f e r  

Water f l o w  th rough t h e  uncon f ined  a q u i f e r  was modeled u s i n g  t h e  VTT 

groundwater f l o w  code. D e t a i l s  o f  t h e  theory ,  assumptions, and l i m i t a t i o n s  o f  

t h i s  code a r e  g i ven  i n  t h e  d r a f t  env i ronmenta l  impact  s ta tement  (EIS)  f o r  t h e  

d isposa l  o f  Hanford defense waste (U.S. DOE 1986b), as w e l l  as i n  t h e  code 

documentation r e p o r t  (Rei  senauer 1979a ,b ,c) . 
The code determines k inemat ic  p a t h l i n e s  and streamtubes f o r  two-dimen- 

s i ona l ,  s teady-s ta te ,  v e r t i c a l l y  averaged wate r  f l o w  i n  an a q u i f e r  o f  v a r i a b l e  

th ickness .  The a q u i f e r  i s  a l s o  assumed t o  be i s o t r o p i c  ( t h e  h y d r a u l i c  con- 

d u c t i v i t y  o r  t r a n s m i s s i v i t y  a t  a  p o i n t  does n o t  depend on t h e  d i r e c t i o n  o f  

wa te r  f l o w  a t  t h a t  p o i n t )  and h o r i z o n t a l l y  heterogeneous ( w i t h  r espec t  t o  

sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  o r  t r a n s m i s s i v i t y ) .  The wate r  f l o w  model i n  

VTT i s  based on t h e  Boussinesq equat ion  f o r  incompress ib le  f l u i d  f l o w  through 

a sa tu ra ted ,  r i g i d  porous media w i t h  a  f r ee -su r f ace  boundary c o n d i t i o n .  Ver- 

t i c a l  v e l o c i t i e s ,  f l o w  i n  t h e  c a p i l l a r y  f r i nge ,  and seepage between a q u i f e r s  

a r e  assumed n e g l i g i b l e .  The numerical  s o l u t i o n  a l g o r i t h m  uses a f i n i t e  d i f -  

fe rence  approx imat ion  t o  t h e  d i f f e r e n t i a l  equa t ion  o f  f l ow,  and so lves  t he  

r e s u l t i n g  s e t  o f  a l g e b r a i c  equat ions w i t h  a  Newton i t e r a t i o n  technique.  

F i gu res  5.4 and 5.5 show groundwater con tours  and s t r eam l i nes  near  t h e  

200-Area waste s i t e s ,  as c a l c u l a t e d  by VTT, us ing  recharge r a t e s  o f  0.5 and 

5.0 cm/yr, r e s p e c t i v e l y  (U.S. DOE 1986b). 

Ob ta in i ng  Values f o r  t h e  Transmi s s i v i  t y  F ie1  d 

The model assumes a s p a t i a l l y  v a r y i n g  t r a n s m i s s i v i t y  f i e l d  t h a t  i s  

p iecewise cons tan t  w i t h  t r a n s m i s s i v i t y  va lues cons tan t  ove r  a  f i n i t e  r e g i o n  4 

assoc ia ted  w i t h  each node. Numerical va lues rep resen t i ng  t h e  t r a n s m i s s i v i t y  

f i e l d ,  which a r e  r e q u i r e d  as i n p u t s  t o  t h e  model, were ob ta i ned  by c a l i b r a t i n g  - - 
t h e  model w i t h  da ta  of wa te r  p o t e n t i a l  su r f ace  f o r  t h e  uncon f ined  a q u i f e r .  

These da ta  were c o l l e c t e d  d u r i n g  pe r i ods  o f  Hanford S i t e  opera t ions ,  and 



FIGURE 5 .5 .  Simulated Groundwater Contours ( i n  meters above 
mean sea level  ) and Stream1 ines from the 200-Area 
Plateau, 5.0 cm/yr Recharge Rate 



Columb~a R~ver  

H - m  

Basalt Above Water Table 

FIGURE 5.4. S imulated Groundwater Contours ( i n  meters above mean 
sea l e v e l  ) and Stream1 i n e s  f rom t h e  200-Area Plateau,  
0.5 cm/yr Recharge Rate 



t h e r e f o r e  represen t  wa te r  t a b l e  e l e v a t i o n s  t h a t  have been a f f e c t e d  by va r i ous  

wate r  i n f i l t r a t i o n  and pumping a c t i v i t i e s  assoc ia ted  w i t h  Hanford ope ra t i ons .  

Knowledge o f  t h e  s p a t i a l  d i s t r i b u t i o n  o f  uncon f ined  a q u i f e r  t h i ckness  was used 

t o  o b t a i n  values o f  v e r t i c a l l y  averaged, sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  f rom 

these  c a l i b r a t e d  t r a n s m i s s i v i t y  values. These r e s u l t i n g  va lues o f  h y d r a u l i c  

c o n d u c t i v i t y  were used i n  t h e  VTT model f o r  t h e  s i m u l a t i o n s  o f  t h e  groundwater 

contours  shown i n  F igures  5.4 and 5.5. I n  o t h e r  words, each va lue  o f  t r a n s -  

m i s s i v i t y  r e q u i r e d  as i n p u t  t o  VTT was ob ta ined  as t h e  p roduc t  o f  a  va lue  

o f  t h e  aforement ioned h y d r a u l i c  c o n d u c t i v i t y  f i e l d  and t h e  n o t - y e t - c a l c u l a t e d  

t h i ckness  o f  t h e  a q u i f e r  a t  t h a t  l o c a t i o n .  The s i m u l a t i o n s  o f  t h e  0.5 and 

5.0 cmly r  recharge scenar ios have shown t h a t  t h e  wate r  t a b l e  e l e v a t i o n s  (and 

hence, t h e  a q u i f e r  th icknesses)  p r e d i c t e d  t o  e x i s t  i n  these scenar ios  a r e  n o t  

s u b s t a n t i a l l y  d i f f e r e n t  than t he  measured e l e v a t i o n s  t h a t  were used f o r  

c a l i b r a t i o n .  For  t h i s  reason, i t  i s  assumed t h a t  o n l y  s l i g h t  e r r o r  may e x i s t  

i n  p r e d i c t i o n s  o f  f u t u r e  groundwater f l o w  c h a r a c t e r i s t i c s  ( i  .e., when t h e  

water  i n f i l t r a t i o n  and pumping a c t i v i t i e s  assoc ia ted  w i t h  Hanford ope ra t i ons  

have ceased) when u s i n g  p r o p e r t i e s  ob ta ined  by. c a l  i b r a t i o n  w i t h  da ta  taken 

du r i ng  pe r i ods  o f  Hanford a c t i v i t y .  

C a l c u l a t i n g  t h e  Annual D i l u t i o n  Volume 

Contaminants e n t e r i n g  t h e  unconf ined a q u i f e r  d i r e c t l y  below t h e  PSW 

g r o u t  d i sposa l  s i t e  a r e  assumed t o  mix  w i t h  t h e  f l o w i n g  groundwater. The 

concen t ra t i on  o f  contaminants f l o w i n g  i n  t h e  groundwater i s  a  f u n c t i o n  o f  t h e  

r a t e  a t  which t h e  groundwater f l o w s  beneath t h e  d isposa l  s i t e .  The g r e a t e r  

t he  volume o f  wa te r  i n t o  which t h e  re leased  contaminants a r e  mixed, t h e  l owe r  

t h e i r  concen t ra t i ons  i n  t h e  groundwater. 

There a r e  two h y p o t h e t i c a l  cases t o  be cons idered when c a l c u l a t i n g  t h e  

u l t i m a t e  d i l u t i o n  volume i n  t h e  unconf ined a q u i f e r .  I n  one case, t h e  amount 

o f  d i l u t i o n  i s  c a l c u l a t e d  as t h e  p roduc t  o f  f o u r  parameters: 1) t h e  stream- 

tube i n t e r c e p t  w id th ,  2)  an assumed m ix i ng  depth, 3 )  t h e  p o r o s i t y  o f  t h e  

a q u i f e r ,  and 4) t h e  groundwater v e l o c i t y .  These parameters a r e  d iscussed i n  

d e t a i l  i n  t h e  f o l l o w i n g  subsect ions.  The r e s u l t i n g  va lue  i s  used as t h e  

annual d i l u t i o n  volume i n  cases i n  which t h e  downgradient user  o f  groundwater 

i s  assumed t o  pump l e s s  wate r  p e r  y e a r  than t h i s  d i l u t i o n  volume. I n  t h i s  



instance, the  w e l l  i s  o n l y  drawing p a r t  o f  t he  contaminated water t h a t  i s  

passing by, and the  conservat ive assumption i s  t h a t  a l l  o f  t he  water  drawn i s  

contaminated a t  a  concent ra t ion  governed by the  d i l u t i o n  volume i n  t h e  aqu i fe r .  

The second case occurs when more water i s  used than the  aqu i fe r  d i l u t i o n  I 

volume descr ibed above. I n  t h i s  case, t he  conservat ive assumption i s  t h a t  the  

w e l l  draws i n  a l l  o f  the  contaminated water passing by. However, t o  supply - , 

t he  needs o f  t he  user, i t  must a l s o  draw i n  uncontaminated water as w e l l .  

Therefore, t he  concentrat ions o f  contaminants i n  t he  water used a r e  f u r t h e r  

d i l u t e d  by the  e x t r a  uncontaminated water pumped. 

Streamtube I n t e r c e p t  Width. F igure  5.1 can be r e f e r r e d  t o  again t o  

i l l u s t r a t e  the  t r a n s p o r t  scenar io f o r  the  unconf ined a q u i f e r  t h a t  i s  used t o  

c a l c u l a t e  the  volume o f  water i n t o  which a  y e a r l y  re lease o f  a  contaminant 

mixes. The streamtube i n t e r c e p t  i s  t he  dimension o f  the  v e r t i c a l  p r o j e c t i o n  

o f  t he  g rou t  s i t e  t h a t  i s  perpendicular  t o  t h e  water f l o w  d i r e c t i o n .  The 

smal le r  t he  streamtube i n t e r c e p t  width,  the  l e s s  d i l u t i o n  occurs. Hence, i t  

i s  conserva t ive  t o  assume t h a t  t he  i n t e r c e p t  i s  equal t o  t h e  smal les t  p lan  

dimension o f  t he  g rou t  d isposal  s i t e .  The smal les t  p lan  dimension o f  t he  PSW 

g rou t  d isposal  s i t e ,  50 m, i s  t he re fo re  used i n  the  c a l c u l a t i o n s .  

Mix ing  Depth. By the  t ime a  contaminant i s  drawn up i n t o  a  w e l l ,  i t  has 

mixed downward through a  c e r t a i n  depth below the  water t ab le .  The VTT model 

i s  based on a  v e r t i c a l l y  averaged s e t  of equations, hence i t  does n o t  ca lcu-  

l a t e  v e r t i c a l  f low.  It i s  assumed t h a t  any w e l l  beyond the  PSW g rou t  d isposal  

s i t e  t h a t  may take up water  w i l l  penet ra te  the  unconf ined a q u i f e r  w i t h  a  

screened casing extending from the  water  t a b l e  t o  5  m below i t .  I f  the  t r u e  

mix ing  depth i s  l e s s  than 5  m, uncontaminated water w i l l  s imul taneously be 

drawn i n t o  the  w e l l ,  and mix ing  w i l l  occur i n  the  w e l l  i n  a  manner such t h a t  

t he  r e s u l t i n g  rad ionuc l i de  concent ra t ion  i s  t he  same as t h a t  c a l c u l a t e d  by 

assuming 5 m f o r  t he  mix ing  depth. I f  the  t r u e  mix ing  depth i s  g rea te r  than 

5  m, t he  rad ionuc l i de  i s  a l ready more d i l u t e  a t  t he  w e l l  than w i t h  a  5-m 

assumed mix ing  depth, and so t h i s  assumption i s  conservat ive.  The present  

c a l c u l a t i o n  cou ld  be l e s s  than conservat ive i f  the  ac tua l  f u t u r e  w e l l  had a  

screen o f  l e s s  than 5 m i n  l eng th  and i f  the  t r u e  mix ing  depth were l e s s  than 



5 m. However, t h e  5-m m i x i n g  depth was chosen because i t  i s  t h e  minimum depth 

o f  p e n e t r a t i o n  t h a t  would accomniodate t h e  submergence necessary f o r  ope ra t i on  

o f  pumps us ing  c u r r e n t  technology. 

A q u i f e r  P o r o s i t y  and Groundwater V e l o c i t y .  The p roduc t  o f  t h e  streamtube 

i n t e r c e p t  and t h e  m i x i n g  depth g i ves  t h e  c ross -sec t i ona l  area o f  t h e  a q u i f e r  
2 t h a t  i s  pe rpend i cu la r  t o  t h e  d i r e c t i o n  o f  f l o w  (50 m x 5 m = 250 m ). Mu1 ti- 

p l y i n g  t h i s  by two f a c t o r s - - t h e  annual d i s t ance  o f  f l o w  o f  wa te r  pass ing  

through t h i s  area (which i s  equal t o  t h e  groundwater v e l o c i t y  when expressed 

on a per-year  b a s i s )  and t h e  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  i n  t h i s  area--  

g i ves  t h e  annual d i l u t i o n  volume. The v e l o c i t y  o f  t h e  wate r  pass ing  under t h e  

s i t e  i s  assumed t o  be an average o f  t h e  v e l o c i t i e s  across t h e  streamtube, as 

c a l c u l a t e d  by t he  VTT code. T h i s  va lue  i s  182 o r  230 m/yr f o r  recharge r a t e s  

o f  0.5 o r  5.0 cm/yr, r e s p e c t i v e l y  (U.S. DOE 1986b). To be c o n s i s t e n t  w i t h  

pas t  modeling, t h e  e f f e c t i v e  p o r o s i t y  o f  t he  Hanford unconf ined a q u i f e r  was 

assumed t o  be 0.1 (B ierschenck 1959). 

Annual D i l u t i o n  Volume: The R e s u l t i n g  Values. Us ing t h e  parameter 
3 values descr ibed  above, t h e  annual d i l u t i o n  volume would be 4.6 x 10 cub i c  

3 meters a t  t h e  recharge r a t e  o f  0.5 cm/yr, and 5.8 x 10 cub i c  meters a t  t h e  

recharge r a t e  o f  5.0 cm/yr f o r  t h e  case where t h i s  volume i s  g r e a t e r  than  t h a t  

r e q u i r e d  each yea r  by  a downgradient user .  

However, t he  va lue  f o r  t h e  annual d i l u t i o n  volume niust be se lec ted  t o  be 

compat ib le  w i t h  t he  groundwater exposure scenar ios.  A t  present ,  t h e  r a d i o l o g -  
2 i c a l  exposure model assumes t h a t  t h e  downgradient user  farms a 20,000 m par -  

2 cel o f  l a n d  w i t h  an i r r i g a t i o n  r a t e  o f  150 L/m -month d u r i n g  a 6-month-per- 

yea r  i r r i g a t i o n  p e r i o d  (Napier ,  Pel  oqu in  and Strenge 1986). The groundwater- 
4 use exposure scenar io  r e q u i r e s  an annual volume o f  1.8 x 10 cub i c  meters pe r  

year,  which i s  g r e a t e r  than bo th  va lues c a l c u l a t e d  above. Hence, 
4 1.8 x 10 cub i c  meters was used as t h e  annual d i l u t i o n  volume f o r  t h e  r a d i o -  

l o g i c a l  exposure a n a l y s i s  presented i n  Chapter 6.0. 

5.3.2 Contaminant T r a n s ~ o r t  Throuah t h e  Unconf ined A a u i f e r  

The VTT water  f l o w  model generates p a t h l i n e s  t h a t  can be used t o  repre -  

sent  two-dimensional advec t i ve  s o l u t e  t r a n s p o r t  i n  t h e  unconf ined a q u i f e r .  



( For steady-state conditions, these pa th1  ines are the same as the stream1 ines 

of water flow. ) Contaminants are assumed t o  enter the unconfined aquifer 
through an area of the water table t h a t  i s  the vertical projection of the PSW 

grout field onto  the saturated flow field. The contaminants are subsequently 
transported by the groundwater flowing between the pathlines t h a t  enclose the 
projected area. Figure 5.6 illustrates this scenario. A leached contaminant 

i s  assumed t o  remain entirely within the streamtube bounded by these two p a t h -  

lines, i.e., no transverse dispersion of radionuclides i s  assumed. The width 

of the streamtube i s  determined by the dimension of the vertical projection of 
the grout field that i s  perpendicular to the flow direction. L o n g i t u d i n a l  

dispersion i s  assumed t o  occur solely because of variations in advective 
velocities and pathlengths associated with pathlines within the streamtube. 

FIGURE 5.6. Conceptual Model for Contaminant Transport in the 
Unconfined Aquifer Along Water Flow Pa th1  ines 



The TRANSS computer code, which was used t o  model contaminant t r a n s p o r t  

t o  t h e  vadose zone, was a l s o  used t o  model contaminant t r a n s p o r t  a long  t h e  

one-dimensional streamtube i n  t h e  unconf ined a q u i f e r .  Rad ioac t i ve  decay and 

I s o r p t i o n  a r e  accounted f o r ,  and t h e  same Kd values (one f o r  each r a d i o n u c l i d e )  

t h a t  TRANSS used f o r  t h e  vadose zone model a r e  used i n  t h e  uncon f ined  a q u i f e r .  

The assoc ia ted  assumptions a r e  a l s o  t h e  same. 
P - 

5.4 NONRADIOLOGICAL RESULTS 

The long- term a b i l i t y  o f  t h e  g r o u t  d isposa l  system t o  c o n t a i n  nonradioac- 

t i v e  r e g u l a t e d  chemicals can be measured by d i r e c t  comparison t o  concen t ra t i on  

standards a t  two l o c a t i o n s :  1 )  t h e  h y p o t h e t i c a l  w e l l  l o c a t e d  5  km downgradi- 

e n t  f rom t h e  g r o u t  mono l i ths ,  and 2) t h e  Columbia R iver .  Chemical concentra- 

t i o n s  i n  t h e  w e l l  and r i v e r ,  based on t h e  p r o j e c t e d  i n v e n t o r i e s  and t h e  

re l ease  and t r a n s p o r t  assumptions descr ibed  above, a r e  l i s t e d  i n  Table 5.4. 

The va lues i n  Table 5.4 represen t  inc rementa l  increases,  which should be added 

t o  t h e  e x i s t i n g  l e v e l  o f  con tamina t ion  f rom o t h e r  sources t o  o b t a i n  t h e  

abso lu te  va lue  o f  t h e  a c t u a l  contaminant concen t ra t ion .  

As p r e v i o u s l y  mentioned, a l though t he  Hanford groundwater does n o t  con- 

s t i t u t e  a  p u b l i c  wa te r  supply,  d r i n k i n g  wate r  l i m i t s  a r e  l i s t e d  i n  Table 5.4 

f o r  comparison. A l l  c a l c u l a t e d  incrementa l  concen t ra t i ons  a r e  below t h e  

l i m i t s  a t  bo th  t h e  w e l l  and t h e  r i v e r .  The Hanford Reach o f  t h e  Columbia 

R i v e r  i s  governed by Class A  wate r  q u a l i t y  standards f o r  t h e  S t a t e  o f  

Washington (WAC 1984). These standards do n o t  l i s t  s p e c i f i c  l i m i t s  f o r  these 

i n o r g a n i c  chemicals, b u t  they  do i n c l u d e  l i m i t s  on b i o l o g i c a l  waste, t u r b i d -  

i t y ,  thermal waste (heat ) ,  and a e s t h e t i c  qua1 i t i e s  o f  t h e  r i v e r .  The i n c r e -  

mental increases o f  chemicals p o s t u l a t e d  t o  occur  i n  Columbia R i v e r  wa te r  as a  

r e s u l t  o f  d isposed PSW a r e  ve ry  low, and w i l l  comply w i t h  a l l  Class A wa te r  

q u a l i t y  standards. 

P Radionucl i d e  concen t ra t i ons  must be t r ans1  a t e d  t o  r e s u l  t i n g  doses before 

be ing  compared t o  r e g u l a t o r y  l i m i t s .  There fo re  t h e  r a d i o n u c l i d e  concentra-  

t i o n s  a re  n o t  l i s t e d  here, b u t  a r e  used as i n p u t  f o r  t h e  groundwater exposure 

scenar ios descr ibed  i n  Chapter 6.0. The r e s u l t i n g  doses a r e  p rov ided  i n  

Chapter 6.0, Sec t ion  6.3. 



TABLE 5.4. Calcu la ted  Increase i n  Concentrat ions o f  Regulated Chemicals i n  
a Hypothet ica l  5-km Well and i n  the  Columbia River ,  mg/L 

I n  5-km Well Water I n  Columbia R iver  Water 
Recharge Rate, cm/yr 

0.5 5.0 0.5 5.0 

Primary 
Contaminants (a ) 

Arseni c 2 x lo-2 1 x 1 0 ' ~  7 x 10-lo 

Ba r i  um 6 x lo-4 4 x loe3 3 x 10-l1 

Cadmi um 3 2 1 10-l2 

Chromium 1 x 1 x lo-' 4 x 10-l1 

F luo r ide  3 x lo-' 2 x 10" 1 

Lead 4 3 lo-2 2 10-lo 

Mercury 1 loe4 9 5 10-l2 

Ni t rogen 3 x 10-I 3 x 10-I 1 x 
Selenium 1 x 8 x 5 x 10-l1 

S i  1 ver  1 x 8 x 4 x lo-'' 

Secondary 
Contaminants ( a >  

Washington 
S ta te  D r i n k i  
Water L i m i t  w 1 

Ch lor ide  3 x 10-I 3 x 10-I 2 x 2 x 250 

Copper 8 x 7 4 10-l1 4 10-lo 1.0 

I r o n  3 3 1 10-l1 2 10-lo 0 .3  

Manganese 3 x lom4 2 x 1 x 10-l1 1 x 10-lo 0.05 

S u l f a t e  3 x lo1 2 x lo1 1 x loe6 1 x lo-6 250 

Zinc 3 2 1 10‘ll 1 10-lo 5.0 

(a )  Per Washington Sta te  standards f o r  p u b l i c  water supp l ies  (WAC 1985) .  



6.0 RADIOLOGICAL ASSESSMENT 

T h i s  chap te r  p resen ts  t h e  long- te rm r a d i o l o g i c a l  impacts f rom t h e  d i s -  
/ * posal  o f  g rou ted  PSW. Rad ia t i on  doses a r e  c a l c u l a t e d  f o r  members o f  t h e  

general  p u b l i c  who r e c e i v e  exposure by e i t h e r  d i r e c t l y  c o n t a c t i n g  t h e  g rou ted  

I -  
waste form o r  by be ing  exposed t o  r a d i o n u c l i d e s  t h a t  have m ig ra ted  f rom t h e  

g r o u t  i n t o  t h e  groundwater. Ca l cu la ted  doses rep resen t  incrementa l  inc reases .  

Both n a t u r a l  and human-induced events  t h a t  cou ld  l e a d  t o  con tac t  w i t h  t h e  

disposed rad ionuc l  i des  have been addressed. The d0simetr.y model s, pathway 

models, c a l c u l a t i o n a l  method, and t h e  r e s u l t i n g  c a l c u l a t e d  impacts a r e  

presented be1 ow. 

6.1 POSTULATED EVENTS 

Table 6.1 l i s t s  events  t h a t  p a s t  PAS have p o s t u l a t e d  t o  l e a d  t o  

s i g n i f i c a n t  re leases  o f  r ad ionuc l  i des  from waste d isposed near  t h e  ground' s 

su r face  a t  Hanford.  

TABLE 6.1. Pos tu l a ted  Events Leading t o  Rad io l og i ca l  Impacts ( a )  

R e s i d e n t i a l  Home Garden 

D r i l l i n g  

- Resource E x p l o r a t i o n  

- Water we1 1  

P o s t - d r i l l  i n g  H a b i t a t i o n  

Excavat ion 

Cl imate S t a t e  

- Present  

- D r i e r  

- Wet te r  

I r r i g a t i o n  

- Ons i t e  

- O f f s i t e  

Contaminated Water Supply 

G l a c i a l  F lood ing  

Other  Sur face F lood ing  

- 100-Year F lood 

- Dam F a i l u r e  

Wind Eros ion  

Magmatic A c t i v i t y  

Seismic A c t i v i t y  

C r i t i c a l  i t y  

T e r r o r i  sm 

Warfare 

( a )  Source: U.S. DOE 1986(b). 



O f  these events,  e i g h t  were judged t o  have s u f f i c i e n t  p r o b a b i l i t y  and/or  

consequence f o r  g r o u t  d i sposa l  t o  wa r ran t  f u r t h e r  d e t a i l e d  a n a l y s i s :  

contaminated wate r  supply  

i r r i g a t i o n  

changing c l i m a t e  

d r i  11 i n g  

excava t ion  

r e s i d e n t i a l  garden 

p o s t - d r i l l  i n g  h a b i t a t i o n  

pos t -excava t ion  h a b i t a t i o n .  

A  s u i t e  of  exposure scenar ios  was e s t a b l i s h e d  based on assumptions 

s p e c i f i c  t o  t h e  a n a l y s i s  o f  long- term performance o f  t h e  PSW g r o u t  system. 

The r a d i o l o g i c a l  impacts  assoc ia ted  w i t h  these scenar ios  a r e  presented i n  

Sec t i on  6.3 (Groundwater Impacts) and Sec t i on  6.4 ( I n t r u d e r  Impacts) .  Methods 

f o r  c a l c u l a t i n g  r a d i a t i o n  doses a r e  presented i n  Sec t i on  6.2. 

6.2 CALCULATIONAL METHODS 

T h i s  s e c t i o n  descr ibes  t h e  dose model used, then  d iscusses t h e  methods 

f o r  c a l c u l a t i n g  groundwater doses and doses t o  i n t r u d e r s .  

6.2.1 Dosimetry 

The dose model used i n  t h i s  r e p o r t  i s  de r i ved  f rom t h a t  o r i g i n a l l y  

endorsed by t h e  I n t e r n a t i o n a l  Commission on Rad io l og i ca l  P r o t e c t i o n  (ICRP 

1959) i n  P u b l i c a t i o n  2 f o r  body burden and maximum permiss i .b le  concen t ra t i on .  

E f f e c t i v e  decay energ ies  f o r  r a d i o n u c l i d e s  a r e  c a l c u l a t e d  u s i n g  t h e  I C R P  

model. T h i s  model i s  based on t h e  assumption t h a t  t h e  e n t i r e  q u a n t i t y  o f  a  

g i ven  r a d i o n u c l i d e  i s  l o c a t e d  a t  t h e  c e n t e r  o f  a  sphe r i ca l  organ w i t h  an 

a p p r o p r i a t e  e f f e c t i v e  r a d i u s  (So lda t  1976). Me tabo l i c  parameters f o r  t h e  

s tandard man a r e  used (ICRP 1975); some o f  t h e  parameters a r e  updated f rom 

l a t e r  ICRP p u b l i c a t i o n s .  $ 

Several  r a d i o n u c l i d e s  a r e  handled as spec ia l  cases. For  t h e  rad ionu-  

c l i d e s  t r i t i u m  and carbon-14, t h e  accumulated dose f o r  t h e  organs, t o t a l  body, 



and bone a r e  c a l c u l a t e d  as descr ibed  above. Because these r a d i o n u c l i d e s  

d i s t r i b u t e  even ly  i n  t h e  r e s t  o f  t h e  body, t h e  doses f o r  a l l  t h e  o t h e r  organs 

a r e  s e t  equal t o  t h a t  f o r  t o t a l  body. 

The model f o r  t h e  g a s t r o i n t e s t i n a l  ( G I )  t r a c t  i s  as fo l lows.  The G I  

t ract--stomach, smal l  i n t e s t i n e  ( S I )  , upper l a r g e  i n t e s t i n e  (ULI )  , and lower  

l a r g e  i n t e s t i n e  (LL1 ) - - i s  modeled as a  four-compartment system w i t h  a  p l u g  

f low.  Because no long- term s to rage  o r  r e t e n t i o n  o f  r ad ionuc l i des  occurs i n  

t h e  G I  t r a c t ,  t h e  dose t o  t h e  G I  t r a c t  i n  any one y e a r  i s  equal t o  t h e  dose 

commitment f o r  t h a t  year .  The p o r t i o n s  o f  t h e  G I  t r a c t  a r e  assumed t o  be 

i r r a d i a t e d  by  rad ionuc l i des  t h a t  a r e  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  m a t e r i a l  

pass ing through each compartment. 

The i n t e r n a l  d i s t r i b u t i o n  o f  r a d i o n u c l i d e s  f o l l o w i n g  i n h a l a t i o n  adds a  

degree o f  complex i t y  because o f  r a d i o n u c l i d e  r e t e n t i o n  i n  t he  lungs. The 

model o f  t h e  r e s p i r a t o r y  t r a c t  adopted by t h e  ICRP Task Group on Lung Dynamics 

(ICRP 1966) forms t h e  general  b a s i s  f o r  t h e  mathematical  models developed t o  

c a l c u l a t e  t h e  dose f rom i n h a l a t i o n  o f  r ad ionuc l  ides .  

A new dos imetry  model has r e c e n t l y  been developed and recommended by t h e  

ICRP i n  ICRP-26 (ICRP 1977) and a p p l i e d  i n  ICRP-30 (ICRP 1979). The new model 

i s  based on more recen t  human me tabo l i c  parameters and a p p l i e s  a  more r e a l -  

i s t i c  approach f o r  uptake and r e t e n t i o n  o f  r ad ionuc l i des  i n  body organs. For  

example, t h e  c o n t r i b u t i o n  t o  organ dose r e s u l t i n g  f rom decay of  r ad ionuc l i des  

i n  o t h e r  organs ( " c r o s s f i r e " )  i s  now accounted f o r .  Rather than r e p o r t  t h e  

i n d i v i d u a l  organ doses, t h e  concept o f  an " e f f e c t i v e  whole-body dose" ( t h e  sum 

o f  t h e  p roduc t  o f  each organ dose m u l t i p l i e d  by i t s  a p p r o p r i a t e  we igh t i ng  

f a c t o r )  i s  used. The e f f e c t i v e  whole-body dose i s  then used f o r  comparison t o  

a  s t o c h a s t i c  dose l i m i t .  S tochas t i c  i n  t h i s  c o n t e x t  means t h a t  impact i s  

p r o p o r t i o n a l  t o  dose; i .e., no t h r e s h o l d  i s  assumed. The s t o c h a s t i c  e f f e c t i v e  

dose e q u i v a l e n t  l i m i t  recommended f o r  an i n d i v i d u a l  i n  t h e  general  p u b l i c ,  

accord ing  t o  ICRP-26, i s  500 mrem/yr. I n  a d d i t i o n ,  ICRP-26 s t a t e s  t h a t  when 

pro longed exposures a r e  expected, t h e  annual dose l i m i t  should be 100 mremlyr. 

As mentioned, t h e  dos imetry  used i n  t h i s  r e p o r t  i s  based on the.ICRP-2 

model. An environmental  assessment code us ing  t h e  more recen t  I C R P  26/30 



dos imet ry  model i s  be ing  developed a t  PNL b u t  i s  n o t  y e t  a v a i l a b l e  f o r  use. 

However, t o  determine whether t h e  c a l c u l a t e d  doses i n  ou r  PA would have v a r i e d  

g r e a t l y  i f  t h e  ICRP-26/30 dose model were used, t h e  dose r e s u l t s  c a l c u l a t e d  

f o r  t h e  d r i n k i n g  wate r  scenar io  (Sec t i on  6.3.1) were compared u s i n g  ICRP-2 and \ 

ICRP-26/30 methods. The I C R P  26/30 doses were es t imated  u s i n g  hand 

c a l c u l a t i o n s  f o r  t h i s  comparison. - 1 

As shown i n  Tab le  6.2, t h e  r a d i o l o g i c a l  impacts f rom t h e  d r i n k i n g  wate r  

scenar io  c a l c u l a t e d  u s i n g  ICRP-2 methods r e s u l t  i n  doses o f  0.02 mremlyr t o  

t h e  t o t a l  body and 0.3 mremlyr t o  t h e  c r i t i c a l  organ (bone).  Us ing  t h e  newer 

I C R P  26 and 30 methodology, t h e  c a l c u l a t e d  e f f e c t i v e  dose e q u i v a l e n t  i s  

0.09 mremlyr. Hence, t h e  ICRP-26/30 dose i s  approx imate ly  t h r e e  t imes below 

t h a t  o f  t h e  ICRP-2 c r i t i c a l  organ dose. 

TABLE 6.2. Comparison o f  Rad ia t i on  Dose f o r  t h e  D r i n k i n g  Water 
Scenar io  Using ICRP-2 and ICRP-26/30 Methods, mrem/yr 

ICRP-26/30 
ICRP-2 E f f e c t i v e  Dose 

Radi onuc l  i de T o t a l  Body Bone Equ i va len t  

6.2.2 Method f o r  C a l c u l a t i n g  Groundwater Doses 

The computer program DITTY (Napier ,  Pel oquin and Strenge 1986) es t imates  

t h e  t ime  i n t e g r a l  o f  c o l l e c t i v e  dose ove r  a p e r i o d  up t o  10,000 years  f o r  

t i m e - v a r i a n t  r a d i o n u c l i d e  re leases  t o  su r f ace  waters,  w e l l s ,  o r  t h e  atmos- 

phere. The computer program was i n i t i a l l y  developed t o  determine t h e  c o l -  

l e c t i v e  dose f rom h i g h - l e v e l  waste geo log i c  r e p o s i t o r i e s  r e s u l t i n g  f rom a 

groundwater pathways, b u t  o t h e r  pathways a r e  i nc l uded  as w e l l .  The r e l a t i o n -  

s h i p  o f  DITTY t o  t h e  hydrogeo log ic  models descr ibed  i n  Chapter 5.0 i s  shown i n  , 
F i gu re  6.1. 
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(a )  See Chapter 5.0 f o r  d e t a i l s .  

FIGURE 6.1. Use o f  Computer Models t o  Ca lcu la te  10,000-year I n teg ra ted  
Populat ion Doses from Contaminant Release t o  Groundwater 

Source terms f o r  DITTY may be def ined f o r  re leases t o  the  atmosphere, t o  

groundwater, t o  water we l l s ,  and t o  sur face water  v i a  groundwater. The ac tua l  

re lease r a t e s  a re  s p e c i f i e d  i n  an i n p u t  f i l e  as t h e  c u r i e s  per  year  re leased 

f o r  se lec ted  years f o l l o w i n g  the  s t a r t  t ime of t h e  c a l c u l a t i o n .  

The DITTY code ca l cu la tes  a  dose f o r  any 10,000-year per iod.  This  p e r i o d  

i s  broken i n t o  143 per iods o f  70 years each. The average re lease du r ing  each 

p e r i o d  i s  ca l cu la ted  from the  source-term data provided. The t o t a l - p o p u l a t i o n  

dose t o  se lec ted  organs i s  determined f o r  t he  popu la t i on  present i n  each 

per iod.  The r a d i o a c t i v i t y  present  du r ing  any p e r i o d  i s  the sum o f  ma te r i a l  

un i fo rm ly  re leased over  t h a t  pe r iod  and res idua l  ma te r i a l  i n  t he  environment 

f rom releases i n  prev ious per iods.  The dose i s  c a l c u l a t e d  f o r  a l l  c o n t r i b u t -  

i n g  pathways o f  exposure, i n c l u d i n g  ex te rna l  exposure, i n h a l a t i o n ,  and inges- 

t i o n  o f  contaminated water and foods. 

6.2.3 Method f o r  C a l c u l a t i n g  I n t r u d e r  Doses 

4 The ONSITE/MAXI computer program (Napier  e t  a l .  1984) i s  used t o  

c a l c u l a t e  a  maximum annual dose t o  an i n d i v i d u a l  from res idua l  sur face 
. . contaminat ion. Exposure pathways t h a t  can be modeled inc lude d i r e c t  ex te rna l  

I 



exposure t o  contaminated s o i l  o r  b u i l d i n g  sur faces,  i n h a l a t i o n  o f  resuspended 

m a t e r i a l ,  and i n g e s t i o n  o f  contaminated foods and a q u a t i c  products .  The 

ONSITE/MAXI code c a l c u l a t e s  t h e  t ime  o f  t h e  maximum dose r a t e  t o  s p e c i f i c  

organs o f  r e fe rence  and g i ves  an annual dose f o r  t h a t  organ. Spec ia l  op t i ons  

a r e  a v a i l a b l e  t o  t a i l o r  t h e  program t o  s imu la te  a  v a r i e t y  o f  decommissioned 

f a c i l i t i e s  such as reac to r s ,  l ow - l eve l  waste b u r i a l  grounds, o r  o , ther  

f a c i l i t i e s  f o r  hand l i ng  nuc lea r  m a t e r i a l .  

As desc r i bed  i n  Sec t i on  6.4 of t h i s  document, t h e  o n s i t e  scenar ios  a r e  

p o s t u l a t e d  t o  occur  a t  a  f u t u r e  da te  f o l l o w i n g  t h e  h y p o t h e t i c a l  l o s s  o f  a c t i v e  

i n s t i t u t i o n a l  c o n t r o l  o f  t h e  Hanford S i t e .  Whi le  warn ing markers, land-use 

records,  and p r o t e c t i v e  overburdens ove r  t h e  g r o u t  v a u l t s  should render  i n t r u -  

s i o n  events  l e s s  l i k e l y ,  i t  i s  imposs ib le  t o  a c c u r a t e l y  p r e d i c t  human behav- 

i o r  ove r  t h e  l o n g  term; a  determined i n d i v i d u a l  can ignore ,  c i rcumvent ,  o r  

des t roy  any p o t e n t i a l  b a r r i e r .  Thus, an i n d i v i d u a l  c o u l d  p o t e n t i a l l y  r e c e i v e  

a  wide range o f  exposures depending on t h e  magnitude o f  d i s r u p t i o n  o f  a  s i t e .  

Consequently, a  s u i t e  o f  scenar ios  has been used t h a t  spans t h e  range f rom 

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

The scenar ios  eva lua ted  i n  t h i s  performance assessment i n c l u d e  d r i l l i n g ,  

excavat ion,  and r e s i d e n t i a l  gardening a c t i v i t i e s  t h a t  h y p o t h e t i c a l l y  occur  

d i r e c t l y  ove r  t h e  PSW g r o u t  d isposa l  s i t e .  D r i l l e r s  o r  d i gge rs  a r e  assumed t o  

pene t ra te  areas o f  t h e  h i g h e s t  r a d i o a c t i v i t y .  The p r o b a b i l i t y ,  o r  r e l a t i v e  

u n l i k e l i h o o d ,  o f  a  scena r i o  o c c u r r i n g  i s  n o t  fac to red  i n t o  t h e  c a l c u l a t i o n s ;  

t h e  i n t r u s i o n s  a r e  assumed t o  occur  and t h e  r e s u l t s  a r e  presented. 

For  t h e  scenar ios  i n v o l v i n g  farming,  r o o t s  from a l l  types o f  p l a n t s ,  

i n c l u d i n g  f ood  crops, a r e  assumed t o  pene t ra te  t o  a  depth o f  a t  l e a s t  5 m  w i t h  

a  smal l  percentage c o n t a c t i n g  t h e  g rou ted  wastes. Because t h e  i n t r u s i o n  

events  a r e  l o c a l i z e d ,  t h e  i n d i v i d u a l s  r e c e i v i n g  maximum doses a r e  t h e  i n t r u -  

ders  themselves. Whi le t h e  scenar ios  chosen f o r  a n a l y s i s  r ep resen t  a  range o f  

p o t e n t i a l  cond i t i ons ,  t h e  parameters used f o r  each scenar io  a r e  s e l e c t e d  t o  

ensure conservat ism. 



6.3 GROUNDWATER IMPACTS 

As descr ibed  i n  Chapters 4.0 and 5.0, once t h e  r a d i o n u c l i d e  contaminants 

a r e  re leased  f rom t h e  g r o u t  v a u l t ,  t hey  m ig ra te  downward through t h e  vadose 

zone. From t h e  vadose zone t hey  mix w i t h  t h e  uncon f ined  a q u i f e r  below t h e  

g r o u t  d isposa l  s i t e .  Once i n  t h e  a q u i f e r ,  t h e  r a d i o n u c l i d e s  a r e  t r a n s p o r t e d  

away from t h e  g r o u t  d isposa l  s i t e  and may e v e n t u a l l y  reach t h e  Columbia R iver ,  

depending on t h e i r  s p e c i f i c  h a l f - l i v e s  and adso rp t i on  c h a r a c t e r i s t i c s .  

S i m i l a r  t o  t he  c a l c u l a t i o n  o f  concentra. t ions o f  r e g u l a t e d  chemicals 

presented i n  Chapter 5.0, incrementa l  concen t ra t i ons  o f  r ad ionuc l i des  i n  t h e  

unconf ined a q u i f e r  and i n  t h e  Columbia R i v e r  were c a l c u l a t e d  as i n p u t  f o r  t h e  

dose assessment code f o r  t h e  groundwater exposure pathway. The t ime-dependent 

concen t ra t ions  o f  key rad ionuc l i des  i n  groundwater a r e  shown i n  F igures  6.2 

and 6.3 f o r  recharge r a t e s  o f  0.5 and 5.0 cmlyr,  r e s p e c t i v e l y .  

To c a l c u l a t e  r a d i o l o g i c a l  impacts, one must p o s t u l a t e  l o c a t i o n s  a t  which 

humans cou ld  con tac t  t h e  contaminated groundwater. As mentioned, one assumed 

l o c a t i o n  i s  a  h y p o t h e t i c a l  domestic w e l l  l o c a t e d  between t h e  PSW g r o u t  

d isposa l  s i t e  and t h e  Columbia R iver .  The l o c a t i o n  o f  t h i s  w e l l  was chosen so 

as t o  draw wate r  f rom t h e  maximal ly  contaminated p o r t i o n  o f  t h e  a q u i f e r .  The 

r a d i o l o g i c a l  impacts c a l c u l a t e d  f o r  u s i n g  wate r  f rom t h i s  w e l l  a r e  a lmost  

independent o f  d i s t ance  f rom the  PSW g r o u t  d isposa l  s i t e  because conserva- 

t i v e  assumptions were made concern ing t h e  a b i l i t y  o f  contaminants t o  d i spe rse  

i n  t h e  a q u i f e r .  Hence a  w e l l  l o c a t e d  10 km downgradient f rom t h e  PSW g r o u t  

d isposa l  s i t e  i s  modeled as hav ing  e s s e n t i a l l y  t h e  same r a d i o n u c l i d e  concen- 

t r a t i o n s  as would a  w e l l  l o c a t e d  100 m  downgradient. Because t h e  w e l l  sce- 

n a r i o s  descr ibed  i n  t h e  f o l l o w i n g  sec t i ons  a r e  assumed t o  occur  immediate ly  

a f t e r  t h e  l o s s  o f  a c t i v e  i n s t i t u t i o n a l  c o n t r o l ,  t h e  w e l l  cou ld  conce ivab ly  be 

l o c a t e d  anywhere f rom 0  km t o  10 km f rom t h e  d isposa l  s i t e .  However, t h e  most 

l i k e l y  l o c a t i o n  f o r  people t o  r e s e t t l e  many years  i n t o  t h e  f u t u r e  would be 

some d i s tance  f rom t h e  200-Area Plateau. Therefore,  t h e  w e l l  i s  assumed t o  be 

5 km f rom t h e  PSW g r o u t  d isposa l  s i t e .  

Because contaminants may e v e n t u a l l y  reach t h e  Columbia R iver ,  r a d i o l o g -  

i c a l  impacts were a l s o  assessed downr iver  f rom t h e  Hanford S i t e .  



Time (thousands of years) 

FIGURE 6.2. Concentrations of Key Radionucl ides in Groundwater 
at 5-km Well, 0.5 cm/yr Recharge Rate 

Time (thousands of years) 

FIGURE 6.3. Concentrations of Key Radionuclides in Groundwater 
at 5-km We1 1 , 5.0 cmlyr Recharge Rate 



6.3.1 D r i n k i n g  Well Water 

A  measure o f  t h e  l e v e l  o f  con tamina t ion  o f  groundwater i s  t h e  r a d i a t i o n  

dose caused by d r i n k i n g  t h e  water.  Annual and l i f e t i m e  doses t o  an i n d i v i d u a l  

d r i n k i n g  wate r  f rom t h e  h y p o t h e t i c a l  5-km w e l l  a r e  g i ven  i n  Tables 6.3 and 

6.4. The maximal ly  exposed h y p o t h e t i c a l  i n d i v i d u a l  eva lua ted  was a  person who 

t -  
consumes 2 l i t e r s  o f  wa te r  pe r  day, as de f i ned  by t h e  Nuclear  Regu la to ry  

Commission (U.S. NRC 1977). Tota l -body and c r i t i c a l - o r g a n  doses a r e  presented 

i n  these two t a b l e s  as a  f u n c t i o n  o f  recharge r a t e .  The t ime  a t  which t h e  

maxinium doses a r e  p r o j e c t e d  t o  occur  i s  shown t o  be dependent on t h e  assumed 

recharge ra te .  The maximum doses occur  600 years  and 1600 years  f o l l o w i n g  

d isposa l  f o r  t h e  5.0 and t h e  0.5 cm/yr recharge ra tes ,  r e s p e c t i v e l y .  The 

doses presented a r e  t h e  maximum doses expected t o  occur  w i t h i n  a  10,000-year 

per iod .  The dominant r ad ionuc l  i des  i n  t h i s  scenar io  a r e  uranium-238 (which 

c o n t r i b u t e s  89% o f  t h e  dose) and carbon-14. 

Because l each  r a t e  da ta  s p e c i f i c  t o  uranium i s  unava i l ab le ,  t h e  re l ease  

r a t e  o f  uranium f rom w i t h i n  t h e  g r o u t  mono1 i t h  t o  t h e  surrounding s o i l s  was 

modeled as be ing  congruent w i t h  t h e  d i f f u s i o n a l  r e l ease  r a t e s  o f  mob i le  i ons  

such as n i t r i t e  and sodium. T h i s  assumption may overes t imate  t h e  re l ease  r a t e  

f o r  uranium, because i t  may be s o l u b i l i t y - c o n t r o l l e d  and s lower  than d i f -  

f u s i o n a l  re lease.  A d d i t i o n a l  l a b o r a t o r y  s t u d i e s  a r e  be ing  conducted t o  

q u a n t i t a t i v e l y  measure t h e  l each  r a t e  o f  uranium-238 f rom PSW g rou t .  Because 

uranium-238 c o n t r o l s  t h e  dose r a t e  under t h e  c u r r e n t  s e t  o f  assumptions, a  

r e d u c t i o n  i n  re1  ease r a t e  cou ld  s i g n i f i c a n t l y  reduce t h e  p r o j e c t e d  doses f o r  

t h i s  scenar io .  

6.3.2 F u l l  -Garden Scenar io  

Contaminated w e l l  wa te r  cou ld  be used f o r  i r r i g a t i o n  and l i v e s t o c k  water ,  

as w e l l  as f o r  human d r i n k i n g  water.  A f u l l - g a r d e n  scenar io  was p o s t u l a t e d  

wherein an i n d i v i d u a l  grows a  l a r g e  percentage o f  h i s  food  u s i n g  t h e  w e l l  f o r  

b i r r i g a t i o n ,  as m igh t  occur  on a  smal l ,  2-ha (5 -ac re )  f a m i l y  farm. I n  a d d i t i o n  

t o  d r i n k i n g  contaminated water ,  t he  i n d i v i d u a l  i s  exposed t o  r a d i o n u c l i d e s  

depos i ted  on t h e  s o i l  v i a  i r r i g a t i o n  wate r  and a l s o  t o  r a d i o a c t i v i t y  accumu- 

l a t e d  i n  crops and animal products .  D i e t a r y  parameters f o r  t h i s  scenar io  a r e  



TABLE 6.3. Ca l cu la ted  Maximum Rad ia t i on  Doses t o  I n d i v i d u a l s  f rom t h e  Dr ink ing  Water Scenario,  
mrem (Annual Doses) 

0.5 cm/yr Recharge Rate (maximum exposure 1600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Cont r i  - Con t r i  - Con t r i -  Cont r i  - 

Radionucl i d e  Total  Body bu t i on  Bone bu t i on  Lung bu t i on  Thyroid b u t i o n  C I - L L I ( ~ )  bu t i on  

Carbon-14 5.6 x 28 2.7 x 10 5 . 6 x 1 0 - 3  99 5 . 6 x 1 0 - 3  97 5.6 x 16 

Uranium-238+D 1.4 x 71 2.3 x 10-I  89 0 0 0 0 1 . 9 x 1 0 - ~  53 

Technetium-99 8.0 x lo- '  < I  2.1 <1 2 . 6 x 1 0 - '  < I  0 0 1.1 x 31 

Iodine-129 2.0 <1 7.3 x 1 0 ' ~  <1 0 0 1.6 x 1 0 ' ~  3 1.1 ~ 1 0 ' ~  <1 

TOTAL 2 x l o - 2  3 x 10-I 6 x 1 0 ' ~  6 x 1 0 ' ~  4 x lo -2  

5.0 cm/yr Recharge Rate (maximum exposure 600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Cont r i -  Con t r i -  Con t r i -  Cont r i  - Contr i  - 

Radionucl i d e  Total  Body but ion  Bone bu t  i o n  Lung b u t i o n  Thyroid bu t i on  C I - L L ~ ( ~ )  bu t i on  

TOTAL 2 x l o -2  2 x 10-I 5 5 3 x l o - 2  

(a )  GI-LLI = g a s t r o i n t e s t i n a l  t r a c t  - lower l a r g e  i n t e s t i n e .  



TABLE 6.4. Ca lcu la ted  Maximum Doses t o  I n d i v i d u a l s  from t h e  D r i n k i n g  Water Scenario,  
mrem ( L i f e t i m e  Doses) 

0.5 cm/yr Recharge Rate (maximum exposure 1600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Cont r i  - Cont r i  - Cont r i  - Contr i  - 

Radionucl i d e  Total Body but ion  Bone b u t i  on Lung b u t i  on Thyroid bu t i on  C I - L L I ( ~ )  but ion  

TOTAL 1 x l o 0  2 x lo1  4 x 10-I 4 x 10-I  2 x l o 0  

5.0 cm/yr Recharge Rate (maximum exposure 600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Cont r i  - Cont r i  - Con t r i -  Cont r i -  

Radionucl i de Total  Body b u t i  on Bone b u t i  on Lung bu t i on  Thyroid b u t i  on C I - L L ~ ( ~ )  but ion  

Carbon-14 3.3 x 10" 30 1.6 x 10 O 11 3.3 x 10-I 100 3.3 x 10-I 97 3.3 x 10-I 17 

Uranium-238+D 7.7 x 10-I 70 1.3 x 10' 89 0 0 0 0 1.0 x 10 O 50 

Technetium-99 4.4 x 1 0 ' ~  <1 1.1 ~ 1 0 ' ~  <1 1 . 4 ~ 1 0 ' ~  <1 0 0 6 . 0 x 1 0 - ~  30 

Iodine-129 1 . 1 ~ 1 0 ' ~  <1 4.0 x lom6 <1 0 0 8.8 x 1 0 ' ~  3 6 . 1 x l ~ - 7  <1 

TOTAL 1 x l o0  2 x l o1  3 x 10-I 3 x 10-I 2 x l o 0  

(a )  GI-LLI = gas t ro in tes t i na l  t r a c t  - lower l a rge  i n tes t i ne .  



presented i n  Napier ,  Pe loqu in  and Strenge (1986).  I n  a d d i t i o n ,  o t h e r  parame- 

t e r s  were r e q u i r e d  t o  es t ima te  t h e  dose t o  t h i s  i n d i v i d u a l .  For example, i t  

was assumed t h a t  t h e  i n d i v i d u a l  spends 50% of h i s  t ime  exposed t o  contaminated 

s o i l .  It was a l s o  assumed t h a t  i r r i g a t i o n  occurs f o r  6  months o f  t h e  yea r  a t  \ 
2 a  r a t e  o f  150 L/m /month. S o i l - t o - p l a n t  concen t ra t i on  r a t i o s  and meat concen- 

t r a t i o n  r a t i o s  a r e  f rom Napier,  Pe loqu in  and Strenge (1986).  . !  
Rad ia t i on  doses t o  i n d i v i d u a l s  f o r  t h i s  scenar io  were es t ima ted  f o r  t h e  

same we l l -wa te r  concen t ra t i ons  as shown i n  F igures  6.2 and 6.3. Tables 6.5 

and 6.6 show t h e  c a l c u l a t e d  annual and l i f e t i m e  doses, r e s p e c t i v e l y .  As w i t h  

t h e  d r i n k i n g  wate r  scenar io ,  t h e  r a d i o n u c l i d e  t h a t  makes t h e  ma jo r  dose 

c o n t r i b u t i o n  (75%) i s  uranium-238. 

6.3.3 Rad ionuc l ide  M i g r a t i o n  t o  t h e  Columbia R i v e r  

Radionuc l ides and .o the r  contaminants t h a t  a r e  leached i n t o  t h e  ground- 

wate r  cou ld  e v e n t u a l l y  reach t h e  Columbia R iver .  The r a t e  a t  which rad ionu-  

c l i d e s  e n t e r  t h e  r i v e r  depends on f i v e  f a c t o r s :  1 )  t h e  r a t e  a t  which they  

e n t e r  t h e  groundwater, 2)  t h e i r  r a d i o a c t i v e  decay, 3 )  t h e i r  adso rp t i on  char-  

a c t e r i s t i c s ,  4)  t h e  l i n e a r  f l o w  r a t e  o f  t h e  a q u i f e r ,  and 5 )  d i s t a n c e  t o  t h e  

r i v e r .  The h i g h l y  mob i l e  r ad ionuc l  i des  (e.g. , iod ine-129 and technet ium-99) 

cou ld  reach t h e  Columbia R i v e r  w i t h i n  a  few hundred years  a f t e r  t h e  i n i t i a t i o n  

o f  waste leach ing .  The l e s s  mob i l e  r ad ionuc l i des ,  e.g., cesium-137 and 

s t ront ium-90,  were shown t o  decay b e f o r e  eve r  reach ing  t h e  wate r  t a b l e .  The 

r a t e  o f  r a d i o n u c l i d e  re l ease  t o  t h e  r i v e r  i s  shown i n  F igures  6.4 and 6.5, a t  

recharge r a t e s  o f  0.5 and 5.0 cm/yr, r e s p e c t i v e l y .  It i s  assumed t h a t  t h e  

f l o w  r a t e  o f  t h e  r i v e r  p a s t  Hanford i s  120,000 cub i c  f e e t  p e r  second (U.S. DOE 

1986b). 

The Columbia R i v e r  i s  c u r r e n t l y  used f o r  d r i n k i n g ,  i r r i g a t i o n ,  and 

r e c r e a t i o n  by  many people l i v i n g  downstream o f  Hanford. These uses a r e  

assumed t o  i nc rease  i n  t h e  f u t u r e .  C u r r e n t l y ,  o n l v  a  smal l  f r a c t i o n  o f  t h e  

r i v e r ' s  f l o w  below Hanford i s  used f o r  i r r i g a t i o n  and d r i n k i n g .  (Water f o r  

t h e  l a r g e  i r r i g a t i o n  p r o j e c t s  i n  t h e  area i s  p r i m a r i l y  ob ta i ned  f rom t h e  

Columbia R i v e r  upstream o f  Hanford.) W i t h i n  80 km o f  Hanford, 2,000 people 

a r e  c u r r e n t l y  es t ima ted  t o  e a t  food  grown u s i n g  i r r i g a t i o n  wate r  f rom t h e  

Columbia R i ve r ,  70,000 people d r i n k  wate r  f rom t h e  r i v e r ,  and about  



TABLE 6.5. Calculated Maximum Rad ia t ion  Doses t o  I n d i v i d u a l s  from the  Full-Garden Scenario, 
mrem (Annual Doses) 

0.5 cm/yr Recharge Rate (maximum exposure 1600 years a f t e r  d isposa l )  
Percent Percent Percent Percent  Percent 
Contr i  - Con t r i  - Con t r i  - Con t r i  - Con t r i -  

Radionucl i d e  Total Body but ion  Bone b u t i  on Lung b u t i o n  Thyroid b u t i o n  G I -LL I (~ )  bu t i on  

TOTAL 5 x 3 x 10- I  4 x 3 x 1 x 10-I 

5.0 cm/yr Recharge Rate (maximum exposure 600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Con t r i  - Con t r i  - Con t r i  - Con t r i -  

Radionucl i d e  Total  Body but ion  Bone bu t i on  . Lung bu t i on  Thyroid bu t i on  C I - L L I ( ~ )  bu t i on  

TOTAL 5 x 4 x 10-I 4 x 4 x 1 x 10-I  

( a )  GI-LLI = gas t ro in tes t i na l  t r a c t  - lower l a r g e  i n t e s t i n e .  



TABLE 6.6. Calculated Maximum Rad ia t ion  Doses t o  I n d i v i d u a l s  from the  Full-Garden Scenario, 
mrem ( L i f e t i m e  Doses) 

0.5 cm/yr Recharge Rate (maximum exposure 1600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Cont r i  - Con t r i -  Cont r i  - Contr i  - 

Radionucl i de Total Body but ion  Bone bu t i on  Lung bu t i on  Thyroid bu t i on  C I - L L I ( ~ )  bu t i on  

TOTAL 4 x l o 0  2 x l o1  3 x l o 0  2 x l o0  7 x lo0 

5.0 cm/yr Recharge Rate (maximum exposure 600 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Cont r i  - Cont r i  - Con t r i -  Contr i  - 

Radionucl i d e  Total  Body but ion  Bone bu t i on  Lung b u t i  on Thyroid but ion  C I -LL I (~ )  but ion  

TOTAL 

(a)  GI-LLI = gas t ro in tes t i na l  t r a c t  - lower l a rge  i n tes t i ne .  



Time (thousands of years) 

FIGURE 6.4. 10,000-year Release t o  Columbia River ,  
0.5 cm/year Recharge Rate 

Time (thousands of years) 

FIGURE 6.5. 10,000-year Release t o  Columbia R iver ,  
5.0 crnlyear Recharge Rate 



125,000 people swim o r  boa t  i n  t h e  r i v e r  (McCormack, Ramsdell and Nap ie r  

1984). It i s  assumed t h a t  a  maximum o f  5 m i l l i o n  a f f e c t e d  i n d i v i d u a l s  w i l l  

l i v e  a t  any p o i n t  i n  t ime  downstream a long  t h e  Columbia R i v e r  between Hanford 

and t h e  r i v e r ' s  mouth d u r i n g  t h e  n e x t  10,000 years.  For t h i s  many people t o  i 

be a f f e c t e d ,  a  ve ry  l a r g e  inc rease  i n  t h e  amount o f  i r r i g a t e d  l a n d  i n  b o t h  

Washington and Oregon would be requ i red ,  concur ren t  w i t h  a  l a r g e  i nc rease  i n  
t 

o v e r a l l  popu la t ion .  Thus, about  410 m i l l i o n  people a r e  assumed t o  l i v e  a l ong  

t h e  Columbia R i v e r  ove r  t h e  10,000-year per iod .  The t o t a l  dose t h a t  a  group 

t h i s  s i z e  would r e c e i v e  f rom n a t u r a l l y  o c c u r r i n g  background sources i s  n e a r l y  

3 b i l l i o n  person-rem. 

People who l i v e  a long  t h e  Columbia R i v e r  downstream o f  Hanford c o u l d  be 

s u b j e c t  t o  doses r e s u l t i n g  f rom t h e  re l ease  o f  r a d i o n u c l i d e s  f rom t h e  g rou t .  

The gradual  r e l ease  o f  contaminants t o  t h e  r i v e r  would cause a  slow i nc rease  

i n  dose r a t e  t o  a  peak, f o l l o w e d  by a  gradual dec l ine .  There c o u l d  be more 

than one peak, separated i n  t ime  f rom t h e  o thers ,  caused by t h e  d i f f e r e n t  

m o b i l i t i e s  o f  t h e  r a d i o n u c l i d e s  re leased  f rom grou t .  The t o t a l  dose t o  a l l  

people l i v i n g  ove r  t h e  n e x t  10,000 years  depends mos t l y  on t h e  t o t a l  a c t i v i t y  

o f  each rad ionuc l  i d e  ( c u r i e s )  re leased,  b u t  t h e  r a t e  o f  r e l e a s e  c o n t r o l s  t h e  

dose r a t e  t o  any one i n d i v i d u a l .  

Tables 6.7 and 6.8 show t h e  doses t h a t  people l i v i n g  downr ive r  of  t h e  

Hanford S i t e  would r e c e i v e  from PSW grout .  Ten-thousand-year p o p u l a t i o n  

doses a r e  g i ven  i n  Table 6.9. As i n  t h e  p rev ious  scenar ios,  t h e  dominant 

r a d i o n u c l i d e  i s  uranium-238. 

6.4 INTRUDER IMPACTS 

I n  accordance w i t h  NRC guide1 i nes  (U.S. NRC 1981), a c t i v e  i n s t i t u t i o n a l  

c o n t r o l s  cannot be r e l i e d  upon f o r  env i ronmenta l  p r o t e c t i o n  f o r  more than  

100 years  a f t e r  d i sposa l .  A f t e r  t h a t  t ime,  pass ive  i n s t i t u t i o n a l  c o n t r o l s ,  

such as markers, monuments, and p u b l i c  records,  a r e  t h e  o n l y  mechanisms t o  N 

i n h i b i t  i n t r u s i o n  i n t o  t h e  waste. For  t h i s  PA, i n t r u s i o n  events  were analyzed 

a t  100 years  when a c t i v e  i n s t i t u t i o n a l  c o n t r o l  i s  assumed t o  cease a t  t h e  

Hanford S i t e .  I n  a d d i t i o n ,  i n t r u s i o n  was a l s o  p o s t u l a t e d  a t  400, 1,000, and 

10,000 years  a f t e r  d i sposa l .  Rad io l og i ca l  impacts were es t ima ted  a t  these 



TABLE 6.7. Ca l cu la ted  P o t e n t i a l  Maximum Rad ia t i on  Doses t o  I n d i v i d u a l s  f rom 
Radionucl i d e  Migra t ion  t o  t h e  Columbia R i v e r ,  mrem (Annual Doses) 

0.5 cm/yr Recharge Rate (maximum exposure 3000 years a f t e r  d isposa l )  
Percent Percent Percent Percent Percent 
Contr i  - Cont r i  - Con t r i -  Con t r i -  Cont r i -  

Radionucl i d e  Total  Body but ion  Bone b u t i  on Lung bu t i on  Thyroid bu t i on  C I - L L ~ ( ~ )  bu t i on  

TOTAL 4 3 x l o - 8  3 3 1 x lo'* 

5.0 cm/yr Recharge Rate (maximum exposure 2000 years a f t e r  d isposa l )  
Percent Percent Percent Percent 
Contr i  - Con t r i -  Cont r i  - Con t r i  - 

Radionucl i d e  Total  Body but ion  Bone bu t i on  Lung bu t i on  Thyroid bu t i on  

Carbon-14 4.1 x 9 2.0 7 4.1 x 10- lo  12 4.1 x 10- lo  14 

Uranium-238+D 4.0 x lo- '  90 2.6 x lo- '  93 3.0 x 10" 88 2.6 x lo- '  85 

Technetium-99 3.4 x 1 8.9 x lo- ' '  <1 1.1 x 10- l1 <1 2.8 x 1 0 " ~  <1 

Iodine-1 29 8.0 lo-14 <1 4.7 10- l4 <1 2.8 l 0 ' l 4  <1 4.1 x lo-'' 1 

Americium-241 2.6 x <1 7.7 l 0 ' l 4  <1 4.3 lo-14 <1 2.4 x lo'14 <1 

Percent 
Cont r i  - 

GI-LLI ( a )  bu t i on  

4.1 x 4 

4 . 5 x 1 ~ - 9  47 

4.6 x lo-' 49 

3.1 10- l4  <I 

2.6 10- l4 <I 

TOTAL 4 3 x l o - 8  3 3 1 x l o - 8  

(a)  GI-LLI = gas t ro in tes t i na l  t r a c t  - lower l a r g e  i n t e s t i n e .  



TABLE 6.8. Calcu lated P o t e n t i a l  Maximum Rad ia t ion  Doses t o  I n d i v i d u a l s  f rom 
Radionucl i d e  M i g r a t i o n  t o  t h e  Columbia R i v e r ,  mrem ( L i f e t i m e  Doses) 

0.5 cm/yr Recharge Rate (maximum exposure 3000 years a f t e r  disposal)  
Percent Percent Percent Percent Percent 
Contri - Contr i -  Contri - Contr i  - Contr i -  

Radionucl i de  Total Body but ion Bone but ion Lung but i on Thyroid but ion C I - L L ~ ( ~ )  but ion 

Carbon-14 2.9 x 9 I . ~ X I O - ~  7 2.9 x 12 2.9 x 14 2.9 x l o e 8  4 

Uranium-238+D 2.8 x 90 1 . 8 x 1 0 - ~  93 2.1 x 1 0 ' ~  . 88 1.8 x 85 3.2 47 

Technetium-99 2.4 x lo- '  1 6.2 x loe9 <1 7.6 x <1 2.0 lo-14 <1 3.2 49 

Iodine-129 5.6 x 10'12 <1 3.3 x 10'12 <1 1 . 9 x 1 0 - ~ ~  <1 2.9 1 0 ' ~  1 2.1 x 10'12 <1 

TOTAL 3 2 x lo -6  2 2 7 

5.0 cm/yr Recharge Rate (maximum exposure 2000 years a f t e r  disposal) 
Percent Percent Percent Percent Percent 
Contri- Contri - Contr i -  Contr i -  Contr i -  

Radionucl i de  Total Body but ion Bone but ion Lung but i on Thyroid but ion CI-LLI (~)  but ion 

TOTAL 3 2 x 2 2 7 

(a)  GI-LLI = gast ro in test ina l  t r a c t  - lower large in test ine.  
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t imes o f  i n t r u s i o n  and are  described below. Radionucl ide concentrat ions used 

i n  the  f o l l o w i n g  scenarios were presented i n  Table 4.4. 

6.4.1 D r i l l i n g  
- 4 

D r i l l i n g ,  e i t h e r  f o r  water w e l l s  o r  f o r  minera l  exp lo ra t i on ,  i s  a  poten- 

t i a l  mechanism f o r  moving bu r ied  waste d i r e c t l y  t o  the  e a r t h ' s  sur face w i t h  

l i t t l e  i n d i c a t i o n  t h a t  the  waste has been encountered. Monuments, b a r r i e r s ,  

and markers may reduce the  l i k e l i h o o d  o f  d r i l l i n g ,  b u t  they cannot prec lude 

it. 

I n  the  d r i l l i n g  scenario, a  w e l l  30 cm i n  diameter i s  bored through t h e  
3  grout.  The g rou t  v a u l t  i s  7 m t h i c k ;  hence, 0.5 m o f  g rou t  i s  brought t o  the  

surface. D r i l l i n g  through the waste form i t s e l f  i s  assumed t o  take 1 hour. 

During t h i s  time, t he  d r i l l e r  breathes contaminated dus t  w i t h  a  mass l oad ing  
3  o f  1 x  g/m o f  a i r .  The d r i l l  t a i l i n g s  a re  assumed t o  be spread over  a  

2 100-m area. 

The d r i l l e r s  a re  assumed t o  spend 40 hours working i n  t h e  immediate 

v i c i n i t y  o f  t he  t a i l i n g s .  (The maximum annual dose inc ludes  t h a t  from 

ex te rna l  r a d i a t i o n  rece ived du r ing  d r i l l i n g ,  p lus  the  longer- term dose t h a t  

r e s u l t s  from i n h a l a t i o n  o f  rad ionuc l ides  i n  t h e  contaminated dust . )  

Maximum annual to ta l -body  r a d i a t i o n  doses t o  members o f  t h e  d r i l l  crew 

are  presented i n  Table 6.10. The doses are  dominated by ex te rna l  exposure t o  

cesium-137 a t  e a r l y  t imes and a f t e r  d isposal ,  uranium-238 a t  longer  t ime 

per iods . 
6.4.2 Excavat ion 

Several p l a u s i b l e  excavat ion events t h a t  i n v o l v e  major d is turbances o f  

the  g rou t  s i t e  can be postu lated.  These i nc lude  cons t ruc t i on  p r o j e c t s  

requ i red  f o r  highway o r  canal b u i l d i n g ,  o r ,  on a  smal le r  scale, f o r  res iden-  

t i a l  basements. I n  these cases, workers opera t ing  heavy machinery can be 

assumed t o  be i n  a  "ho le  i n  the  ground," e s s e n t i a l l y  surrounded by contami- 4 

nated s o i l .  The ho le  cou ld  range from r e l a t i v e l y  small ( f o r  a  basement) t o  

q u i t e  l a r g e  ( f o r  a  canal) ,  b u t  t he  d i r e c t  exposure source and the  contaminated 
j 

dust  concent ra t ion  would be about the  same i n  e i t h e r  case. The workers i n  the  



TABLE 6.10. Calcu la ted  Maximum Rad ia t ion  Doses t o  I n d i v i d u a l s  
Resul t i n g  from the  D r i l l  i n g  Scenario (Annual Doses) 

I n d i v i d u a l  Maximum 
Time, y r  Organ Annual Dose, mrernlyr 

100 To ta l  Body 4 x  loe1 

Bone 4 x  10-I 

Lung 4 x  10-I 

Thyro id  4 x  10-I 

LLI(~) 4 x  10-I 

400 Tota l  Body 4 loe4  

Bone 4 

Lung 4 

Thyro id  4 

LLI(~) 4 

1000 To ta l  Body 3 x  1 0 ' ~  

Bone 5 x  lo-6 

Lung 2 

Thyro id  3 x  1 0 ' ~  

LLI(~) 3 x  1 0 - ~  

10,000 To ta l  Body 2 x  lo-6 

Bone 4 x  lo-6 

Lung 1 

Thyroid 2 x  lo-6 

LLI(~) 2 x  1 0 - ~  

Dominant 
Pathway 

External  

External  

External  

External  

External  

External  

External  

External  

External  

External  

External  

External  

I n h a l a t i o n  

External  

External  

External  

External  

I n h a l a t i o n  

External  

External  

Domi nant  
Nucl i de 

137c5 
137c5 
137~5 
137~5 
137c5 

(a)  L L I  = lower l a r g e  i n t e s t i n e .  

b 
hole would be exposed t o  d i r e c t  r a d i a t i o n  from rad ionuc l ides  i n  t he  s o i l  and 

t o  resuspended dust  from the  cons t ruc t i on  a c t i v i t y .  

An i n d i v i d u a l  opera t ing  heavy equipment i s  assumed t o  work i n  the  con- 
3 taminated area f o r  80 hours. A contaminated dust  l oad ing  o f  1 x  loe2  g/m o f  



a i r  i s  assumed. The excavated waste i s  assumed t o  be u n i f o r m l y  mixed w i t h  
6  3  s o i l  t h a t  has a  d e n s i t y  o f  1.7 x 10 g/m . 

Raximum annual whole-body r a d i a t i o n  doses t o  workers who excavate i n t o  
\ 

t h e  g r o u t  a t  va r i ous  f u t u r e  t imes a r e  presented i n  Table 6.11. Again, maximum f 

annual t o t a l - b o d y  r a d i a t i o n  doses a r e  dominated by e x t e r n a l  exposures f rom 

cesium-137 and uranium-238. ! 

6.4.3 R e s i d e n t i a l  Home Garden 

The r e s e t t l e m e n t  o f  t h e  Hanford S i t e  i s  assumed t o  occur  f o l l o w i n g  t h e  

cessa t i on  o f  a c t i v e  i n s t i t u t i o n a l  c o n t r o l  o f  t h e  S i t e .  It i s  b e l i e v e d  t h a t  

h y p o t h e t i c a l  r e s e t t l e m e n t  would occur  f i r s t  a long  p a r t s  o f  t h e  Hanford S i t e  

r e l a t i v e l y  c l o s e  t o  t h e  Columbia R i v e r  because o f  t h e  a v a i l a b i l i t y  o f  wa te r  

f rom b o t h  t h e  r i v e r  and groundwater a t  sha l low depths. However, f o r  t h e  sake 

o f  conservat ism, p o t e n t i a l  f u t u r e  occupancy i s  a l s o  assumed near  o r  a t  l oca -  

t i o n s  o f  d isposed waste. For  waste s i t e s  i n  t h e  200-Area p la teau  (where PSW 

g r o u t  i s  planned t o  be disposed),  t h i s  t ype  o f  r ese t t l emen t  i s  b e l i e v e d  t o  be 

a p p l i c a b l e  o n l y  t o  a  few i n d i v i d u a l s ,  r a t h e r  than  a  sys temat ic  se t t lement .  

Wi thou t  a c t i v e  i n s t i t u t i o n a l  c o n t r o l s ,  and w i t h  d i s r e g a r d  o f  pass ive  

i n s t i t u t i o n a l  c o n t r o l s  such as permanent markers and p u b l i c  records,  waste 

d isposa l  areas c o u l d  p o s s i b l y  be used f o r  r e s i d e n t i a l  purposes. People c o u l d  

b u i l d  homes and conduct r o u t i n e  subs is tence a c t i v i t i e s  ove r  b u r i e d  waste 

s i t e s .  Food crops, f o r  e i t h e r  domest ic o r  animal consumption, cou ld  be grown. 

( I n d i v i d u a l s  i n  t h i s  scenar io  a r e  assumed t o  use uncontaminated w e l l  water .  

For impacts d i r e c t l y  r e s u l t i n g  f rom use o f  contaminated w e l l  water ,  see 

Sec t i on  6.3.2.) The r e s i d e n t  would consequent ly  be exposed t o  low l e v e l s  of  

d i r e c t  r a d i a t i o n  f rom t h e  b u r i e d  g r o u t  and a l s o  t o  r a d i o n u c l i d e s  v i a  i n g e s t i o n  

o f  contaminated crops grown i n  t h e  s i t e .  Crop con tamina t ion  i s  a  f u n c t i o n  of 

t h e  depth o f  t h e  g rou t ,  t h e  a b i l i t y  o f  t h e  g r o u t  v a u l t  t o  p reven t  r o o t  

i n t r u s i o n ,  and t h e  o v e r a l l  su r f ace  area used f o r  gardening. 

Exposure pathways f o r  t h e  r e s i d e n t i a l  home garden scenar io  a r e  i n g e s t i o n  4 

o f  contaminated food  and e x t e r n a l  r a d i a t i o n .  



TABLE 6.11. Ca l cu la ted  Maximum Rad ia t i on  Doses t o  I n d i v i d u a l s  R e s u l t i n g  
from t h e  Excavat ion Scenar io  (Annual Doses) 

Time, y r  Organ 

100 T o t a l  Body 

Bone 

Lung 

Thy ro id  

LLI(~) 

To ta l  Body 

Bone 

Lung 

Thy ro id  

LLI(~) 

1000 T o t a l  Body 

Bone 

Lung 

Thy ro id  

LLI (~)  

I n d i v i d u a l  Maximum Domi nant  
Annual Dose, mremlyr Pathway 

4 x  l o 1  Ex te rna l  

4 x  l o 1  Ex te rna l  

4  x  l o 1  Ex te rna l  

4 x  l o 1  Ex te rna l  

4 x  l o 1  Ex te rna l  

4 x  l o - 2  Ex te rna l  

5 x  10 '~  Ex te rna l  

8 x  lo- '  I n h a l a t i o n  

4 x  l o - *  Ex te rna l  

4  x  l o - 2  Ex te rna l  

7 I n h a l a t i o n  

2  x  l o m 2  I n h a l a t i o n  

6  x  lo- '  I n h a l a t i o n  

3 Ex te rna l  

3  Ex te rna l  

Dominant 
Nucl i de 

10,000 T o t a l  Body 5 I n h a l a t i o n  2 3 9 ~ u  

Bone 1 x  l o - 2  I n h a l a t i o n  2 3 9 ~ u  

Lung 5 x  l o - 2  I n h a l a t i o n  239 PU 

Thy ro id  2  Ex te rna l  238" 

LL1 la )  2  Ex te rna l  238u 

( a )  L L I  = lower  l a r g e  i n t e s t i n e .  

b 
D i e t a r y  parameters represen t  t h e  vegetable d i e t  o f  t h e  "Hanford maximum 

i n d i v i d u a l  " (McCormack, Ramsdell and Nap ie r  1984). The i n d i v i d u a l  i n  t h i s  
I scenar io  i s  assumed t o  grow 25% o f  h i s  d i e t  i n  t h e  contaminated s o i l .  The 
1 

garden i s  pos tu l a ted  t o  be l o c a t e d  d i r e c t l y  above a  PSW g r o u t  v a u l t .  



One percen t  o f  t h e  c rop  r o o t s  a r e  i n  c o n t a c t  w i t h  t h e  waste. For  e x t e r n a l  

r a d i a t i o n ,  t h e  i n d i v i d u a l  i s  exposed t o  t h e  contaminated s o i l  f o r  8,770 hours 

p e r  year .  

Ca l cu la ted  maximum annual whole-body r a d i a t i o n  doses t o  i n d i v i d u a l s  - 4 

r e s u l t i n g  f rom t h e  r e s i d e n t i a l  home garden scenar io  a r e  l i s t e d  i n  Tab le  6.12. 

I n d i v i d u a l  maximum annual r a d i a t i o n  doses a r e  dominated by t h e  i n g e s t i o n  
* 1 

pathway. St ront ium-90 and cesium-137 c o n t r o l  t h e  doses f o r  400 years ,  w h i l e  

carbon-14 and technet ium-99 c o n t r o l  t h e  doses a f t e r  1,000 years.  

6.4.4 P o s t - D r i l l i n g  H a b i t a t i o n  

The doses t o  people who d i r e c t l y  c o n t a c t  t h e  b u r i e d  wastes rep resen t  o n l y  

a  p o r t i o n  o f  t h e  impact  o f  i n t r u s i o n  i n t o  t h e  g r o u t  s i t e .  D r i l l i n g  r e s u l t s  i n  

waste be ing  p h y s i c a l l y  d i s t u r b e d  and d i s t r i b u t e d  i n  t h e  l o c a l  environment.  

T h i s  con tamina t ion  cou ld  represen t  a  source of  r a d i a t i o n  exposure t o  people 

l i v i n g  on o r  near  t h e  s i t e  of  t h e  o r i g i n a l  d is tu rbance  l o n g  a f t e r  t h e  o r i g i n a l  

r e d i s t r i b u t i o n .  As i n  t h e  example o f  t h e  r e s i d e n t i a l  home garden scenar io ,  

people who l i v e  on o r  near  t h e  waste would be exposed t o  d i r e c t  r a d i a t i o n  f rom 

con tamina t ion  i n  t h e  s o i l ,  and t o  i n g e s t i o n  o f  garden foods grown i n  t h e  

contaminated s o i l .  

I n  t h e  p o s t - d r i l l i n g  h a b i t a t i o n  scenar io ,  waste b rought  t o  t h e  su r f ace  by 

t h e  d r i l l i n g  scenar io  i s  assumed t o  be f u r t h e r  d i s t r i b u t e d  th roughout  a  15-cm 

plow l a y e r  i n  a  garden t h a t  i s  2,500 square meters i n  area. Twenty - f i ve  

percen t  o f  t h e  i n d i v i d u a l ' s  vegetable i n t a k e  i s  assumed t o  come from t h i s  

garden. The i n d i v i d u a l  i s  assumed t o  spend 2,000 hours p e r  y e a r  ou t s i de ,  

exposed t o  resuspended dus t  and t o  su r f ace  contaminat ion.  

Ca l cu la ted  maximum annual doses t o  i n d i v i d u a l s  l i v i n g  on t h e  g r o u t  s i t e  

a re  presented i n  Table 6.13. Tota l -body doses a r e  dominated by  s t ron t ium-90  

i n g e s t i o n  a t  400 years,  carbon-14 i n g e s t i o n  a t  1,000 years,  and i n h a l a t i o n  o f  

plutonium-239 a t  10,000 years.  

6.4.5 Post-Excavat ion H a b i t a t i o n  

The pos t -excava t ion  h a b i t a t i o n  scenar io  fo l lows  d i r e c t l y  f rom t h e  excava- 

t i o n  a c t i v i t i e s  descr ibed  i n  Sec t ion  6.4.2. As i n  t h e  p o s t - d r i l l i n g  scenar io ,  



TABLE 6.12. Calculated Maximum Radiation Doses to Individuals Resulting 
from the Residential Home Garden Scenario (Annual Doses) 

Time, yr Organ 

100 Total Body 

Bone 

Lung 

Thyroid 

LLI(~) 

Individual Maximum Dominant Dominant 
Annual Dose, mrem/yr Pathway Nucl ide 

6 x lo1 Ingestion 

2 x lo2 Ingestion 'Osr 

2 x Ingestion 137~s 

2 x Ingestion 12g1 

7 x 10-O Ingestion 

400 Total Body 6 x lom2 Ingestion 9 0 ~  r 

Bone 2 x 10-I Ingestion 9 0 ~  r 

Lung 3 loe5 Ingestion 137~s - 
Thyroid 2 x Ingestion 12gI 
LLI(~) 2 x Ingestion 14c 

1000 Total Body 1 x Ingestion 14t 

Bone 7 x lo-2 Ingestion 14c 

Lung 4 x Ingestion "TC 

Thyroid 2 x Ingestion 12gI 

LLI(~) 1 x lo-z Ingestion I% 

10,000 Total Body 4 Ingestion 14c 

Bone 3 x lom2 Ingestion 14t 

Lung 4 x Ingestion "TC 

Thyroid 2 x Ingestion 12gI 

LLI(~) 5 Ingestion 14c 

(a) LLI = lower large intestine. 

B - 
people were postulated to live in a home constructed at the site and to con- 

sume food grown in an adjacent small garden. However, it was considered to be 
f extremely unlikely that excavation activities would bring,materials to the 



TABLE 6.13. Ca lcu la ted  Maximum Rad ia t ion  Doses t o  I n d i v i d u a l s  Resu l t i ng  
from the  Post-Dri  11 i n g  Scenario (Annual Doses) 

Time, y r  Organ 

100 To ta l  Body 

Bone 

Lung 

Thyro id  

LLI(~) 

To ta l  Body 

Bone 

Lung 

Thyro id  

LLI(~) 

To ta l  Body 

Bone 

Lung 

Thyro id  

LLI (a )  

10,000 To ta l  Body 

Bone 

Lung 

Thyro id  

LLI(~) 

I n d i v i d u a l  Maximum 
Annual Dose, rnrem/yr 

1 x  l o 1  
4 x  l o 1  
2 x  l o 0  
2 x  l o o  
3  x  l o 0  

Dominant 
Pathway 

Inges t i on  

Inges t i on  

External  

Ex terna l  

External  

I nges t i on  

Inges t i on  

I n h a l a t i o n  

Ex t e  rna 1  

Inges t i on  

Inges t i on  

I n h a l a t i o n  

I n h a l a t i o n  

Ex te rna  1  

Inges t i on  

I n h a l a t i o n  

I n h a l a t i o n  

I n h a l a t i o n  

External  

I nges t i on  

Domi nant  
Nucl i de 

( a )  L L I  = lower l a r g e  i n t e s t i n e .  

4 
sur face f o r  r e d i s t r i b u t i o n  from depths g rea te r  than 5 m, and the re fo re ,  no 

impacts were p ro jec ted  t o  be associated w i t h  the  reference 54-11 depth o f  s o i l  

overburden. 



6.5 SUMMARY OF RADIOLOGICAL IMPACTS 

Table 6.14 summarizes t h e  long- term r a d i o l o g i c a l  impacts assoc ia ted  w i t h  

t h e  d isposa l  o f  g rou ted  PSW a t  Hanford. The maximum dose c a l c u l a t e d  f o r  each 

t ype  o f  scenar io  i s  shown. The ma jo r  types o f  scenar ios rep resen t  impacts 

f rom d r i n k i n g  wate r  a t  a  downgradient w e l l ,  u s i n g  a  f u l l  garden a t  t h i s  same 

w e l l ,  u s i n g  water  f rom t h e  downgradient r i v e r ,  and i n t r u d i n g  d i r e c t l y  i n t o  t h e  

g rou ted  waste. The summary doses a r e  compared t o  va r i ous  r a d i o l o g i c a l  s tan-  

dards as a  means o f  measuring t h e  e f f e c t i v e n e s s  o f  t h e  g r o u t  d isposa l  system. 

Correspondent r e g u l a t i o n s  a r e  a l s o  l i s t e d  f o r  comparison. 

TABLE 6.14. Summary o f  Maximum Rad io l og i ca l  Impacts 

Dose, mrem/y r Regulatory Dose L i m i t ,  
Total  Body/ mrem/yr Dominant 

Scenario C r i t i c a l  Organ Total  Body/Cri t ical  Organ Radionucl i d e  

Dr ink ing  Water, 
0.5 cm/yr recharge 

F u l l  Garden, 
5 .0  cm/yr recharge 

R iver ,  both recharges 4 x 10-'/3 x 1 0 ' ~  25/75' b, 23EU 

In t ruder  ( r e s i d e n t i a l  60/200 5 0 0 / 1 5 0 0 ( ~ ~ ~ )  'Osr, 1 3 7 ~ s  
home garden) 

( a )  WAC (1985) .  
( b )  U.S. NRC (1982a) .  
( c )  U.S. DOE (1981a) .  

6.5.1 Regulatory  Review 

The c u r r e n t  body o f  r a d i o l o g i c a l  r e g u l a t i o n s  and g u i d e l i n e s  p e r t a i n i n g  t o  

t he  p r o t e c t i o n  o f  p u b l i c  h e a l t h  and t h e  environment were reviewed t o  p rov ide  a 

way t o  measure t he  long- te rm performance o f  t h e  PSW g r o u t  system. I nc l uded  i n  

t h i s  rev iew,  f o r  d i r e c t  a p p l i c a b i l i t y  and i n d i r e c t  guidance, were DOE orders  

and f ede ra l  and s t a t e  r e g u l a t i o n s ,  i n c l u d i n g  those promulgated by t h e  EPA, t h e  

NRC, and t h e  S t a t e  o f  Washington. 

The r e g u l a t o r y  rev iew i n d i c a t e d  t h a t  r e g u l a t i o n s  p e r t a i n i n g  t o  t h e  

permanent d isposa l  o f  bo th  DOE and commercial LLW a re  c u r r e n t l y  deve lop ing  and 

changing. I n  1983, t h e  EPA pub l i shed  an advanced n o t i c e  o f  p u b l i c  ru lemaking 

f o r  LLW d isposa l  (U.S. EPA 1983). These r e g u l a t i o n s  a r e  be ing  developed and 



a r e  expected t o  be promulgated as LLW standards i n  t h e  Code o f  Federal  Regula- 

t i o n s  as 40 CFR 193. A f t e r  promulgat ion,  these r e g u l a t i o n s  would be expected 

t o  app ly  t o  t h e  d i sposa l  o f  f u t u r e  PSW g rou t ;  however, t h e  schedule f o r  f i n a l  

issuance i s  c u r r e n t l y  unknown. 

A l though t h e  DOE i s  n o t  l e g a l l y  bound t o  comply w i t h  NRC requi rements,  i t  

i s  u s e f u l  t o  i n s p e c t  performance c r i t e r i a  t h a t  have been e s t a b l i s h e d  f o r  l a n d  

d isposa l  o f  commercial LLW, p a r t i c u l a r l y  because t hey  a r e  t h e  r e s u l t  o f  a  

l eng thy  env i ronmenta l  impact  s tudy  t h a t  i n c l u d e d  t h e  i n c o r p o r a t i o n  o f  p u b l i c  

comments (U.S. NRC 1982b). The NRC i s sued  r e g u l a t i o n s  f o r  d i sposa l  o f  

commercial r a d i o a c t i v e  wastes i n  sha l low- land  f a c i l i t i e s  as con ta ined  i n  

10 CFR 61  (U.S. NRC 1982a). The r e g u l a t i o n s  e s t a b l i s h e d  procedures, terms, 

c r i t e r i a  and c o n d i t i o n s  upon which t h e  NRC w i l l  i s sue  a  l i c e n s e  f o r  t h e  d i s -  

posal  o f  wastes c o n t a i n i n g  byproduct,  source, and spec ia l  nuc lea r  m a t e r i a l s .  

Requirements t o  p r o t e c t  t h e  genera l  p o p u l a t i o n  f rom re l eases  o f  r a d i o -  

a c t i v i t y  a r e  e s t a b l i s h e d  i n  10 CFR 61.41 (U.S. NRC 1982a). Accord ing t o  these 

requirements,  concen t ra t i ons  o f  r a d i o n u c l i d e s  t r a n s p o r t e d  th rough a l l  pa th -  

ways, i n c l u d i n g  groundwater, su r f ace  water ,  a i r ,  s o i l ,  p l an t s ,  o r  an imals  must 

n o t  r e s u l t  i n  an annual dose t o  an i n d i v i d u a l  exceeding 

25 mrem t o  t h e  whole body 

75 mrem t o  t h e  t h y r o i d  

25 mrem t o  any o t h e r  organ. 

A d d i t i o n a l l y ,  t h e  r e g u l a t i o n  s t i p u l a t e d  t h a t  "design, opera t ion ,  and 

c l o s u r e  o f  t h e  land-d isposa l  f a c i l i t y  must ensure p r o t e c t i o n  o f  any i n d i v i d u a l  

i n a d v e r t e n t l y  i n t r u d i n g  i n t o  t h e  d isposa l  s i t e  and occupying t h e  s i t e  o r  

c o n t a c t i n g  t h e  waste a t  any t ime  a f t e r  a c t i v e  i n s t i t u t i o n a l  c o n t r o l s  ove r  t h e  

d isposa l  s i t e  a r e  removed" (U.S. NRC 1982a). 

The NRC approach t o  ensu r i ng  t h e  long- te rm p r o t e c t i o n  o f  t h e  i n a d v e r t e n t  

i n t r u d e r  was t o  e s t a b l i s h  maximum waste concen t ra t i ons  f o r  a  s e r i e s  of d i s -  

posal systems o f  i n c r e a s i n g  s t a b i l i t y  and expected long- te rm performance. To 

determine t h e  l i m i t s ,  t h e  NRC eva lua ted  t h e  expected performance o f  each d i s -  

posal system, u s i n g  severa l  h y p o t h e t i c a l  exposure scenar ios,  and u s i n g  an 

annual dose l i m i t  o f  500 mrem t o  t h e  whole body o r  bone and 1500 mremlyr t o  



any o t h e r  c r i t i c a l  organ. The i n a d v e r t e n t  i n t r u d e r  scenar ios  eva lua ted  i n  our  

performance assessment c l o s e l y  p a r a l l e l  t h e  NRC scenar ios;  t he re fo re ,  t h e  

impacts o f  i n a d v e r t e n t l y  i n t r u d i n g  i n t o  t h e  PSW d isposa l  s i t e  a r e  "bench- 

marked" aga ins t  t he  des ign c r i t e r i a  o f  500/1500 rnremlyr. 

I n  l i e u  o f  s p e c i f i c  EPA and NRC r e g u l a t i o n s  p e r t a i n i n g  t o  permanent 
I - d i sposa l  o f  DOE LLW, o t h e r  r e g u l a t i o n s  were examined. I n  p a r t i c u l a r ,  t h e  

f o l l o w i n g  DOE orders,  as a p p l i e d  d u r i n g  t h e  ope ra t i ona l  phase o f  d i sposa l ,  

were reviewed f o r  guidance: 

Order 5480.2, "Rad ioac t i ve  Waste Management'' (U.S. DOE 1984) 

Order 5480.1A, "Environmental  P ro tec t i on ,  Sa fe t y  and Hea l t h  P r o t e c t i o n  

Programs f o r  DOE Operat ions"  (U.S. DOE 1981a). 

Regulat ions s p e c i f i c  t o  t h e  management o f  r a d i o a c t i v e  waste a r e  con ta ined  

i n  DOE Order 5820.2, "Rad ioac t i ve  Waste Mangement" (U.S. DOE 1984). Chap- 

t e r  I 1 1  o f  DOE Order 5820.2, "Management o f  Low-Level Waste," e s t a b l i s h e d  DOE 

p o l i c y  and g u i d e l i n e s  f o r  management and d isposa l  o f  LLW. Th i s  o rde r  estab-  

l i s h e d  t h e  p o l i c y  t h a t  LLW generated by DOE ope ra t i ons  s h a l l  be disposed 

". . . where p r a c t i c a l ,  by sha l low l a n d  b u r i a l  o r  g r e a t e r  conf inement d i s -  

posal .  S i t e - s p e c i f i c  requi rements f o r  waste acceptance and d isposa l ,  s i t e  

s e l e c t i o n ,  s i t e  design, s i t e  ope ra t i on ,  and s i t e  c l osu re /pos t - c l osu re  s h a l l  be 

developed and implemented by f i e l d  o rgan i za t i ons  . . .". No q u a n t i t a t i v e  pe r -  

formance o b j e c t i v e s  a r e  i n c l u d e d  i n  t h e  o rder ;  however, a d d i t i o n a l  guidance i s  

be ing  prepared. 

The DOE Order 5480.1AY "Environmental  P ro tec t i on ,  Sa fe t y  and Hea l t h  

P r o t e c t i o n  Programs f o r  DOE Operations,' '  e s t a b l i s h e d  an o v e r a l l  framework o f  

program requi rements f o r  s a f e t y  and env i ronmenta l  and h e a l t h  p r o t e c t i o n  (U.S. 

DOE 1981a). The o r d e r  s e t  f o r t h  r a d i a t i o n  p r o t e c t i o n  standards f o r  ope ra t i ng  

DOE f a c i l i t i e s .  Chapter X I  o f  DOE Order 5480.1A i nc l udes  t h e  dose l i m i t s  f o r  

b - members o f  t h e  genera l  p u b l i c  i n  u n r e s t r i c t e d  areas i n  t h e  v i c i n i t y  of  DOE 
f a c i l i t i e s .  The exposure l i m i t s  were maximum annual dose equ i va len t s  of 

500 mrem t o  t h e  whole body, gonads, o r  bone marrow, and 1500 mrem t o  any o t h e r  
f organ. C a l c u l a t i o n  o f  compliance w i t h  these l i m i t s  must i n c l u d e  an a n a l y s i s  

o f  a l l  p o t e n t i a l  pathways i n c l u d i n g  groundwater, a i r ,  and d i r e c t  exposure as 

. - we1 1  as consumption o f  contaminated f o o d s t u f f s  (U.S. DOE 1981b). 



These s tandards app ly  t o  r o u t i n e  DOE opera t ions ,  de f i ned  as normal 

planned opera t ions ,  and do n o t  i n c l u d e  a c t u a l  o r  p o t e n t i a l  acc iden t s  o r  

unplanned re leases .  
- \ 

The DOE i s  i n  t h e  process o f  r e v i s i n g  i t s  r a d i a t i o n  s tandards f o r  pro-  

t e c t i o n  o f  t h e  p u b l i c  i n  t he  v i c i n i t , ~  o f  DOE f a c i l i t i e s .  I n  1985, DOE i ssued  

guidance supp lan t i ng  t h e  dose 1  i m i  t s  ou t1  i n e d  above w i t h  new dose 1  i m i  t s  based * \ 
on t h e  l a t e s t  concepts and dos imet ry  o f  t h e  I n t e r n a t i o n a l  Commission on Radio- 

l o g i c a l  P r o t e c t i o n  (ICRP 1977, 1979). I n t e r i m  standards, e f f e c t i v e  J u l y  1, 

1985, l i m i t  t h e  cont inuous dose t o  any member of t h e  p u b l i c  t o  100 mrem/yr 

f rom a l l  r o u t i n e  DOE ope ra t i ons  a t  a  DOE s i t e .  

Th i s  dose must be c a l c u l a t e d  u s i n g  t h e  dos imet ry  models o f  ICRP 26/30. 

As d iscussed i n  Chapter 6.0, Sec t ion  6.2.1, t h e  c a p a b i l i t y  t o  c a l c u l a t e  

long- term impacts  u s i n g  t h e  newer dos imet ry  i s  be ing  developed a t  t h i s  t ime.  

However, because t h e  doses presented i n  t h i s  ana1,ysis a r e  c a l c u l a t e d  u s i n g  

I C R P  2 dos imetry ,  they  must be compared t o  dose l i m i t s  t h a t  a r e  based on 

I C R P  2 models. 

F i n a l l y ,  f e d e r a l  and s t a t e  d r i n k i n g  wate r  s tandards were rev iewed f o r  

guidance concern ing t h e  r a d i o l o g i c a l  p r o t e c t i o n  o f  t h e  groundwater. The Safe 

D r i n k i n g  Water A c t  (SDWA) was enacted i n  1974 t o  p r o t e c t  t h e  n a t i o n ' s  d r i n k i n g  

water.  Under t h e  a u t h o r i t y  o f  SDWA, t h e  EPA issued  Na t i ona l  I n t e r i m  Pr imary  

D r i n k i n g  Water Regu la t ions  i n  40 CFR 141 (U.S. EPA 1984). The 40 CFR 141 

r e g u l a t i o n s  s e t  f o r t h  r a d i o l o g i c a l  standards. The S t a t e  o f  Washington has 

adopted t h e  EPA standards as d r i n k i n g  wate r  1  i m i  t s  i n  WAC 248-54 (WAC 1985).  

The r a d i o n u c l i d e  s tandards f o r  Washington S t a t e  d r i n k i n g  wate r  supp1.y systems 

a r e  e s t a b l i s h e d  such t h a t  " t h e  maximum contaminant l e v e l  f o r  be ta  p a r t i c l e  and 

photon r a d i o a c t i v i t y  f rom man-made rad ionuc l i des  i s  t h a t  t h e  average annual 

concen t ra t i on  s h a l l  n o t  produce an annual dose e q u i v a l e n t  t o  t h e  t o t a l  body o r  

any i n t e r n a l  organ g r e a t e r  than  f o u r  m i l l i r e m / y e a r M  (WAC 1985). 

6.5.2 Comparison t o  Regu la t ions  

The long- te rm r a d i o l o g i c a l  impacts r e s u l t i n g  f rom m i g r a t i o n  o f  rad ionu-  

c l i d e s  i n  groundwater a r e  dominated by uranium-238. A t  100 yea rs  a f t e r  d i s -  

posal  o f  PSW, t h e  i n t r u d e r  impacts a r e  dominated by s t ron t ium-90  and 

cesium-137; a f t e r  400 years ,  t h e  impacts  a r e  approximate1.y 1000 t imes  l e s s .  



The c a l c u l a t e d  re l ease  o f  r ad ionuc l i des  f rom PSW g r o u t  t o  t h e  Columbia 

R i v e r  r e s u l t s  i n  ex t reme ly  low incrementa l  increases o f  r a d i o a c t i v i t y .  The 

10,000-year cumula t i ve  impact  f rom PSW i s  l e s s  than 1 person-rem. Th i s  can be 

compared t o  t h e  dose f rom n a t u r a l  background r a d i a t i o n  t h a t  t he  downr iver  

popu la t i on  would r e c e i v e  over  10,000 years :  3 b i l l i o n  person-rem. 





7.0 GLOSSARY 

a c t i v e  i n s t i t u t i o n a l  c o n t r o l  - i n  t h i s  document, a c t i v e  i n s t i t u t i o n a l  c o n t r o l  
means con t inued  f e d e r a l  c o n t r o l  o f  t h e  Hanford S i t e  a long  w i t h  maintenance 

C '  and s u r v e i l l a n c e  o f  f a c i l i t i e s  and waste s i t e s  

advec t ion  - t h e  t r a n s p o r t  of a  substance s o l e l y  by t h e  b u l k  phase movement of  
t -  a  f l u i d  such as wate r  

a q u i f e r  - an underground bed o r  s t r a tum o f  ea r t h ,  g rave l ,  o r  porous stone t h a t  
con ta ins  water .  The wate r  can be pumped t o  t h e  su r f ace  through a  w e l l  o r  i t  
can emerge n a t u r a l l y  as a  s p r i n g  

b a r r i e r  - any medium t h a t  r e t a r d s  t h e  movement of  emplaced r a d i o a c t i v e  o r  
non rad ioac t i ve  m a t e r i a l  o r  reduces t h e  p r o b a b i l i t y  o f  human access t o  t h e  
m a t e r i a l .  (Examples a r e  engineered fea tu res ,  i n c l u d i n g  waste con ta ine rs ,  
waste form, o r  b a c k f i l l  m a t e r i a l ;  a  n a t u r a l  geo log i c  medium; o r  i n s t i t u -  
t i o n a l  s i t e  access and use r e s t r i c t i o n s .  ) 

conse rva t i ve  - conserva t i ve  choices o f  parameters o r  assumptions a r e  those 
t h a t  would tend t o  overes t imate  r a t h e r  than underest imate impacts 

cons tan t  r e l ease  r a t e  - a  r a t e  o f  r e l ease  (amount r e l eased l t ime )  t h a t  does n o t  
va ry  ove r  t ime  

d i f f u s i o n - c o n t r o l  1  ed re l ease  r a t e  - a  r a t e  o f  r e l ease  (amount re leased / t ime)  
dependent on t he  r a t e  o f  d i f f u s i o n  o f  t h e  re leased  substance from i n s i d e  t h e  
source t o  t h e  sur face  o f  t h e  source 

d isposa l  system - combinat ion o f  waste p repa ra t i on  steps, engineered and 
n a t u r a l  b a r r i e r s ,  performance v e r i f i c a t i o n  methods, and i n  s i t u  mark ing 
systems t h a t  c o n t a i n  and i s o l a t e  waste a f t e r  d isposa l  

d i s t r i b u t i o n  c o e f f i c i e n t  ( K  ) - t h e  r a t i o  o f  t h e  concen t ra t i on  o f  a  s o l u t e  
sorbed by s o l i d s  i n  a  porgus media t o  t h e  concen t ra t i on  o f  s o l u t e  remain ing 
i n  s o l u t i o n  

dose - t h e  te rm "dose" i s  used throughout  t h i s  r e p o r t  as a  shor thand n o t a t i o n  
where t h e  term dose-equiva lent  ( c a l c u l a t e d  i n  mrem) i s  in tended 

dose e q u i v a l e n t  - t h e  p roduc t  o f  absorbed dose, q u a l i t y  f a c t o r ,  d i s t r i b u t i o n  
f a c t o r ,  and o t h e r  mod i f y i ng  f a c t o r s  necessary t o  eva lua te  t he  e f fec ts  o f  
i r r a d i a t i o n  rece i ved  by exposed persons, so t h a t  t h e  d i f f e r e n t  cha rac te r -  

# - i s t i c s  o f  t h e  exposure a r e  taken i n t o  account 

e f f e c t i v e  dose e q u i v a l e n t  - t h e  sum o f  t h e  p roduc ts  of t h e  dose e q u i v a l e n t  t o  
i n d i v i d u a l  organs and t i s s u e s  and app rop r i a te  weigh ing f a c t o r s  r ep resen t i ng  

I t he  r i s k  o f  h e a l t h  r e l a t i v e  t o  t h a t  f o r  an equal dose t o  t h e  whole body 



evapot ransp i ra t ion  - the  combined l o s s  of water  from s o i l  by evaporat ion and 
by t r a n s p i r a t i o n  from the  surfaces o f  p l a n t  s t ruc tu res  

exposure - the  c o n d i t i o n  o f  be ing  made sub jec t  t o  t he  a c t i o o  o f  r a d i a t i o n ;  a  
measure, i n  roentgens, o f  t h e  i o n i z a t i o n  produced i n  a i r  by x-ray o r  gamma 
r a d i a t i o n  ) 

f i n g e r i n g  - the  format ion and downward propagation o f  ( f inger-shaped) regions 
o f  p r e f e r e n t i a l  f l o w  caused by v i s c o s i t y  d i f ferences between f l u i d s  occupy- 
i n g  the  pore space of a  porous s o l i d  @ 

f l u x  - q u a n t i t y  o f  substance moving pas t  a  u n i t  area (perpend icu la r  t o  f l o w  
d i r e c t i o n )  per  u n i t  t ime 

groundwater - water below the  l a n d  surface i n  a  zone of s a t u r a t i o n  

grout  - a  s l u r r y  m ix tu re  o f  cement, water, f l y  ash, and c l a y  t h a t  se ts  up as a  
s o l i d  mass and i s  used f o r  waste f i x a t i o n  o r  immob i l i za t i on  

h a l f - l i f e  - t h e  t ime requ i red  f o r  a  r a d i o n u c l i d e ' s  a c t i v i t y  t o  decay t o  h a l f  
i t s  value, used as a  measure o f  t he  pers is tence o f  r a d i o a c t i v e  ma te r ia l s ;  
each rad ionuc l i de  has a  unique h a l f - l i f e  

hazardous waste - a  s o l i d  waste, o r  combination o f  s o l i d  wastes, which because 
o f  i t s  quan t i t y ,  concentrat ion,  o r  physical ,  chemical o r  i n f e c t i o u s  
c h a r a c t e r i s t i c s  may: 

a )  cause, o r  s i g n i f i c a n t l y  c o n t r i b u t e  t o  an increase i n  m o r t a l i t y  o r  
an increase i n  ser ious i r r e v e r s i b l e ,  o r  i n c a p a c i t a t i n g  r e v e r s i b l e ,  
i l l n e s s ;  o r  

b )  pose a  subs tan t i a l  present o r  p o t e n t i a l  hazard t o  human h e a l t h  o r  the  
environmental when improper ly  t rea ted ,  stored, t ransported,  o r  disposed 
o f ,  o r  otherwise managed. 

h y d r a u l i c  c o n d u c t i v i t y  - the  parameter r e l a t i n g  the  vo lumet r ic  f l u x  t o  the  
d r i v i n g  f o r c e  i n  f l o w  through a  porous medium ( p a r t i c u l a r l y  water through 
s o i l ) ;  a  f u n c t i o n  o f  bo th  the  porous medium and the  p r o p e r t i e s  o f  t he  f l u i d  

i nadve r ten t  i n t r u s i o n  - human a c t i v i t y ,  such as home excavat ion, resource 
mining, and w e l l  d igging,  t h a t  a c c i d e n t a l l y  breaches a  waste s i t e  

i n s t i t u t i o n a l  c o n t r o l  - see a c t i v e  i n s t i t u t i o n a l  c o n t r o l  o r  passive i n s t i t u -  
t i o n a l  c 'ontro l  

. -  4 
i n t r u d e r  - a  person who v i o l a t e s  s i t e  and marker boundaries t o  d i s t u r b  a  waste 

s i t e  

i so tope - one o f  several  d i f f e r e n t  species of a  g iven chemical element; d i f f e r -  
en t  isotopes are  d i s t i ngu i shed  by d i f f e r e n t  numbers o f  neutrons i n  the  atomic 
nucleus 



Kd - see d i s t r i b u t i o n  c o e f f i c i e n t  

leach  - t o  d i s s o l v e  o u t  t h e  s o l u b l e  components o f  a  s o l i d  by c o n t a c t  w i t h  
wate r  o r  o t h e r  s o l v e n t  

l ow - l eve l  waste (LLW) - r a d i o a c t i v e  waste n o t  c l a s s i f i e d  as h i g h - l e v e l  waste, 
t r a n s u r a n i c  waste, o r  spent  nuc lea r  f u e l  

model - a conceptual  o r  mathematical  r ep resen ta t i on  o f  t h e  chemical ,  phys i ca l ,  
and b i o l o g i c a l  behav io r  i n  t h e  n a t u r a l  environment; t h e  computat ional  
implementat ion o f  which o f t e n  r e q u i r e s  a computer code 

parameters - cons tan t  o r  v a r i a b l e  f a c t o r s  (mathematical  v a r i a b l e s )  con ta ined  
i n  a  mathematical  model which, when g iven  d i f f e r e n t  numerical  va lues,  w i l l  
r e s u l t  i n  d i f f e r e n t  va lues o f  some des i red  o u t p u t  v a r i a b l e  

pass ive i n s t i t u t i o n a l  c o n t r o l  - p e r i o d  f o l l o w i n g  c l o s u r e  and d e a c t i v a t i o n  o f  a  
d isposa l  s i t e  d u r i n g  which p u b l i c  access and use i s  r e s t r i c t e d  by con t inued  
government ownership and r e s t r i c t i o n s  on e i t h e r  l a n d  o r  resource area by t h e  
use o f  markers t o  d e l i n e a t e  boundaries and p o t e n t i a l  h e a l t h  hazards t o  i n t r u -  
ders  and t h e  use o f  p u b l i c  records,  a rch ives ,  and o t h e r  methods t o  p reserve  
in fo rn ia t ion  about t h e  l o c a t i o n ,  design, and con ten ts  o f  t h e  d isposed system 

pathway - t h e  movement o f  m a t e r i a l s  f rom t h e  source t o  l o c a t i o n s  of i n t e r e s t  

performance assessment - an a n a l y s i s  t h a t  i d e n t i f i e s  t h e  events and processes 
t h a t  m igh t  a f f e c t  t h e  waste d i sposa l  system, examines t h e i r  e f f e c t s  upon i t s  
n a t u r a l  and engineered b a r r i e r s ,  and es t imates  t h e  p r o b a b i l i t i e s  and 
consequences o f  those events  and processes 

Phosphate/Sulfate Waste f rom N Reactor Operat ions - a combinat ion of two 
l i q u i d  l ow- l eve l  waste streams generated by t h e  N Reactor a t  t h e  Hanford 
S i t e ,  comprised o f  one stream generated p e r i o d i c a l l y  d u r i n g  decontaminat ion 
a c t i v i t i e s ,  ano ther  semi-cont inuously  as a r e s u l t  of  back- f lush ing  i o n  
exchange r e s i n s  used t o  p u r i f y  t h e  wate r  i n  t h e  spen t - fue l  s to rage  bas in  

p iecewise cons tan t  - cons tan t  w i t h i n  a  d i s c r e t e  p i ece  o f  a  r e g i o n  o f  i n t e r e s t ;  
w i t h  d i f f e r e n t  p ieces  o f  t h e  r e g i o n  hav ing  d i f f e r e n t  cons tan t  va lues 

r a d i o n u c l i d e  - any n u c l i d e  t h a t  emi ts  r a d i a t i o n  

recharge - t h e  n e t  process o f  wa te r  e n t e r i n g  a s a t u r a t e d  a q u i f e r  a t  t h e  wate r  
t a b l e  a f t e r  hav ing pe rco la ted  downward through t h e  s o i l  p r o f i l e .  Recharge 
i s  a  f r a c t i o n  o f  t he  annual r a i n f a l l ;  t h e  remainder i s  evaporated f rom t h e  
bare su r f ace  o r  t r a n s p i r e d  by p l a n t s .  

sorb - t o  adsorb on to  a s o l i d  su r f ace  o r  t o  become absorbed i n t o  t h e  body o f  a 
so1 i d  m a t e r i a l  

s o r p t i o n  - a general  term used t o  encompass t h e  processes o f  phys i ca l  and 
chemical absorp t ion  o r  adsorp t ion ,  i o n  exchange, and d i a l y s i s  



standards - a  q u a n t i t a t i v e  measure o f  c r i t e r i a  s a t i s f a c t i o n ,  o r  p r e s c r i p t i v e  
norms es tab l i shed  t o  govern ac t i on ,  es tab l i shed  from the  perspect ive  o f  c r i -  
t e r i a ;  can govern such th ings  as r a d i a t i o n  exposure, water q u a l i t y ,  b a r r i e r  
and waste form design, and releases from a  waste s i t e  

\ 

s teady-state - constant  w i t h  respect  t o  t ime 

st reaml ines - i n  a  s teady-state f l o w  model, t he  paths t h a t  p a r t i c l e s  would - - 
move along i f  pass ive ly  f l ow ing  along w i t h  the  moving water; a  l i n e  t h a t  i s  . : 

everywhere p a r a l l e l  t o  the  d i r e c t i o n  o f  f l u i d  f l o w  a t  a  g iven i n s t a n t  

stream tube - water f l o w i n g  between two st reaml ines (two-dimensional) ;  an 
imaginary tube whose w a l l  i s  generated by st reaml ines passing through a  
c losed curve 

t r a n s m i s s i v i t y  - a  c o e f f i c i e n t  r e l a t i n g  the  vo lumet r ic  f l o w  through a  u n i t  
w id th  o f  groundwater t o  t he  d r i v i n g  f o r c e  (hyd rau l i c  p o t e n t i a l ) ;  a  f u n c t i o n  
of t he  porous medium, f l u i d  p roper t ies ,  and sa tura ted  th ickness o f  t h e  
a q u i f e r  

unconf ined a q u i f e r  - an a q u i f e r  t h a t  has a  water t a b l e  o r  sur face a t  a  
atmospheric pressure 

vadose zone - t h e  unsaturated reg ion  o f  s o i l  between the  ground sur face and 
the  water t a b l e  

v a u l t  - i n  t he  contex t  o f  t h i s  repo r t ,  a  concrete d isposal  s t r u c t u r e  f o r  con- 
t a i n i n g  grouted waste 
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