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ABSTKACT 

Pre l iminary  a n a l y s e s  of s c e n a r i o s  f o r  human i n t e r f e r e n c e  wi th  t h e  

performance of a r a d i o a c t i v e  waste r epos i co ry  i n  a deep s a l t  format ion  are 

presented .  The fo l lowing  s c e n a r i o s  a re  analyzed:  ( 1 )  t h e  U-Tube Connection 

Scena r io  invo lv ing  m u l t i p l e  connec t ions  between t h e  r e p o s i t o r y  and t h e  

o v e r l y i n g  a q u i f e r  system, ( 2 )  t h e  S ing le  Borehole I n t r u s i o n  Scenar io  invo lv ing  

p e n e t r a t i o n  of t h e  r e p o s i t o r y  by an  e x p l o r a t o r y  borehole  t h a t  s imul taneous ly  

connec ts  t h e  r e p o s i t o r y  w i t h  ove r ly ing  and unde r ly ing  a q u i f e r s ,  and ( 3 )  t h e  

P r e s s u r e  Release Scena r io  invo lv ing  in f low of water t o  s a t u r a t e  any vo id  space  

i n  t h e  r e p o s i t o r y  p r i o r  t o  c r e e p  c l o s u r e  w i t h  subsequent  release under  near 

L i t h o s t a t i c  p r e s s u r e s  fo l lowing  c r e e p  c losu re .  The methodology t o  e v a l u a t e  

r e p o s i t o r y  performance in t h e s e  s c e n a r i o s  i s  desc r ibed  and t h i s  methodology i s  

a p p l i e d  t o  r e f e r e n c e  systems i n  t h r e e  c a n d i d a t e  formations:  bedded sal t  i n  

t h e  Pa lo  Duro Basin, Texas; bedded s a l t  i n  t h e  Paradox Basin,  Utah; and t h e  

Richton  S a l t  Dome, M i s s i s s i p p i ,  of t h e  Gulf Coast  S a l t  Dome Basin.  
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FOREWORD 

The National Waste Terminal Storage (NWTS) program was established 

in 1976 by the U.S. Department of Energy's (DOE) predecessor, the Energy 

Research and Development Administration. In September 1983, this program 
became the Civilian Radioactive Waste Management (CRWM) Program. Its 

purpose is to develop technology and provide facilities for safe, environ- 

mentally acceptable, permanent disposal of high-level waste (HLW). HLW 

includes wastes from both commercial and defense sources, such as spent 

(used) fuel from nuclear power reactors, accumulations of wastes from 

production of nuclear weapons, and solidified wastes from fuel repro- 

cessing. 

The information in this report pertains to the preliminary human 

interference studies of the Salt Repository Project of the Office of 
Geologic Repositories in the CRWM Program. 

This report was developed by L. D. Rickertsen and M. Reeves of 
INTERA Technologies, Inc. for the Office of Nuclear Waste Isolation. 

n 
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1 

EXECUTLVE SI!M.WRY 

This r e p o r t  d i s c u s s e s  poten;iaL unexpec:ed hiiman a c t i v i t i e s  t h a t  could  

a f f ec :  ;he n w l e a r  waste contaiwwn: and isolation i n  a gc?oLogic r e p o s i t o r y  i n  

a s a l t  €ormation. The s c e n a r i o  assessments  made a r e  based on prel imir iary 

in fo rma t ion  f o r  bedded s a l t  s i t e s  i n  t h e  Pa lo  Duru Basin,  Texas, and t h e  

Paradox Basin,  IJ:ah, and f o r  t h e  Xichton Salt D o m e  i n  P e r r y  County, 

M i s s i s s i p p i .  

TniLiaL assessmenzs O F  r e p o s i t o r y  performance cons idered  a broad spectrum 

of scenarios invoLving human i n t e r f e r e n c e  ac t iv i : i e s  (C la ibo rne ,  1974;  Bingham 

an,! Barr ,  1979; GuiEfre  e t  a l ,  1980; Harwel L e t  aL, 1982).  However, t h e  

s c e n a r i o s  which t h e s e  r e p o r t s  i n d i c a t e  may be important  a r e  v a r i a t i o n s  O E  o n l y  

A f e w  mai-i s c e n a r i o s .  Three of t h e s e  a r e  cons idered  he re :  

I .  MtuIZiple connec:ioiis oE t h e  r e p o s i t o r y  wi th  an  o v e r l y i n g  a q u i f e r  

(U-Tube Connection Scenar io) .  

2 .  Borehole connec t ion  of r e p o s i t o r y  w i t h  o v e r l y i n g  and under ly ing  

a q u i f e r s  ( Single  Borehole I n t r u s i o n  Scenar io) .  

3 .  Pressu re  release of  conzarninated b r i n e  which, € r u m  c r e e p  c l o s u r e ,  i s  

near l i t h o s t a t i c  pressure (P res su re  Release Scenar io) .  

.a s c e n a r i o  f o r  s a l t  solution m i n i T g  (HarweIL e: aL, 1982) has  no t  been 

cons idered .  Such a s c e n a r i o  does no: appear  c r e d i b l e  g iven  t h e  commiinication 

requi rements  OF 10 CFK 60.2 r ega rd ing  t h e  placement o€ markers and t h e  

d i s t r i b u t i o n  of r e l e v a n t  r e c o r d s ,  t h e  s y s t e m a t i c  p lanning  which precedes t h e  

r e l a t i v e l y  long-term (tip t o  50 yea r s )  o p e r a t i o n  of a mined s t o r a g e  cdvc rn ,  a n d  

t h e  passive c o n t r o l s  on t h e  s i t e  which s o c i e t y ,  ou t  of se l f  i n t e r e s t ,  w i l l  

l Cke l y  e xe  c c i s e .  



2 

ES.1 U-TUBE CONNECTION SCENARIO 

This scenario involves diversion of water from the upper aquifer system 

through the repository by means of connections between the repository and the 

overlying units. 
borehole inadvertently drilled into a repository storage room. 

connection is assumed to be an access shaft which, although backfilled and 

plugged during permanent closure, still offers potential hydraulic connection 
between the aquifer and the host rock. 

One of these connections is assumed to be an exploratory 

The other 

Assumptions to evaluate the flow through the U-Tube include: 

e The borehole is assumed to be drilled into the storage room 1,000 

years after permanent closure of the repository and connects the 

repository to the upper aquifer system. 

effect after 1,000 years of passive controls such as widely 
distributed records and permanent markers constructed at the site. 

This assumption neglects the 

o The shaft and associated disturbed zone connect the repository to the 

upper aquifer system with an average conductivity of 1.0 x m/day. 

0 A pathway exists through the repository to connect the borehole and 

shaft. This pathway involves the mine tunnels, corridors, and the 

storage drift. 

in these openings and repository seal material is assumed to be 
1.0 x m/day. 

The average conductivity of the crushed salt backfill 

0 Hydraulic properties of the system are assumed to be constant 

throughout the entire period of interest. 

Based on these assumptions, the flow is calculated in a local flow model 
taking into account density variations due to increased salinity of the water 
in the salt units and the increased temperature due to the generation of heat 

by the radioactive waste. Pressure boundary conditions are provided from the 
regional analysis of the basin. 
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To c a l c u l a t e  r a d i o n u c l i d e  relsascs, a s i m p l e  conceptua l  model i s  used. 

Important  assumptions of t h i s  model i n c  Lude: 

4) Water i n  t h e  s:orage r o o m  i s  assumed t o  be abLe t o  seep  i n t o  t h e  

emplacement h o l e  through and around t h e  emplacemen: h o l e  plug. 

8 Waste package containment a f t e r  1,000 years  fo l lowing  permanent 

c l o s u r e  i s  neglec ted  and release of r ad ionuc l ides  i n t o  t h e  water i s  

assumed t o  be c o n t r o l l e d  by Leaching from t h e  waste form and the  s o l u -  

b i l i t y  of t h e  r a d i o n u c l i d e s  and t h e  c o n s t i t u e n t s  of t h e  waste form. 

The decay i n  t h e  t ranspor t  of d i s so lved  r a d i o n u c l i d e s  from t h e  

ernnplaceinent h o l e  i n t o  t h e  s t o r a g e  room i s  neglected.  

RadiouucLide release i s  eva lua ted  from t h e  r ad ionuc l ide  c o n c e n t r a t i o n  and t h e  

c a l c u l a t e d  r a t e  of f low i n  t h e  s t o r a g e  room. T\:e a c c e s s i b l e  environment i n  

t h i s  c a s e  i s  assumed t o  be a l l  of t h e  upper a q u i f e r  system. This assumption 

i s  c o n s e r v a t i v e  and negLec:s any dec rease  i n  c o n c e n t r a t i o n  t h a t  can  occur  i n  

t r a n s p o r t  through t h e  c o n t r o l l e d  zone. 

Table  ES-1 summarizes, € o r  t h e  U-Tube Connection Scenar io ,  t h e  maximum 

p r e d i c t e d  f r a c t i o n a l  releases and t h e  peak p r e d i c t e d  i n t e g r a t e d  releases f o r  

any  10,000-year release fo l lowing  c losu re .  The va lues  f o r  t h e s e  performance 

measures a r e  n e g l i g i b l e  r e l a t i v e  t o  t h e  proposed release s t a n d a r d s  ( N K C ,  1983, 

S e c t i o n  60.112;  EPA,  1982, Appendix). These r e s u l t s ,  a l though c o n s i s t e n t  w i th  

s i m i l a r  a n a l y s e s  of this scenario f o r  a bedded s a l t  s i t e  (Cranwell  e t  a l ,  

19S2a; P e p p i n g  e t  al, 1983; DOE, 1983), are pre l iminary .  They are  s u b j e c t  t o  

change as suppor t ing  d a t a  become i n c r e a s i n g l y  more s i t e - s p e c i f i c  and as 

c o n s e r v a t i v e  assumptions are  rep laced  by  more r e a l i s t i c  r e p r e s e n t a t i o n s ,  

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

ES.2 S I N G L E  ROREHOLE I N T K U S L O N  SCENARIO 

The S i n g l e  Borehole  I n t r u s i o n  Scena r io  re fe rs  t o  t h e  s i t u a t i o n  i n  which D 

borehole  pas ses  through t h e  r e p o s i t o r y  and connec ts  t h e  o v e r l y i n g  a q u i f e r  

t s y s t e m  w i t h  a hydtos:rs:igraphic. u n i t  below t h e  repos i tory  horizon. 4 

p iezomet r i c  p o t e n t i a l  d i f f e r e n c e  between t h e  ove r ly ing  and unde r ly ing  u n i t s  

L 
I 
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n 
Table  ES-1. Performance Measures Ca lcu la t ed  f o r  U-Tube 

Connection Scena r io  

Engineered Barrier 
Performance Measure (a) System Performance 

P o t e n t i a l  S i t e s  ( C i  Released/Ci 1000-yr Inventory/Year) Measure (b)  

Palo Duro Basin 8.3 1 0 - l ~  4.5 x lo-+ 

Paradox Bas in  8.0 4.5 x 10-6 
2.8 10-7 Richton Dome 5.0 1 0 - l ~  

(a)  Performance measure s p e c i f i e d  by NRC (1983, S e c t i o n  60.113). The 

v a l u e s  are based on t h e  c a l c u l a t e d  f r a c t i o n  of r a d i o n u c l i d e s  d i s s o l v i n g  

i n  water i n  t h e  r e p o s i t o r y  p e r  year .  

( b )  Performance measure s p e c i f i e d  by EPA (1982, Sec t ion  191.13 and 

Appendix). The measure is def ined  by: 

Qi Measure = 

where Qi i s  t h e  i n t e g r a t e d  release to t h e  a c c e s s i b l e  environment d u r i n g  

t h e  10,000-year t i m e . i n t e r v a 1  immediately fo l lowing  c l o s u r e ,  t h e  sum 

ex tends  ove r  a l l  r a d i o n u c l i d e s ,  and RLi i s  t h e  EPA release l i m i t  f o r  

t h e  ith r a d i o n u c l i d e .  

i n t e g r a t e d  release t o  t h e  a c c e s s i b l e  environment d u r i n g  any 10,000-year 

t ime i n t e r v a l  fo l lowing  c l o s u r e .  

In  t h i s  document, Qi i s  t a k e n  t o  be t h e  peak 

n 
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can induce  water  t o  flow through t h e  borehole.  

s a l t  s a t u r a t i o n  of t h e  wa te r ,  t h e  flow r a t e ,  and r e p o s i t o r y  c o n d i t i o n s ,  t h e  

wa te r  may d i s s o l v e  s a l t  €rom t h e  r e p o s i t o r y  h o s t  rock. 

expose some of t h e  waste emplaced i n  t h e  h o s t  rock  and p e r m i t  l e a c h i n g  of 

r a d i o n u c l i d e s  from t h e  waste form i n t o  t h e  water. 

Depending on t h e  degree  of 

Such d i s s o l u t i o n  could  

Because no a q u i f e r  u n d e r l i e s  t h e  Richton Erne, t h e  s i n g l e  bo reho le  

a n a l y s i s  w a s  n o t  performed f o r  t h i s  case .  

I n t r u s i o n  Scenar io  f o r  bedded s a l t  fo rma t ions  i s  based on a s imple  concep tua l  

model. 

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

r e p r e s e n t  t h e  p r o p e r t i e s  of t h e  s i t e .  

conse rva t ive  rates f o r  p rocesses ,  c o n s i s t e n t  w i t h  p h y s i c a l  c o n s t r a i n t s  on 

t h e s e  rates, are  u t i l i z e d  t o  provide  t h e  e s t i m a t e s  of r e p o s i t o r y  

performance. 

r a t e :  

The a n a l y s i s  of t h e  S i n g l e  Borehole 

The model u s e s  a g e n e r i c  sa l t  r e p o s i t o r y  des ign  and a c o n s e r v a t i v e  

Pre l iminary  d a t a  are used t o  

Where d a t a  are n o t  y e t  a v a i l a b l e ,  

The fo l lowing  assumptions are used t o  estimate t h e  bo reho le  f low 

@ The area modeled ex tends  10 t o  20 km beyond t h e  bo reho le ,  depending on 

t h e  s i te .  P r e s s u r e  c o n d i t i o n s  a t  t h e  o u t e r  boundary of t h i s  l o c a l  

area a re  t h o s e  d e r i v e d  from a r e g i o n a l  hydrologic. model of t h e  b a s i n  

and t h e s e  p r e s s u r e s  are  assumed t o  be c o n s t a n t  th roughout  t h e  

s i m u l a t i o n  pe r iod .  Thus, c .ons t r a in t s  t o  t h e  bo reho le  f low due to 

l i m i t e d  a v a i l a b i l i t y  of ground water  i n  t h e  a q u i f e r  a re  n o t  t a k e n  i n t o  

account .  

e Plugging of t he  borehole  by s i l t  o r  o t h e r  material i s  neg lec t ed  and 

t h e  modeled borehole  f low is c o n t r o l l e d  by t h e  h y d r a u l i c  p r o p e r t i e s  of 

t h e  t r a n s m i t t i n g  and r e c e i v i n g  a q u i f e r s .  Decreased flow due t o  

i n s o l u b l e  matter r e l e a s e d  du r ing  s a l t  d i s s o l u t i o n  i s  neglec ted .  

I 

The f i n i t e - d i f f e r e n c e  g r i d  b lock  r e p r e s e n t i n g  t h e  borehole  i s  l a r g e r  

than  t h e  bo reho le  would a c t u a l l y  be; t h u s ,  t h e  c o n t a c t  area between 

t h e  bo reho le  and t h e  a q u i f e r  i s  c o n s e r v a t i v e l y  l a r g e ;  and t h e  flow 

r a t e  i n t o  t h e  bo reho le  i s  overes t imated ,  p a r t i c u l a r l y  f o r  t h e  case 

where t h e  h y d r a u l i c  r e s i s t a n c e  of t h e  bo reho le  i s  n e g l i g i b l e .  
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Any change in hydraulic conductivity with time is neglected, and a 
constant driving potential is assumed to be maintained for at least 

10,000 years. 

The analyses are based on the regional studies of the aquifer units. 

local flow model uses the regional information to estimate aquifer properties 

and flow boundary conditions. 
hydraulic conditions possible in the borehole. The results of these flow 

rate calculat€ons are summarized in Table ES-2. 

The 

Maximum flow is calculated for the range of 

Dissolution in all salt units intersected by the borehole is calculated 

taking into account progressive saturation of the flow in these units, effects 

of temperature variations, both in situ and those induced by the heat 

production of the emplaced waste, and deformation of the borehole due to creep 

in the salt units. 

calculated and used to evaluate the rate of exposure of waste packages to the 

borehole flow. 

In particular, dissolution of the repository salt is 

The calculation of radionuclide release from the repository is based on 

several important assumptions: 

0 The borehole is assumed to be drilled 1,000 years after permanent 

closure of the repository. Although the passive controls such as the 

permanent markers constructed at the site are likely to deter such 

drilling far beyond this time (Berry, 1983) ,  this assumption has been 

made to provide conservative estimates of release. 

Radionuclide containment by the waste package after this time is 

neglected and release of radionuclides from waste exposed to the 

borehole flow is assumed to be controlled by the waste form leach rate 

and the solubility of the radionuclides and the constituents of the 

waste form. 

The boundary to the accessible environment is considered to be the 

perimeter in the receiving unit that lies 10 km from the borehole. The 
performance measures calculated in this case are the rate of dissolution of 
radionuclides into the borehole flow (fractional rate of release from the 

repository) and the integrated 10,O'OO-year discharge of radionuclides across 

the 10 km boundary. n 
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Table ES-2. Flow Rates Calculated for Single Borehole Intrusion Scenario 

Potential Sites Flow Rate (m3/day) 

(b) Silted Borehole (a) Open Borehole 

Palo Duro Basin 0.59 3800 

Paradox Basin 0.66 270 

(a) Conductivity in borehole = 30 m/day. 

(b) Resistance of borehole negligible relative to that of transmitting or 

receiving aquifers. 
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The results of the analyses are summarized in Table ES-3. These results 

are preliminary and are subject to change as supporting data become 

increasingly more site-specific and as conservative assumptions are replaced 

by more realistic representations, including uncertainties. 

The calculated performance measures, which are negligible relative to the 

proposed release standards (NRC, 1983, Section 60.112; EPA, 1982, Appendix), 

are typically much lower than those calculated in other analyses of the Single 
Borehole Intrusion Scenario (Cranwell et al, 1982a; DOE, 1983; Pepping et al, 

1983). However these analyses do not attempt to account €or constraints such 
as the progressive saturation of the flow. 

ES.3 PRESSURE RELEASE SCENARIO 

The processes comprising the Pressure Release Scenario may be summarized 

as follows: 

Water flows into the repository by available pathways before salt can 

creep to close voids remaining after permanent closure of the 

repository. 

Creep closure compresses fluid in these voids until near-lithostatic 

fluid pressures are attained. 

Heat generated in the repository due to the radioactive decay of the 

emplaced waste increases temperatures in the formation and modifies 

pressures and creep rates in the repository. 

Radionuclides leach into the water in the repository. 

Pressure releases through the shaft-seal system or through an 

exploratory borehole. 

Considerations of the relatively small fluid volume in comparison to the 

repository volume, distribution of the fluid over the entire repository, and 

the affect of creep closure in hydraulically isolating a point of intrusion 

all appear to indicate that it is not possible here to establish a credible 

scenario for radionuclide release. These evaluations are described below. 



9 

, 

Table  ES-3. Performance Measures Ca Lculated f o r  S i n g l e  Borehole 

I n t r u s i o n  Scena r io  

Engineered Barrier 
( a )  System Performance Performance Measure 

P o t e n t i a l  S i t e s  ( C i  Released/Ci 1000-yr Inventory/Year) Measure (b )  

Pa lo  Duro Bas in  2.2 x lo+ 6.3 

Paradox B a s i n  2.2 x 10'6 3.8 

( a )  Performance measure s p e c i f i e d  by NRC (1983, Sec t ion  60.113). The v a l u e s  

a re  based on  t h e  c a l c u l a t e d  f r a c t i o n  of r a d i o n u c l i d e  d i s s o l v i n g  i n  water 

i n  t h e  r e p o s i t o r y  p e r  year .  

(b )  Performance measure s p e c i f i e d  by EPA (1982, Sec t ion  191.13 and 

Appendix). The  measure i s  de f ined  by: 

* Qi 
Measure = 1. i - K T  

i 

where Qi 1 s  t h e  i n t e g r a t e d  release t o  t h e  accessible environment d u r i n g  

t h e  10,000-year t i m e  i n t e r v a l  immediately fo l lowing  c l o s u r e ,  t h e  sum 

ex tends  o v e r  a l l  r a d i o n u c l i d e s ,  and KLi i s  t h e  EPA release l i m i t  f o r  t h e  

ith rad ionuc l ide .  

i n t e g r a t e d  release t o  t h e  accessible environment d u r i n g  any 10,000-year 

time i n t e r v a l  fo l lowing  c losu re .  

I n  t h i s  document, Qi i s  t aken  t o  be t h e  peak 
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Water Flow-Through Shaft Seal System. The shaft seal system is not 

likely to contribute significant quantities of water to the repository because 

the shaft seal system will be designed to satisfy objectives (NRC, 1983, 

Section 60.134) including: 

"Seals for shafts and boreholes shall be designed so that 
following permanent closure they do not become pathways 
that compromise the geologic repository's ability to meet 
the performance objectives for the period following 
permanent closure." 

Construction of such seals would be authorized only after reasonable assurance 

has been given that construction procedures would allow the repository to 

service its intended function of isolation (NRC. 1983, Section 60.31).  

Potential flow through the zone of rock disturbed by shaft construction is 

estimated and the amounts of water are shown to be insignificant. 

estimated accumulations are shown in Table ES-4. 

Water Flow From Surrounding Formations. 

The 

Flow of water through intact 
salt will be limited because the permeability of the salt is very low. 

example, the measured permeability is often below the resolution of the 
testing apparatus (Tien et al, 1983, p. 209). Transient permeability 

introduced in the salt in the immediate vicinity of the repository openings 

due to excavation and to heat would be eliminated rapidly due to the creep 

consolidation of the salt. 

For 

Brine Flow From Salt Formations. Because of the heat generated by the 

waste in the repository, brine inclusions in the salt can migrate toward the 

heat source. The calculated volumes of brine (see Appendix F), 

that could accumulate have been estimated and these estimates are shown in 
Table ES-4. 
1980), indicates that such calculations predict much larger volumes collecting 

in the emplacement borehole than would occur in actual repository 

conditions. However, even considering the volumes in Table ES-4, the 
calculated accumulations are not large enough tu impact repository performance 

significantly. 

Comparison of such analyses with experimental data (Hohlfelder, 

n 
I 
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Table ES-4. Estimate of  T o t a l  1JaLer I n f l u x  Lo Repos i tory  

Sour  c t? 

3 Estimated T o t a l  I n f l o w  (m ) 

Pa10 DUKJ Basiil Pa radox  Hasin Richton Dome 

-- 

I n f i l t r a t i o n  f roin Shaft: 

D i s t u r b e d  Zone 

(Chapter  6 )  

He il t - In dii c e d t3 r i 11 e 

i4igrat ion ( See 

Appendix F )  

Tot '3 1 

120  

3 , 3 2 0  

3,440 

310  

3,100 

3,510 

140 

9 30 

1,090 
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Release of Radionucl ides .  The mechanisms l i s t e d  above f o r  f l u i d  in f low 

t h e  r e p o s i t o r y  a l s o  may be cons idered  as p o s s i b l e  release mechanisms f o r  

removing f l u i d  from t h e  r e p o s i t o r y .  However, s e v e r a l  f a c t o r s  arise which 

l i m i t  bo th  i n f l o w  and release. 

t o  70 yea r s  f o r  i n f low and releases through t h e  s h a f t  d i s t u r b e d  zone. For 

such flows t h i s  t i m e  pe r iod  i s  i n s u f f i c i e n t  t o  permit: deg rada t ion  of t h e  waste 

package and contaminat ion  of t h e  f l u i d .  Creep c l o s u r e  would h y d r a u l i c a l l y  

i s o l a t e  a p o s s i b l e  p o i n t  of human i n t r u s i o n .  Also, t h e  unmeasurably small 

p e r m e a b i l i t y  of t h e  i n t a c t  s a l t  s e v e r e l y  l i m i t s  i n f lows  and releases through 

i n t e r c o n n e c t e d  p o r o s i t y  w i t h i n  t h e  s a l t .  

Creep c l o s u r e  of t h e  r e p o s i t o r y  a l lows  on ly  20 

F u r t h e r ,  t h e  movement of b r i n e  i n c l u s i o n s  toward t h e  r e p o s i t o r y  h e a t  

sou rce  i s  i n s u f f i c i e n t  t o  permi t  s i g n i f i c a n t  amounts of f l u i d  t o  mig ra t e  i n t o  

the r e p o s i t o r y  p r i o r  t o  c r e e p  c l o s u r e ,  and t h e  d i r e c t i o n  of such  movement, as 

determined by t h e  thermal  g r a d i e n t ,  would n o t  p e r m i t  contaminated i n c l u s i o n s  

t o  l e a v e  t h e  r e p o s i t o r y  reg ion .  

(greater t h a n  10,000 years )  provides  y e t  a n o t h e r  barrier t o  t h e  release of 

r a d i o a c t i v e  f l u i d  from t h e  r e p o s i t o r y .  F i n a l l y ,  a c t i v e  and p a s s i v e  c o n t r o l s  

a t  t h e  s i t e  make both  in f lows  p r i o r  t o  c r e e p  c l o s u r e  and releases fo l lowing  

such  c l o s u r e ,  which a r i se  from human i n t r u s i o n ,  a h i g h l y  u n l i k e l y  event .  

The expec ted  l i f e t i m e  of t h e  waste package 
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1 INTRODUCTION 

This report discusses the assessments of the performance of spent fuel 

and high-level waste repositories in candidate salt sites in the Palo Duro 

Basin, the Paradox Basin, and the Gulf Coast Salt Dome Basin. They are 

focused on the impacts associated with any human activities that could 
potentially interfere with repository performance. 

based on conservative assumptions and show releases significantly below 
current release standard quantities (EPA, 1982). 

These assessments are 

Salt formations are being investigated as potential repository sites 
because they are known to have properties whid are favorable for radioactive 

waste isolation. 
circulating ground water because the salt units are essentially impermeable. 

In many cases, the surrounding rock inhibits ground-water flow as well. The 
formations presently being considered are very stable and there is little or 

no likelihood that these conditions would change significantly during the 
period that waste isolation would be required. 

For example, these formations generally contain little or no 

Because of the isolation of the waste from the accessible environment 

offered by these natural features of the salt formation, it is important to 

take into account any potential penetrations of the salt formation that would 
permit the intrusion of ground water into the repository. 

discusses the preliminary analyses that have been conducted of potential 
intrusions such as exploratory drilling in the vicinity of the repository. 

This report 

These analyses are part of an orderly program of human interference 
scenario performance assessments that is being conducted from two different 

directions. In the first, the credibility of such scenarios is being examined 
in terms of probabilities for human activities that could interfere with 

system performance. 
because of the poor resource potential of the sites. 

controls such as widely distributed records and permanent markers constructed 

at the site will be used to communicate the existence of the repository and 

thereby severely limit inadvertent intrusion at the site. 

of the scenarios being considered will not provide a credible means for 
significant impact to performance. 

In most cases, these probabilities will be very small 
Furthermore, passive 

On this basis, many 
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Q 
The second t h r u s t  of t h e  assessments  i s  t o  ana lyze  s c e n a r i o s  t h a t  have 

no t  s o  f a r  been excluded from cons ide ra t ion .  

t h a t  t h e  consequences of t h e  s c e n a r i o  are i n s i g n i f i c a n t  and t h e r e f o r e  need not  

be cons idered  f u r t h e r .  Such e v a l u a t i o n s  a l s o  provide  a b a s i s  t o  understand 

t h e  p h y s i c a l  p rocesses  involved  and t o  i d e n t i f y  t h e  d a t a  base  t h a t  must be 

developed t o  perform d e t a i l e d  assessments  of t h e  s i te .  

of t h e  assessments  from t h i s  second p o i n t  o f  view t h a t  i s  d i scussed  i n  t h i s  

r e p o r t .  

Such e v a l u a t i o n s  may de termine  

It i s  t h e  a p p l i c a t i o n  

The e v a l u a t i o n s  conducted t o  t h e  p r e s e n t  have been based on g e n e r i c  d a t a  

and some p re l imina ry  s i t e  d a t a .  

d a t a  a v a i l a b l e  have been developed f o r  t h e  p rocesses  involved  i n  t h e  

scena r ios .  Where d a t a  are p r e s e n t l y  l a c k i n g  o r  u n c e r t a i n ,  c o n s e r v a t i v e  

parameter  v a l u e s  ( i n  t h e  s e n s e  of p r e d i c t i n g  g r e a t e r  consequences) are 

chosen. 

f o r  t h e  c o n s e r v a t i v e  c o n d i t i o n s  assumed. The reader is t h e r e f o r e  caut ioned  

t h a t  t h e  assessments  a t  t h i s  s t a g e  do n o t  c o n s t i t u t e  p r e d i c t i o n s  of system 

performance, b u t  on ly  s e r v e  t o  i n d i c a t e  i f  such  a n a l y s e s  need t o  be c a r r i e d  t o  

t h e  nex t  l e v e l  of assessment .  As t h e  l e v e l  of d a t a  i n c r e a s e s  and as t h e  

r e p o s i t o r y  d e s i g n s  are  r e f i n e d ,  t h e  s c e n a r i o s  can  be  cons idered  i n  g r e a t e r  

d e t a i l  t o  de te rmine  s p e c i f i c  e x p e c t a t i o n s  of system performance. 

Simple models c o n s i s t e n t  w i th  t h e  l e v e l  of 

The models are then  app l i ed  t o  p r e d i c t  r e p o s i t o r y  system performance 

To d a t e ,  t h e  e v a l u a t i o n s  have been made f o r  t h r e e  cand ida te  s a l t  

format ions :  t h e  Palo Duro Basin,  Texas; t h e  Paradox Basin,  Utah; and t h e  

Richton Dome, M i s s i s s i p p i .  The f i r s t  two of t h e s e  r e p r e s e n t  bedded s a l t  si tes 

w h t l e  t h e  t h i r d  i s  used t o  examine t h e  s c e n a r i o s  i n  a d i a p i r i c  formation.  A 

s p e c i f i c  l o c a t i o n  w i t h i n  any of t h e s e  format ions  h a s  n o t  y e t  been s e l e c t e d  and 

t h e  ana lyses  have r e l i e d  on g e n e r a l  in format ion  r ega rd ing  t h e  format ions .  

S t r a t i g r a p h i c  sequence,  u n i t  i d e n t i f i c . a t i o n ,  and format ion  p r o p e r t i e s  are 

based on r e p r e s e n t a t i o n s  t h a t  have been a b s t r a c t e d  from d r i l l  stem tests 

throughout  t h e  reg ions .  
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2 HUMAN I N T S K F E K E N C E  SCENARIOS 

2 .  I SCENARIO D E F I N I T I O N  

Although t h e r e  is  a l a r g e  number of  p o s s i b l e  s c e n a r i o s  f o r  p o t e n t i a l  

human i n t e r f e r e n c e  w i t h  r e p o s i t o r y  performance, most of t h e s e  a r e  v a r i a t i o n s  

of a few b a s i c  s c e n a r i o s .  The b a s i c  s c e n a r i o s  cons idered  i n  t h i s  r e p o r t  are: 

a s c e n a r i o s  invo lv ing  connec t ions  of t h e  r e p o s i t o r y  wi th  an  o v e r l y i n g  

a q u i f e r  

B) s c e n a r i o s  invo lv ing  s imul taneous  connec t ion  of t h e  r e p o s i t o r y  wiLh 

ove r ly ing  and under ly ing  a q u i f e r s  

s c e n a r i o s  invo lv ing  in f low t o  t h e  r e p o s i t o r y  p r i o r  t o  c r e e p  c l o s u r e  

wi th  subsequent: release under nea r  l i t h o s t a t i c  p r e s s u r e s  a f t e r  creep 

c l o s u r e .  

6 

These c a t e g o r i e s  a r e  desc r ibed  i n  more d e t a i l  below. 

2.1.1 ConnecLions With an  Overlying Aquifer  

Tf a borehole  d r i l l e d  t o  t h e  r e p o s i t o r y  ho r i zon  p e n e t r a t e s  a d i s p o s a l  

d r i f t  o r  o t h e r  opening,  a pa th  is  c r e a t e d  Eor p o t e n t i a l  i n t r u s i o n  of water 

i n t o  t h e  r e p o s i t o r y  from an overlying a q u i f e r .  Likewise,  t h e  s h a f t s  excavated  

a s  p a r t  of t h e  r e p o s i t o r y  access  could a l s o  provide  such a pathway. O f  

cou r se ,  t h e  s h a f t s  w i l l  be plugged and s e a l e d  as p a r t  of t h e  permanent c l o s u r e  

of  t h e  r e p o s i t o r y  sysLem; however, t h e  p o t e n t i a l  f o r  such  a paihway s t i l l  may 

e x i s t  i E  t h e  s h a f t  seals perform poor ly  o r  i f  rock i n  t h e  v i c i n i t y  of t h e  

s h a f t  which may be d i s t u r b e d  by t h e  excavat ioi l  i s  no t  e€fec : ive ly  s e a l e d .  

Other ,  much l e s s  probable ,  connecLions could a l s o  be imagined: 3 f a u l t  i n  t h e  

format ion  c o i l d  connect  t h e  r e p o s i t o r y  t o  ove r ly ing  s t r a t a  For example. The 

p r o b a b i l i t y  of such  a f a u l t  exLendiog f a r  enoug’-) t o  be s i g i f i c a n t  and be ing  

undetec ted  i n  t h e  cour se  of r e p o s i t o r y  o p e r a t i o n s  i s  ex t remely  small. 

Neverche less ,  a i  c h i s  p o i n t  t h e  p o s s i b i l i t y  can s t i l l  b e  i n c l u d e d  i n  t h e  s e t  

of those  s c e n a r i o s  invo lv ing  connec t ions  wi th  t h e  ove r ly ing  a q u i f e r .  
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If there are multiple connections of the repository with an overlying 
aquifer, it is possible for water flowing in the aquifer to be diverted down 

to the repository through one connection, €or this water to dissolve 

radionuclides in the repository, and for the water to return to the aquifer 

through another connection, transporting radionuclides to the accessible 

environment. 

Figure 2-1. In this configuration, one connection is provided by such a 
borehole and the other is provided by one of the shafts and the corresponding 

access tunnel excavated during repository construction. The probability for 
such a scenario is likely to be small since it involves a combination of low- 

probability factors; however, quantitative assessment of the probability is 

not made here. 

The basic configuration considered here is illustrated in 

The connection in the repository between the two vertical legs would 

involve the repository tunnel and storage room network. These excavations are 

expected to be closed because of backfilling and sealing during the engineered 

closure operations. 

reduce the void space remaining in the repository following engineered 
closure. Under expected conditions, the permeability of the repository 

openings should therefore approximate in situ conditions i n  the salt. 

In addition, the host salt will creep to substantially 

2.1.2 Simultaneous Connections With Overlying and Underlying Aquifers 

A possibility in this case is a borehole drilled through the candidate 

salt layer to a depth sufficient to connect aquifers that underlie and overlie 

the repository. 
at least through the upper aquifer. However, it is possible for the borehole 

to be improperly cased or that the casing fails or is removed. In this case, 

pressure differences between the aquifers could induce flow through the 

borehole and affect the performance of the repository. For example, the flow 

could dissolve salt at the repository horizon; and, if waste packages were to 

be exposed to the flow as a result of the dissolution, the processes that 
determine waste package integrity and radionuclide containment could be 

affected. 
receiving aquifer and migrate to the accessible environment. 

suggested in Figure 2-2. 

Under normal drilling practice, the borehole would be cased 

Radionuclides released to the flow could then be transported to the 

This scenario is 
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Such a s c e n a r i o  may no t  be a p p l i c a b l e  t o  a l l  s i t e s ,  r e q u i r i n g  a s  i t  does 

bo th  t h e  e x i s t e n c e  of ove r ly ing  and under ly ing  a q u i f e r s  and some l i k e l i h o o d  of 

d r i l l i n g  through t h e  r e p o s i t o r y  and connec t ing  them. For example, t h i s  

desc r ipL ion  does n o t  f i t  t h e  Richton Dome s i t e  s i n c e  t h e r e  is no unde r ly ing  

a q u i f e r .  

2.1.3 P res su re  Release 

Th i s  s c e n a r i o  c o n s i s t s  of t h e  fo l lowing  processes :  

Water f lows i n t o  t h e  r e p o s i t o r y  by a v a i l a b l e  pathways b e f o r e  s a l t  can 

creep t o  c l o s e  voids  remaining a f t e r  permanent c l o s u r e  of t h e  

r e p o s i t o r y .  

C r e e p  c l o s u r e  compresses f l u i d  i n  t h e s e  voids  u n t i l  near l i t h o s t a t i c  

f l u i d  p r e s s u r e s  a re  a t t a i n e d .  

Heat gene ra t ed  i n  t h e  r e p o s i t o r y  due t o  t h e  r a d i o a c t i v e  decay of t h e  

emplaced waste i n c r e a s e s  temperatures i n  t h e  format ion  and modi f ies  

p r e s s u r e s  and c reep  ra tes  i n  t h e  r e p o s i t o r y .  

Radionucl ides  l e a c h  i n t o  t h e  water i n  t h e  r e p o s i t o r y .  

A p r e s s u r e  release occurs .  

Water-inflow mechanisms i n c l u d e  f low through t h e  s h a f t - s e a l  system and t h e  

movement of b r i n e  i n c l u s i o n s  i n t o  t h e  r epos i to ry .  Release modes i n c l u d e  t h e  

p r e s s u r i z e d  release of contaminated water through an  e x p l o r a t o r y  borehole  o r  

through the s h a f t - s e a l  system. 

Two p o i n t s  are noteworthy i n  the above s c e n a r i o  d e f i n i t i o n .  F i r s t ,  t h e  

s a l t  i s  assumed t o  be e f f e c t i v e l y  impermeable du r ing  t h e  t i m e  pe r iod  preceding 

release. Otherwise,  p r e s s u r i z a t i o n  t o  a nea r  l i t h o s t a t i c  p r e s s u r e  would no t  

occur ,  and f l u i d  p r e s s u r e s  would r a t h e r  approach h y d r o s t a t i c  e q u i l i b r i u m  w i t h  

t h e  r e s i d e n t  format ion  water. 

c reep .  

Second, t h e r e  i s  t h e  c r u c i a l  importance of s a l t  

It i s  dur ing  c r e e p  c l o s u r e  t h a t  any r e p o s i t o r y  f l u i d  i s  p res su r i zed .  
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Furthermore,  i t  i s  creep c l o s u r e  which l i m i t s  t h e  t i m e  pe r iod  d u r i n g  

which t h i s  s c e n a r i o  may occur.  Figure 2-3 t y p i f i e s  t h e  process .  As shown 

t h e r e ,  t h e  r e p o s i t o r y  volume d e c r e a s e s  r e l a t i v e l y  r a p i d l y  u n t i l  t h e  f l u i d -  

s a t u r a t e d  volume i s  reached a t  t i m e  tSAT. 

r e p o s i t o r y  response  i s  dependent upon t h e  c o m p r e s s i b i l i t y  of t h e  f l u i d  and t h e  

mode of release, if any. 

t o  t h e  case of no f l u i d  inf low.  S ince  TSAT < T~~~~~ - < 100 y e a r s  (Chapter 6), 

t h e  t i m e  a v a i l a b l e  € o r  f l u i d  in f low i n t o  t h e  r e p o s i t o r y  i s  l i m i t e d .  

Chapter 6 ,  t h e  s h a f t - s e a l  system and t h e  creep p rocess  are examined f o r m a l l y ,  

and t h e  q u e s t i o n  of s c e n a r i o  c r e d i b i l i t y  i s  cons idered .  

For t i m e s  g r e a t e r  t han  tSAT, t h e  

The t i m e  per iod  TCLOSE, of F igure  2-3, cor responds  

In 

2.2 PERFORMANCE MEASURES 

The performance measures f o r  t h e  s c e n a r i o s  are t h o s e  r e l a t e d  t o  t h e  

Two performance p r e d i c t i o n  of release from the  t o t a l  r e p o s i t o r y  system. 

measures are cons idered .  

b a r r i e r  system. 

performance of  t h e  r e p o s i t o r y  engineered  b a r r i e r  system i s  (NRC, 1983, S e c t i o n  

60.113) : 

The f i r s t  r e f e r s  t o  release from t h e  engineered  

The q u a n t i t a t i v e  s t a t emen t  of t h e  proposed c r i t e r i o n  f o r  t h e  

"The engineered  b a r r i e r  system s h a l l  be des igned ,  

assuming a n t i c i p a t e d  processes  and e v e n t s ,  s o  tha t . . . t he  

release r a t e  of any r a d i o n u c l i d e  from t h e  engineered  

b a r r i e r  system fo l lowing  t h e  containment pe r iod  s h a l l  n o t  

exceed one p a r t  i n  100,000 pe r  y e a r  of t h e  inven to ry  of 

t h a t  r a d i o n u c l i d e  c a l c u l a t e d  t o  be p r e s e n t  a t  1,000 y e a r s  

fo l lowing  permanent c l o s u r e ,  o r  such  o t h e r  f r a c t i o n  of 

t h e  inven to ry  as may be approved o r  s p e c i f i e d  by t h e  

Commission; provided, t h a t  t h i s  requi rement  does n o t  

app ly  t o  any r a d i o n u c l i d e  which is  r e l e a s e d  a t  a ra te  

less t h a n  0.1% of t h e  c a l c u l a t e d  t o t a l  release r a t e  

l i m i t .  The c a l c u l a t e d  t o t a l  release ra te  l i m i t  s h a l l  be 

t a k e n  t o  be  one p a r t  i n  100,000 p e r  y e a r  of t h e  i n v e n t o r y  

of r a d i o a c t i v e  waste, o r i g i n a l l y  emplaced i n  t h e  

underground f a c i l i t y ,  t h a t  remains a f t e r  1,000 y e a r s  of 

r a d i o a c t i v e  decay ." 
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I'igure 2-3. Time Dependence of Water Volume in ? res su re  Release S c e n a r i o  
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Because of the qualification of "anticipated processes and events", it is 
not clear at this point how this criterion would be applied to particular 

human interference scenarios without a detailed probability assessment. 
Nevertheless the release of radionuclides from the underground facility can be 

predicted within the specific conceptual models and compared to the above 

performance measure for the sake of gaining perspective regarding the 

scenario. 
evaluate the fractional release rate defined as the fraction of the total 

system inventory for a specific radionuclide released from the confines of the 
underground facility each year. 

be directly calculated from this fractional release rate. It is assumed that 
release from the engineered barrier system and release from the underground 

facility deffned in this way are the same. 

The procedure that is used in the preliminary assessments is to 

The regulatory performance measure can then 

The second type of release measure is the total integrated release from 

the repository system to the accessible environment. The accessible 
environment as defined by the U.S. Environmental Protection Agency (EPA) 

includes all primary ground-water formations and secondary ground-water 
formations more than 10 kilometers from the location of emplacement of the 

wastes (EPA, 1982, Section 191.13). The EPA has also established criteria for 
total release of radionuclides to the accessible environment for the 10,000- 
year period following permanent closure of the repository (EPA, 1982, 

Appendix). 

release during any 10,000-year time interval following permanent closure. For 

the purpose of these analyses, this latter, upper-bound estimate is evaluated. 

An upper bound to this performance measure is the integrated 

2 . 3  PHYSICAL PROCESSES AND EVALUATION OF SCENARIOS 

At the present level of understanding of the Conditions in the repository 
system, the approach to the evaluation of these human intrusion scenarios is 
similar in all cases. The first step is to evaluate the thermal and 

thennomechanical environments in the system. 

displacement rates within the repository and help to determine hydraulic 

properties. - 

These conditions determine the 

The next step is to evaluate local flow conditions in the system. 

those scenarios in which the flow is determined by the regional hydrologic 
system, the regional flow is evaluated first. 

For 

The regional flow provides 

I 

n 
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boundary c o n d i t i o n s  € o r  t h e  l o c a l  flow e v a l u a t i o n s .  For t h o s e  s c e n a r i o s  i n  

which t h e  l o c a l  flows a r e  no t  determined by r e g i o n a l  recharge  and d i s c h a r g e  

c o n d i t i o n s ,  such as  f o r  b r i n e  migra t ion  i n  s a l t ,  l o c a l  phenomenological models 

must be eva lua ted .  E f f e c t s  of temperature  and s a l i n i t y  may a f f e c t  t h e  f low 

r a t e s  and need t o  be  taken  i n t o  account.  

Then, t h e  performance of :he underground f a c i l i t y  i s  e v a l u a t e d  i n  terms 

of t h e  f r a c t i o n a l  r a t e  of r e l e a s e  of rad ionucl ides .  This performance measure 

i s  assumed t o  correspond t o  t h e  r a t e  of d i s s o l u t i o n  of r a d i o n u c l i d e s  i n t o  t h e  

water i n  t h s  r e p o s i t o r y .  

waste packages t o  t h e  water, t h e  performance of t h e  waste  packages,  and t h e  

chemical c o n d i t i o n s  i n  t h e  r e p o s i t o r y .  

conceptua l  model. 

This  r a t e  w i l l  depend on t h e  r a t e  of exposure of 

These f a c t o r s  are  a l l  d e f i n e d  i n  t h e  

A s i m p l i f i c a t i o n  i n  t h e  p r e s e n t  assessments  i s  t h a t  t h e  containment of 

r a d i o n u c l i d e s  i n  t h e  waste  packages i s  neglec ted  a l t o g e t h e r  i n  t h e s e  a n a l y s e s  

because performance of t h e  waste package under t h e  unexpected c o n d i t i o n s  

a s s o c i a t e d  w i t h  t h e  s c e n a r i o  has  no t  ye: been eva lua ted .  I n  f u t u r e  

assessments ,  d e t a i l e d  e v a l u a t i o n s  of waste package performance w i l l  be  

performed and i n t e g r a t e d  i n t o  t h e  s c e n a r i o  model t o  provide more r ea l i s t i c  

e v a l u a t i o n s .  

I n  a d d i t i o n ,  because t h e  chemical c o n d i t i o n s  a n t i c i p a t e d  f o r  t h e  

r e p o s i t o r y  are n o t  p r e c i s e l y  known a t  t h e  p r e s e n t  l e v e l  of d a t a  and because 

t h e  behavior  of r a d i o n u c l i d e s  and o t h e r  c o n s t i t u e n t s  of  t h e  waste form a re  n o t  

well-understood i n  a l l  cases, c o n s e r v a t i v e  v a l u e s  ( i n  t h e  s e n s e  of p r e d i c t i n g  

g r e a t e r  concentrations) are used f o r  s o l u b i l i t i e s  and waste form l e a c h  rates. 

F i n a l l y ,  t h e  release t o  t h e  a c c e s s i b l e  environment i s  eva lua ted .  This 

e v a l u a t i o n  i s  a t r a n s p o r t  c a l c u l a t i o n  u s i n g  t h e  c a l c u l a t e d  release from t h e  

underground f a c i l i t y  as a source  term. 

boundary t h a t  d e f i n e s  t h e  a c c e s s i b l e  environment,  a s p e c i f i e d  d i s t a n c e  from 

t h e  r e p o s i t o r y  i n  t h e  r e c e i v i n g  a q u i f e r .  

depend, i n  p a r t ,  upon t h e  s c e n a r i o  model. 

Transport  i s  c a l c u l a t e d  t o  t h e  

S p e c i f i c a t i o n  of t h i s  d i s t a n c e  w i l l  
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2.4 PREVIOUS ANALYSES 

2.4.1 Connections With An Overlying Aquifer  

The s c e n a r i o  desc r ibed  i n  Sec t ion  2.1.1 has  been analyzed i n  t h e  Waste 

I s o l a t i o n  P i l o t  P l an t  (WIPP) Safe ty  Analysis Report (DOE, 1983, Sec t ion  

8.1.2.2). 

WIPP s i t e  i n  sou theas t e rn  New Mexico. 

t h e  WIPP s i t e  d i f f e r s  from t h a t  i n  t h i s  a n a l y s i s .  

c o n s t r a i n t s  t o  release imposed by waste form and r ad ionuc l ide  s o l u b i l i t y  

l i m i t s  a r e  no t  t aken  i n t o  account;  but  i t  i s  assumed t h a t  release i s  l i m i t e d  

by t h e  s o l u b i l i t y  of t h e  s a l t  h o s t  rock. 

WIpp assessments  are expected t o  exceed any a c t u a l  cond i t ions  by a wide 

margin. 

These i n v e s t i g a t i o n s  p r e d i c t  low releases f o r  a r e p o s i t o r y  a t  t h e  

The approach used i n  t h e  assessment of 

In t h e  former a n a l y s i s ,  

Consequently, t h e  p r e d i c t i o n s  i n  t h e  

This  s c e n a r i o  has a l s o  been i n v e s t i g a t e d  by the U . S .  Nuclear Regulatory 

Commission (NRC) us ing  an approach similar t o  tha t  f o r  t h e  WIPP s tudy  

(Cranwell  e t  a l ,  1982a; Pepping e t  a l ,  1983). The approach and conclus ions  of 

t h e  NRC s t u d i e s  are  similar t o  those  of t h e  WIPP a n a l y s i s .  

2.4.2 Simultaneous Connections With Overlying and Underlying Aqui fers  

Repos i tory  performance assessment f o r  t h i s  case has  been i n v e s t i g a t e d  by 

t h e  NRC f o r  a bedded s a l t  s i t e  (Cranwell e t  a l ,  1982a, Pepping e t  a l ,  1983). 

I n  a d d i t i o n ,  t h i s  s c e n a r i o  has  been i n v e s t i g a t e d  i n  t h e  WIPP S a f e t y  Analys is  

Report (DOE, 1983, Sec t ion  8.1.2.1). These i n v e s t i g a t i o n s  have used s imple  

models f o r  t h e  r e p o s i t o r y  release rates. For example, t h e  inc reased  s a l i n i t y  

of water reaching  t h e  r e p o s i t o r y  hor izon  due t o  d i s s o l u t i o n  i n  preceding s a l t  

u n i t s  i s  n o t  t aken  i n t o  account  i n  t h e  estimate of d i s s o l u t i o n  a t  t h e  

r e p o s i t o r y  horizon.  Paramet r ic  performance assessments  of t h e  s c e n a r i o  have 

been conducted (Cloninger  e t  a l ,  1980; Cloninger and Cole, 1981; Burkholder, 

1982) t o  provide i n s i g h t  regard ing  t h e  proposed NRC s tandards .  

a n a l y s e s  have n o t  a t tempted  t o  model t h e  p rocesses  t h a t  phys i ca l ly  c o n s t r a i n  

t h e  releases i n  d e t a i l .  

However, t h e s e  

A method t o  e v a l u a t e  t h e  borehole  d i s s o l u t i o n  ra te  and t h e  subsequent 

An i n v e s t i g a t i o n  of release has  been descr ibed  by Cranwell e t  a1 (1982b). 

borehole  growth by d i s s o l u t i o n  u t i l i z i n g  a r e a l i s t i c  model w a s  i n i t i a t e d  by 
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3 DESCRIPTION OF THE REPOSITORY SYSTEM 

The repository system includes the site, the host rock formation, the 
underground facility at the site, and the waste. 
specified in sufficient detail to permit analyses. 

are being investigated, specific sites within these areas have not yet been 
selected. Consequently, the specification of the system cannot be very 

precise at present. 

repository designs are available on which the analyses can be conducted. 
Therefore, repository systems are defined herein consistent with the current 
level of information and to the level necessary to conduct the preliminary 

analyses. 

rach of these must be 

Although candidate areas 

Nevertheless, general data for the sites and preliminary 

3.1 SITE REPRESENTATION 

Candidate sites are being considered in the Palo Duro Basin, Texas, the 
Paradox Basin, Utah, and the Gulf Coast Salt Dome Basin. As a result of the 

preliminary investigations, data are available to crudely specify 
representative sites from these areas for the analyses. 

3.1.1 Palo Duro Basin Site 

A site t y p i c a l  of that  which might be found in Deaf Smith or Swisher 
Counties in West Texas is used as the basis for the preliminary Palo Duro 

Basin analyses. 
Stone & Webster (1983) analysis. 

The stratigraphic representation assumed here is based on the 

The Permian rocks in the Palo Duro Basin include bedded salts that may 

serve as satisfactory candidate repository host strata. A prospective 
repository host layer is the Cycle 4 salt unit in the Lower San Andres 

Formation. 

assumed. 
which (including Cycle 4 )  are thick, 

the geology both above and below the Lower San Andres. 
Formation in the Upper Permian layers, for example, is a thick salt bed. 

A repository horizon in this unit about 725 m below the surface is 

The Lower San Andres includes a sequence of salt beds, several of 
Salt also occurs in other portions of 

The Upper Seven Rivers 
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Q 
The O g a l l a l a  a q u i f e r  o v e r l i e s  t h e  system and t h e  Dockum i s  a l s o  

r e l a t i v e l y  t r ansmiss ive .  

a q u i f e r  i n  t h e  a n a l y s e s .  

t h i s  a q u i f e r  by t h e  sed imentary  conf in ing  l a y e r s  of t h e  Upper Permian. 

These u n i t s  are cons idered  t o  make up t h e  upper 

The r e p o s i t o r y  h o s t  s a l t  format ion  i s  s e p a r a t e d  from 

The Permian l a y e r s  ex tend  w e l l  below t h e  assumed r e p o s i t o r y  ho r i zon  as  

Below t h e s e  l a y e r s  i s  t h e  Wolfcamp which i n c l u d e s  impermeable s h a l e s  

I 
w e l l .  

and more t r a n s m i s s i v e  ca rbona te  rocks. Deeper, t h e  Pennsylvanian rocks  a l s o  

c o n t a i n  r e l a t i v e l y  permeable l imes tones ,  as  w e l l  a s  a r k o s i c  sands tones ,  

c o l l e c t i v e l y  r e f e r r e d  t o  i n  t h e  r e p r e s e n t a t i o n  a s  t h e  " g r a n i t e  wash." 

3.1.2 Paradox Basin S i t e  

The r e p r e s e n t a t i o n  assumed f o r  t h e  Paradox Bas in  s i t e  i s  based on t h e  

a n a l y s i s  by Woodward-Clyde Consul tan ts  (1982) of t h e  GD-1 wel l .  

t h e  r e p o s i t o r y  h o s t  is cons ide red  to be the  Cycle 6 sa l t  unit of the Paradox 

Formation. The r e p r e s e n t a t i o n  g iven  h e r e  i s  probably  a p p l i c a b l e  t o  a l o c a t i o n  

i n  e i t h e r  Davis Canyon o r  Lavender Canyon. 

In t h i s  case, 

The r e p o s i t o r y  h o r i z o n  i s  assumed t o  be abou t  910 m below t h e  s u r f a c e .  

Over ly ing  t h e  Paradox Formatlon a re  r e l a t i v e l y  t r a n s m i s s i v e  u n i t s  composed 

l a r g e l y  of s ands tone  and l imes tone  i n c l u d i n g  t h e  C u t l e r  Formation rocks ,  t h e  

Cedar Mesa and t h e  Elephant  Canyon Formations,  and t h e  upper p o r t i o n  of t h e  

Honaker T r a i l  Formation. C o l l e c t i v e l y ,  t h e s e  are r e f e r r e d  t o  h e r e  as t h e  

upper  a q u i f e r .  

t r a n s m i s s i v e  zones are s e v e r a l  hundred f e e t  of sed imentary ,  c o n f i n i n g  rock  i n  

t h e  Honaker T r a i l  Formation. 

Sepa ra t ing  t h e  r e p o s i t o r y  h o s t  l a y e r  from t h e s e  r e l a t i v e l y  

The Paradox Formation, i t s e l f ,  i s  a n  e x t e n s i v e  sequence of t h i c k  s a l t  

beds and i n t e r b e d s .  Below t h e  Paradox are  more permeable rocks  of t h e  

P inke r ton  Tra i l ,  Molas, L e a d v i l l e  and o t h e r  format ions .  These u n i t s  are  

r e f e r r e d  t o  h e r e  as lower a q u i f e r  u n i t s .  

3.1.3 Richton Dome S i t e  

The Richton S a l t  Dome i n  Pe r ry  County, M i s s i s s i p p i ,  i s  one of t h e  l a r g e s t  

d i a p i r i c  s a l t  domes i n  t h e  United S t a t e s .  The s t r a t i g r a p h i c  sequence assumed 

i s  based on t h e  a n a l y s i s  of L a w  Engineering T e s t i n g  Company (1982). The I 
, 
I 
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repository horizon is assumed to be 605 m below t h e  surface and 355 m below 

the top o €  the salt dome. 
The site i s  characterized by an overlying aquifer that represents the 

Hattiesburg and Catahoula Formations and by other strata adjacent to the dome. 

3 . 2  UNDERGROUND FACILITY 

The underground facility concept considered here consists of an 

excavation of room and pillar construction within the host salt unit. 

repository consists of a network of disposal drifts and connecting tunnels. 

Vertical waste emplacement holes are drilled in the floors of these rooms; 

and, after emplacement of waste packages, the holes are plugged with crushed 

salt and concrete and the storage room is backfilled with crushed salt and 

sealed with salt blocks. 

The 

Table 3-1 defines the repository parameters used in these preliminary 

analyses. The repository is assumed to accommodate both spent fuel (SF) and 
commercial high-level waste (CHLW) packages as well as other wastes. The 

areas allocated t o  these packages will be contiguous and the distribution of 
packages in these areas can be inferred from Table 3-1. 

distribution of the packages is based on considerations of temperature 

conditions that would be generated in the repository by the radioactive decay 

of the SF and CHLW and, therefore, depends on the heat generation rates of 
individual waste packages. 

Table 3-2. 

The designed 

The loadings assumed for this report are given in 

The parameters specified in Tables 3-1 and 3-2 describe the underground 

facility for the two bedded salt site representations. Special 

characteristics of the Richton Dome site dictate some minor variations in this 
description. 
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Table  3.-1. Reposi tory Design ParameLers (a  1 

SF Region C HLW Region 

Waste Region 
Width ( m )  
Length (m) 
Load (XTHM) (a) 
Load Density (YTHM!m 2 ) 
Thermal Densi ty  ( W / m  2 ) ~ 

3,100 3,100 
1,145 470 
36,000 36,000 
o.olO(b) 0.025 
15"' 30") 

Excavated Void Space (m') 3.93+6 1.5E+6 

Disposa l  Rooms 
Width (m) 
Height ( m )  
Length ( m )  
Number 
E x t r a c t i o n  R a t i o  
Poros i ty  A f t e r  R a c k f i l l  

6.4 5.5 
4.6 4.6 
150 150 
880 280 
0.32 0.22 
0 . 3  0.3 

P a l o  Duro Paradox Richton 

Approximate Repos i tory  Depth (m) 
Thickness of Xost Salt (m) 
Shaf t  P i l l a r  V i d t h  (m) 
Shaft  Diameter (m) 
Tunnel Width (m) 
Tunnel Height (m) 

7 30 9 10 610 

7 30 9 10 6 10 
4 . 4  6.4 6.4 
4 . 4  6.4 6.0 
4.6 4.6 4.1 

--- 34  7 4  

(a) MTHM = met r i c  Lons of heavy mezals. 

(b )  Rased on p re s su r i zed  water  r e a c t o r  (PWR) SF. 

(c )  A t  waste  emplacement, based on 10-year-uld waste. 
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Table 3-2. Description of Waste Packages (a 1 

SF ( PUR) S F ( B W R ) ( ~ )  CHLW 

kW/pkg(') 

MTHM/ pkg 
#Pkgs 

Total  MTHM 

5.5 5.5 9.5 

4.2 5.3 9.8 

5,259 2,640 3,673 

22,000 14,000 36,000 

(a) Other wastes w i l l  a l s o  be emplaced but radionuclides a r e  subs tant ia l ly  

reduced and these  are  not considered here.  

(b)  BWR = b o i l i n g  water reactor.  

( c )  A t  waste emplacement, based on 10-year-old waste. 
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3.3 WASTE DESCRIPTION 

n 

The two types  of waste e x p l € c € t l y  cons idered  i n  t h e  a n a l y s e s  are SF and 

CHLW from a r ep rocess ing  f u e l  cycle. Other wastes would a l s o  be inc luded  i n  

a n  a c t u a l  r e p o s i t o r y .  However, t h e  r a d i o n u c l i d e  i n v e n t o r i e s  a s s o c i a t e d  wi th  

t h e s e  o t h e r  wastes would no t  be s i g n i f i c a n t  r e l a t i v e  t o  those  conta ined  i n  t h e  

SF o r  CHLW and are  n o t  cons idered  f u r t h e r .  

The r e f e r e n c e  r a d i o n u c l i d e  i n v e n t o r i e s  approximate ly  1000 years a f t e r  

emplacement €n t h e  r e p o s i t o r y  used i n  t h e  a n a l y s e s  a re  g iven  i n  Tables  3-3 and 

3-4 .  

U.S. Department of Energy (1980) i n  t h e  F i n a l  Environmental Impact S ta tement ,  

Management of Commercially Generated Nuclear Waste. 

These i n v e n t o r i e s  are  based upon t h e  g e n e r i c  i n v e n t o r i e s  g iven  by t h e  

The SF and CHLW w i l l  g e n e r a t e  h e a t  i n  t h e  r e p o s i t o r y  due t o  r a d i o a c t i v e  

decay. 

w a s t e  package thermal load ings  which are s p e c i f i e d  in T a b l e s  3-1 and 3-2. The 

h e a t  g e n e r a t i o n  ra te  a l s o  depends on t h e  decay c h a r a c t e r i s t i c s ,  and t h e  

r e l a t i v e  h e a t  g e n e r a t i o n  rates are g iven  i n  Table 3-5. 

The h e a t  g e n e r a t i o n  ra te  a t  emplacement depends on t h e  r e p o s i t o r y  and 

n 
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(a 1 Table 3-3. Important F i s s i o n  Products  i n  Reference Waste 

Ci/MTHM 1000 Years Af ter  Reactor Discharge 
I so tope  SF(b) CHLW(C) 

l 4 C  

7 9 ~ e  

9 3 ~ r  

3mNb 

"Tc 

l26Sn 

2hSb 

126Sb 

135cs 

137cs 

15lsm 

6.5E-1 

3.5E-1 

1.3E-6 

1.7E+O 

1.7E+O 

1.3E+1 

4.8E-1 

4.8E-1 

4.8E-1 

2.7E-1 

8.8E-6 

4.OE-1 

0 

3.5E-1 

1.3E-6 

1.7E+O 

1.7E+O 

1.3E+1 

4.8E-1 

4.8E-1 

4.8E-1 

2.7E-1 

8.8E-6 

4.OE-1 

Radionucl ides  no t  l i s t e d  c o n s t i t u t e  less than  0.1 percent  of t h e  t o t a l  

inventory .  

small c o n t r i b u t i o n .  

From Bat te l le ' s  P a c i f i c  Northwest Labora to r i e s  (1979), Table  3.3.8. 

Uranium-only r e c y c l e ,  plutonium s t o r e d  sepa ra t e ly .  From Battelle 's  

P a c i f i c  Northwest Labora to r i e s  (1979), Table 3.3.8. 

I n v e n t o r i e s  f o r  "Sr and 137Cs are l i s t e d  t o  i l l u s t r a t e  t h e i r  
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Table  3-4. Important Ac t in ides  and Daughters i n  Reference Waste (a 1 

I s o t o p e  

CiIYTHM 1000 Years Af te r  Reactor Discharge 

SF(b )  CHLW ( c )  

23 3 ~ a  

237Yp 

* 38Pu 

239Pll 

240Pu 

241Pu 

242Pll 
24 l h  

239Np 

242mh 

242h 

2 4 3 h  

245cm 

9.5E-1 

9.5E-1 

I.. 3E+l 

l.lE+O 

2 8E+2 

4.1E+2 

1.7E-1 

1.6E+O 

8.3E+2 

1.1E-1 

1 . l E - 1  

1.3E+1 

1.7E-1 

5.3E-1 

5.3E-1 

1.2E+i 

2.3E-1 

1.8E+O 

5.0E+O 

1.6E-1 

a. 7E-3  

7.8E+l 

1.1E-1 

1.1E-1 

1.2E+1 

1.6E-1 

(a )  Radionucl ides  no t  l i s t e d  c o n s t i t u t e  l ess  than  0.1 pe rcen t  of t h e  t o t a l  

i nven to ry .  

( b )  From Bat te l le ' s  P a c i f i c  NorLhwest L a b o r a t o r i e s  (1979), Table  3.3.10. 

(c) Uranium-only r e c y c l e ,  plutonium s t o r e d  s e p a r a t e l y .  Chemical s e p a r a t i o n  

assumed t o  remove 99.5 pe rcen t  of uranium and plutonium, b u t  no o t h e r  

a c t i v i t i e s .  From Bat te l le ' s  P a c i f i c  Northwest Labora to r i e s  (1979),  Table 

3.3.12. 

n 
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Table  3-5. R e l a t i v e  Thermal Decay Rates f o r  Repos i tory  Waste ( a )  

1 .OE+1 

l.OE+2 
l.OE+3 

l.OE+4 

l.OE+5 

1 .OE+6 

1 .OE+O 1 .OE+O 

2.4E-1 1.1E-1 
4.73-2 3.63-3 
1.1E-2 4.4E-4 

7.9E-4 9.1E-5 

3.3E-4 1.2E-4 

( a )  Battelle's P a c i f i c  Northwest Labora to r i e s  (1979). 

(b )  Age of waste a t  emplacement i n  r e p o s i t o r y  i s  assumed t o  be 10 yea r s .  
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Snow and Chang (1975), bu t  no t  completed. 

d i s s o l u t i o n  rates performed f o r  t h e  sa l t  i n d u s t r y  have a bea r ing  ( f o r  example, 

see Sabe r i an  and Podio, 1976). However, t h e s e  a re  s u f f i c i e n t l y  d i f f e r e n t  from 

t h e  c a l c u l a t i o n s  needed f o r  e v a l u a t i o n  of r e p o s i t o r y  performance (e.g., 

n e g l e c t i n g  t e m p e r a t u r e  and creep e f f e c t s ) ,  t h a t  new a n a l y s e s  are  necessary .  

Other ana-yses of c a v i t y  

2 . 4 . 3  Pressu re  Release 

Other a n a l y s e s  of p r e s s u r e  r e l e a s e  s c e n a r i o s  have n o t  been r epor t ed .  

However, l a n n e r  (1983) ,  p. 19, has  i d e n t i f i e d  such a s c e n a r i o .  
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4 MULTIPLE CONNECTIONS WITH OVERLYING AQUIFER - 
U-TUBE CONNECTION SCENARIO 

This scenario was introduced in Section 2.1.1. The scenario involves two 

connections between the repository and the upper aquifer, one an exploratory 

borehole drilled into a repository disposal drift and the other an access 
shaft. In this chapter, the configuration composed of the two vertical legs 
and the horizontal leg involving the repository room and tunnel network is 

referred to as a U-Tube. The analysis of the scenario involves evaluation of 

the local flow in the U-Tube, release of radionuclides from the waste to the 

flow, and transport of radionuclides to the upper aquifer. 

4.1 LOCAL FLOW IN THE U-TUBE 

The rate of flow of the water locally is determined by solving for the 

steady-state pressure distribution in a local representation of the site that 

includes the U-Tube. This representation involves discretization of the 
system into a three-dimensional grid suitable for solution by a finite- 

difference approach. The vertical discretization represents the upper 

aquifer, the repository, and confining layers between the aquifer and the 

repository host rock. 
the access shaft, and the pathway through the repository. 
far enough laterally so that pressures at the boundaries are not significantly 

affected by the diversion of flow in the U-Tube. 

regional modeling are used as fixed-pressure (Dirichlet) boundary conditions 

for the model. The SWENT code (INTERA, 1983b) is used for the simulation of 
the flow in this local system. 

The horizontal representation includes the borehole, 

The model extends 

Pressures obtained from 

The geometry of the system is suggested in Figure 2-1. The shaft is 

assumed to have a diameter of 6.6 m and extends from the upper aquifer down to 

the repository horizon. It is assumed to be backfilled and sealed. The 
borehole is assumed to be a 0.23-m-diameter drillhole (a typical size) 

extending through the aquifer and the confining layers to the repository, 

penetrating one of the repository disposal drifts. 

repository is represented by a tunnel extending from the shaft through the 
shaft pillar and the repository to the location of the borehole. 

The pathway through the 



The c a l c u l a t i o n  of ‘;he local.  flow r e q u i r e s  . f l o w  p r o p e r t i e s  of t h e  

a q u i f e r s  and t h e  o:her u n i t s .  The a q u i f e r  p r o p e r t i e s  used i n  t h i s  l o c a l  f low 

e v a l u a t i o n  a r e  assumed t o  be  t h e  same as t h o s e  i n  t h e  r e g i o n a l  a n a l y s e s  of t h e  

b a s i n ,  i gnor ing  h e t e r o g e n e i t y  i n  these u n i t s .  The conductance f o r  t h e  

separate  l e g s  a f  t h e  IJ-Tube c o n f i g u r a t i o n  depends o n  t h e  geometry. This  

geome’iry v a r i e s  somewhat from s i t e  t o  s i t e .  The h y d r a u l i c  c o n d u c t i v i t i e s  

assumed f D r  t h e s e  members arr3 given i n  Table  4-1. The s h a f t  and t h e  

r epos i co ry  t u n n e l s  are sssiimed t o  have a c o n d u c t i v i t y  of 1.OE-6 m/day. The 

v a l u e  of 1.OE-6 d d a y  w a s  u sed  by Gureghian e t  a 1  (1983) t o  c h a r a c t e r i z e  the  

pr0per:ie.s o f  t h e  s h a f t  seal  s y s t e m  f o r  a r e p o s i t o r y  i.n s a l t .  

The bo reho le  i s  a s s igned  a p e r m a b i l i t y  of 30.5 m/day a p p r o p r i a t e  f o r  a 

c o a r s e  s a n d  (?leans and Pdrcher ,  1963)  as  i f  :he borehole  were s i l t e d  froin 

l o o s e  s o i l s  i g  t h e  overburden. Yowever, t h e  r e s i s t a n c e  t o  t h e  flow of t h e  

boreholz  i s  e s s e n t i a l l y  n e g l i g i b l e  compared t o  t h a t  i n  the s h a f t  o r  t h e  

tunnel:; and the r i ? s u l t s  a r e  noL s e n s i t i v e  t o  t he  p a r t i c u l a r  cho ice  of :he 

bo reho le  properLies  g ive - i  i n  Table 4-1. 

4.1.1 b r a 1  Flow i n  IJ-Tube a t  P a l 3  Duro Basizl S i t e  

The modeled i n  t h e  Pa113 Duro s i ze  a n a l y s i s  is  shown i n  F igu re  4-1. 

The l o c a l  nodel  ex tends  ove r  ai l  area 19.3 by 19.3 km. Figure 4-2 g i v e s  t h e  14 

by 13 h o r i z o n t a l  f i n i t e -d iE€erence  g r i d  u t i l i z e d  i n  t h e  a n a l y s i s .  The d e t a i l s  

of t h i s  g r i d  dre g iven  i n  Table 4-2. A fou r - l aye r  sysLem is used t o  d e s c r i b e  

t h e  verLical.  s e c t i o n .  The d e t a i l s  of  :his d i s c r e t i z a t i o n  a r e  g i v e n  i n  Figure  

4-3. Hydraul ic  p r o p e r t i e s  f o r  t h e  s t r a t a  are  a l s o  g iven  i n  t h i s  € igu re .  

These p r o p e r t i e s  a r e  based on t h e  r e g i o n a l  nodeling a n a l y s e s  ( I N T E K A ,  1984a). 

The e levaEion  o f  t h e  l a y e r s  i s  e s s e n t i a l l y  c o n s t a n t  throughout  t h e  l o c a l  

r e p r e s e n t a t i o n .  The o r i e n t a t i o n  arid l o c a t i o n  of t h e  U-Tube a t  t h e  s i t e  can be  

r e a d i l y  i n f e r r e d  from Figure 4-2. I n  t h e  l o c a l  model t h e  c r o s s - s e c t i o n a l  

areas of t h e  v a r i o u s  nernbers of t h e  U-Tube have been i n c r e a s e d  somewhat t o  

f a c i l i t a t e  the numer ica l  Lreatment. Accordingly,  t h e  c o n d u c t i v i t i e s  have a l s o  

been  modif ied a p p r o p r i a t e l y  s o  t h a t  t h e  c f € e c t i v e  conductance of each  member 

i s  unchanged. 

n 
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Table 4-1. Flow Parameters for Reference U-Tube 

Palo Duro Paradox Richton 

Shaft 
2 Cross-sectional area (m ) 

Length (m)(a) 

Conductivity (m/day) 

Conductance (m /day) 2 

Bo rehole 
2 Cross-sectional area (m ) 

Length (m)(a) 

Conductivity (m/day) 

Conductance (m /day) 2 

Tunne 1 
2 Cross-sectional area (m ) 

Length (m) 

Conduct ivi t y (m/ day) 

Conductance (m /day) 2 

32 

390 
1.0E-6 

8.23-8 

0.04 
390 

30 

3.2E-3 

29 
2,880 

1.OE-6 

1.0E-9 

32 

480 
1.OE-6 

6.7E-8 

0.04 
46 5 

30 

2.7E-3 

29 
2,870 

1.0E-6 

1.OE-9 

32 

450 
1.OE-6 

7.1~-a 

0.04 
465 

30 

2.7E-3 

25 
4,990 

1.OE-6 
4.9E-9 

~ ~~ 

(a) Length is distance from upper aquifer to repository horizon. 
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Figure 4-1. Palo Duro Basin S i t e  
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Figure 4-2. Horizontal Representation of Palo  Duro Site for 
U-Tube Scenario Flow Analyses 
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Table 4-2. Horizontal  Grid D i s c r e t i z a t i o n  of Palo Duro S i t e  

X-Di rec t i o n  Grid Block 

Block Width (m) 

Grid Block 

Block Length (m) 

Y-Di rec t ion  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

12 

13 

14  

3,220 

2,410 

1,950 

6.40 

445 .O 
823.0 

604.0 

402.0 

604.0 

0.01 

1,210 

2,010 

2,410 

3,220 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11  

12 

13  

3,220 

2,410 

2,010 

1,210 

604.0 

199.0 

4.57 

199.0 

604.0 

1,210 

2,010 

3,220 

2,410 

n 

n 
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The f low i n  t h i s  system i s  eva lua ted  by a p p l i c a t i o n  of t h e  SWENT code 

(INTERA, 1983b). The p r e s s u r e  boundary c o n d i t i o n s  ob ta ined  from t h e  r e g i o n a l  

a n a l y s i s  of t h e  P a l o  Duro Bas in  (INTEKA, 1984a) are g iven  i n  Appendix A. 
3 The f low through t h e  U-Tube i s  p r e d i c t e d  t o  be 3.OE-7 m /day. S a l i n i t y  

of  t h e  f l u i d  i n  t h e  U-Tube h a s  been neg lec t ed  and t h e  f l u i d  t empera tu res  are 

assumed t o  be t h e  same as t h e  rock. In  t h i s  case, i n  s i t u  t empera tu res  have 

been used and t h e  assumed v a l u e s  are g i v e n  i n  Table  4-3. 

t h e  f low r a t e  i s  a r e f l e c t i o n  of t h e  h y d r a u l i c  r e s i s t a n c e  of t h e  s h a f t  and t h e  

r e p o s i t o r y  tunnel .  

The low v a l u e  f o r  

The v a r i a t i o n  of t h e  f low ra te  w i t h  t h e  c o n d u c t i v i t y  of t h e  U-Tube i s  

shown i n  F igu re  4-4. For t h i s  e v a l u a t i o n ,  t h e  c o n d u c t i v i t y  g i v e n  i s  t h e  v a l u e  

averaged  ove r  t h e  e n t i r e  U-Tube. 

c o n d u c t i v i t y  i s  inc reased .  For a very  l a r g e  c o n d u c t i v i t y ,  t h e  r e s i s t a n c e  i n  

the U-Tube becomes n e g l i g i b l e  r e l a t i v e  t o  t h e  f low r e s i s t a n c e  i n  the upper 

a q u i f e r  and t h e  f l o w  r eaches  a limiting value .  For t h e  boundary c o n d i t i o n s  

and f low p r o p e r t i e s  i n  t h e  upper  a q u i f e r  t h a t  have been assumed, t h i s  l i m i t i n g  

f low i s  8 3  m3/day. This l i m i t i n g  flow occur s  f o r  a n  ave rage  c o n d u c t i v i t y  

greater t h a n  3.OE5 m/day; and, s i n c e  t h e  f low p r o p e r t i e s  w i l l  l i e  w e l l  below 

t h i s  v a l u e ,  t h e  expec ted  f low ra te  i s  expec ted  t o  be  less t h a n  t h i s  l i m i t .  

The c a l c u l a t e d  f low rates i n c r e a s e  as t h e  

4.1.2 Local Flow i n  t h e  U-Tube a t  t h e  Paradox Bas in  S i t e  

The area modeled f o r  t h e  Paradox Bas in  a n a l y s i s  i s  i n d i c a t e d  i n  F igu re  

4-5. The l o c a l  model ex tends  over  a 10.7 km by 10.7 km area. The h o r i z o n t a l  

f i n i t e - d i f f e r e n c e  g r i d  used i n  t h i s  case i s  shown i n  F igu re  4-6 and i s  

d e t a i l e d  i n  Table 4-4. 

The t r e a t m e n t  of t h e  v e r t i c a l  s e c t i o n  i n  t h i s  case i s  concep tua l ly  t h e  

same as  i n  t h e  Pa lo  Duro s i t e  a n a l y s i s .  Seven l a y e r s  are  used t o  r e p r e s e n t  
/ 

- t h i s  sys tem and t h e s e  a re  shown i n  F i g u r e  4-7. The h y d r a u l i c  p r o p e r t i e s  

assumed f o r  t h i s  system are  a l s o  g iven  i n  t h e  f i g u r e .  

upon t h e  r e g i o n a l  modeling of the Paradox Bas in  (ZNTEKA, 1984b). 

These v a l u e s  are based 

F igu re  4-7 i n d i c a t e s  t h a t ,  u n l i k e  t h e  Palo Duro s i t e ,  t h e  e l e v a t i o n  of 

t h e  s u r f a c e  and t h e  t h i c k n e s s  of t h e  s u b s u r f a c e  u n i t s  a r e  n o t  uniform 

throughout  t h e  l o c a l  regime. The s p e c i f i c a t i o n  of t h e  v e r t i c a l  d i s c r e t i z a t i o n  

n 
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Table 4 - 3 .  In S i t u  Temperatures Assumed f o r  S i t e s  (a  1 

Horizon ( a >  
Tempera ture  ("C) 

Palo Duro Paradox Richton 

Surface 

Reposi tory 

20 18 20 

70 33 31  

( a )  Temperatures a t  o t h e r  hor izons  found by l i n e a r  i n t e r p o l a t i o n .  
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n 

1 E-2 

1 €03 

1 E 4  

1 E-5 

1 E-6 

1 E-7 

RICHTON 

1 I 1 I I 
1 E l  1 E3 1 E5 1 E7 1 E9 

U-TUBE CONDUCTIVITY (METERSIDAY) 

n 

Figure 4 - 4 .  U-Tube F l o w  Calculated as a Function of U-Tube Conductivity 
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Figure 4-5 .  Paradox Basin Site 
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Figure 4 - 6 .  Horizontal Representation of Paradox Site for 
U-Tube Scenario Flow Analyses 
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Table  4-4. Hor izon ta l  Grid D i s c r e t i z a t i o n  f o r  t h e  Paradox S i t e  

X-Directfon Gr id  Block 

Block Width (m) 

Y-Di rec t i o n  Gr id  Block 

Block Length (m) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14  

15 

2,360 

1 ,830 

914.0 

91.4 

91.4 

274.0 

244.0 

488.0 

97 1 .O 

4.57 

488 .O 
244.0 

381.0 

762.0 

1,520 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1,520 

762.0 

366.0 

6.40 

207 -0 
366.0 

762.0 

1 ,520 

0 .o 10 

2,130 

3,050 
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Figure  4 - 7 .  V e r t i c a l  Represen ta t ion  of Paradox S i t e  f o r  - 
L?-Tube Scena r io  F l o w  Analvses  

n 



I 5 1  

is therefore somewhat more complex than in the previous case. The details of 

this vertical discretization are given in Appendix A. 

Otherwise, the treatment of the U-Tube is, in principle, the same as for 

the Palo Duro case. The orientation and location of the U-Tube can be 

inferred from Figure 4-6. Because of the variable elevations of the upper 

aquifer, the lengths of the legs of the U-Tube are different from one another 

in the way indicated in Table 4-1. 
The pressure boundary conditions utilized are taken from regional 

I 

modeling of the Paradox Basin as given by INTERA (1984b). 
boundary pressures used are given in Appendix A. 

this case is 2.93-7 m /day. Coincidentally, this flow rate is not 

significantly different from that for the Palo Duro case. 

The specific fixed 
The calculated flow rate for 

3 

The variation in the flow with the assumed permeability of the U-Tube is 

shown in Figure 4-4. 
1.2 m /day, almost two orders of magnitude below the limit for the Palo Duro 
case, reflecting the lower conductivity of the Elephant Canyon in the Paradox 

Basin relative to the Ogallala and Dockum units in the Palo Duro Basin. 

The limiting flow rate for infinite U-Tube conduction is 
3 

4.1.3 Local Flow in U-Tube at Richton Dome Site 

The local model in this case is based on that given by INTERA (1984~). 
The region modeled is 25.8 km by 22.7 km and is shown in Figure 4-8. 
by 16 horizontal finite-difference grid used to model this region is shown in 
Figure 4-9 and the  details are given in Table 4-5. 

The 16 

The eight-layer vertical section modeled is shown in Figure 4-10. 
thicknesses of the subsurface units are essentially uniform throughout the 

local regime. 
representation. 

phreatic surface and this variation is discussed in Appendix A. 

The 

However, the elevations of the layers vary over the 
The surface elevation is based on the elevation of the 

The repository design for the Richton Dome is slightly different than at 

the bedded salt sites given in Table 3-1. 

(4.1 m by 6.0 m). 
Table 4-1. 

The tunnel is somewhat smaller 

The geometry and flow parameters in this case are given in 

The pressure boundary conditions are the same as those used in INTERA 

(1984~) and are described in Appendix A. The resulting flow rate is 1.8E-8 

m /day about a factor of 16 below the result for the bedded salt sites. 3 

. 



n 

'E 

I 

0 3.2 KM 6.4 KM 
m 

I 

Figure 4-8. Richton Dome S i t e  
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Figure 4-9. V e r t i c a l  Representation of Richton S i t e  for 
U-Tube Scenario F l o w  Analyses 
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Table 4-5. Horizontal Grid D i s c r e t i z a t i o n  f o r  t h e  Richton S i t e  

X-Direc t ion  Grid Block 

Block Width (m) 

Y - D i r e c t  i on  Grid Block 

Block Length (m) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

11 

12 

13 

14  

4,830 

3,220 

3,220 

2 ,910 

1,610 

796.0 

9.14 

805.0 

805.0 

895.0 

3.96 

1,530 

2,410 

3 ,220 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13  

14 

4,020 

4,020 

1 ,610 

1 ,520 

9.14 

887.0 

805.0 

805.0 

3.96 

801.0 

1,610 

1 ,610 

4,020 

4,020 
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Figure 4-10. Horizontal Representation of Richton Site for 
U-Tube Scenario Flow Analyses 
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The Elow f o r  a n  open U-Tube, however, i s  h i g h e r  a t  t h e  Richton  s i t e  than  

a t  t h e  bedded s a l t  s i tes  as shown f o r  t h e  l i m i t i n g  f low rates  i n  Figure 4 - 4 .  

The l i m i t i n g  f low i s  about  460 m /day ,  r e E l e c t i n g  t h e  r e l a t i v e l y  conduct ive  

n a t u r e  O E  t h e  upper aqu iFe r  in t h i s  case. 

3 

4.1.4 Ef Eects of Temperature and S a l i n i t y  

The r e su l t s  of t h e s e  a n a l y s e s  are summarized i n  Table 4 - 6 .  The f i r s t  row 

i n  t h i s  t a b l e  g i v e s  t h e  c a l c u l a t e d  flow rates f o r  t h e  r e f e r e n c e  cases. The 

l i m i t i n g  f lows  f o r  t h e  s p e c i f i e d  a q u i f e r  c o n d i t i o n s  are  a l s o  g i v e n  i n  t h i s  

t a b l e .  The U-Tube c o n f i g u r a t i o n  is termed a n  "open" U-Tube i n  t h i s  case 

because t h e  r e s i s t a n c e  of t h e  U-Tube i s  n e g l i g i b l e  compared t o  t h a t  

encountered by t h e  f low in t h e  uppe r  a q u i f e r .  

These r e s u l t s  have been c a l c u l a t e d  by assuming n a t u r a l  geothermal 

condiz ions  i n  t h e  rock and f resh-water  d e n s i t y  ( s a l i n i t y  = 0) i n  t h e  U-Tube. 

In f a c t ,  however, t h e s e  c o n d i t i o n s  could  be  d i f f e r e n t .  Temperature i n c r e a s e s  

i n  t h e  v i c i n i t y  oE t h e  r e p o s i t o r y  could  occur  due t o  t h e  h e a t  gene ra t ed  by t h e  

r a d i o a c t i v e  waste.  The tempera ture  of the water could  t h e r e f o r e  be 

a f f e c t e d .  The s a l i n i t y  of t h e  water would be expec ted  t o  i n c r e a s e  due t o  t h e  

d i s s o l u t i o n  of t h e  h a l i t e  i n  t h e  s a l t  u n i t s  t h a t  t h e  U-Tube intersects. These 

e f f e c t s  can i n f l u e n c e  t h e  d e n s i t y  of t h e  water and ,  t h e r e f o r e ,  t h e  f low 

r a t e .  These cases a re  t h e r e f o r e  r e c a l c u l a t e d  t a k i n g  i n t o  account  

mod i f i ca t ions  i n  t h e  U-Tube f low d e n s i t y .  

The t h i r d  and f o u r t h  rows of Table 4-6 g i v e  t h e  r e s u l t s  f o r  a f u l l y  

s a t u r a t e d  flow ( s a l i n i t y  = 1) analogous t o  those  i n  t h e  f i r s t  two rows f o r  

s = 0. Ambient tempera ture  c o n d i t i o n s  are  assumed. These c a l c u l a t i o n s  have 

been made assuming t h a t  t h e  sa l t  d i s s o l u t i o n  occur s  near  t h e  e n t r a n c e  of the 

U-Tube ( i . e . ,  a t  t h e  t o p  of  t h e  downward l e g )  and t h a t  t h e  f low d i scha rged  

i n t o  t h e  a q u i f e r  i s  immediately d i l u t e d  t o  t h e  i n  s i t u  a q u i f e r  d e n s i t y .  A 

more r e a l i s t i c  model of t h e  s a l t  d i s s o l u t i o n  could  be used (INTERA, 1984d) but  

t h e  p r e s e n t  approach s e r v e s  t o  provide  a maximum d e n s i t y  change and t h u s  t h e  

l a r g e s t  impact on t h e  flow. 

The resul ts  i n  t h e  t h i r d  row of Table  4-5 show t h a t  t h e  vo lumet r i c  flow 

ra te  i s  n o t  very  s e n s i t i v e  t o  t h e  d e n s i t y  of the U-Tube water f o r  the 

r e f e r e n c e  case. On t h e  o t h e r  hand t h e  v a l u e s  f o r  t h e  open U-Tube (i.e.,  t h e  

l i m i t i n g  f low r a t e s )  shown i n  t h e  f o u r t h  row d i s p l a y  a s t r o n g e r  dependence on 
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Table 4-6. Summary of Local Flow Pre'dicted f o r  U-Tube a t  Three S i t e s  

Temp era t u r  e 

Above Ambient Volumetric Flow Rate (m 3 /day) 

Palo Duro Paradox Richton Case Conf igura t ion  S a l i n i t y  (C) 

1 Reference Case ( a )  0.0 0 3.OE-7 2.9E-7 1.8E-8 

2 Open U-Tube ( b )  0.0 0 8.3E+1 1.2E+O 4.6E+2 
3 Reference Case ( a )  1.0 0 2.9E-7 2.9E-7 1.8E-8 

4 Open U-Tube ( b )  1.0 0 9.2E+1 1.3E+O 5.1E+2 
5 Open U-Tube ( b )  0 .o 20 8.3E+1 1.2E+O 4.6E+2 

( a )  

( b )  Resis tance  of U-Tube n e g l i g i b l e  r e l a t i v e  t o  t h a t  i n  a q u i f e r .  

Hydraul ic  c o n d u c t i v i t y  of s h a f t  and r e p o s i t o r y  l e g s  = 1.OE-6 m/day. 
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t h e  d e n s i t y ;  t h e  i n c r e a s e  i n  d e n s i t y  t o  f u l l  s a t u r a t i o n  r e s u l t s  i n  about  a 

10-percent i n c r e a s e  i n  t h e  vo lumet r i c  f low rate. 

t h i s  case i s  abou t  20 p e r c e n t  so  t h a t  t h e  cor responding  mass f low rate  

i n c r e a s e s  by about  30 pe rcen t .  

model f o r  t h e  U-Tube flow d i scussed  i n  t h e  Appendix B. 

The i n c r e a s e  i n  d e n s i t y  i n  

These r e s u l t s  are c o n s i s t e n t  w i th  a s imple  

The e f f e c t  of tempera ture  v a r i a t i o n  i s  e s s e n t i a l l y  n e g l i g i b l e .  For 

example, e l e v a t i n g  t h e  tempera ture  of a l l  t h e  water i n  t h e  U-Tube 20OC r e s u l t s  

i n  about  a 1-percent d e c r e a s e  i n  d e n s i t y  throughout t h e  U-Tube bu t  e s s e n t i a l l y  

no d e t e c t a b l e  change i n  t h e  l i m i t i n g  f low rate as shown i n  the f i f t h  row of 

Table 4-6. 

4.2 RELEASE OF RADIONUCLIDES FROM UNDERGROUND FACILITY FOR U-TUBE SCENARIO 

The f low rates  through t h e  U-Tube s e r v e  as t h e  b a s i s  f o r  t h e  c a l c u l a t i o n  

of  r a d i o n u c l i d e  release from the  r e p o s i t o r y .  For w a s t e  exposed t o  t h i s  f low,  

r a d i o n u c l i d e s  can be leached  from t h e  waste form and d i s s o l v e d  i n t o  t h e  

flow. Radionucl ides  can  t h e n  be t r a n s p o r t e d  by t h e  f low t o  t h e  a c c e s s i b l e  

environment. 

There a r e  a number of p h y s i c a l  c o n s t r a i n t s  t o  release of r a d i o n u c l i d e s  t o  

t h e  U-Tube flow, however. For example, t h e  waste w i l l  be d i s t r i b u t e d  

throughout  t h e  r e p o s i t o r y  i n  d i s p o s a l  rooms t h a t  are  b a c k f i l l e d  and sea l ed .  

Most of t h e  waste t h e r e f o r e  w i l l  no t  be r e a d i l y  a c c e s s i b l e  t o  t h e  flow. 

Secondly,  i n  a d i s p o s a l  room i n  which t h e r e  i s  f low,  release w i l l  be 

l i m i t e d  by t h e  s o l u b i l i t y  of t h e  r a d i o n u c l i d e s .  Muller e t  a1 (1981) have 

provided  e v a l u a t i o n s  of upper bounds f o r  t h e s e  s o l u b i l i t i e s ,  and t h o s e  used i n  

t h e  p r e s e n t  a n a l y s e s  are  g iven  i n  Table 4-7. I f  t h e  release of r a d i o n u c l i d e s  

were determined by t h e  r a d i o n u c l i d e  s o l u b i l i t i e s  a l o n e ,  t h e  c o n c e n t r a t i o n s  

would be less than  o r  e q u a l  t o  those  g iven  i n  Table 4-8. These v a l u e s  have 

been c a l c u l a t e d  from t h e  element s o l u b i l i t i e s  and t h e  r a d i o n u c l i d e  mass 

f r a c t i o n s  of t h e  1,000-year i nven to ry .  These mass f r a c t i o n s  are d i f f e r e n t  f o r  

SF and CHLW, and t h e  c o n c e n t r a t i o n s  i n  Table  4-8 r e f l e c t  e i t h e r  p o s s i b i l i t y .  

Radionucl ides  n o t  l i s t e d  i n  t h e  t a b l e  a r e  assumed, f o r  t h e  sake  of 

c o n s e r v a t i v e  a n a l y s i s ,  t o  be  h i g h l y  s o l u b l e .  
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Table 4-7. Element Solubilities 

I 

Element Solubility ( ppm) (a) 

Strontium 

Zi r c on i um 

Technetium 
Pa 1 lad i um 

Antimony 

Tin 
Radium 

Thorium 

Uranium 

Ne p t u n i  um 

80 

2.53-5 

(b) 

(b) 
1.OE-3 

1.OE-4 
1 .OE-2 

8.OE-2 
20 

6.OE-8 

(a) Muller et a1 (1981). Solubilities of elements not listed are known or 
assumed to be high. 

(b) Solubility is low but not known. 
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Table 4-8. Effective Concentration of Selected Radionuclides 

Based on Element Solubility 

Concentration (~i/m3) 

Ra dionuclide(a) SF Inventory CHLW Inventory 

3 ~ r  

"Tc 

1 2% 
126Sb 

237Np 

238Pu 

239Pu 

241Pu 

240h 

242h 

5-43-13 

2.9E-1 (b) 

2.43-6 
7.1E-5 

3.4E-11 

3.6E-3 

6.5E-2 
1.3E+O 

5.5E-4 

5.2E-3 

5.4E-13 
2.9E-1 (b) 

2 4E-6 
7.1E-5 

1 8E-10 
9.4E-2 

7.4E-1 

2.1E+O 

6.6E-2 

3.6E-3 

(a) Radionuclides not listed are assumed to have unlimited solubility. 

(b) Solubility of technetium is low. A value of 20 ppm has been used in 
this evaluation. 
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The release of the radionuclides may be limited by the processes that 

control leaching from the waste form. Leach rates for both SF and for CHLW 

glass have been measured in a number of laboratory tests. Spent fuel leach 

rates for brine solutions were measured by Katayama et a1 (1980) to be less 
than 4.OE-6 gm/cm2-day for strontium, cesium, plutonium, curium, and other 

elements and it is believed (Mendel, 1978) that a rate of 1.OE-5 gm/cm2-day 

provides an upper bound to the leach rate for repository conditions. 

latter value results in a fractional congruent leach rate of 2.2E-3 yr-' when 

the surface-to-mass ratio of the SF is 0.61 cm /gm. 

This 

2 

Wiley (1979) has measured the leach rates for borosilicate glass. His 
2 measurements gave a leach rate of less than 1.OE-8 gm/cm -day and a value of 

1.OE-7 gm/cm2-day is used in this analysis to account for variation in the 

leaching conditions. If the glass is sufficiently fractured to provide a 
surface-to-mass ratio of 0.62 cm /gm, the fractional leach rate is 2.23-5 

yr-'. 
Table 4-9. 

2 

The leach rate parameters used in the analysis are summarized in 

The leaching of radionuclides may be affected by the solubility of the 
constituents of the waste form. The concentration of radionuclides in the 

water based only upon dissolution of the waste matrix can be estimated from: 

Ci = P CsIi/Ms (4-1) 

where : 
3 Ci = concentration (ci/m ) 

p = density of water (kg H20/m brine) 

Cs 
Ii = radionuclide inventory (CiJMTHM) 

Ms 

3 

= waste form solubility (kg waste form/kg H20) 

= mass of the waste matrix (kg waste form/MTHM). 

Table 4-10 gives the limiting concentrations based on this expression. For 

dissolution of SF, the solubility of the matrix is assumed to be 20 ppm 
corresponding to a value for uranium oxide, which forms the bulk of the SF. 

The mass loading is about 960 kg of uranium oxide per MTHM of original fuel 
charged. For the CHLW glass, the limit is assumed to be about 50 ppm 
corresponding to the solubility of silica (Fournier and Rowe, 1977). 

of 160 kg of glass per MTHM of original fuel is used based on an estimate of 
A value 
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Table  4-9. Waste Form Leach Rates 

Waste Form SF(a) 

Leach ra te  (gm/crn2-day) 1.OE-5 

Surface-to-volume r a t i o  ( c m  /gm) 

F r a c t i o n a l  l each  rate (y r - l )  2.2E-3 

Leach d u r a t i o n  ( y r )  4.5E+2 

0.61 2 
1.OE-7 

0.62 

2.2E-5 

4.5E+4 

(a)  Based on d a t a  f o r  uranium oxide (Katayama, e t  a l ,  1980). 

(b )  Based on d a t a  f o r  b o r o s i l i c a t e  g l a s s  (Wiley, 1979). 

n 
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Table 4-10. Effective Concentration of Radionuclide Based on 

Dissolution of Waste Form to Solubility Limit 

Concentration (ci/m 3 ) 

SF(b) CHLW (e) 

" ~ e  -- 9.5E-5 

9 3 ~ r  3.1E-5 4.6E-4 

9 3mm 3.1E-5 4.6E-4 

'Tc 2.3E-4 3.5E-3 
126sn -- 1.3E-4 

26Sb -- 1.3E-4 

135cs -- 7.3E-5 

151sm -- 1.1E-4 
233~a -- 1.4E-4 

237Np -- 1.4E-4 

238& -- 6.3E-5 

239Pu 5.OE-3 4.9E-4 
240% 7.4E-3 1.43-3 

241Pu -- 4.4E-5 
242pu  2.9E-5 

241h 1.5E-2 2.1E-2 
242b -- 3.OE-5 

243b 2.3E-4 3.3E-3 
245c, -- 4.4E-5 

-- 

(a) Where no value is listed, radionuclide contributes less than 0.1 percent 

of the total concentration. 

Based on uranium oxide dissolution t o  a concentration of 20 ppm. (b) 

(c) Based on CHLW glass dissolution to a concentration of 50 ppm. 



6 4  

n 

1,500 kg of glass per CHLW waste package. Comparison of Tables 4-8 and 4-10 
indicates that, with the exception of 93Zr and 237NP the concentration of 

radionuclides is limited by the dissolution of the waste form. 
A very simple, conservative model is used to estimate an upper bound to 

the rate of release of radionuclides from the underground facility: 

containment of the waste package is ignored and radionuclides are assumed to 

dissolve into the flow of water at a rate consistent with both the leach rate 
from the waste form and the maximum concentration of radionuclides in the 

water based on solubility of the radionuclides and the waste form 

any 

constituents. The performance measure is the ratio of the maximum value of 

the rate of dissolution into the flow (Ci/yr) to the 1,000-year system 

inventory (Ci) for the repository. 

measure are given in Table 4-11. Because the dissolution of the radionuclides 

that contribute more than 0.1 percent of the release is controlled by the 
waste form dissolution, the performance measure is the same for each 

radionuclide as well. 

The calculated values of this performance 

The release fractions in Table 4-11 are well below the release criterion 
of one part in 100,000 per year because of the low flow rates predicted. A 

higher flow rate would result in a correspondingly higher annual release 

fraction. A theoretical maximum to the flow rate can be determined from the 

release criterion: the flow rate that would result: in an annual release 
'fraction of 1.OE-5 per year from exposed SF is 6.33-4 m /sec and the flow for 

3 exposed CHLW would be 4.2E-5 m /sec. According to Figure 4-4, such flows can 
not be attained at all in the Paradox Basin flow model and would require an 

average U-Tube conductivity of more than l.OE-t-3 m/day at the other two 
sites. 

therefore, it is expected that release from the underground facility would 

satisfy the criterion for release from the engineered barrier system. 

3 

An average conductivity of this size is not realistic for the U-Tube; 

4 . 3  RELEASE TO THE ACCESSIBLE ENVIRONMENT FOR U-TUBE SCENARIO 

Radionuclides leaving the repository are transported to the upper aquifer 

by the U-Tube flow. To provide a conservative estimate, transport of 

radionuclides in the aquifer to the boundary that constitutes the accessible 

environment is neglected. 
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Table 4-11. Performance Measure f o r  Release From Underground F a c i l i t y  

i n  U-Tube Scenario 

L i m i t  t o  Performance Measure ( a )  

Palo Duro Paradox Richton 

Ra t io  f o r  exposure of  SF 5.5E-14 5.3E-14 3.3E-15 

Rat io  f o r  Exposure of 

CHLW 8-33-13 8 OE-13 5.OE-14 

( a )  Maximum f r a c t i o n  of 1,000-year inventory  of t h e  r ad ionuc l ide  r e l e a s e d  p e r  

year .  

t h e  waste form and i s  t h e  same f o r  each r ad ionuc l ide  t h a t  c o n t r i b u t e s  

more than  0.1 pe rcen t  of t h e  release. 

The performance measure is c o n t r o l l e d  by t h e  d i s s o l u t i o n  ra te  of 
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The d i scha rge  t o  t h e  upper  a q u i € e r  over  a 10,000-year pe r iod  i n  t h i s  case 

i s  eva lua ted  by i n t e g r a t i n g  t h e  r e l e a s e  r a t e  from t h e  underground f a c i l i t y  

d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n .  This  release rate depends on t i m e  because 

of radioactive decay and g e n e r a t i o n  of t h e  r ad ionuc l ides .  Taking i n t o  account  

t h i s  r a d i o a c t i v i t y ,  t h e  maximum va lues  of t h e  c a l c u l a t e d  i n t e g r a t e d  releases 

are g iven  i n  Tables 4-12 and 4-13 f o r  exposure of SF and CHLW, r e s p e c t i v e l y .  

For t h e  sake  of comparison t h e  s t a n d a r d s  f o r  l i k e l y  release t o  t h e  

a c c e s s i b l e  environment (EPA, 1982) are a l s o  g iven  i n  t h e s e  t a b l e s .  The U-Tube 

Scena r io  may n o t  f a l l  i n t o  t h e  ca t egory  of reasonably  f o r e s e e a b l e  release; 

however, they  are used h e r e  t o  provide  pe r spec t ive .  Because of t h e  low flow 

r a t e ,  t h e  p r e d i c t e d  releases are  w e l l  below even t h e s e  s t anda rds .  

The maximum a l lowab le  flow ra te  can be determined from t h e  release 

s t anda rds .  That i s ,  t h e  f low ra te ,  Q, must s a t i s f y  t h e  i n e q u a l i t y  (EPA, 1982, 

Appendix) 

1 Q C ~ / R L ~  1 
i 

(4-2) 

where Ci i s  t h e  e f f e c t i v e  c o n c e n t r a t i o n  of t h e  r a d i o n u c l i d e  i n t e g r a t e d  over  

10,000 years and RLi i s  t h e  a p p r o p r i a t e  EPA release s t a n d a r d  f o r  t h e  

r ad ionuc l ide .  As a n  example, u s i n g  t h e  EPA s t a n d a r d s  f o r  r easonab ly  

f o r e s e e a b l e  release,  t h e  maximum U-Tube f low r a t e  through a SF d i s p o s a l  room 

must be  less t h a n  24  m /y  and t h e  ra te  through a CHLW d i s p o s a l  room m u s t  be 

less than  41 m /y. Using i n s t e a d  t h e  s t a n d a r d s  f o r  very  u n l i k e l y  release, t h e  

f low r a t e  would be a f a c t o r  of 10 higher.  These flow rates are  more than  s i x  

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

c o n d u c t i v i t y  through t h e  r e p o s i t o r y  and t h e  s h a f t  would have t o  be greater 

than  0.1 m/day b e f o r e  t h e  c r i t e r i o n  could be exceeded f o r  t h e  s p e c i f i e d  

c o n d i t i o n s  i n  t h e  upper a q u i f e r  i n  t h i s  s imple  model. 

3 

3 

The ave rage  

4 . 4  CONCLUSIONS FROM U-TUBE CONNECTION SCENARIO ANALYSES 

For t h e  t h r e e  si tes cons ide red ,  t h e  p r e d i c t e d  releases are  below 

r e g u l a t o r y  c r i t e r i a  by more t h a n  f i v e  o r d e r s  of magnitude. 

p r e d i c t e d  f o r  t h e  Richton  Dome are  s l i g h t l y  below t h o s e  p r e d i c t e d  f o r  t h e  two 

bedded s a l t  sites. 

The releases 

- - - __ - ___ ___I _ -  - 
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Table  4-12. In t eg ra t ed  10,000-Year Release From U-Tube Flow 

Through Spent Fuel Disposal  Room 

L i m i t  t o  Performance Measure ( b )  EPA 

Radionucl ide(a)  Palo Duro Paradox Richton Standard ( 

99Tc 2.5E-4 2.5E-4 1.5E-5 7.2E+5 

239Pu 5.OE-3 5.OE-3 3.OE-4 7.2E+3 

240Pu 5.1E-3 5.1E-3 3.1E-4 7.2E+3 

242Pu 3.5E-5 3.5E-5 2.lE-6 7.2E+3 
2 4 1 b  1.83-3 1.8E-3 1.1E-4 7.2E+2 
2431\, 1.8E-4 1.8E-4 1.1E-5 2.9E+2 

Radionucl ides  c o n t r i b u t i n g  more than  0.1 percent  of t h e  t o t a l  release. 

Maximum 10,000-year release from underground f a c i l i t y  ( C i ) .  Transpor t  

i n  upper a q u i f e r  i s  neglected.  

S tandards  f o r  l i k e l y  release t o  accessible environment based on waste 

from 72,000 MTHM i n  t h e  r e p o s i t o r y  (EPA, 1982, Appendix). These 

s t a n d a r d s  may n o t  b e  a p p l i c a b l e  t o  U-Tube Scenar io  but  have been 

inc luded  f o r  comparison. 
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Table 4-13. I n t e g r a t e d  10,000-Year Release From U-Tube Flow 

Through CHLW Disposal  Room 

L i m i t  t o  Performance Measure (b)  EPA 
Radionucl ide(a)  Palo Duro Paradox Richton Standard 

7 9 ~ e  
9 3mm 

"Tc 
1268, 

35cs 
233~8 

39Pu 
240m 

241Pu 

126Sb 

2 4 1 b  
24311, 

245cm 

1 1E-4 

5.OE-4 

3.8E-3 
1.5E-4 

1.5E-4 

8.5E-5 
1.6E-4 

4.9E-4 
9.5E-4 

3.3E-5 
2 6E-3 

2.7E-3 
3.3E-5 

1.1E-4 

5.OE-4 

3.83-3 
1.5E-4 

1.5E-4 

8.5E-5 
1.6E-4 

4.9E-4 
9.5E-4 

3.3E-5 
2.63-3 

2.7E-3 

3.3E-5 

6.5E-6 

3.1E-5 

2.3E-4 
9.OE-6 

9.OE-6 

5 OE-6 
9.5E-6 

3.OE-5 
5.5E-5 

2.OE-7 
1 . 6E-4 
1.6E-4 
2.OE-7 

3.6E+4 

3.6E+4 
7.2E+5 
5.8E+3 

3.6E+4 

1 . 4E+5 
7.2E+2 

7 0 2E+3 
7.2E+3 

7 . 2E+2 
7 . 2E+2 
2.9E+2 

7 2E+2 

(a) Radionucl ides  c o n t r i b u t i n g  more than  0.1 percent  of t h e  t o t a l  release. 

(b) Maximum 10,000-year release from underground f a c i l i t y  (Ci) .  Transport  

i n  upper a q u i f e r  i s  neglected.  

Standards f o r  l i k e l y  release t o  a c c e s s i b l e  environment based on waste 

from 72,000 MTHM i n  the r epos i to ry  (EPA, 1982, Appendix). These 

s t anda rds  may n o t  be  a p p l i c a b l e  t o  U-Tube Scenar io  but  have been 

inc luded  f o r  comparison. 

( c )  
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5 SIMULTANEOUS CONNECTIONS WITH OVERLYING AND UNDERLYING AQUIFERS - 
SINGLE BOREHOLE INTRUSION SCENARIO 

The scenario was described in Section 2.1.2. The conceptual model 

involves a borehole drilled through the repository which connects aquifers 

above and below the repository. The assessment of repository system 

performance in this scenario requires evaluation of the flow in the borehole, 

the dissolution of salt from the borehole walls in the salt units, the 

mechanical deformation of the borehole due to creep in the salt units, 

associated release processes in the underground facility, and transport of 

radionuclides released from the underground facility. Evaluation of these 

factors is discussed in this section. 

The analyses are applied only to the bedded salt sites. The domed salt 

site does not feature an applicable lower aquifer necessary for the 

scenario. 
connect the surface units with an aquifer abutting the dome below the 

repository horizon. 

of such dr-illing once detailed characterization of the dome and the specific 

repository configuration within the dome have been established. 

Angled drilling near the flank of the dome could conceivably 

Later assessments may therefore consider the possibility 

5.1 BOREHOLE FLOW 

The prediction of flow in the borehole depends, in part, on the 

geohydrology that prevails throughout the region. As in the evaluation of the 
U-Tube flow discussed in Section 4.1, the boundary conditions for the local 
flow modeling are derived from the regional conceptualization of the flow 

field. The regional modeling efforts for the Palo Duro and Paradox Basins are 
discussed in INTERA (1984a and 1984b). These reports summarize the hydrologic 

properties in the region, the expected flow in the transmissive units, and the 

potential travel pathways in these units. 

For a given description of the regional flow-field, the detailed 

representation of the various units at the site and the connections between 

them plus the flow in the borehole can be predicted. The approach is to 
assume appropriate hydraulic properties for material in the borehole and to 

evaluate the flow rate and direction through the borehole from Darcy's law. 
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The e x t e n s i o n  t o  t h e  estimate of boundi.ng €Low r a t e s  is  addressed  

i n d i r e c t l y .  The same porous-media approach i s  a p p l i e d ,  bu t  € o r  an  i n c r e a s e d  

c o n d u c t i v i t y  of t h e  borehole .  For d s u f f i c i e n t l y  h igh  c o n d u c t i v i t y ,  t h e  

borehole  flow w i l l  be c o n t r o l l e d  by t h e  p r o p e r t i e s  o f  t h e  t r a n s m i t t i n g  and 

r e c e i v i n g  u n i t s  and maxiinurn flow r a t e s  w i l L  b e  achieved. This l a t t e r  

s i t u a t i o n  i s  r e f e r r e d  t o  h e r e  as t h e  "open borehoJe" c o n d i t i o n  since :he 

r e s i s t a n c e  of t h e  bo reho le  is n e g l i g i b l e  r e l a t i v e  tQ t h a t  i n  Lie t r a n s m i t t i n g  

and r e c e i v i n g  a q u i f e r s .  

n 

5.1.1 Borehole Flow a t  t h e  Pa lo  Duro Basin S i t e  

The domain modeled f o r  t h e  Local f low a t  t h e  Pa lo  Duro S i t e  i s  desc r ibed  

i n  Sec t ion  4.1.1 and shown i n  F igure  4-L. The r e p r e s e n t a t i o n  of t h e  

h y d r o s r r a t i g r a p h i c  u n i t s  ex tends  deeper  t h a n  i n  t h e  c a s e  of t h e  U-Tube 

a n a l y s i s  and =he r e p r e s e n t a t i o n  i s  shown i n  F igure  5-1. The u n i t  g roupings  i n  

c h i s  f i g u r e  a r e  used t o  a d d r e s s  t h e  f e a t u r e s  of t h e  l o c a l  flow. The OgalLala 

and Dockum u n i t s  (Layers 1 and 2 i n  F igure  4-2)  r e p r e s e n t  t h e  t r a n s m i s s i v e  

groups  n e a r  t h e  s u r f a c e .  S i m i l a r l y ,  t h e  Wolfcamp ca rbona te  (Layer 7 ) ,  t h e  

Pennsylvanian ca rbona te ,  and t h e  Pennsylvanian g r a n i t e  wash r e p r e s e n t  

c o l l e c t i o n s  of t h e  more t r a n s m i s s i v e  p o r t i o n s  of t h e  Wolfcamp and 

Pennsylvanian s e c t i o n s .  

Layers 3 and 4 a r e  c o n f i n i n g  l a y e r s  and i n c l u d e  t h e  s a l t  h o s t  rock. The 

i n t e r b e d  i n  Layer 5 i s  s p e c i f i c a l l y  t aken  i n t o  account  i n  t h e  a n a l y s i s  t o  

e v a l u a t e  t h e  p o t e n t i a l  impacts  i t  may impose on t h e  l o c a l  flow. The 

c o n t i n u i t y  of t h i s  i n t e r b e d  throughout t h e  r eg ion  i s  n o t  known but  i t  i s  

assumed t o  be cont inuous  i n  t h e  p r e s e n t  a n a l y s i s .  Layer 8 r e p r e s e n t s  t h e  low- 

c o n d u c t i v i t y  s h a l e s  i n  t h e  Wolfcamp and upper Pennsylvanian. 

The p r o p e r t i e s  assumed f o r  t h e s e  u n i t s  a re  g i v e n  i n  Table 5-1. The flow 

parameter v a l u e s  f o r  t h e  r e l a t i v e l y  t r a n s m i s s i v e  u n i t s  are  based on the 

a n a l y s e s  of t h e  r e g i o n a l  assessments  (INTERA, 1984a). 

The areal d i s c r e t i z a t i o n  f o r  t h e  a n a l y s i s  i s  shown i n  F igure  5-2. This 

d i s c r e t i z a t i o n  i s  chosen s o  t h a t  t h e  r e p o s i t o r y  i s  l o c a t e d  i n  t h e  n i n e  b locks  

in t h e  c e n t e r  of t h i s  g r i d :  t h a t  i s ,  de f ined  by t h e  5, 6 ,  and 7 b locks  i n  t h e  

y (nor thwes t )  d i r e c t i o n  and by t h e  5, 6, and 7 blocks  i n  t h e  x ( s o u t h e a s t )  

d i r e c t i o n .  

block ( 6 , 6 ) .  

The boreho le  i s  assumed t o  be d r i l l e d  i n  t h e  c e n t e r  of t h e  g r i d  i n  n 
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Table 5-1. Parameters Assumed for Palo Duro Basin Site 

Unit Thickness Conductivity(a) Porosity Fraction Salt Sa 1 t Purity 

, (m) (m/day) 

Oga llala 

Do ckum 

Upper Permian Including 
Upper San Andres 

Lower San Andres 

Lower Permian to Wolfcamp 

Wolf camp Carbonate 

Wolfcamp and Pennsylvanian 
Shale 

110 8.OE+O 

2 30 4.OE-1 

0.15 0 

0.05 0 

370 8.OE-12 -- o(b )  

0.45 210 8.OE-12 -- 

7 60 8.OE-12 -- 

320 8.OE-4 0.1 0 

3 40 8.OE-8 0.1 0 

-- Pennsylvanian Carbonate 240 8.03-4 0.1 0 

-- Granite Wash 60 8.OE-2 0.05 0 

(a) Approximate horizontal conductivity. Vertical conductivity is a factor of 10 smaller. 

c 

(b) Salt in these units neglected except for Upper Seven Rivers which is represented as a 
section of 100 percent sal t  of 20 m thickness located at a depth of 450 m. 
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n w 
The e v a l u a t i o n  of t h e  s t e a d y - s t a t e  flow f o r  t h i s  s y s t e m  i s  performed wi th  

t h e  f i n i t e d i f f e r e n c e  code SWENT (INTERA, 1983b). For t h e  boundary 

c o n d i t i o n s ,  a v e r t i c a l  r echa rge  of 0.76 cm/y i s  a p p l i e d  a t  t h e  t o p  of t h e  

model cor responding  t o  t h e  expec ted  r e g i o n a l  r echa rge  (INTERA, 1984a). The 

p r e s s u r e  c o n d i t i o n s  main ta ined  a t  t h e  l a t e r a l  boundar ies  of t h e  upper a q u i f e r  

and of t h e  Wolfcamp are  t h e  same a s  those  desc r ibed  i n  Appendix A. 

A borehole  i s  assumed t o  connect t h e  upper and lower a q u i f e r  sys tems.  

Such a borehole  would be of small dimension r e l a t i v e  t o  t h e  o t h e r  

c h a r a c t e r i s t i c  s i z e s  tha: must be modeled i n  t h e  l o c a l - s c a l e  s imula t ion .  

Inc lud ing  both  scales i n  t h e  model p r e s e n t s  numerical  d i f f i c u l t i e s  and a 

s i m p l i f i c a t i o n  i s  made. The b lock  c o n t a i n i n g  t h e  bo reho le  i s  modeled as  a 

homogeneous medium wi th  p r o p e r t i e s  determined by t h e  volume ave rage  of t h e  

bo reho le  p r o p e r t i e s  and t h o s e  f o r  t h e  rock i n  t h e  block. This  approach w i l l  

p rovide  on ly  a n  approximate p r e s s u r e  d i s t r i b u t i o n  i n  t h e  v i c i n i t y  oE t h e  

borehole ;  however, i f  t h e  flow i n  t h e  bo reho le  does  n o t  significantly perturb 

t h e  f low f i e l d  i n  t h e  a q u i f e r s ,  t h e s e  p r e s s u r e s  w i l l  p rovide  a n  adequa te  

r e p r e s e n t a t i o n  f o r  t h e  f low f i e l d .  In t h i s  case, t h e  c a l c u l a t e d  bo reho le  

d i s c h a r g e  w i l l  be approximate ly  c o r r e c t  even though t h e  f low v e l o c i t y  w i l l  

on ly  r e p r e s e n t  t h e  ave rage  v e l o c i t y  throughout  t h e  b lock .  The boreho le  

v e l o c i t y  must be e s t i m a t e d  from t h i s  average. 

I f  t h e  bo reho le  f low s t r o n g l y  d i s t u r b s  t h e  a q u i f e r  f low i n  t h e  v i c i n i t y  

of t h e  bo reho le ,  t h e  flow r a t e  through t h e  bo reho le  can be ove res t ima ted  i f  

t h e  s i z e  of t h e  bo reho le  b lock  i s  much l a r g e r  t h a n  t h e  bo reho le  i t s e l f .  

In  t h e  c a l c u l a t i o n  of t h e  borehole  flow rate ,  t h e  s a l i n i t y  of t h e  water 

i n  t h e  bo reho le  i s  t aken  i n t o  account by assuming t h a t  t h e  water  i s  f u l l y  

s a t u r a t e d  i n  t h e  s a l t  u n i t s .  The re fo re ,  t h e  € l a i d  d e n s i t y  i n  t h e  borehole  i s  

chosen t o  be 1,250 kg/m 

v a r i a t i o n  wi th  tempera ture .  

1,080 kg/m i s  assumed. 

3 w i t h  a p p r o p r i a t e  m o d i f i c a t i o n  t o  accoun t  f o r  

In  t h e  Wolfcamp and t h e  u n i t s  below, a d e n s i t y  of  
3 

For  t h e  i n i t i a l  c a l c u l a t i o n s ,  it is  assumed t h a t  the boreho le  i s  f i l l e d  

wi th  l o o s e  material wi th  a c o n d u c t i v i t y  of 30 m/day, approximate ly  t h e  

c o n d u c t i v i t y  of a coarse-gra ined  sand (Means and Pa rche r ,  1963) .  

Since  t h e  p r e s s u r e  c o n d i t i o n s  i n  t h e  Pennsylvanian u n i t s  are n o t  w e l l  

known, two cases are cons idered .  In  t h e  f i r s t  case, t h e  Pennsylvanian 

ca rbona te  and t h e  g r a n i t e  wash are assumed t o  be connected h y d r o s t a t i c a l l y  t o  

the Wolfcamp. In t h e  second case, t h e  Pennsylvanian u n i t s  are  assumed t o  be 
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underpressured with respect to the Wolfcamp and a 60 m potential head 

difference is arbitrarily imposed between these units and the Wolfcamp to 

investigate the effect. 

The results of the calculations are summarized in Table 5-2. The flow in 

the borehole is downward from the Ogallala and Dockum units to the lower units 

and has a magnitude in the borehole of about 0.59 m /day. 

92 percent of this flow goes into the Wolfcamp when the lower units are at the 

same potential. 

hydraulic properties. 

about a factor of 19 greater than that of the Wolfcamp, there is sufficient 
resistance in the borehole between these units to inhibit the flow to the 

lower unit in this case. 

3 More than 

This division of the flow can be understood from the 

Although the transmissivity of the granite wash is 

For the case where the potential in the Pennsylvanian units is lowered by 
60 m, the relative flow into these units is quite different. In this case 
more than 96 percent of the borehole flow goes into the Pennsylvanian 
carbonate. In fact, water is drawn out of the Wolfcamp to the lower units by 

the imposed potential difference. 

aquifer, however, is virtually unchanged from the previous case because this 
change in the potential is much smaller than the head between the upper and 

lower units. 

The total borehole flow from the upper 

As the borehole resistance is decreased, the flow in the borehole should 
increase. This trend should continue until the resistance in the borehole 

becomes negligible relative to that in the transmitting and receiving units. 
For large enough borehole conductivity, the flow into the lower units should 

be independent of the borehole resistance. 
bound to the rate of flow in the borehole and can be used to estimate extreme 

conditions. 

borehole conductivity. 

into the various units and the total flow in the borehole are shown as a 
function of the borehole conductivity. 

hydrostatically connected at the boundaries. 

the borehole flow increases with borehole conductivity until the borehole 

resistance becomes unimportant and the calculated flows are indistinguishable 

from those for an open borehole. 

the various receiving units roughly in proportion to their relative 

This result represents an upper 

These conditions are investigated by calculations for increased 

The results are shown in Figure 5-3 where the flows 

The lower units are all assumed to be 

As can be seen in Figure 5-3, 

In this case, the flow rate is divided among 
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Table 5-2. Y e d i c t e d  Flow Rate E n t e r i n g  Receiving Uni t s  From Borehole 
in Palo  Duro i3asin ( a  1 

Unit  Flow Rate i n t o  Unit  (m 3 /day) 

( b )  ( c )  

Wo 1 €camp 

Pennsylvanian carbonate  

P e  nn s y 1 van i a n g ra 11 i t e wa s h 

0.55 -0.07 

0.01 0.58 

0.03 0.09 

( a )  Conduct iv i ty  of borehole  i s  30 m/day, and borehole  d iameter  i s  9 i n c h e s  

(0.23 m). 

P r e s s u r e  i n  Pennsylvanian u n i t s  = p r e s s u r e  i n  Wolfcamp + pgh. 

P r e s s u r e  i n  Pennsylvanian u n i t s  = p r e s s u r e  i n  Wolfcamp + pg(h - 60 m). 

The n e g a t i v e  f low i n d i c a t e s  tha: f low i s  from t h e  Wolfcamp i n t o  t h e  

borehole .  

( b )  

( c )  
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t r a n s m i s s i v i t i e s .  

3,800 m3/day wi th  5 pe rcen t  going i n t o  t h e  Wolfcamp and 92 pe rcen t  going i n t o  

the Pennsylvanian  g r a n i t e  wash. 

The maximum borehole  flow r a t e  i s  p r e d i c t e d  t o  be about  

These r e s u l t s  r e p r e s e n t  upper bounds t o  t h e  borehole  f low r a t e  and n o t  

n e c e s s a r i l y  t h e  flow r a t e  t h a t  would occur  i n  any  a c t u a l  c o n d i t i o n s .  

example, t h e  f low r a t e  i s  a f f e c t e d  by us ing  a l a r g e  g r i d  b lock  t o  r e p r e s e n t  

t h e  borehole .  

v a l u e s ,  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  determined i n  p a r t  by t h e  s i z e  of t h i s  

block. For r a d i a l  f low i n  t h e  v i c i n i t y  of t h e  borehole ,  t h e  f low rate  

c a l c u l a t e d  f o r  a bo reho le  b lock  of about  a 200- r a d i u s  w i l l  be abou t  a f a c t o r  

of t h r e e  g r e a t e r  t h a n  t h a t  c a l c u l a t e d  f o r  a borehole  b lock  of about  0.1 m 

r a d i u s  which i s  t y p i c a l  of a c t u a l  borehole  s i z e s .  

For 

When t h e  r e s i s t a n c e  of t h e  bo reho le  i s  decreased  t o  n e g l i g i b l e  

A second assumption made i n  t h e  l o c a l  f low modeling i s  t h a t  t h e  pressures 

from t h e  r e g i o n a l  modeling (which does n o t  i n c l u d e  t h e  e f f e c t s  of f low in t h e  

bo reho le )  are n o t  changed s i g n i f i c a n t l y  a t  t h e  boundar ies  of t h e  model even 

when f low occur s  th rough t h e  borehole.  

if t h e  boundar ies  are  removed f a r  enough from t h e  borehole  so  t h a t  drawdown 

e f f e c t s  would n o t  be d e t e c t a b l e  a t  the boundaries.  I f  t h e  boundar ies  were t o o  

c l o s e  or  i f  t h e r e  were i n s u f f i c i e n t  water a v a i l a b l e  i n  t h e  t r a n s m i t t i n g  u n i t s  

t o  ma in ta in  t h e  f low i n  t h e  borehole ,  t h e  borehole  f low could  be s u b s t a n t i a l l y  

ove res t ima ted .  However, f o r  t h e  flows c a l c u l a t e d ,  t h i s  problem does n o t  

appea r  t o  be s i g n i f i c a n t .  For example, f o r  t h e  case of an  "open" bo reho le  t o  

This  assumption would be a p p r o p r i a t e  

t h e  g r a n i t e  wash, t h e  drawdown reduces  t h e  c a l c u l a t e d  p r e s s u r e  i n  t h e  Ogallala 

and t h e  Dockum by less  t h a n  20 p e r c e n t  i n  t h e  v i c i n i t y  of t h e  bo reho le  from 

t h e  und i s tu rbed ,  i n  s i t u  v a l u e  and reduces  t h e  p r e s s u r e  in t h e s e  u n i t s  by less 

t h a n  2 pe rcen t  3 km from t h e  borehole .  For smaller f low rates ,  t h e  e f f e c t  

would be even less. S ince  t h e  boundar ies  are more than  10 km from t h e  

bo reho le ,  i t  appea r s  t h a t  any e r r o r  i n  t h e  c a l c u a t i o n  due t o  f i x e d  p r e s s u r e s  

a t  t h i s  d i s t a n c e  would n o t  be impor tan t .  

5.1.2 Borehole Flow a t  t h e  Paradox Basin S i t e  

The l o c a l  domain modeled f o r  t h e  Paradox Basin s i t e  i s  shown i n  

F igure  4-5. 
The v e r t i c a l  hydrogeo log ica l  model of t h e  s i t e  f o r  t h i s  c a l c u l a t i o n  i s  

shown i n  F igu re  5-4. The Cedar Mesa (Layer I ) ,  Elephant Canyon (Layer 2 ) ,  and 
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Honaker T r a i l  u n i t s  (Layers  3, and 4 )  i n  t h i s  f i g u r e  r e p r e s e n t  t h e  

t r a n s m i s s i v e  groups  nea r  t h e  su r face .  S i m i l a r l y  t h e  P inker ton  Trail-Molas 

(Layer LO) and t h e  Leadville-Ouray-Elbert (Layer 11) r e p r e s e n t  c o l l e c t i o n s  of 

t h e  more t r a n s m i s s i v e  u n i t s  a t  depth.  Layers  5 ,  7 ,  8 and 9 r e p r e s e n t  s a l t  

u n i t s  and Layer 6 is a dolomi te  in t e rbed .  The lowes t  u n i t  l a b e l e d  "Paradox" 

i n  F igure  5-4  between Layers 9 and 10 is a t h i c k ,  impermeable sequence and is 

modeled h e r e  as a gap i n  t h e  r e g i o n a l  f low regime. 

The p r o p e r t i e s  assumed f o r  t h e s e  u n i t s  are g iven  i n  Table 5-3. 

parameter v a l u e s  f o r  t h e  r e l a t i v e l y  t r a n s m i s s i v e  u n i t s  are based on t h e  

a n a l y s e s  of t h e  r e g i o n a l  assessments.  

The f low 

The h o r i z o n t a l  d i s c r e t i z a t i o n  is shown i n  F igure  5-5. The borehole  is 

assumed t o  be d r i l l e d  i n  t h e  c e n t e r  of the g r i d  b lock  de f ined  by b lock  7 i n  

t h e  x (east) d i r e c t i o n  and b lock  4 i n  t h e  y ( n o r t h )  d i r e c t i o n .  

The approach used i n  t h e  Palo Duro Basin a n a l y s i s  (Sec t ion  5.1.1) is 
fo l lowed here .  

r e g i o n a l  modeling and used as the boundary c o n d i t i o n s  f o r  t h e  l o c a l  f l ow 

modeling are  g i v e n  i n  Appendix A. 

The p r e s s u r e s  i n  t h e  h y d r o s t r a t i g r a p h i c  u n i t s  d e r i v e d  from t h e  

The p r e d i c t e d  bo reho le  f low rate  i n  t h i s  case is 0.66 m 3 /day and t h e  f low 

is v e r t i c a l l y  down from t h e  Elephant Canyon t o  t h e  Leadvi l le .  

c o n d u c t i v i t y  i n c r e a s e s  t h e  f low r a t e  u n t i l  t h e  r e c e i v i n g  and t r a n s m i t t i n g  

u n i t s  c o n t r o l  t h e  flow. 
3 t h e  bounding f low ra te  is abou t  270 m /day, more than  a n  o r d e r  of magnitude 

less t h a n  t h a t  f o r  t h e  Pa lo  Duro Basin case. As i n  t h e  Palo Duro case, t h e  

assumption of a large b lock  t o  r e p r e s e n t  t h e  bo reho le  l e a d s  t o  a n  ove res t ima te  

of t h e  bo reho le  flow when t h e  borehole  r e s i s t a n c e  becomes n e g l i g i b l e .  I n  t h i s  

case, t h e  flow rate  c a l c u l a t e d  i s  about  a f a c t o r  of t h r e e  l a r g e r  t h a n  for t h e  

case t h a t  would be c a l c u l a t e d  us ing  t h e  smaller b lock  s i z e .  

Inc reas ing  t h e  

The r e s u l t s  are l i s t e d  i n  Table 5-4. As can be  s e e n ,  

5 . 2  CREEP AND DISSOLUTION OF SALT I N  THE BOREHOLE 

Creep and d i s s o l u t i o n  can be eva lua ted  w i t h  t h e  BORHOL code (INTERA, 

1984d) which has  been s p e c i f i c a l l y  developed f o r  t h i s  s c e n a r i o  and which 

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

borehole.  The approach used by BORHOL i n  t h e s e  c a l c u l a t i o n s  is d i s c u s s e d  i n  

Appendix C. n 
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Table 5-3. Parameters Assumed for  Paradox Basin S i t e  

Unit Thickness Conduct i v i  t y ( a )  Porosity Fraction S a l t  Sa l t  Purity 

(m) ( d d a y )  

Cedar Mesa and 
Overlying Strata 

Elephant Canyon 170 

Honaker Tra i l  590 

Paradox 880 

Pinker t on Trai 1/Mo l a s  150 

Leadville/Ouray/Elbert 280 

3.OE-3 

3 .OE-3 

3.OE-3 

2.5E-11 

3.OE-5 

3.OE-2 

0.1 

0.1 

0.1 

-- 

0.1 

0.1 

0 

0 

0 

0.74 

0 

0 

( a )  Approximate horizontal  conductivity.  Vert ica l  conductivity i s  a factor  of 10 smaller.  
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Figure 5-5. Horizontal Discretization of Paradox Basin Site for 

Single Borehole Scenario Flow Analyses 
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Table 5-4. Predicted Borehole Flow Rate a t  Paradox Basin S i t e  

Conductivity 

(m/ da y > 
Flow Rate 

(m3/dar> 

6.6E-1 

5.9E+O 

4.3E+1 

1.6E+2 

2.5E+2 

2.7E+2 

2.7E+2 
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S p e c i f i c ,  d e t a i l e d  phenomenological laws governing t h e s e  p rocesses  a r e  

no t  y e t  known so  t h a t  it is  not  y e t  p o s s i b l e  :o perform p r e c i s e  a n a l y s e s .  

However, some p re l imina ry  s i t e  d a t a  and r i? levant  i n fo rma t ion  from o t h e r  

sou rces  a re  a v a i l a b l e  s o  tha t  scoping a n a l y s e s  can be conducted. Resul i s  of 

such  c a l c u l a t i o n s  a r e  g iven  h e r e  t o  estimate order-of-magniLude e f f e c t s  and 

then  s p e c i f i c  a n a l y s e s  us ing  the  p re l imina ry  s i t e  d a t a  are desc r ibed  and 

eva lua ted  t o  estimate waste exposure rates a t  t h e  r e p o s i t o r y  ho r i zon  f o r  t h e  

Cwo si tes.  

5.2.1 Magnitude of Creep Rate i n  Borehole 

The magnitude of t h e  c r e e p  d isp lacement  of  t h e  borehole  wal l s  i n  the s a l t  

u n i t s  i s  e s t i m a t e d  us ing  a s imple  r e p r e s e n t a t i o n  f o r  t h e  c r e e p  response  of t h e  

s a l t .  The creep s t r a i n  ra te  E i s  assumed t o  f o l l o w  a v i s c o e l a s t i c  

constitutive relation: 
C 

. 
where E i s  t h e  s t e a d y - s t a t e  s t r a i n  ra te  g iven  by: 

ss 

and t h e  r e l a x a t i o n  f requency  5 i s  g iven  by: 

. 0 

€ S S >  &St BA exp(-Q/RT) (ha )n 
F =  
5) . 

€SS< 

The parameters  i n  t h e  c reep  law i n c l u d e :  

E = asymptot ic  t r a n s i e n t  s t r a i n  

E *  = c r i t i c a l  s t r a i n  r a t e  d i v i d i n g  the h i g h  and low 
a 

ss 
regimes 

A ,  B, n, and y = e m p i r i c a l  parameters 

T = a b s o l u t e  tempera ture  

Au = d e v i a t o r i c  stress. 

(5-3) 

n 
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The displacement is calculated using the finite-element code, VISCOT 

(INTERA, 1983a). The conceptual model and boundary and initial conditions 

assumed are illustrated in Figure 5-6. The borehole and adjacent rock are 
modeled in an axisymmetric geometry, and the model extends from the borehole 

radius ro out to a radius of 4 m to assure that in situ stresses prevail at 

the boundary. 

The calculations are performed in two steps. First, the geostatic 
stresses are modeled. These stresses are the sum of two terms. The first is 

evaluated from the upper diagram in Figure 5-6. 
modeled with a roller boundary at the bottom and zero normal stress at the top 

and at the outer radius of the cylinder of salt. The second term is evaluated 
by imposing the virgin overburden stresses on all boundaries. 

these two provides the initial state of stress for the evaluations. 

The section of salt is 

The sum of 

In the second step, the transient stress and deformation is evaluated. A 

roller boundary condition at the bottom and zero vertical stress deviation at 
the top are imposed. The in situ (geostatic) stresses are assumed to hold at 

the outer boundary. 

stress. 

The inner radius is a free surface with zero radial 

The parameters used are given in Table 5-5. These values are typical for 
Cycle 4 of the Palo Duro salt (Pfeifle et al, 1981, Table 4.3). Using the in 

situ temperatures defined in Table 5-5, the borehole wall displacement is 

predicted for a depth of 750 m. 

VISCOT calculation gives an initial transient that quickly reaches a steady- 
state rate. This calculation is repeated using the BORHOL code (INTERA, 

1 9 8 4 ) .  

for the steady-state rate are used. 

with those obtained using both the primary and secondary creep components. 

this case the latter part of the creep law appears to provide a reasonable 

estimate of the creep rate. 

The results are shown in Figure 5-7. The 

BORHOL assumes only  a secondary creep law so that only the parameters 
The results are compared in Figure 5-7 

In 

The estimate of the dependence of the displacement rate on depth is 

indicated in Figure 5-8. The calculation has been made for depths of 560, 

750, and 970 m. Of course, the creep law may also depend on depth but the 
single parameter set in Table 5-5 has been used in this case. 

compared with the steady-state creep rate. 
the BORHOL calculations are adequate to estimate the creep effects. 

The results are 

This evaluation also suggests that 
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Figure 5-6.  Conceptual Model f o r  Evaluation of Thermomechanical Conditions 
Near Borehole 
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T a b l e  5-5. Material P r o p e r t i e s  f o r  S a l t  Thermomechanical AnaLysis 

S t r e s s  Parameters 

Young's Modulus (GPa) 

Po i s son ' s  Ra t io  

C o e f f i c i e n t  of Thermal Expansion (K-') 

Average Overburden Density (kg/m 
-n 

z(MPa -sec) 

n 

3 

Y (K) 
-1 * ( s e c  

ss 
& 

a 
B 

Thermal Parameters  

26.6 

0.33 

4.1E-5 

2500 

4.66E-3 

4.6 

a660 

5. OE-a 
3.97E-2 

82 

1.6 3 pCp, Volumetr ic  h e a t  c a p a c i t y  of rock ( M J / m  ) 

a ,  Thermal D i f f u s i v i t y  (m2/sec) 1.9E-6 

To, Temperature a t  Surface  (C) 15.6 

g ,  Geothermal Gradient  ( C / m >  1.833-2 
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Figure 5-8. Comparison of Calculated Asymptotic Closure Rates with Steady-State Creep Parameter 



9 2  

The creep will be affected by the elevated temperatures induced by the 

heat generated in the repository. 

displacement of the borehole taking into account both depth and temperature 
using the BORHOL code. For this evaluation it is assumed that CHLW is 

This effect is estimated by calculating the 

emplaced in the repository at an areal thermal Loading density of 25 W/m 2 . 
The repository is assumed to be at a depth of 750 m in the formation and the 

borehole is assumed to have a radius of 0.1 m at the time of emplacement. 

effect of temperature is shown in Figure 5-9. 

at the repository horizon is dramatic and the borehole is nearly closed after 
about 75 years in this case. At in situ temperatures, the closure would occur 

in about 300 years. 

The 

The increased displacement rate 

These calculations have been made for a borehole which is open and which 

contains no water. The presence of water would be expected to decrease the 

displacemen: rate due to the reduction in the deviatoric stress. The effect 
calculated using the BORHOL code is shown in Figure 5-7. No dissolution 

effects are taken into account in this case. 

5.2.2 Magnitude of Dissolution Rate in Borehole 

The dissolution occurring in the salt units due to the flow in the 

borehole can be estimated using the BORHOL code. Specific dissolution rate 

parameters for the various units and flow conditions are not yet known in 

detail. 'The literature regarding these parameters has been reviewed by H. C. 

Claiborne and R. J. Vedder (see Appendix G) of Oak Ridge National Laboratory 

under contract to the Office of Nuclear Waste Isolation. A condensation of 
their review is included here in Appendix D. 
on their review are also given in Appendix D. 

to estimate dissolution rates at a site typical of that in the Palo Duro 

Basin. 

Generic dissolution rates based 

These parameters have been used 

As the water flows down from the Ogallala and Dockum units, it dissolves 
halite in the salt units encountered. In the evaluation, the salt units are 

located in two groups. The first group is the Upper Seven Rivers Formation 

which is assumed to be a thick bed that is pure salt. The second group is the 

Lower San Andres Formation which is modeled as containing salt distributed 

uniformly through the formation. It is assumed that the salt units in the Sari 

Andres compose 45 percent of the rock based on the Stone & Webster (1983) 

\ 
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Figure 5-9. Borehole Radius Calculated a t  Se lected Times 
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Q 
a n a l y s i s  of t h e  Fr iemel  and Det ten  Well tests. 

i n d i c a t e  t h a t  i m p u r i t i e s  i n  each  s a l t  bed c o n s t i t u t e  about 13 pe rcen t  of t h e  

volume of t h e  sa l t  on t h e  average. 

Stone & Webster (1983) a l s o  

The c a l c u l a t i o n s  are made f o r  flow i n  aq open borehole.  For a borehole  

t h a t  i s  p a r t i a l l y  plugged o r  f i l l e d  wi th  l o o s e  material o r  s i l t ,  t h e  f low rate  

w i l l  be much smaller. Therefore ,  t h e  water w i l l  s a t u r a t e  w i t h  s a l t  much 

sooner  and f u r t h e r  upstream than  i n  t h e  open borehole  case. 

s a l i n i t y  of t h e  open bo reho le  f low i s  shown i n  F igu re  5-10. 

t h e  t o p  of t h e  sa l t  r e f e r s  t o  t h e  d i s s o l u t i o n  occur r ing  i n  t h e  Lower Seven 

R ive r s  sa l t .  The f low t h e r e  i s  more t h a n  90 pe rcen t  s a t u r a t e d  w i t h i n  10 y e a r s  

a f t e r  t h e  borehole  i s  d r i l l e d .  The r e p o s i t o r y  ho r i zon  i n  t h i s  case i s  assumed 

t o  be a t  725 m. A t  t h i s  ho r i zon ,  t h e  f low i s  n e a r l y  s a t u r a t e d  a f t e r  on ly  

1 year.  Deeper i n  t h e  s a l t ,  a t  a dep th  of 900 m ( r e f e r r e d  t o  h e r e  as t h e  

bottom of t h e  s a l t  a l though  t h e r e  are  o t h e r  s a l t  l a y e r s  below t h i s  d e p t h ) ,  

s a t u r a t i o n  occur s  a f t e r  only a few months of flow. Thus, the s a l i n i t y  of the 

f low a t  t h e  lower d e p t h s  i s  h igh  due t o  t h e  d i s s o l u t i o n  o c c u r r i n g  i n  t h e  upper 

sa l t  l a y e r s .  

The p r e d i c t e d  

In  t h i s  f i g u r e ,  

The tempera ture  i n  t h e  rock and i n  t h e  f l u i d  h a s  a l s o  been ana lyzed .  The 

i n  s i t u  rock  tempera tures  tend  t o  i n c r e a s e  wi th  depth.  I n  a d d i t i o n ,  t h e s e  

tempera tures  are  modified by t h e  h e a t  gene ra t ed  by t h e  r a d i o a c t i v e  waste. 

This mod i f i ca t ion  i s  expected t o  be most impor tan t  i n  t h e  v i c i n i t y  of t h e  

r e p o s i t o r y  and could  a f f e c t  t h e  tempera ture  of t h e  f l u i d  i n  t h e  bo reho le  

pas s ing  through t h e  r e p o s i t o r y .  F igure  5-11 shows t h e  p r e d i c t e d  t empera tu res  

1,000 y e a r s  a f t e r  waste emplacement. 

r e f l e c t  some dependence on t h e  rock tempera ture ,  t h i s  dependence is  weak and 

t h e  tempera tures  are  l a r g e l y  determined by t h e  thermal  c o n d i t i o n s  i n  t h e  

t r a n s m i t t i n g  a q u i f e r .  Because of t h i s  weak dependence, t r a n s i e n t  e f f e c t s  due 

t o  t h e  dec rease  i n  t h e  waste h e a t  g e n e r a t i o n  ra te  w i t h  t i m e  w i l l  n o t  have a 

s t r o n g  impact and t h e  f l u i d  tempera tures  i n  F igure  5-11 are e s s e n t i a l l y  

c o n s t a n t  du r ing  t h e  c a l c u l a t i o n a l  period. 

Although t h e  f l u i d  tempera ture  does 

The c a l c u l a t e d  borehole  r a d i u s  is  shown as a f u n c t i o n  of time i n  

F igu re  5-12. 

because of s a l t  s a t u r a t i o n .  A t  1s:er times, t h e  h o l e  even beg ins  t o  c l o s e  due 

t o  s a l t  c reep .  A t  t h e  t o p  of t h e  s a l t ,  t h e  h o l e  c o n t i n u e s  t o  grow i n  t h e  

model i n  t h e  t i m e  frame shown. The impact  of t h e  i n c r e a s e d  borehole  r a d i u s  

upon t h e  bo reho le  f l u i d  v e l o c i t y  i s  shown in Figure  5-13. 

In t h e  deeper  layers ,  t h e  h o l e  grows u n t i l  d i s s o l u t i o n  ceases 



1 .o 

0.8 

0.6 

0.4 

0.2 

0.c 
10' 104 105 10' 107 

TIME (SEC ) 
10' 10' 

Figure 5-10. Calculated Progressive S a l i n i t y  of Borehole Flow 
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The shape of the borehole in this idealized model is shown for selected 

times in Figure 5-14. The "morning glory" shape of the hole, characteristic 
of the progressive saturation effect, is evident. 

the maximum size of the borehole is predicted to be about 10 m for the 

dissolution parameters utilized. 
parameters or other material properties, this maximum size could very well be 

different. 

At the repository horizon, 

For variations in the dissolution rate 

The peak radius is sensitive to the borehole flow rate and the amount of 

salt reached by the flow prior to the repository horizon. If the flow were to 
3 be larger than the value used (3,800 m /day), the repository dissolution could 

be greater. As explained in Section 5.1, the calculated flow rate used is 

almost certainly an upper bound to the flow rate. For lower flow rates, the 

dissolution would be greater in the upstream reaches of the borehole so that 

the repository dissolution would be correspondingly less. 

The effect of the quantity of salt intercepted by the borehole flow 

before reaching the repository horizon is illustrated in Figure 5-15. The 
upper curve is the result assuming that the overlying San Andres Formation is 

only 45 percent salt. The lower curve shows the effect when all the rock is 
assumed to be halite. Because greater dissolution can occur at the upstream 

horizons in the latter case, saturatton can occur sooner. Indeed, significant 

saturation of the flow at the repository horizon occurs within about one 

month. 

Comparing Figure 5-15 and Figure 5-7, it is evident that the rate of 
expansion of the borehole due to salt dissolution is many orders of magnitude 

larger than the creep closure rate for the parameters that have been used in 
these evaluations. This large difference suggests that for realistic values 
of these parameters, creep closure will not be an important factor at the 
repository horizon as long as salt dissolution is occurring. Even so, the 

creep process cannot be ignored since at the greatest depths, the dissolution 
rate is diminished and the creep rate is increased. 
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0 
5.3 RELEASE OF RADIONUCLIDES FROM UNDERGROUND FACILITY FOR 

SINGLE BOREHOLE INTRUSION SCENARIO 

The dissolution rate of salt at the repository horizon serves as the 
basis for the evaluation of the rate of exposure of the waste to the borehole 

flow. 
package and the waste form performance as well as the solubility of the 

radionuclides. In this scenario, the waste package containment is ignored 
because the performance of the waste package under these conditions has not 

yet been evaluated. Future assessments will take the waste package integrity 
and degradation rate into account. The parameters assumed for the waste form 

leach rates and the solubilities of the radionuclides and waste form 
constituents are assumed to be the same as those discussed in Section 4.2. 

The release of radionuclides to this flow then depends on the waste 

5.3.1 Underground Facility Performance at the Palo Duro Basin Site 

It is assumed that the dissolution rates of salt at the repository 
horizon are those described in Section 5.2.2. The peak rate of dissolution of 
the borehole wall occurs in the first year because the salinity of the water 

reaching the repository horizon is lowest then. The fraction of the 
repository host rock dissolved in the first year, based on computed 

dissolution rate and the total repository area in Table 3-1 is given in 

Table 5-6. 

decreases from this peak value and soon became negligible. 

release of radionuclides from the host salt is expected to be limited to the 
first few years after drilling the borehole. 

As suggested in Figure 5-14, the dissolution rate rapidly 

Thus, total 

The release of radionuclides depends on the distribution of waste 

throughout the repository; for example, a borehole drilled in midpillar or in 

the passive regions of the repository would not permit release because of the 
limited size of the dissolution front associated with the borehole. The 

fractional release also varies depending on whether the borehole intercepts 

the SF or CHLW regions. The largest value is predicted to occur if the 

borehole is drilled in the vicinity of the CHLW packages because the 
radionuclide loading of the CHLW packages is larger than for the packages in 

the SF region. The results predicted for the maximum exposure rate case are 

plotted in Figure 5-16. The upper curve shows the fractional release rate 
n 
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(a 1 Table 5-6. Performance Measure f o r  Release From Underground F a c i l i t y  

Palo Duro Basin Palo Duro Basin Paradox Basin 
(borehole  only  (borehole  t o  (borehole  t o  

Performance Measure t o  Wolf camp) g r a n i t e  wash) Leadv i l l e )  

Maximum f r a c t i o n  of 

r e p o s i t o r y  area 

d i s s o l v e d  p e r  year  

Maximum f r a c t i o n  of 

r ad ionuc l ides  r e l e a s e d  

pe r  yea r  due t o  

d i s s o l u t i o n  only 

Maximum f r a c t i o n  of 

r ad ionuc l ides  r e l e a s e d  

p e r  y e a r  due t o  s a l t  

d i s s o l u t i o n  and waste 

form l each ing  

7.9E-7 

1.9E-6 

1.9E-6 

1.1E-5 2.7E-6 

2.6E-5 

2.2E-6 

6.5E-6 

2.2E-6 

(a) Values are  f o r  CHLW p o r t i o n  of r e p o s i t o r y  s i n c e  t h e  va lues  f o r  t h e  

SF r eg ion  are lower. 
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cons ide r ing  only  t h e  d i s s o l u t i o n  of s a l t  as  a c o n t r o l  t o  release. The annual  

release i s  t h e  area under t h i s  curve i n  a 1-year i n t e r v a l  and t h e  annua l  

release based on ly  on s a l t  d i s s o l u t i o n  i s  on t h e  o r d e r  of one p a r t  p e r  100,000 

o r  less p e r  year .  

The release of r a d i o n u c l i d e s  from exposed waste w i l l  be l i m i t e d  by t h e  

waste form l e a c h  rate. The l each  rates have been d i scussed  i n  Sec t ion  4 . 2 .  

The e f f e c t  of i nc lud ing  t h e  g l a s s  waste form l e a c h  ra te  i n  t h e  e v a l u a t i o n  i s  

a l s o  shown i n  F igure  5-16. When t h e  f i n i t e  l e a c h  rate of t h e  g l a s s  is  

inc luded ,  t h e  annual  r e l e a s e  from t h e  underground f a c i l i t y  i s  n e a r l y  an o r d e r  

of magnitude smaller than  when t h e  s a l t  a l o n e  provides  t h e  r a d i o n u c l i d e  

r e t e n t i o n .  

I f  t h e  borehole  p e n e t r a t e s  t h e  SF r eg ion ,  t h e  l e a c h  rate used i s  so 

c o n s e r v a t i v e l y  l a r g e  t h a t  t h e  c a l c u l a t i o n s  do no t  r e f l e c t  any s i g n i f i c a n t  

l i m i t a t i o n  by t h e  SF matrix.  However, as  shown i n  F igu re  5-16, i n  t h i s  case, 

t h e  f r a c t i o n a l  release ra te  due t o  s a l t  d i s s o l u t i o n  a l o n e  i s  small anyway 

because of  t h e  lower d e n s i t y  of waste i n  t h i s  reg ion .  

t h i s  performance measure are l i s t e d  i n  Table 5-6. The va lues  i n  t h i s  t a b l e  

correspond t o  t h e  rates f o r  t h e  borehole  i n  t h e  CHLW p o r t i o n  of  t h e  r e p o s i t o r y  

s i n c e  t h e s e  are l a r g e r  t han  those  i n  t h e  SP region.  

The peak v a l u e s  f o r  

The above r e s u l t s  a re  f o r  a borehole  d r i l l e d  t o  t h e  g r a n i t e  wash. I f  t h e  

borehole  p e n e t r a t e s  on ly  t o  t h e  Wolfcamp, t h e  f low rate i s  reduced by about  a 

f a c t o r  of about  20 because t h e  t o t a l  t r a n s m i s s i v i t y  of t h e  r e c e i v i n g  u n i t s  i s  

reduced by t h i s  amount. 

ra te  from t h e  r e p o s i t o r y  w i l l  be lower due t o  lower d i s s o l u t i o n  rates. This  

f a c t  is borne ou t  i n  t h e  f r a c t i o n a l  release rate f o r  t h i s  case shown i n  

F igu re  5-17 shown f o r  t h e  CHLW r e g i o n  of t h e  r e p o s i t o r y .  

t h e  magnitude and t h e  d u r a t i o n  of t h e  release are reduced from t h a t  where t h e  

f low i s  a f a c t o r  of 20 l a r g e r .  The p r e d i c t e d  peak annual  release f r a c t i o n  i s  

g iven  i n  Table 5-6. 

The lower f low ra te  means t h a t  t h e  f r a c t i o n a l  release 

In t h i s  case, both  

5.3.2 Underground F a c i l i t y  Performance a t  t h e  Paradox Basin S i t e  

The f r a c t i o n a l  release rate f o r  t h e  Paradox Basin case i s  g iven  i n  

F igure  5-17, where it can be compared r e a d i l y  w i t h  t h o s e  f o r  t h e  Palo Duro 

Basin. Because t h e  f low rate i s  so low r e l a t i v e  t o  t h a t  f o r  t h e  open borehole  



106 

n 

14 
u 
t 
W 

2 

4 
W 
v) 

a 
W 
U 
4 a z 
0 
F 
0 a a 
LA 

1 o a  

1 O-? 

- PAL0 DURO (GRANITE WASH) 

(W 0 L FC A M P) 

\ I  W A D O X  (LEADVILLE) 

2 4 6 8 10 12 
10” 

0 

TIME AFTER INTRUSION (YR) 

Figure 5-17. Calculated Fractional  Release Rate from Underground F a c i l i t y  
(CHLW Region) 

- 

n 



107 

down t o  t h e  g r a n i t e  wash i n  t h e  Palo Duro Basin,  t h e  release ra te  is  smaller 

and t h e  peak f r a c t i o n a l  release r a t e  is  less than  3 ppm p e r  year, even 

ignor ing  t h e  e f f e c t  of t h e  g l a s s  waste form. 

The s m a l l  release ra te  r e l a t i v e  t o  t h e  Palo Duro case is due t o  t h e  low 

s a l t  d i s s o l u t i o n  ra te  p r e d i c t e d  f o r  t h e  r e p o s i t o r y  horizon.  In t h e  e v a l u a t i o n  

of t h e  s a l t  d i s s o l u t i o n ,  i t  is assumed t h a t  t h e  r e p o s i t o r y  i s  s i t u a t e d  106 m 

below t h e  t o p  of t h e  Paradox. It i s  a l s o  assumed t h a t  no major i n t e r b e d s  

occur  between t h e  r e p o s i t o r y  hor izon  and t h e  t o p  of t h e  Paradox. The s a l t  i s  

assumed t o  be 84  pe rcen t  pure. 

Woodward-Clyde Consul tan ts  (1982) a n a l y s i s  of t h e  GD-1 Well test .  

This r e p r e s e n t a t i o n  i s  c o n s i s t e n t  w i t h  t h e  

I n  t h i s  r e p r e s e n t a t i o n ,  t h e  d i s s o l u t i o n  rates would be comparable between 

t h e  Pa lo  Duro case and t h e  Paradox case f o r  t h e  same f low rate  s i n c e  t h e  

e f f e c t i v e  columns of s a l t  above t h e  r e p o s i t o r y  are  similar i n  t h e  two cases-- 

about  90 m i n  each  case. However, t h e  maximum flow ra te  c a l c u l a t e d  i n  Sec t ion  

5.1.2 f o r  t h e  Paradox Basin case i s  about  a f a c t o r  of 14 lower t h a n  t h a t  i n  

t h e  Palo Duro case. Thus, t h e  d i s s o l u t i o n  i s  expected t o  be decreased  by a n  

o r d e r  of magnitude o r  more. 

The r e s u l t i n g  f r a c t i o n a l  release ra te  due t o  d i s s o l u t i o n  a l o n e  is shown 

The release rate i n  t h i s  case i s  lower than  t h o s e  p r e d i c t e d  i n  F igure  5-17. 

f o r  t h e  Pa lo  Duro s i t e ,  even t a k i n g  t h e  waste form l e a c h  rate i n t o  account .  

The performance of t h e  underground f a c i l i t y  f o r  t h e  Paradox Basin s i t e  i s  

summarized i n  Table  5-6. 

5.4 RELEASE TO THE ACCESSIBLE ENVIRONMENT FOR SINGLE BOREHOLE 

INTRUSION SCENARIO 

The r a d i o n u c l i d e  mig ra t ion  model assumes t h a t  r a d i o n u c l i d e s  r e l e a s e d  from 

t h e  r e p o s i t o r y  t o  t h e  borehole  f low are t r a n s p o r t e d  i n s t a n t a n e o u s l y  t o  t h e  

r e c e i v i n g  u n i t .  No r e t a r d a t i o n  of t h i s  t r a n s p o r t  i n  t h e  bo reho le  i t s e l f  is 

t aken  i n t o  account .  It is assumed t h a t  t h e  t o t a l  bo reho le  f low i s  added t o  

t h e  ambient  f low i n  t h e  r e c e i v i n g  u n i t .  

t r a n s p o r t e d  i n  t h e  ground-water  f low i n  t h i s  u n i t  and t h e  f low i s  determined 

Therefore  t h e  r a d i o n u c l i d e s  are 

from t h e  l o c a l  modeling of t h e  system i n c l u d i n g  t h e  borehole .  

As d i s c u s s e d  i n  Sec t ion  5.1, for a s i l t e d  borehole  wi th  a conductivity of 

30 m/day o r  less, t h e  borehole  f low rate i s  expec ted  t o  be very  small w i t h  

r e s p e c t  t o  t h e  f low i n  t h e  r e c e i v i n g  u n i t s  i n  t h e  Palo Duro Basin o r  t h e  
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Paradox Basin. 
unchanged from the ambient flow where no borehole has been drilled. 

case a one-dimensional transport model can be used with the radionuclide 

source corresponding to the discharge from the borehole and the system release 

evaluated 10 km from the repository. 

The local flow patterns in these units would be virtually 
In this 

For an open borehole, the flow is calculated to be much larger than f o r  

In this case, the local flow patterns in the receiving the silted borehole. 

units could be strongly influenced by the borehole flow. In fact, the flow in 
these units is calculated to be essentially radial out to a distance of at 

least 10 km in each case. In this circumstance, the transport is calculated 
for a one-dimensional, radial flow field and is evaluated using an axially 

symmetric discharge velocity that varies as the inverse of the distance from 

the borehole. The releases are calculated at the 10-km radius and are the sum 

of all those around the 62 km perimeter at the time of interest. The small 
amount of mechanical dispersion due to the ambient flow field is neglected. 

This transport problem can be modeled directly with standard migration 
codes. The code used here is SWENT ( I N T E U ,  1983b) in which radionuclide 

chain decay and daughter production can be taken into account. 

dispersion and radionuclide retardation can also be included in the 

calculations using this code. In the one-dimensional model, hydrodynamic, 
azimuthal dispersion transverse to the direction of flow is not taken into 

account consistent with the evaluation of total flow across the 10 km 
boundary. Longitudinal (radial) dispersion is taken into account with a 

dispersivity of 100 m. 
receiving units are not well known at present. 

been determined for the salt sites by Muller et a1 (1981) and these are used 
here. The values are summarized in Table 5-7. 

Hydrodynamic 

Retardation factors appropriate for the flow in 
However, bounding values have 

n 

5.4.1 Palo Duro Basin Slte Assessment 

These evaluations are for the case of a source term due to flow in an 

open borehole. Typical results are shown for release to the granite wash in 

Figures 5-18 to 5-22. The radionuclides evaluated in these figures have the 

largest predicted releases, all others having curie release rates at the 10-km 

boundary less than 1.OE-30 Ci/yr. 
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( a )  Table  5-7. Radionucl ide Transpor t  Parameters 

E l  emen t Re ta rda t ion  Fac to r ,  Rd 

(ml/gm) 

Ame r i cium 

Neptunium 

Plutonium 

Radium 

T in  

Technetium 

Thorium 

Uranium 

10 

10 

50 

10 

5 

5 

50 

10 

( a )  A f t e r  Mul le r  e t  a1 (1981) .  

t o  be zero .  

The va lue  f o r  e lements  no t  l i s t e d  i s  assumed 
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A number of approximations have been used to make these calculations. 

First, rather than using the fractional radionuclide release rate from the 

underground facility as the source term, the fractional dissolution rate of 
the salt is used. This would be a valid assumption if the waste were 

homogeneously distributed through the salt rather than in discrete packages. 

As it is, the source represents an average over the repository and this term 
is low (about a factor of 0.42) for the CHLW region and a bit high (about a 

factor of 1.1) for the SF region. The second approximation is that the 

radionuclide inventories entering the transport calculation are assumed to be 

those in the SF region. This assumption makes very little difference in the 

results (less than a factor of three in system release rates), particularly 
when the area-averaged source rate is used. 

The predicted curie release rates are small, all being less than (and 

usually much less than) 1.OE-3 Ci/yr. 

are expected to go into the Wolfcamp for the division of flow calculated. 
This small fraction would travel at a much different (slower) velocity and 

would not add to the peak arrival rates at the boundary. Therefore, for the 

purpose of conservative estimates, it is assumed that a l l  of the radionuclides 
go into the granite wash. 

About 5 percent of the radionuclides 

Analogous results for a borehole drilled only down to the Wolfcamp are 
shown in Figures 5-23 to 5-27. In this case, not only is the transport 

velocity much smaller than in the previous case (about a factor of 100 smaller 
due to the lower transmissivity of the Wolfcamp relative to the granite wash), 
but the source rate is very much reduced because the borehole flow rate is 

also much smaller. As a result, the releases are substantially reduced 

relative to those for the case of drilling to the granite wash. 

Approximations similar to those made for the granite wash calculation are 

made for the Wolfcamp modeling. haddition, because the source term has such 

a small duration, a further approximation is necessary. Because the source 

term is small, the time step should be small enough to resolve the transported 

radionuclide pulse; however, a small time step severely affects the 
calculation. The compromise made is to arbitrarily increase the duration of 

the leaching process by a factor of 1.OE+4 and reduce the magnitude of the 

leach rate correspondingly so that the integrated release of radionuclides is 

unchanged. The effect is to produce an artifical dispersion but releases 

integrated over 10,000 years are essentially unchanged. It is recognized that 
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t h i s  approach can in t roduce  some inaccuracy and i f  r ad ionuc l ide  r e l e a s e s  

appear  t o  be margina l ly  s i g n i f i c a n t ,  more a c c u r a t e  c a l c u l a t i o n s  could be 

performed. As can be seen  i n  t h e  f i g u r e s ,  a l l  releases a r e  q u i t e  low and even 

a f a c t o r  of 1.OE+4 i nc rease  would not  produce a s i g n i f i c a n t  r e s u l t .  The 

r e s u l t s  a re  summarized i n  Table  5-8. 
~ 

5.4.2 Paradox Basin S i t e  Assessment 

The r e su l t s  of t he  analogous c a l c u l a t i o n s  € o r  t r a n s p o r t  i n  t h e  Leadv i l l e  

u n i t  of t h e  Paradox Basin are shown i n  Figures  5-28 t o  5-32. All 

approximations made f o r  t h e  Wolfcamp a n a l y s e s  have been made he re  and,  as i n  

t h e  case of t h e  Wolfcamp i n  t h e  Palo Duro, t h e  release rates are  very small. 

* 

5.4.3 I n t e g r a t e d  Release t o  t h e  Access ib le  Environment 

A s  desc r ibed ,  t h e  a c c e s s i b l e  environment i s  def ined  f o r  t h e s e  ana lyses  by 

t h e  boundary 10 km from t h e  r e p o s i t o r y  i n  t h e  lower a q u i f e r .  The c a l c u l a t e d  

performance measures i n  t h i s  ca se  are t h e  10,000-year i n t e g r a t e d  releases a t  

t h i s  r ad ius .  

g iven  i n  t h i s  t a b l e  a re  t h e  EPA proposed c r i t e r i a  f o r  release t o  t h e  

a c c e s s i b l e  environment (EPA, 1982, Appendix). These s t anda rds  are c u r r e n t l y  

expressed  i n  terms of t h e  t o t a l  release only i n  t h e  f i r s t  10,000 years .  From 

t h e  curves i n  Figures  5-28 t o  5-32, i t  i s  clear t h a t  t h e r e  i s  v i r t u a l l y  no 

release i n  t h e  f i r s t  10,000 years .  

Table  5-8 g ives  t h e  peak va lues  p red ic t ed  a t  any t i m e .  Also 

5.5 CONCLUSIONS FROM SINGLE BOREHOLE INTRUSION SCENARIO ANALYSES 

These e v a l u a t i o n s  have been,made f o r  t h e  releases a s s o c i a t e d  wi th  

d r i l l i n g  a t  t h e  r e p o s i t o r y  s i t e  through t h e  r epos i to ry .  I f  t h e  borehole  

connec ts  a q u i f e r s  above and below t h e  r e p o s i t o r y ,  f low may be induced through 

t h e  borehole  t h a t  can a f f e c t  t h e  i so l aL ion  of t h e  wastes. I f  such a borehole  

could be  d r i l l e d  a t  t h e  s i t e ,  t h i s  s c e n a r i o  would be poss ib l e .  In  a review of 

22,000 h o l e s  d r i l l e d  through bedded s a l t  i n  f o u r  coun t i e s  i n  Kansas, a l though 

95 percent  of =he h o l e s  d isp layed  no d i s s o l u t i o n  beyoi!d t h a t  a s s o c i a t e d  wi th  

d r i l l i n g  f l u i d s ,  5 p e r c e n t  of t hese  d isp layed  some degree of p o s t - d r i l l i n g  

d i s s o l u t i o n  (Wal te rs ,  1975). In a l l  of t hese  cases  but  one, t h e  d i s s o l u t i o n  

.... 
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Table  5-8. I n t e g r a t e d  Releases t o  Accessible 

Radionucl ide  Pa lo  Duro Bas in  Pa lo  Duro Basin Paradox Bas in  EPA 
(Gran i t e  Wash) (Wolf camp) (Leadv i l l e )  S tandards  ( b )  

(EPA, 1982) 

4c 1 . OE+O 7.2E-5 7.OE-4 1.4E+4 

"Tc 2.1E+1 6.7E-7 1.1E-6 1.4E+5 

26Sn 1.9E-2 2.6E-29 3-83-21 5.8E+3 

9.8E-1 4.23-19 7.4E-13 3.6E+4 1 2gI 

23gh 6.5E-14 0 0 7.2E+3 

23SU 1.1E-3 7.8E-8 2.OE-6 7.2E+2 

~ 

237Np 6.5E-2 5.2E-10 5.3E-7 1.4E+3 
233u 5.4E-2 5.6E-10 5.7E-7 7.2E+2 
2 2gTh 1.1E-2 1.1E-10 1.2E-7 7.2E+2 

40Pu 3.5E-30 0 0 7.2E+3 

2 3 2 n  4.1E-8 2.OE-10 3.3E-9 7.2E+2 

236u 2.3E-2 6.5E-7 2.5E-5 7.2E+2 

242Pu 1 1E-3 4.013-44 9.1E-34 7.2E+3 
23gu 2.1E-2 1.5E-6 3.8E-5 7.2E+2 

23% 3.3E-2 1.5E-6 3.8E-5 7.2E+2 
2 3 0 m  4.4E-3 3.OE-7 7.7E-6 7.2E+2 
2 26* 2.2E-2 1.5E-6 3.8E-5 2.2E+2 

(a) Maximum 10,000-year release 10 km from repos i to ry .  

(b)  S tandards  f o r  f o r e s e e a b l e  releases based on waste from 72,000 MTHM 

emplaced i n  r e p o s i t o r y .  

p e r s p e c t i v e  t o  t h e  c a l c u l a t e d  va lues .  

These s t anda rds  are l i s t e d  on ly  t o  g i v e  n 
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was limited with the borehole opening retreating not more than 3 m in 30 
years. This finding is consistent with the calculated result presented here 

that dissolution occurs only over a short time producing some borehole growth 

until the flow becomes saturated. Limiting borehole radii are on the order of 

10 m or less in the calculations presented here. 
In one case associated with a cavern solutioning operation, the 

dissolution associated with the solutioning operations and possibly subsequent 
natural solutioning resulted in a large cavity and collapse at the surface. 
The present analysis does not analyze cavity collapse. However, the flow 

rates considered are the maximum possible, whether for a borehole of small 

diameter or a larger opening. Any cavity collapse or subsidence would act to 
fill the cavity and reduce the flow. 

The calculated release rates for the open borehole flow situation are 

quite small and below currently proposed regulatory standards. It may be 
argued that the criteria may not be applicable to the scenario in the way 

presented. 
applicable to the radial flow problem since the release evaluation involves 

contributions as far as 20 km from each other. Likewise, it may not be 

appropriate to compare the fractional release rates from the repository 

horizon due to the dissolution with the criteria for release from the 

engineered barrier subsystem. Nevertheless, the comparison is made here. 
Based on this comparison, the repository is'predicted to perform 

satisfactorily. 

For example, the EPA criteria for system release may not be 

The results can be used to compare the sites. For the case where the 

borehole extends down to the Wolfcamp in the Palo Duro site, the performance 

measures are similar for the two sites considered. There are a number of 

measures to improve the performance of each. Locating the repository in 

deeper salt strata will result in lower dissolution rates at the repository 
horizon. Likewise, more dispersed distribution of waste packages in the salt 

will also decrease the predicted releases. These improvements have the same 

effect at both sites. If the borehole extends down to the granite wash and if 

the granite wash is continuous and capable of receiving much water, however, 

the predicted releases for the Palo Duro Basin become much larger. 
Analyses for this scenario have been conducted for a bedded salt site 

(NRC, 1983; Pepping et a1 1983; Cranwell, et al, 1982b) and the predicted 
releases are somewhat larger than those given here. However, these analyses 
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used simple models for the salt dissolution and did not attempt to take into 

account the physical constraints to the release due to the dissolutioning 

occurring in salt layers upstream of the repository nor were realistic salt 

dissolution rates used in these analyses. Therefore, the present study 

provides a useful contrast to the earlier work and demonstrate6 the constraint 
due to well-understood physical phenomena on the release rate in this case. 

Several refinements to the analysis should be made for future 
assessments. For example, preferential dissolution at the respository horizon 

has not been analyzed. It has been assumed that by 1,000 years after waste 
emplacement, crushed salt backfill in the repository has recqnsolidated and 

that creep closure of the rooms has occurred. Because detailed studies of the 
host salt have not yet verified that the consolidation and closure will have 

reached completion by this time, the possibility that these processes have not 

been completed must be considered. In this case, the increased surface area 

at the repository horizon and possible increased circulation through the 
incompletely closed openings and increased residency time for the flow due to 

the porosity could increase the dissolution rate at the repository horizon. 

This possibility should be taken into account. 

A detailed sensitivity analysis has not yet been performed. The impact 

of model parameters and assumptions that determine the borehole flow and 

dissolution rate needs to be evaluated to complete the analysis. 
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The approach in previous analyses (Pepping et al, 1983; Cranwell et a l ,  

1982a; DOE, 1983) was to assume that exposure of the waste occurred as a 

result of dissolution of salt in the repository. This effect would not change 

the conclusions stated above since the releases are limited by the solubility 

of the waste forms in either case. Effects of the salinity of the water on 
these results are essentially negligible. 

A rigorous sensitivity analysis has not been conducted. The predicted 

releases are directly proportional to the U-Tube flow rates and these have 

been evaluated for a fixed set of conditions in the upper aquifer. In 
addition, possible variations in repository design have not been 

investigated. 
maximize the flow through the U-Tube for the bedded salt cases. 

Richton Dome, the orientation is essentially dictated by the shape of the salt 
dome and the configuration of the repository within the dome. 

extremely low releases predicted for the reference cases, it is not expected 
that variations in these parameters consistent with expected conditions would 

alter the above conclusions relating to the repository performance. 

The orientation of the repository was chosen to attempt to 

At the 

Because of the 
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6 PRESSURE K F L E A S E  

The s c e n a r i o  was desc r ibed  i n  Sec t ion  2.1.3. The conceptua l  model 

i nvo lves  a n  in f low of wacer p r i o r  t o  c reep  c l o s u r e  of t h e  r2pos i in ry .  The 

s a l t - c r e e p  p rocess  then  p r e s s u r i z e s  t h e  en t rapped  water t o  near -1 i ;hos ta t ic  

p re s su res .  A f t e r  contaminat ion ,  t h e  f l u i d  i s  then  r e l e a s e d  e i c h e r  through an 

e x p l o r a t o r y  bo reho le  o r  through t h e  shaEt  d i s t u r b e d  zone. I n  t h i s  c h a p t e r ,  

two of t h e  most impor tan t  a s p e c t s  of t h e  concepEual model a r e  examined i n  

d e t a i l .  Salt c r e e p  is  d i scussed  f i r s t .  Flow through t h e  s h a f t  d i s t u r b e d  zone 

i s  t h e n  cons idered .  Other  i n f low and release mechanisms a re  a l s o  

cons idered .  In l i g h t  of t h e s e  a n a l y s e s ,  t h e  s c e n a r i o  does n o t  appear  t o  be 

c r e d i b l e ,  and ,  consequent ly ,  no r a d i a n u c l i d e  d i scha rge  rates a re  computed. 

6.1 CKEEP CLOSURE OF REPOSITOkY OPENINGS 

I n  t h i s  s e c t i o n ,  t h e  t i m e  of c l o s u r e  i s  e s t ima ted  based on a n  approach 

used by Kelsall e t  a1 (1985),  which i s  similar t o  t h a t  used i n  Sec t ion  5.2 t o  

e v a l u a t e  c r e e p  c l o s u r e  of boreholes .  C a l c u l a t i o n  of r e p o s i t o r y  c l o s u r e  rates 

i s  based on t h e  deformat ions  p red ic t ed  f o r  a t y p i c a l  r e p o s i t o r y  d r i f t .  This 

r e p o s i t o r y  d r i f t  i s  t r e a t e d  as a c y l i n d r i c a l  opening s u b j e c t  t o  an  a x i a l l y  

symmetric l i t h o s t a t i c  stress. Creep c l o s u r e  i s  eva lua ted  from t h e  d e v i a t o r i c  

stress and t h e  secondary c r e e p  l a w  a p p r o p r i a t e  f o r  each  s i t e .  Both t h e  

t e m p e r a t u r e  and t h e  dep th  of t h e  r e p o s i t o r y  are  t aken  i n t o  account .  

Crushed s a l t  used t o  b a c k f i l l  t h e  d r i f t  is t aken  i n t o  account  i n  a s imple  

model. The c l o s u r e  rates would a l s o  be  a f f e c t e d  by t h e  presence  of water i n  

t h e  room b u t  a l l  the e v a l u a t i o n s  are  f o r  p re - sa tu ra t ed  c o n d i t i o n s  and t h e  

e f f e c t  of water i s  ignored.  

6.1.1 Repos i tory  Room Closu re  

The c r e e p  r a t e  assumed f o r  a s t o r a g e  room i s  based on t h e  s o l u t i o n  f o r  

s t e a d y - s t a t e  c r e e p  of a c y l i n d r i c a l  opening. The s o l u t i o n  used by Kelsa l l  e'; 

a1 (1985) i s :  

- - A d T e x p  (?/TI (d?Aa/n)n r/2 
d r  
d t  
- -  (6-1) 
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where: 
- - d r  

d t  
- 

The c l o s u r e  of 

rate of r a d i a l  displacement  of t h e  w a l l  

secondary c reep  l a w  parameters  

a b s o l u t e  tempera ture  

d e v i a t o r i c  stress which i n  t h i s  case.is  t h e  d i f f e r e n c e  

between t h e  i n  s i t u  l i t h o s t a t i c  stress, Po, and t h e  

r a d i a l  stress a p p l i e d  a t  t h e  room wal l ,  Pi 

r a d i u s  of t h e  opening. 

s t o r a g e  rooms i n  t h i s  model i s  eva lua ted  by i n t e g r a t i n g  

t h e  c l o s u r e  rate. The model parameters assumed are g iven  i n  Table  6-1. The 

s t o r a g e  room parameters  are based on t h e  r e p o s i t o r y  d e s c r i p t i o n  i n  Sec t ion  

3 . 2 ,  and t h e  c r e e p  l a w  parameters  are t h o s e  f o r  t h e  h o s t  s a l t  u n i t s  from 

P f e i f l e  e t  a1 (1981). The tempera ture  i n  t h e  r e p o s i t o r y  depends on both  t h e  

i n  s i t u  t empera ture  and t h e  temperature  rise caused by t h e  h e a t  gene ra t ed  from 

t h e  r a d i o a c t i v e  decay of t h e  emplaced waste. The tempera tures  f o r  t h e  

r e p o s i t o r y  des ign  and waste d i s t r i b u t i o n  desc r ibed  i n  Sec t ion  3 have been 

c a l c u l a t e d  by Wagner e t  a1 (1985) f o r  t h e  Palo Duro and Paradox sites. These 

have been used i n  t h e  p r e s e n t  a n a l y s i s .  The tempera ture  rise i n  t h e  Richton 

Dome r e p o s i t o r y  is  assumed t o  be t h e  same as t h a t  a t  t h e  Paradox Basin s i te .  

The d i f f e r e n c e  i n  ambient temperature i n  t h e  two cases i s  taken  i n t o  account  

by adding 8°C t o  t h e  Paradox Basin s i t e  tempera ture  h i s t o r y .  

The r e s u l t s  f o r  an  unbackf i l l ed ,  empty s t o r a g e  room, (i.e., Pi = 0 

and Au = i n  s i t u  l i t h o s t a t i c  s t r e s s )  a re  shown i n  F igures  6-1 through 6-3. 

The upper curve  i n  t h e s e  t h r e e  f i g u r e s  i n d i c a t e s  t h e  c a l c u l a t e d  r e l a t i v e  void  

space  i n  t h e  s t o r a g e  rooms as a f u n c t i o n  of t i m e .  It has  been assumed t h a t  

t h i s  c l o s u r e  a p p l i e s  t o  alL openings and t h e  r e s u l t s  are s c a l e d  s o  t h a t  t h e  

o r d i n a t e  g i v e s  t h e  t o t a l  void space i n  t h e  r epos i to ry .  

e f f e c t s  of t h e  b a c k f i l l ,  t h e  r e p o s i t o r y  i s  p r e d i c t e d  t o  c l o s e  i n  about  100 

yea r s  a t  bo th  t h e  Palo Thro s i t e  and t h e  Paradox si te.  According t o  t h i s  

p r e d i c t i o n  t h e  Richton Dome does no t  c l o s e  completely bu t  s t a b i l i z e s  a t  a 

p o r o s i t y  of about  10 p e r c e n t  i n  about  600 years .  

Discount ing t h e  

These p r e d i c t i o n s  a re  based on a s imple  model u s ing  on ly  t h e  secondary 

c reep  response of t h e  s a l t .  Primary c reep  has n o t  been taken  i n t o  account .  A 

more s o p h i s t i c a t e d  a n a l y s i s  of t h e  c r e e p  c l o s u r e  of t h e  s t o r a g e  room has  been n 
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Table  6-1. Parameters f o r  Room Closure  A n a l y s i s  

Un i t s  Pa lo  Duro Paradox Richton 

Repos i to ry  dep th  m 7 30 9 10 6 10 
L i t h o s t a t i c  p r e s s u r e  (Po)(”) MPa 15.3 21.5 13.1 

Average rock d e n s i t y  ( a )  kg /m 2140 2420 2200 3 

I n i t i a l  room c r o s s  s e c t i o n  m x m  4.6x6.1 4.6x6.1 4.6x6.1 

Equ€valent r a d i u s  m 3.0 3.0 3.0 

I n t a c t  s a l t  c r e e p  parameters  (b) 
-n -1 .4 MPa sec 1.9E-4 6.5E-4 2.6E-2 

7154 6835 9885 Y 

n -- 4.15 1.88 5.01 

OK- 1 

(a) Assumed v a l u e s ,  from Kelsall e t  a1 (1985). 

(b) Assumed v a l u e s ,  from P f e i f l e  e t  a1 (1981). 
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conducted by Wagner e t  aL (1985)  f o r  t h e  Pal13 Duro and Paradox s i tes .  This 

a n a l y s i s  has  u t i l i z e d  a more d e t a i l e d  r e p r e s e n t a t i o n  of t h e  s t o r a g e  room 

geometry and t h e  more complete creep l a w .  The i r  s i m u l a t i o n s  were made only  

f o r  an  i n i t i a l  5-year pe r iod  and t h e  a n a l y s i s  f o r  t h e  Palo DUKO Basin was made 

€ o r  t h e  C y c l e  5 s a l t  i n  t h e  San Andres r a t h e r  t han  t h e  deeper  C y c l e  4 s a l t  

assumed here .  Neve r the l e s s ,  t h e  comparison i n  F igure  6 - 4  sugges t s  a r a t h e r  

s t r o n g  geomet r i ca l  e f f e c t  w i th  t h e  c y l i n d r i c a l  shape corresponding t o  a s lower 

r a t e  of creep than  t h e  des ign  geometry. The comparison a l s o  s u g g e s t s  t h a t  t h e  

s i n p l e  model used h e r e  i s  conse rva t ive  i n  t h a t  i t  underes t imates  c r e e p  

c l o s u r e .  

6.1.2 Conso l ida t ion  of t h e  Crushed S a l t  B a c k f i l l  

The b a c k f i l l  i n  t h e  s t o r a g e  rooms w i l l  modify t h e  p r e d i c t e d  c l o s u r e  rates 

and times because of t h e  r e s i s t a n c e  p r e s s u r e ,  P i ,  o f f e r e d  by t h e  b a c k f i l l  a s  

t h e  room c l o s e s .  The response  of t h e  b a c k f i l l  i s  complicate? by t h e  f a c t  t h a t  

t h e  c rushed  s a l t  can  c o n s o l i d a t e  under stress. The t r ea tmen t  of t h e  b a c k f i l l  

i n  t h i s  a n a l y s i s  i s  a l s o  adopted from t h e  approach of Kelsall  e t  a1 (1985). 

The creep l a w  assumed f o r  t h e  b a c k f i l l  i s  g iven  by: 

wlie r e : 

U = mean backfill stress 

€ = t o t a l  vo lumetr ic  s t r a i n  
C , D  = empirical creep law parameters .  

m 

V 

The bulk  modulus, BT, of t h e  b a c k f i l l  is  t h e r e f o r e :  

BT = CD exp(DEv) 

€2 €1 BT = BI 

(6-3) 
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where: 
BT. = bulk modulus of intact salt 

= total volumetric strain when intact conditions are I E 

obtained. 

The consolidation of the backfill is assumed to satisfy: 

T - T o  B 6 
= E($)" ( 1 /EV 

Q 

T1 C 
0 where: 

( 6 - 4 )  

. 
E = consolidation strain rate 

Q o 9  To, T1 = 

E, a, B , 6 = phenomenological parameters. 

C 
normalization parameters 

Kelsall et a1 (1985) solved these equations self-consistently to determine the 

response of the backfill and the deformation of the room walls. This approach 

is briefly sketched below. 
The change in the volumetric strain due to creep in a time step At is 

approximately: 

-- dr At. r dt ( 6 - 5 )  

The change in the volumetric strain due to consolidation is approximately: 

These changes can be integrated to determine the total deformation at a 

specified time. 

determined by integrating the change in Pi with time. 
The internal stress applied on the room wall, Pi, is 

APi = BT(AEV - C ). (6-7 1 

This approach has been applied to the evaluation of the salt sites to 

The parameters estimate the impact on the repository closure predictions. 
used for the backfill material are given in Table 6-2. 

based on the properties of crushed salt from the Avery Island salt dome 
(Wagner, 1980). 

These parameters are 
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Table 6-2. Crushed Salt Creep and Consolidation Properties 

# 

Creep Parameters 

C 

D 

I E 

BI 

Consolidation Parameters 

E 

0 
0 

TO 

T1 
a 

B 
6 

0.512 MPa 

18.7 

0.410 

20.7 GPa 

7.293-13 sec-' 

10 MPa 
255 O K  

17.8 OK 

3.59 

4.87 

3.53 

Q 



141 

The calculated effect of the backfill in this model is shown in the lower 

curves in Figures 6-1 through 6-3 for each of the three sites. 

backfill does not significantly modify the closure rate. 

effect appears to be that the presence of the backfill reduces the void space 

in the repository and therefore reduces the time needed to close the 
repository. 

repositories based on these estimates are summarized in Table 6-3. 

calculations indicate that the effect of the backfill is to reduce the 

predicted closure times to about 20 years for the bedded salt sites and about 
70 years for the Richton Dome site. 

Evidently the 

The most important 

The closure times for both unbackfilled and backfilled 

These 

These rates have been predicted for no water in the repository. If water 
is present in the repository, the closure rates will decrease and the 

calculations of closure times will need to reflect this change. 

6.2 FLOW OF WATER INTO REPOSITORY OPENINGS 

One of the possibilities for flow into the repository includes flow 
through interconnected porosity in the salt induced by the fluid pressure 

gradients that may exist. 

salt. While there is some uncertainty regarding this permeability, it is 

known to be very low (Tien et al, 1983; DOE, 1983). This permeability is 
sufficiently low that this possibility is not evaluated further in the 

preliminary analyses. 

Such flow depends on the permeability of the 

Another possibility involves inadvertent human intrusion into the 

repository. 

solution mining operation in the vicinity of the repository. 
of the active and passive controls at the site, such inadvertent penetration 

would be very unlikely for a very long time (Berry, 1983). 

natural creep closure of the repository certainly will be complete well before 

500 to 1,000 years, likely after only 20 to 70 years, the ingress of water by 
tnis mechanism will therefore not be significant; and, this mode is also not 

considered further at this stage of the analyses. 

Examples that could occur include exploratory drilling or a 

However, because 

Because the 

Another possibility is that there will be leakage into the repository 

from an overlying aquifer by way of boreholes and shafts at the site. 

openings would be sealed as a part of the engineered closure of the repository 

but some leakage could occur through the seal materials. 

These 

Leakage could also 
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n 

Table 6-3. Model Estimates of Reposi tory Closure Times  

Repos i tory  Closure Time ( y r s )  

No Backf ill(a) Crushed S a l t  Backf i l l ( b )  

Palo Duro 

Paradox 

Richton 

100 

100 
--- 

23.6 

22.1 

69.3 

(a) I n i t l a 1  p o r o s i t y  of r e p o s i t o r y  openings = 1.0. 

(b) I n i t i a l  p o r o s i t y  of r e p o s i t o r y  openings = 0 . 3 .  
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occur  through t h e  rock immediately around t h e s e  openings t h a t  has  been 

d i s t u r b e d  by t h e  dr iLLing o r  excavaEion process .  Such leakage could commence 

e a r l y  and i n g r e s s  could occur  b e f o r e  s a l t  c r e e p  has  c l o s e d  t h e  r e p o s i t o r y .  

The t o t a l  amount of  i n f l o w  w i L l  depend on t h e  water i n f i l t r a t i o n  r a t e  and t h e  

r a t e  of  c r e e p  c l o s u r e  of  t h e  r e p o s i t o r y .  

B r i n e  i n f l u x  could  occur  from migra t ion  of n a t u r a l  b r i n e  i n c l u s i o n s  i n  

t h e  s a l t  induced by t h e  h e a t  genera ted  i n  t h e  r a d i o a c t i v e  waste. Such b r i n e  

m i g r a t i o n  h a s  been observed i n  h e a t e r  tes ts  i n  s a l t  (Bradshaw and McClain, 

1971).  

These l a t t e r  two modes of in f low a r e  cons idered  i n  t h e  fo l lowing  

s e c t i o n s .  

6.2.1 I n f i l t r a t i o n  Through S h a f t  Dis turbed  Zone 

T h i s  s e c t i o n  e x p l o r e s  t h e  p o s s i b l e  e f f e c t s  of seepage through t h e  s h a f t  

seal system and through rock a d j a c e n t  t o  t h e  s h a f t s  t h a t  h a s  been d i s t u r b e d  as  

a r e s u l t  of e x c a v a t i o n  of t h e  s h a f t s .  A s tudy  of t h e  i n f i l t r a t i o n  through t h e  

s h a f t  seals h a s  been conducted by Gureghian e t  a1 (1983) f o r  a s h a f t  sea l  

system a t  a Paradox Basin s i t e .  

it would r e q u i r e  more t h a n  300,000 y e a r s  f o r  a w e t t i n g  f r o n t  t o  move down t o  

t h e  r e p o s i t o r y  h o r i z o n  from t h e  o v e r l y i n g  Elephant  Canyon Formation (Paradox 

Basin s i t e ) .  This  t i m e  i s  much l o n g e r  than  t h e  time r e q u i r e d  f o r  c r e e p  

c l o s u r e  of  t h e  r e p o s i t o r y  void space;  and, consequent ly ,  i n f l o w  i s  n o t  

expected t o  be s i g n i f i c a n t .  The long d e l a y  i s  due t o  t h e  low p e r m e a b i l i t y  

t h a t  c h a r a c t e r i z e s  t h e  s h a f t  b a c k f i l l  and seal  materials. S ince  materials 

w i t h  s imi la r  c h a r a c t e r i s t i c s  would probably be  used a t  any s a l t  s i t e ,  t h e  

s h a f t  system i s  expected t o  s i g n i f i c a n t l y  l i m i t  water i n f l u x  i n t o  t h e  

r e p o s i t o r y .  

The c a l c u l a t i o n s  i n  ',hat s tudy  p r e d i c t e d  t h a t  

The technique  t o  estimate t h e  t i m e  of t r a n s i t  t o  t h e  r e p o s i t o r y  i s  

similar t o  t h a t  employed by Guteghian e t  a1 (1983) f o r  t h e  a n a l y s i s  of t h e  

s h a f t  seals. 

s p e c i f i e d  l a y e r  and t o  e v a l u a t e  t h e  f low i n  t h a t  l a y e r  by i n t e g r a t i n g  t h e  

e q u a t i o n  f o r  t o t a l  mass c o n s e r v a t i o n  i n  t h e  l a y e r .  

dimensional  v e r t i c a l  f low in l a y e r  m, t h e  e q u a t i o n  f o r  t h e  t r a n s i t  t i m e  g i v e n  

by Gureghian e t  a1 (1983) i s :  

T h i s  approach i s  t o  assume a n  i n i t i a l  water c o n t e n t  i n  a 

Assuming u n s a t u r a t e d ,  one- 
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Q 
h 
‘“1) ( 6 - 8 )  

dm + Hm - n - 8  m ) d +(KiR - H + h  )In( - h  m m m  m cm Atm = ( 
Km m cm 

where At is the transit time through layer m, the layer of interest, and 

where 
m 

and 

m- 1 
H m = h + l d i  0 

i- 1 

m-1 di 
R = I  - 

i=l Ki m (6-10) 

The sums are over the layers above the layer m, and these layers are all 

assumed to be saturated. The parameters in the above equations are: 

ni = effective porosity of the layer 

B i  = 
initial water content 

di = thickness of the layer 

Ki = saturated hydraulic conductivity 

ho = hydrostatic pressure head at the top of the disturbed 

zone 

hcm = effective capillary pressure in the disturbed rock in 

layer m. 

The capillary pressure (Richards, 1931) is on the order of a meter or less for 
this case and is therefore negligible when compared to the dimensions of the 
layer. The procedure is to evaluate At for each successive layer in the 

disturbed zone annulus and to sum them to determine the Cotal time of transit. 
m 
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The hydraulic properties for the rock in the disturbed zone will contain 

uncertainty because of the heterogenity of the rock and because of the 
disturbance caused by shaft construction. 

measured values will therefore need to take into account these uncertainties 

appropriately. At this preliminary stage of the analyses, however, the 
selection of hydraulic properties is based on a different approach. 

Laboratory values for rocks characteristic of the units at the site are used 

on the grounds that laboratory samples will have experienced stress relief and 

other effects of the type to which the disturbed zone will be subjected. 

Hydraulic properties for relevant sedimentary rocks evaluated in laboratory 

testing have been summarized by Touloukian et a1 (1981) and the values used 

here are summarized in Table 6-4. 

The assessments which will use 

The representation of the rocks used in this analysis are given in 
I 

Tables 6-5, 6-6, and 6-7 for the Palo Duro, Paradox, and Richton Dome sites, 

respectively. The units specified are for the layers below the upper aquifer 
systems and the unit thicknesses are based on the characterizations referenced 

in the site descriptions in Section 3.1. 

are based on Table 6-4. 
The flow properties in these tables 

The calculated transit times through the shaft disturbed zone are 

summarized in Table 6-8. The traversal from the shaft zone to the repository 

through the shaft pillar tunnel is ignored. 

the shaft disturbed zone are considerably lower than those calculated through 

shaft seals and are on the order of the time calculated for creep closure of 
the repository. Therefore, it may be possible that some i n f l u x  of water i n t o  

the repository could occur before the repository is closed. 

The transit times predicted for 

The flow of water into the repository depends on the time of initial 
wetting of the repository and the influx rate thereafter. 

be estimated from the properties of the shaft disturbed zone. To make this 
estimate, it is assumed that once the wetting front reaches the repository, 
Darcy flow occurs in the shaft disturbed zone. 

is represented by: 

The influx rate can 

Therefore the specific influx 

(6-1 1) 
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Table  6-4. Hydraul ic  P r o p e r t i e s  of Sedimentary Rock From 

La bo ra t  ory  Tes t  

Rock 
~~~~ ~~~~ ~ 

Conduct ivi ty  (m/sec) 

Anhydrite 

Do lomi t e  

Halite 

Limescone 

Shale  

S i  1 t s t one 

5. E-8 

5. E-8 

2. E-9 

5. E-8 

5. E-9 

5.E-9 

0.10 

0.01 

0.02 

0.025 

0.02 

0.10 

~ ~~~ 

( a )  Based on d a t a  g iven  i n  Touloukian e t  a1 (1981). 
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Table 6-5. Hydrogeologic Desc r ip t ion  of Undisturbed Palo Duro Basin 

Formation f o r  I n f i l t r a t i o n  Analysis(a)  

~ ~~~ ~ 

Li tho  logy Thi ckne s s Hydraulic Por o s it y Layer Member 
(m)  Conduct ivi ty  

of Disturbed Zone 
( m / s  ec) 

1 Dewey Lake 

2 A l i b a t e s  

3 Salado 

4 Yates 

5 Upper Seven Rivers  

6 Lower Seven R i v e r s  

7 QueedGrayburg 

8 Upper Sari Andres 

9 Lower San Andres 

S i  1 t s t one  21 

11 Anh yd r i t e 

si 1 t s tone/ 

Clays t one 20 

si Its tone /  

Sandstone/Shale 28 
S a l t  18 

Si 1 t s t one  58 
Si1 t s t one  64 

Sa 1 t/ Shale/  

Si 1 t s t one 53 
S a l t  w i th  

I n t e r b e d s  23 

0.1 

0.1 

0.1 

0.1 
0.02 

0.1 
0.1 

0.04 

0.02 

(a) Upper a q u i f e r  system i s  composed of Ogallala and Dockum u n i t s .  

H y d r o s t a t i c  head a t  t o p  of t h e  Dewey Lake member is 390 m. 

Represen ta t ion  is from Stone & Webster (1983). 
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Table 6-6. Hydrogeologic Descr ip t ion  of Undisturbed Paradox Basin Formation 

for I n  f i 1 t ra t i o n  Analysis  ( a )  
I 

Layer Member Li thology Thi ckne s s Hyd r a u l  i c Poros i t y 
( m) Conduct iv i ty  

of Disturbed Zone 
(m/sec) 

1 Honaker T r a i l  

2 Honaker Trail 

3 Honaker Trail 

4 Honaker T r a i l  

5 Honaker T ra i l  

6 Honaker Tra i l  

7 Honaker T r a i l  

8 Paradox 

L i m e s  tone 

Limestone/Dolomite 

S i  I t s  tone  

Limestone/Clayey 

S i  Its tone  

S i l t s tone lL imes tone  

Clay/ & l i t e /  

An h yd r i t e 

Anhydrite/Dolomite 

Anhydri te  

S a l t  

60 

15 

168 

45 

122 

8 

38 

24 

5x 1 O-' 

5x 1 0-8 

2x 1 o-8 
2x10-8 

2x 10-8 

5x10-8 

2 x 1 ~ - 9  

5x 1 0-8 

0.025 

0.025 

0.05 

0.05 

0.06 

0.05 

0.1 

0.02 

( a )  Upper a q u i f e r  system i s  t h e  Elephant Canyon u n i t .  

a t  t h e  top  of t h e  Honaker Trai l  is 152 m. Representa t ion  i s  from 

Woodward-Clyde Consu l t an t s  ( 1982). 

Hydros t a t i c  head 
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Table 6-7. Hydrogeologic Desc r ip t ion  of Undisturbed Richton 

Dome Formation f o r  I n f i l t r a t i o n  Analysis") 

Layer Member Li thology Thickness Hydraulic Por o s it y 
(m> Conduct ivi ty  

(m/sec> 

1 Richton Dome S a l t  355 2.OE-9 0.02 

(a)  Upper a q u i f e r  system i s  composed of t h e  Ha t t i e sburg  and Catahoula u n i t s .  

The dome caprock is considered t o  be permeable h e r e  and is formally 

included as p a r t  of t h e  a q u i f e r  system. 

of t h e  dome s a l t  i s  235 m. 

Company (1982). 

The h y d r o s t a t i c  head a t  t h e  top  

Representat ion is from Law Engineering Tes t ing  
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Table  6-8 .  Es t ima te  of Water I n f l u x  Through S h a f t  Dis turbed  Zone 

Pa lo  Duro Paradox Richton Flow Var i ab le  

T r a n s i t  time through 
d i s t u r b e d  zone ( y r )  

3 I n f l u x  r a t e s  (m / y r )  

Time of repository creep 
c l o s u r e  ( y r )  

3 
Water accumulation 

t o  s a t u r a t i o n  ( m  ) 

Water accumula t ion  i f  d i  

79.9 18.7 43.9 

5.0 14.2 2.3 

23.6 22.1 69.3 

0 48.3 77.3 

t u rbed  
117 314 159 zone i s  i n i t i a l l y  s a t u r a t e d  (m 3 ) 

n 
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The sum extends over all layers in the column and the permeability of the 

repository is neglected. 
Table 6-8. The calculated inflow rates in all three cases are very low, less 

The calculated influx rates are given in 

than 15 m5/year. 
reflecting the thick section of salt in this case. 
sites, the inflow rate for the Palo Duro case is lower because of greater 

quantity of low-conductivity siltstone and salt that has been assumed in this 
case. 

The calculated rate for the Richton Dome is lowest 

Of the two bedded salt 

As indicated schematically in Figure 2-3, saturation would occur roughly 

when the inflow volume and the repository void volume are equal. The time to 

saturate can be estimated from the rates calculated by the methods described 
in this and the previous section on creep closure. 

The accumulated influx at the time of saturation calculated based on 
these rates is also listed in Table 6-8. No accumulation is given for the 
Palo Duro site because closure occurs before the water reaches the 

repository. 

the Paradox case, this factor is compensated by the longer delay predicted for 

closure of rooms in the salt dome. Consequently, the predicted accumulation 

is actually larger. 

than 100 m total accumulation. 

Although the flow rate is lower in the Richton Dome case than in 

The volumes in these cases however are quite small, less 
3 

These estimates depend on the parameters assumed, of course. If the 
porosities assumed were an order of magnitude smaller, the wetting times would 
decrease by an order of magnitude, for example. In addition, it has been 
assumed that the water content of the disturbed zone at the time of shaft 

sealing is zero. 
this time, the delay before water reaches the repository is decreased. The 

volume of water that would accumulate in the repository in this case is given 
in Table 6-8. The total volume of brine predicted in this case is roughly 

100 to 300 m3. 

If the disturbed zone is instead assumed to be saturated at 

6 7 3  In comparison to the total void volume of the repository (10 to 10 m ), 

such fluid volumes are quite small. Furthermore, one would expect that the 
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f l u i d  would be  d i s t r i b u t e d  over  a s i g n i f i c a n t  p o r t i o n  of t h e  r e p o s i t o r y  volume 

s o  t h a t  c r e e p  c l o s u r e  would tend  t o  i s o l a t e  much of t h e  f l u i d  from a p o i n t  o f  

i n t r u s i o n .  A d d i t i o n a l l y ,  t h e  e f f e c t s  of eng inee r ing  measures t o  seal  t h e  

d i s t u r b e d  zone and t h e  e f f e c t s  of p o t e n t i a l  h e a l i n g  of f r a c t u r e s  i n  t h e  s a l t  

u n i t s  due t o  r e c o n s o l i d a t i o n  have been neg lec t ed .  

6.2.2 Migra t ion  of Brine I n c l u s i o n s  

Another s o u r c e  of p o t e n t i a l  i n f i l t r a t i o n  i s  connate  water 

format ion  t h a t  could  be induced t o  mig ra t e  t o  t h e  r e p o s i t o r y .  

s o u r c e s  i s  expec ted  t o  be t h e  mig ra t ion  of b r i n e  i n c l u s i o n s  i n  

t h e  r eg ions  of h i g h e r  tempera ture  i n  t h e  v i c i n i t y  of t h e  waste 

(C la ibo rne  e t  a l ,  1980). 

Recent p r e d i c t i o n s  of such  b r i n e  mig ra t ion  have been made 

r e f e r e n c e  r e p o s i t o r y  d e s i g n s  and waste packages i n  t h e  t h r e e  s 

r e s i d i n g  i n  the 

One of t h e s e  

t h e  s a l t  toward 

packages 

f o r  t h e  

tes 

(See Appendix F) .  These p r e d i c t i o n s  a r e  summarized i n  Table  6-9. These 

rates a re  based on a n  assumed b r i n e  c o n t e n t  o f  t h e  h o s t  s a l t  of 5 pe rcen t  by 

volume f o r  t h e  P a l o  Duro and Paradox s i tes  and 0.5 pe rcen t  by volume f o r  t h e  

Richton Dome. 

It i s  assumed t h a t  t h i s  water f lows  i n t o  t h e  emplacement bo reho les  and 

then ,  as  t h e  bo reho les  f i l l ,  i n t o  t h e  r e p o s i t o r y .  The i n t e r a c t i o n  of t h i s  

water w i t h  t h e  waste packages i n  t h e  emplacement h o l e  o r  o t h e r  components of 

t h e  engineered  system is  n o t  cons idered .  Temperatures i n  t h e  v i c i n i t y  of t h e  

waste package could  be h i g h  enough t o  a f f e c t  t h e  f low and phase behavior  of 

t h e  water; however, i t  is  assumed t h a t  any water t h a t  b o i l s  o r  e v a p o r a t e s  

simply recondenses i n  a c o o l e r  p o r t i o n  of the r e p o s i t o r y .  

The maximum amount of water i n  t h e  r e p o s i t o r y  can be e s t ima ted  j u s t  as i n  

t h e  p rev ious  s e c t i o n  f o r  t h e  in f low through t h e  s h a f t  d i s t u r b e d  zone: t h e  

i n f l u x  of b r i n e  con t inues  a t  t h e  e s t ima ted  ra tes  u n t i l  s a t u r a t i o n  occurs .  The 

p r e d i c t e d  volumes of water on t h i s  b a s i s  a re  summarized i n  Table  6-10. 

The t o t a l  i n f l o w  i n  t h i s  model i s  abou t  t h e  same f o r  bo th  bedded s a l t  

s i tes  since the t empera tu re  g r a d i e n t s  and assumed water c o n t e n t  of t h e  h o s t  

s a l t  are similar i n  t h e s e  two cases. The in f low ra te  f o r  t h e  Richton Dome i s  
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Table 6-9. Brine Migra t ion  a t  S a l t  S i t e s ( a )  

S i t e  Waste Tota l  Inf low P e r  Package (ut3) 

Package 5 y r  10 y r  15  y r  20 yr 25 y r  50 y r  7 5  y r  

Pa lo  Duro SF 0.037 0.070 0.099 0.124 0.146 -- -- 
CHLW 0.220 0.36 0.46 0.53 0.58 -- -- 

Paradox SF 0.043 0.080 0.11 0.14 0.17 -- -- 
-- -- CHLW 0.26 0.43 0.54 0.61 0.67 

Richton SF 0.0080 0.015 0.021 0.026 0.030 0.045 0.055 

CHLW 0.042 0.066 0.082 0.095 0.10 0.13 0.14 

~~~~~ 

(a> See Appendix F. 
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Table  6-10. Es t imate  of T o t a l  Water I n f l u x  t o  Reposi tory (m3) 

Source Palo Duro Paradox Richton 

Heat-induced b r i n e  
migra t ion  

I n f i l t r a t i o n  from s h a f t  
d i s t u r b e d  zone 

Tota l  

3,320 

120 

3,440 

3,100 

310 

3,810 

9 30 

160 

1,090 
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an order of magnitude lower because the assumed water content is lower by this 

factor. 

because the time over which water inflow is permitted is much longer. 

The total inflow is not smaller by an order of magnitude, however/, 

As in the previous case of infiltration through the shaft disturbed zone, 
the total inflow from brine migration is quite small in comparison to the 

total void volume of the repository (10 to 10 m ). Furthermore, considering 

the nature of the flow, one would expect that the fluid would be distributed 

over an even larger portion of the repository than in the previous case so 

that creep closure would tend to isolate much of the fluid from a point of 

intrusion. 

6 7 3  

6 . 2 . 3  Other Sources of Water 

Other sources of water in the formation may also be considered in the 

assessments. Some water could reside in interbeds in saturated clays. Trace 

amounts of water could exist as water of crystallization in some of the 
minerals (e.g., polyhydrate, carnallite, bloedite) in the formation. The 

quantities would almost certainly be less than the amount in brine inclusions 
considered in the previous section (Claiborne et al, 1980), however. 

Pockets of connate brine can exist in some salt formations and associated 

evaporate units. 
margins near the flanks of the Richton Dome. Further, relatively large brine 

pockets have been discovered in zones of high porosity in the anhydrite 
interbeds at the WIPP site. Brine pockets, however, are no t  expected t o  

present a problem for two reasons. First, any brine pockets intersecting 

repository rooms will be drained when the rooms are excavated. 

a brine pocket under a significant pressure has any hydraulic communication 

with a repository room, most flow should occur before engineered closure when 

gradients are largest. Second, creep closure and the low permeability of the 

salt should prevent significant quantities of flow from entering the 
repository room in the time period between engineered closure and creep 

closure. 

For example, small pockets (a few m3 or less) exist in the 

Similarly, if 
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6 . 3  RELEASE O F  BRINE FROM THE REPOSITORY 

The mechanisms considered for fluid inflow into the repository also may 

be considered as possible release mechanisms for removing fluid from the 

repository. 
near lithostatic fluid pressures within the repository. However, the low 

permeability of salt would present a formidable barrier to such flow. 

One such mechanism is flow through the interconnected porosity by 

Another is flow through the shaft seal system. As indicated previously, 
some flow through the shaft disturbed zone might be possible (see Table 

6-8).  During release, such flows likely would occur near or just prior to 
creep closure (20 to 70 years) at which time the repository backfill and the 
shaft disturbed zone would have sufficient permeability, due to incomplete 

consolidation, to permit such a release. In this case, however, just as in 

the previous case, fluid release would occur so soon after emplacement that 
the waste packages with expected life times of 10,000 years should prevent any 

contamination of the fluid. 

Another possibility is that any fluid trapped within the repository by 

creep closure would, after contamination, migrate as a brine inclusion. The 

point of significance here, however, is that, since the driving mechanism is 
the thermal gradient, the repository heat would tend to contain such fluid, 

thereby preventing release. 

Among the human intrusion events would be those of exploratory drilling 
However because of passive controls, such as widely and solution mining. 

distributed records and permanent markers, any inadvertent penetration would 

be unlikely. 

6 . 4  CONCLUSIONS FROM PRESSURE-RELEASE ANALYSES 

Based on the analyses presented above, the pressure release scenario is 
Several limiting factors underlie this assessment. not a credible scenario. 

Creep closure of the repository allows only 20 to 70 years for inflow and 
releases through the shaft disturbed zone. 

insufficient to permit degradation of the waste package and contamination of 

the fluid. 

For such flows this time period is 

Creep closure would hydraulically isolate a possible point of 
n 
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7 CONCLUSIONS AND RECOMMENDATIONS FROM PRELIMINARY HUMAN 
INTERFERENCE SCENARIO ANALYSES 

Conclusions of the scenario analyses are discussed at the end of each of 

the sections describing these analyses. 

Connection Scenario, for example, are discussed in Section 4 . 4 .  

for this scenario indicated negligible releases, six to eight orders of 

magnitude below the regulatory standards, for the conditions assumed. 

uncertainty analysis has been performed; however, it can be concluded from the 

analyses that the calculated releases would be higher if the hydraulic 

conductivity in the flow tube were higher than the value assumed. 

The conclusions for the U-Tub, 

The analyses 

No 

The conclusions from the analysis of the Single Borehole Intrusion 

Scenario are discussed in Section 5.5. The analyses of this scenario also 

indicated releases well below the proposed regulatory standards, even for the 

extreme conditions assumed. Again, no uncertainty analyses have yet been 
performed. 

The conclusions that can presently be drawn from analysis of the Pressure 

Release Scenario are presented in Section 6.4. The conclusions note the 

preponderance of barriers and other limiting factors, which appear to render 
this scenario incredible. Consequently, no release rates are given. 

In summary, in all the analyses of these human interference scenarios 
conducted to the present, no releases exceeding proposed regulatory standards 
were predicted. Furthermore, the analyses  have been made using conservative 

assumptions such that more realistic models will likely predict smaller 

consequences or even preclude some of the scenarios altogether. 

An important need of these assessments is the sensitivity and uncertainty 

analysis indicated above. From the conservative approach used, it is not 

likely that consideration of the range of uncertainty in properties and 

processes will result in any different conclusion than that already drawn; 

however, such analyses will be required in the licensing process and will 

provide further insight into repository performance. 
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Such uncertainty analyses require data regarding the range of uncertainty 

in material properties and rates of relevant processes. 

of the analyses that have already been conducted, information will be required 

to evaluate local flow conditions, thermal and thermomechanical conditions, 

salt dissolution rates, and the impact of insoluble materials freed from the 

rock in the course of dissolution. 

From the perspective 

Specific data needs include: 

0 Local Flow Conditions - Data are needed to evaluate regional flow 

conditions and water availability; local variation in properties must 

be evaluated and continuity of lower transmissive units, including 

ability to receive water, must be evaluated. 

0 Thermal and Thermomechanical Conditions - Average and local 
variability in thermal properties of the formation should be 
evaluated; constitutive relations and in situ stresses should be 

appraised; because of the importance of creep closure to the 
conclusions reached for the Pressure Release Scenario, displacement 

rates for openings at depth should be observed; and reconsolidation 
data for crushed salt in these openings should be obtained. 

0 Salt Dissolution Rates - Dependence of these rates on flow rate, 
boundary layer conditions, and salt concentration should be measured 

and evaluated; preferential dissolution in repository openings due to 

increased surface area and other phenomena should be determined; 

effects of increased temperature in the repository should also be 

evaluated. 

Another important need of these analyses is to take into account the 

performance of the waste package. This evaluation has not yet been conducted 

for two reasons. First, the evaluations of waste package performance made to 
date have taken into account only so-called expected conditions and have not 

explicitly considered conditions such as those discussed here resulting from 

unexpected human intrusion. Second, future licensing activities may well 

require evaluations of system performance which do not account for the 

performance of the waste package. 

system analysis that takes into accouqt the containment by the waste package 9 Nevertheless, at some point a complete 
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human intrusion. Also, the unmeasurably small permeability of the intact salt 

severely limits inflows and releases through interconnected porosity within 

the salt. 

Further, the movement of brine inclusions toward the repository heat 

source is insufficient to permit significant amounts of fluid to migrate into 

the repository prior to creep closure, and the direction of such movement 

would not permit contaminated inclusions to leave the repository region. 

expected lifetime of the waste package (greater than 10,000 years) provides 
yet another barrier to the release of radioactive fluid from the repository. 

Finally, active and passive controls at the site make both inflows prior to 
creep closure and releases following such closure a highly unlikely event. 

The 
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and the impact of the waste package on the processes that might occur will 
w 

have to be made. 

form leach rates and solubility of the waste form constituents and the 

radionuclides; but, in addition, release of radionuclides to the water will 

involve degradation rates for the waste package as well as the rate of release 
oE radionuclides from the waste package subsystem. 

These updated analyses will still take into account waste 

Another requirement for the complete assessment of these scenarios is to 

evaluate the probability for the occurrence of the events leading to the 

scenarios and for some of the processes which have been assumed to take place 
within the scenario. These evaluations will include the estimations of the 

probability for drilling at the site to the depth required for the scenario. 

The impact of markers and other passive controls, including widely distributed 

records, upon such activities will need to be evaluated. 

Finally, some scenarios have not yet been evaluated. Such scenarios 

include the "Direct Hit" Scenario, in which drilling makes direct contact with 

a waste package and brings its contents to the surface. This scenario has not 

been evaluated in these analyses because the probability of the event 

apparently dominates all analyses of this scenario. Future assessments that 

take into account these probabilities will be able to include evaluation of 

such scenarios. 
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APPENDIX A 

DETAILS OF LOCAL MODELS 

A.l PAL0 DURO BASIN REPRESENTATION 

The representation for this site used in the local ground-water flow 

modeling has been described in Sections 4.1.1 and 5.1.1. The location of the 

model and the local grid used to represent the site are given in these 
sections (Figures 4-3 and 5-2). 

pressure boundary conditions. 

A-1. This table gives the pressure at the top of the aquifers inferred from 

the regional modeling of the basin (TNTERA, 1984a)"for the edges of the local 
mode 1. 

Not specified in these discussions are the 

The conditions used are given here in Table 

A.2 PARADOX BASIN LOCAL REPRESENTATION 

The local representation for the Paradox Basin has been discussed in 

Section 4.1.2 and 5.1.2. In those sections it is mentioned that variation in 
thickness and elevation in the various layers are taken into account. 

specific variation in the geometry used in the analyses is given here. 

The 

In the representation used in the analysis, the vertical section is 

The top two layers vary in thickness. composed of seven layers. 

thickness of layers 3 and 4 are fixed at 244 and 122 m, respectively. The 
fifth layer has variable thickness, while the sixth layer has a constant 

thickness of 22.9 m. The last layer represents the repository and is chosen 

at 6.4 m in thickness. The thickness of layers 1, 2, and 5 is given in Table 

A. 2. 

1). From this information, the vertical discretization throughout the local 

regime can be completely specified. 

Figure 4-6. 

The 

Also given in Table A-2 is the elevation of the surface (top of layer 

The relevant grid blocks are shown in 

The pressures at the boundaries of the local model utilized in the 

analyses are given in Table A-3. 

the top of the aquifers and have been inferred from the regional modeling of 

these units in the Paradox Basin (INTERA, 1984b). 

The pressures in Table A-3 are the values at 
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Table A-1. Pressu re  Boundary Condit ions f o r  Pa lo  Duro Basin 

Local Ground-Water Flow Modeling 

Locat ion R e l a t i v e  t o  P res su re  (MPa) a t  Top of Unit  

Cen te r  of Grid Og a 1 l a  l a  Do ckum Wo 1 f camp 

x(m> y(m> 

-9,656 

-9,656 

-9,656 
-9,656 

-9,656 

-9,656 

-9,656 

-9,656 
-9,656 

9,656 

9,656 

9,656 

9,656 

9,656 

9,656 

9,656 
9,656 

9,656 
-8,046 

-5,230 
-3,018 

-1,408 

-503 

-5,230 

-3,018 

-1,408 
-503 

0 
503 

1,408 

3,018 

5,230 

-5,230 

-3,018 

-1,408 

-503 

0 

503 

1,408 
3,018 

5,230 

-9,656 

-9,656 
-9,656 

-9,656 

-9,656 

0 

-0.006 

-0.012 
-0.015 

-0.015 

-0.018 

-0.021 
-0.030 

-0 -039 
-0.293 

-0.296 

-0.302 

-0.305 

-0.305 

-0 -308 

-0.311 
-0.320 

-0.332 

-0.009 

-0.045 
-0.072 

-0.093 

-0.105 

1.046 

1.040 

1.034 
1.031 

1.031 

1.028 

1.025 
1.016 
1.007 

0.753 
0.750 

0.744 

0.741 

0.741 

0.738 

0.735 
0.726 

0.7 14 

1.037 

1.001 
0.974 

0.953 

0.941 

13.630 

13.636 

13.641 
13.642 

13.644 

13.644 

13.646 

13.656 
13.678 

13.145 

13.142 

13.138 

13.138 

13.136 

13.135 

13.133 

13.129 

13.124 

13.573 

13.484 
13.452 

13.415 

13.390 
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Table A-1 (Continued) 

Loca t ion  R e l a t i v e  t o  P r e s s u r e  (MPa) a t  Top of Unit  

Center of Grid Og a 1 l a  l a  Dockum Wo 1 f camp 

~~ - 

0 
503 

1,408 
3,018 
5,230 
8,046 
-8,046 
-5,230 
-3,018 

-1,408 
-503 

0 

503 
1,408 

3,018 
5,230 
8,046 

~~ 

-9,656 

-9,656 
-9,656 
-9,656 
-9,656 
-9,656 
9,656 
9,656 
9,656 
9,656 
9,656 
9,656 
9,656 
9,656 
9,656 
9,656 
9,656 

-0.111 
-0.120 
-0.135 
-0.165 
-0.203 
-0.251 
-0.078 
-0.081 
-0.108 
-0.156 
-0.168 
-0.174 
-0.183 
-0.200 

-0.230 
-0.272 
-0.326 

0.935 
0.926 
0.911 
0.881 
0.842 
0.795 
0.968 
0.964 
0.938 
0.890 
0.878 
0.872 
0.863 
0.845 
0.815 
0.774 
0.720 

13.378 
13.368 
13.350 
13.31 1 
13.259 
13.190 
13.678 
13.579 
13.508 
14.46 1 
13.434 
13.417 
13.402 
13.373 
13.325 
13.260 
13.175 



174 

Table A-2. Thickness of Layers i n  Paradox S i t e  Model 

X-Direction Y-Direction Surface Elevation Layer Thickness (m)  

Grid Blocks Grid Blocks (m) Layer 1 Layer 2 Layer 5 

1 

2 

1-3 

1-3 

1,710 

1,680 

107 229 99 

152 213 99 

3 

3 

3 

4-6 
7 

8-9 

10-12 

7-1 1 

12 

13  

1 

2 

3 

1-3 
1 

1 

1 

2-3 

2-3 

1 

1,650 

1,740 

1,650 

1,650 

1,650 

1,550 

1,650 

1,580 

1,650 

1,650 

152 

244 

152 

152 

152 

61 

198 

137 

198 

198 

244 

244 

244 

244 

244 

244 

229 

229 

244 

244 

99 

99 

99 

99 

99 

99 

99 

114 

108 

108 

13 

13 

14 

15 

15 

1 

2 

3-8 

9-13 

14-15 

1 

2 

3-6 

7-9 

10-12 

2 

3 

1-3 

1-2 

3 
4-8 

4-8 

4-8 

4-8 

4-8 

9 

9 

9 

9 

9 

1,620 

1,650 

1,580 

1,710 

1,580 

1,680 

1,630 

1,590 

1,590 

1,590 

1,650 

1,580 

1,550 

1,550 

1,520 

168 

198 

183 

305 

183 

114 

130 

122 

152 

198 

122 

107 

107 

107 

114 

244 

244 

244 

244 

244 

221 

213 

2 44 

236 

244 

274 

213 

229 

229 

236 

108 

108 

114 

114 

114 

99 

9.9 

99 

130 

107 

99 

99 

99 

114 

99 n 
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Table A-2 (Continued) 

~~ ~~ 

X-Direction Y-Direction Surface Elevation Layer Thickness (m) 

Grid Blocks G r i d  Blocks (m> Layer 1 Layer 2 Layer 5 

13 

14-15 

1 

2 

3 

4-8 

9-12 

13  

14-15 

1 

2 

3-6 

7-8 

9-11 

12 

13-15 

9 

9 

10 

10 

10 

10 

10 

10 

10 

11 

11 

11’ 

11 

11 

11 

11 

1,510 

1,550 

1,580 

1,580 

1,550 

1,580 

1,550 

1,490 

1,520 

1,520 

1,520 

1,520 

1,490 

1,490 

1,460 

1,520 

99 

183 

107 

137 

137 

168 

168 

107 

168 

91 

107 

122 

91 

122 
91 

183 

236 

244 

198 

198 

198 

198 

229 

229 

259 

183 

213 

244 

243 

259 
259 

274 

99 

99 

130 

160 

160 

160 

130 

130 

99 

160 

160 

145 

145 

130 

130 

114 
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n Table A-3. P re s su re  Boundary Condit ions f o r  Paradox Basin 

Local Ground-Water Flow Modeling 

Locat ion R e l a t i v e  t o  P res su re  ( M a )  a t  Top of Unit  

Center  of Grid Elephant Honaker P inke t ton  Molas 

x(m> Y(m> Canyon T r a i l  Trail Leadv i l l e  

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

-4,153 

-2,057 

-686 

0 

35 1 

7 16 

1,448 

2,180 

2,545 

-3,429 

-2,865 
-2 ,591 

-2,317 

-1,753 

-610 

1,219 

-3,429 

-2,865 

-2,591 

-2,317 

-1,753 

-6 10 

1,219 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

-5,334 

0.501 

0.397 

0.720 

0.670 

0.566 

0.729 

0.844 

2.960 

2.897 

3.015 

2.984 

2.921 

2.941 

2.870 

0.877 

1.669 

1.997 

2.012 

2.030 

2.048 

2 -084 

2.569 

2.588 

2.749 

2.646 

2.896 

2.846 

2.743 

2.835 

2.799 

5.356 

5.292 

5.410 

5.379 

5.315 

5 ,334 

5.408 

3.120 

3.762 

4.389 

4.404 

4.422 

4.441 

4.478 

4.814 

4.833 

9.195 

9.177 

9.468 

9.459 

9 -442 

10.303 

10.849 

11.979 

11.961 

13.074 

13.065 

13.047 

14.131 

15.572 

9.286 

10.239 

11.173 

11.192 

11.198 

11.205 

11.219 

11.532 

11.539 

10.690 

10,672 

10.963 

10.954 

10.937 

11.798 

12.344 

13.473 

13.455 

14.567 

14.558 

14.540 

15.624 

17.065 

10.781 

11.734 

12.668 

12.687 

12.693 

12.700 

12.714 

13.027 

13.034 n 
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Table A-3 (Continued) 

Locat ion  Re  l a  t i v e  t o  P res su re  ( m a )  a t  Top of Unit 

Center  of Grid Elephant  Honaker P inker ton  Molas 

x(m> y(m> Canyon Trail Trail L e a d v i l l e  

2,858 

3,429 

4,572 

-4,153 

-2,057 

-686 

0 

351 

7 16 

1,448 

2,180 

2,545 

2,850 

3,429 

4,572 

-5,334 

-5,334 

-5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

5,334 

2.603 

3.080 

3.137 

0.495 

0.551 

0.640 

0.610 

0.695 

0.783 

1.259 

1.436 

1.525 

1.601 

2.038 
2.315 

4.998 

5.476 

5.534 

2.301 

2.684 

3.089 

3.068 

3.147 

3.230 

3.845 

4.011 

4.094 

4.165 

4.743 

5 -003 

11.844 

12.004 

12.026 

11.365 

12.614 

13.844 

13.862 

130868 

13.875 

14.487 

14.501 

14.508 

14.514 

15.123 

15.145 

13.339 

13.499 

13.521 

12.860 

14.109 

15.339 

15.357 

15.363 

15.370 

15.982 

15.996 

16.003 

16.009 

16.618 

16.640 
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I 

A.3 RICHTON DOME LOCAL REPRESENTATION 

The representation for this site is discussed in Section 4.1.3. As 

described there, the thicknesses of the subsurface layers in the vertical 

representation are assumed to be constant. 

Figure 4-10. 

layer vary over the local regime. 
the entire vertical representation is determined. The dip in the slope of the 

subsurface layers is specified in INTERA (1984~) as 6 m/km going from north to 
south. This variation is used to specify the elevation of all subsurface 

units. The surface elevation corresponds to the phreatic surface, and this is 
given in Figure A-1. 
modeling are given in Table A-4. 
respective units as inferred from the regional modeling. 

These thicknesses are given in 
However, the surface elevation and the thickness of the top 

When these two parameters are specified, 

The pressure boundary conditions used in the local 
These are pressures at the t o p  o€ the 
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0 3.2 KM 6.4 KM 

m 

Figure A-1 .  Phreatic Surface f o r  Local Model of Richton S i t e  



Table A-4. Pressu re  Boundary Condit ions f o r  Richton Dome 

Local Ground-Water F l o w  Modeling 

Locat ion  R e l a t i v e  t o  Grid Center  P res su re  (MPa) a t  Top of Unit  

x ( d  y ( d  Hat t iesburg  Ca t ahou la  

-12,875 

-12,875 

-12,875 

-12, 875 
-12,875 

-12,875 

-12,875 

-12,875 

-12, 875  

12,875 

12 ,875 

12 ,  a75 

12,875 

12,875 

12 ,  875 

-12,875 

12,875 

12,875 

12,875 

12,875 

-8,449 

-6,437 

-4,828 

-3,219 

- io  ,863 

-6 ,  840 

-4,023 

-2,414 

-805 

805 

2,414 

4 ,023  

6,840 

i o ,  8 6 3  

- io  ,863 

-6,  a40 

-4,023 

-2,414 

-805 

805 

2,414 

4 ,023  

6,840 

i o ,  863  

-12,875 

-12,875 

-12,875 

-12,875 

0.494 

0.494 

0.494 

0.554 

0.613 

0.643 

0.643 

0.554 

0.494 

0.524 

1.606 

1.606 

1.606 

1.651 

1.680 

1.725 

1.725 

1.680 

1.815 

1.651 

0.627 

0.699 

0.763 

0.  826 

1.316 

1.316 

1.316 

1.376 

1.436 

1.466 

1.466 

1 376 

1.316 

1.346 

2.428 

2.428 

2.428 

2.473 

2.503 

2.548 

2.548 

2.503 

2.473 

2.637 

1.450 

1.522 

1.585 

1.649 

Q 

n 
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Table A-4 (Continued) 

Location Relat ive  t o  Grid Center Pressure ( m a )  a t  Top of Unit 

Hattiesburg Ca tahoula 

x(d y ( d  

-1,609 

-402 

3,217 

6,437 

-8,449 

-6,437 

-4,828 

-3,219 

-1,609 

-402 

3,217 

6,437 

-12,875 

-12,875 

-12,875 

-12,875 

12,875 

12,875 

12,875 

12,875 

12,875 

12,875 

12,875 

12,875 

0.905 

1.022 

1.185 

1.447 

0.807 

0.983 

1.017 

1.021 

1.054 

1.171 

1.260 

1.432 

1.727 

1.844 

2.007 

2.264 

1.629 

1 806 

1.839 

1 . 843 

1.877 

1.993 

2.082 

2.254 
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APPENDIX B 

A SIMPLE MODEL FOR THE U-TUBE FLOW 

A simple, one-dimensional model for the U-Tube is indicated in 

Figure B-1. 

The flow in the upper aquifer is represented by the flow in resistances 

Dissolution of R1 and R2. 

salt in the U-Tube is assumed to occur near the entrance of the U-Tube and is 
indicated by the mass flux, Mb. 

U-Tube flow is assumed to occur at the exit, as indicated by the flux, Mc. 
Momentum conservation at the entrance and exit of the U-Tube gives: 

The resistance in the U-Tube is indicated as R3. 

Likewise, instantaneous dilution of the 

In this case, p is an effective density of the salt in solution, and V is the 
S 

volumetric flux. 

Mass conservation at 

P I V l  + % 

p2v2 + Mc 

the nodes gives: 

= P3V3 

= P3V3 

where pi is the density in leg i. 
results in: 

Elimination of the salt source and sinks 
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n 

Pa pb PC pd 

a 
0 

Mb 

b C 

MC 

Figure B-1. Schematic of Simple U-Tube Flow Model 

n 

-. . . . . - . . . . . 
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By Darcy's L a w :  0 
Pb - - Pa - RIVl  

Pc = Pd + R2V2 

where P is the pressure at the a node. Since 
a 

- V3R3 - 'b - pc' 

the velocity in the U-Tube can be evaluated from 

V3R3 = 
P a - Pd - V I R l  - V2R2 ( B - 1 0 )  

where AP is the total pressure drop in the system. 

specific discharge through the U-Tube is 

The expression for the 

= A P / [ R ~  + ( P ~ T ~ ) ]  [ R ~ / ( P ~ T ~ )  + ( B - 1 2 )  
v3  

Setting the aquifer densities equal 

P 1  = P *  = P o  

and setting 

Ro = R + R2 1 

the discharge becomes 

Vg = A P / [ %  + R o ( ~ s ~ , > ] / ~ s ~ o )  

( B - 1 3 )  

( B - 1 4 )  

( B - 1 5 )  
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Q For the case where the U-Tube resistance is large relative to the aquifer 

resistance, the U-Tube flow satisfies 

v3 = A P / R ~  (B-16) 

The volumetric flow is essentially independent of the density in the U-Tube 

and is inversely proportional to the resistance (i.e., depends linearly on the 

permeability). The mass flow rate is: 

p3V3 = A W 3 / R 3  (B-17) 

and is proportional to the density. 

relative to the aquifer resistance, 

If the U-Tube resistance is negligible 

In this case, the volumetric flow does not depend on the U-Tube resistance 
(open-U-Tube condition) but on the density. The mass flow rate is given by: 

P 3 V 3  = A 4 3 ( P s P 0 ) / R 0 ( P s - P 3 )  (B-19) 
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APPENDIX C 

DESCRIPTION OF BOREHOL SCENARIO CODE 

The BORHOL code has  been developed t o  assist  i n  t h e  asessments  of 

s c e n a r i o s  invo lv ing  d i s s o l u t i o n  of sa l t  a t  t h e  r e p o s i t o r y  ho r i zon  (INTERA, 

1984d). 

A s imple  approach t o  t h e  problem i s  i l l u s t r a t e d  i n  F igu re  C-1. In  t h i s  

model, i t  i s  assumed t h a t  d i s s o l u t i o n  occur s  uniformly i n  a l l  s a l t  l a y e r s  

preceding  and i n c l u d i n g  t h e  r e p o s i t o r y  horizon.  Furthermore,  i t  i s  assumed 

t h a t  t h i s  d i s s o l u t i o n  s a t u r a t e s  t h e  flow. The d i s s o l u t i o n  ra te  a t  t h e  

r e p o s i t o r y  ho r i zon  i s  determined by t h e  amount of s a l t  i n  t h e  format ion ,  t h e  

borehole  f low ra te ,  t h e  s a l i n i t y  i n  t h e  incoming water, and t h e  s o l u b i l i t y  of 

t h e  s a l t .  

Th i s  c rude  model i gnores  many phenomena t h a t  can a f f e c t  t h e  d i s s o l u t i o n  

ra te  d rama t i ca l ly .  Some of t h e s e  a re  i l l u s t r a t e d  i n  t h e  s k e t c h  i n  

F igu re  C-2. For example, most of t h e  s a l t  d i s s o l u t i o n  w i l l  occur  i n  t h e  s a l t  

l a y e r s  i n i t i a l l y  encountered by t h e  flow. As t h e  water becomes s a t u r a t e d  

downstream, less d i s s o l u t i o n  occurs .  The d i s s o l u t i o n  a t  t h e  r e p o s i t o r y  

ho r i zon  may t h e r e f o r e  be s u b s t a n t i a l l y  reduced below t h e  crude estimate i n  t h e  

s imple  model. The e v a l u a t i o n  of t h e  waste exposure ra te  r e q u i r e s  c a l c u l a t i o n  

of t h e  degree of s a l t  s a t u r a t i o n  of t h e  water a t  t h e  r e p o s i t o r y  ho r i zon  and,  

t h e r e f o r e ,  a n  e x p l i c i t  e v a l u a t i o n  of t h e  d i s s o l u t i o n  occur r ing  a l l  a long  t h e  

borehole .  This e v a l u a t i o n  i s  complicated by t h e  f a c t  t h a t  s o l u b i l i t y  of s a l t  

i s  temperature-dependent s o  t h a t  t h e  n a t u r a l  geothermal  c o n d i t i o n s  and 

tempera ture  changes induced by t h e  r e p o s i t o r y  waste h e a t  must be t aken  i n t o  

account .  

Another e f f e c t  t h a t  must be  cons idered  i s  t h e  c r e e p  p rope r ty  of t h e  s a l t ,  

p a r t i c u l a r l y  i n  t h e  deep u n i t s .  The i n c r e a s e  i n  borehole  r a d i u s  due t o  s a l t  

d i s s o l u t i o n  may be  compensated by creep c l o s u r e  of t h e s e  s a l t  l a y e r s .  I f  t h e  

h o l e  c l o s e s  due t o  c reep ,  t h e  f low w i l l  dec rease  o r  cease a l t o g e t h e r ,  

e f f e c t i v e l y  c l o s i n g  o f f  release i n  t h i s  scenar io .  

I n  t h e  fo l lowing ,  t h e  model used t o  estimate t h e s e  e f f e c t s  and t o  

e v a l u a t e  rea l i s t ic  r e p o s i t o r y  d i s s o l u t i o n  and waste exposure rates i s  

d iscussed .  

* References to this appendix are listed in Chapter 8. 
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SALT UNITS+ + + + +  + + +  + + + + + + +  + I 

+ + + + + + + + +  
+ + + + + + + + + +  

+ + + + + + + + +  
+ + + + + + + + + +  

+ + + + + + + + +  
+ + + + + + + + + +  
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Figure C-1. Simple Model of Salt Dissolution by Borehole Flow Based on 
Uniform Dissolution Versus Depth 

- - -  - - -  - - - __ - _  - : -~ 
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C . l  FORMATION THERMAL ANALYSIS Q 
A two-step approach is  used t o  e v a l u a t e  t h e  temperature  environments. 

The rock temperatures  a re  es t imated  in a s imple,  semi-analyt ic  scheme t ak ing  

i n t o  account  both i n  s i t u  temperatures  and t h e  conduct ion of hea t  genera ted  by 

t h e  r a d i o a c t i v i t y  of t h e  emplaced waste. This scheme i s  descr ibed  here .  The 

f l u i d  tempera tures  are eva lua ted  from t h e  h e a t  t r a n s f e r  i n t o  t h e  f l u i d  from 

t h e  rock and convec t ive  t r a n s p o r t  of h e a t  w i th  t h e  borehole  flow. This l a t t e r  

e v a l u a t i o n  i s  descr ibed  i n  Sec t ion  (2.3. 

The p a r t i a l  d i f f e r e n t i a l  equat ion  governing t h e  t r a n s i e n t  conduct ion of 

h e a t  i n  t h e  rock i s  g iven  by: 

a Tr - V*kr*VTr = qr Prcpr  at: - 

where : 

p r  = d e n s i t y  of t he  rock 

= h e a t  c a p a c i t y  
CPr 
k, = thermal  conduc t iv i ty  t e n s o r  

q r  
= time-dependent h e a t  gene ra t ion  ra te  of t h e  waste 

S p a t i a l  and temperature  dependences of t h e  rock p r o p e r t i e s  a re  

neglected.  Also, € o r  temperatures  s u f f i c i e n t l y  f a r  from t h e  r e p o s i t o r y ,  t h e  

r e p o s i t o r y  h e a t  source  can be approximated as a t h i n ,  r e c t a n g u l a r  s h e e t .  

Descr ibing t h e  formation as  a semi - in f in i t e ,  homogeneous medium wi th  a f i x e d  

temperature  a t  t h e  s u r f a c e  of t h e  e a r t h  and f i n i t e  temperature  a t  i n f i n i t y ,  

t h e  s o l u t i o n  f o r  t h e  induced temperature  Tr is: 

2 
-1 

J 4 p - t '  1 J 4 p - t ' )  

-( z+d) 2 
-( 2-d) * [ exp - exp 
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where : 
Tro = ambient in situ temperature 

Q = areal heat generation rate of the repository 

xa,xb,ya,yb = boundaries of the repository 

d = depth of the repository below the surface 

$i = 
thermal diffusivity in the i direction 

In this expression xb - xa and yb - ya are the widths of the heat-generating 
region of the repository, d is the depth below the surface of the earth and Q 
is the areal thermal loading of the repository. 

defined ; 

The thermal diffusivity is 

kri/P.Cpr (C-3) 

The scheme approximates the geologic mass as a homogeneous medium with an 
effective, uniform conductivity. While the formation is composed of 

heterogeneous rock with thermal properties displaying some dependence on 

temperature, these variations do not produce large thermal effects relative to 

the in situ temperature. An exception that might be considered is salt which 
generally displays a strong decrease in thermal conductivity with 

temperature. However, for the elevated temperatures in the vicinity of the 
waste, the conductivity of salt is not significantly different from that of 

other rocks; and the linear representation for the repository thermal effects 
has been used in the past. It appears to be adequate for the bedded salt 
sites (Claiborne, et al, 1980). 

C.2 SALT CREEP 

The dissolution of salt along the borehole may be offset by salt creep. 
This process is evaluated by assuming a steady-state creep expression: 

m "C 
E = A exp [ 7/(Tr+ 273.2) ]  ( A r s )  

ss 
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where: 

E = s t e a d y - s t a t e  creep s t r a i n  rate 

A,y,mC = secondary creep l a w  parameters  

Aa = d e v i a t o r i c  stress. 

9s 

The c r e e p  ra te  can  be inco rpora t ed  i n t o  a r e p r e s e n t a t i o n  of t h e  format ion  and 

t h e  borehole  t o  de te rmine  t h e  creep c l o s u r e  rate. The approach h e r e ,  however, 

i s  t o  approximate t h e  bo reho le  as a h o l e  i n  a n  i n f i n i t e ,  homogeneous, 

i s o t r o p i c  medium. In t h i s  case, t h e  c l o s u r e  ra te  is: 

where : 

m 
= 4-5 A exp[ -y/(Tr + 273 .2 ) ]  (47 A a / m c )  C 

h C  

Q 

is t h e  f r a c t i o n a l  change i n  volume due on ly  t o  c reep .  

The d e v i a t o r i c  stress, ba, i n  t h i s  case i s  assumed t o  be  t h e  d i f f e r e n c e  

between t h e  i n  s i t u  l i t h o s t a t i c  stress and t h e  h y d r o s t a t i c  p r e s s u r e  i n  t h e  

' . rehole.  

: ; . 3  INTEGRATED MODEL FOR BOREHOLE TEMPERATURE, CREEP, AND SALT DISSOLUTION 

The c a l c u l a t i o n a l  model f o r  t h e  bo reho le  i s  sugges ted  i n  F igure  C-3. The 

bo reho le  i s  r e p r e s e n t e d  a s  a sequence of d i s c r e t e  cel ls .  The d i f f e r e n c e  

e q u a t i o n s  f o r  mass, energy ,  and momentum t r a n s p o r t  are so lved  f o r  each  cel l .  

These e q u a t i o n s  invo lve  coupl ings  between t h e  ce l l s  due t o  t r a n s p o r t  a c r o s s  

t h e  t o p  and bottom c e l l  f a c e s  and source  terms w i t h i n  each  ce l l  due, f o r  

example, t o  s a l t  d i s s o l u t i o n  w i t h i n  t h e  ce l l .  

d i f f e r e n c e  e q u a t i o n s  must be so lved .  

Therefore ,  a coupled set  o f ,  

A s i m p l i f i c a t i o n  i s  t o  t r ea t  t h e  t r a n s p o r t  a s  a one-dimensional 

problem. 

i s  f i n e  enough. 

F igure  C-4. 
t r a n s p o r t  are g i v e n  w i t h  s o u r c e  terms r e p r e s e n t i n g  t h e  l a te ra l  t r a n s f e r  of 

h e a t  and mass from t h e  walls of t h e  cell.  

This approximat ion  w i l l  be adequa te  i f  t h e  v e r t i c a l  d i s c r e t i z a t i o n  

The r e p r e s e n t a t i o n  f o r  a s i n g l e  ce l l  is  shown i n  

I n  each  c e l l ,  t h e  one-dimensional e q u a t i o n s  f o r  mass and energy  
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MASS IN: ENERGY IN: 

(pV)i - 1 ( PUV)~ - 1  
+ + + + + * +  + + + + + + +  

+ + + + + + +  
+ + + + + + +  

+ + + + + + +  
+ + + + + + +  

+ + + + + + +  
+ + + + + + +  

+ + + + + + +  
. +  + 4 + + + + 
+ + + + + + + +  

+ + + + + + + +  

+ + + + + + +  
+ + + + + + +  

+ + + + + + +  
+ + + + + + +  

+ + + + 4 + + -  
+ + + + + + +  

+ + + + + * +  
+ + + + + + +  

+ + + + + + + + +  
+ + + +  

+ + + + + r  

+ + + + + + + + +  
+ + + + + + + + + .  
+ + + + + r  

+ + + + + + + + +  
+ + + + + + + + + + + .  

+ + + + + + + + + + +  
+ + + + + + + + + + + .  

+ + + + + + + * + + +  
+ + + + + + * + + + + .  

+ + + + + + + + + + +  
+ + + + + + + + + + + *  

& + + + + + + + + + +  

CELL i 
Ai = mi2 + + + + + + + +  + A z +  + + + 4 + + 

+ + + + + + + +  

: I  i 
AREA: 

+ q % * + * + ?  

+ + + +  + q H + A + A + ?  
VOLUME V i=  ~ q '  AZ 
WALLAREA: A = 2 7 r r i ~ z  A+++++++++++++++ 

+ + + + + + +  
+ + + + + + * + + + +  

' + + + + + + + + + + +  
+ + + + + + + + * + +  

wi 
+ + + + + + + + + + +  
+ * + + * + + + + + +  
+ + + + + + + + + + +  
+ + + + + + + + + + +  i J + + + + + + + + + + +  

MASS OUT: ENERGY OUT: 
( Pv)i ( P U v)i 

Figure  C-4. Conceptual Model f o r  Borehole C e l l  

n 
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A second s i m p l i f i c a t i o n  i s  t o  assume t h a t  two d i f f e r e n t  types  of f low 

e x i s t  w i t h i n  t h e  borehole .  One i s  e x t e r n a l l y  induced by t h e  p o t e n t i o m e t r i c  

boundary c o n d i t i o n s  of t h e  t r a n s m i t t i n g  and r e c e i v i n g  a q u i f e r s .  The o t h e r  

( s e e  INTERA, 1984d) is i n t e r n a l l y  induced by s a l t  d i s s o l u t i o n ,  p r e c i p i t a t i o n ,  

and creep p r o c e s s e s ,  which a l t e r  t h e  volume a v a i l a b l e  f o r  f l u i d  f low w i t h i n  

t h e  borehole .  Time-dependent changes i n  h y d r a u l i c  c o n d u c t i v i t y  due t o  

s i l t a t i o n  of t h e  borehole  a re  n o t  considered.  

The governing e q u a t i o n s  are  then:  

a ( p f F / A )  + qM Conservat ion '  a t a 2  

f . - = - -  Mass 
(C-7) 

( C-8 1 Energy a 
Conservat ion a z  : at (PfUf) = - -  

where: 

p f  = f l u i d  d e n s i t y  

Uf = mass-specif ic  i n t e r n a l  energy of t h e  f l u i d  

F = t o t a l  vo lumetr ic  f low ra te  

A = c r o s s - s e c t i o n a l  area of t h e  borehole  

qM = d e n s i t y  source  term 

qH = h e a t  t r a n s f e r  from energy source  term. 

The i n t e r n a l  energy f o r  t h e  f l u i d  is d e f i n e d  by: 

- T C  dT 'f - I T  pf 
0 

Here : 

C = s p e c i f i c  h e a t  of t h e  f l u i d .  
Pf 

The d e n s i t y  source  term, qM, i n  Equat ion ((3-7) is a sum of c o n t r i b u t i o n s :  

(C-lo) 

where: 

= c o n t r i b u t i o n  from d i s s o l u t i o n  from t h e  wal l  of t h e  borehole  

= c o n t r i b u t i o n  from thermal expansion of t h e  f l u i d  
%D 
qYT 
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= contribution from precipitation of salt from the fluid under qMP 
super-saturated conditions 

qw = contribution from volumetric changes within the borehole. 

The formulation of each of these terms is presented in INTERA (1984d). 
Similarly, the energy source term, qH, in Equation (C-8) is also a sum of 

contributions: 

(c-11) 

where : 

qHK = rate of convective heat transfer from the walls of the 

borehole 
= rate of transfer of the internal energy of dissolved salt to ~ H D  

the fluid 
= rate  of transfer  of the in terna l  energy of the f l u i d  t o  the qHP 

precipitated salt 

qHv = rate of the energy concentration or dilution arising from 

changes in the borehole volume. 

The formulation of each of these terms is also presented in INTERA (1984d). 

For the case of mass conservation, the implicit finitedifference 

equation is: 

(c-12) 

where: 

At = time step 

6p  = change in density during time step 

In Equation (C-12) subscripts and superscripts denote the cell i, its 

interfaces i*1/2 with neighboring cells, and the time step n. 

parameter a must satisfy 

The 

0.5 < a < 1 (C-13) 
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APPENDIX D 

SALT DISSOLUTION AND BRINE PROPERTIES 

P r o p e r t i e s  of s a l t  d i s s o l u t i o n  and of b r i n e  are  needed t o  e v a l u a t e  s a l t  

d i s s o l u t i o n .  The l i t e r a t u r e  regard ing  t h e s e  p r o p e r t i e s  was reviewed by H. C. 

C la iborne  and R. J. Vedder ( s e e  Appendix G )  of Oak Ridge Na t iona l  Laboratory 

under c o n t r a c t  t o  t h e  Officer of Nuclear Waste I s o l a t i o n .  

s a l t  d i s s o l u t i o n  i s  adequate  f o r  t h e  purposes  of t h e  p r e s e n t  a n a l y s i s ;  and 

t h e i r  review of r e l e v a n t  sa l t  d i s s o l u t i o n  and b r i n e  p r o p e r t i e s  i s  g iven  below 

i n  Sec t ions  D.l and D.2 w i t h  only minor e d i t o r i a l  changes. Because t h e  work 

of Cla iborne  and Vedder i s  o r i e n t e d  t o  a n a l y s i s  of a s a l t  mine f looded  b e f o r e  

permanent c l o s u r e ,  t h e s e  s e c t i o n s  r e f l e c t  t h a t  focus ;  bu t  t h e  in fo rma t ion  

p resen ted  i s  r e l e v a n t  t o  t h e  case of p o s t c l o s u r e  s c e n a r i o  a n a l y s i s  as w e l l .  

Their  d e s c r i p t i o n  of 

D . l  SALT SOLUTIONING 

Water i n t r u s i o n  i n t o  a r a d i o a c t i v e  waste r e p o s i t o r y  i n  s a l t  w i l l  qu i ck ly  

become a s a t u r a t e d  b r i n e .  The k i n e t i c s  of s o l u t i o n i n g  w i l l  vary  depending on 

s a l t  s u r f a c e  area,  tempera ture ,  i n i t i a l  s a l t  c o n c e n t r a t i o n  of t h e  i n t r u d i n g  

water, and t r a n s p o r t  mechanisms of both s o l u t e  and s o l v e n t  t h a t  g i v e  r i se  t o  

a n  e f f e c t i v e  mass t r a n s f e r  c o e f f i c i e n t .  

Modeling t h e  k i n e t i c s  of salt  d i s s o l u t i o n  i n  a r a d i o a c t i v e  waste 

r e p o s i t o r y  du r ing  a f lood ing  i n c i d e n t  i s  a n  obvious ly  d i f f i c u l t  t a s k  because 

of t h e  number of parameters  involved and t h e i r  v a r i a t i o n s  w i t h  s p a t i a l  

p o s i t i o n ,  f low regime, and t i m e .  The e f f e c t i v e  mass t r a n s f e r  c o e f f i c i e n t  f o r  

t h e  s o l u t i o n i n g  p rocess  is  t h e  s i n g l e  most impor tan t  parameter  and t h e  most 

d i f f i c u l t  t o  a s c e r t a i n  f o r  t h e  v a r i a b l e  c o n d i t i o n s  of a f looded  r e p o s i t o r y .  

However, except  f o r  t h e  improbable case of l a r g e  f low rates  through a 

r e p o s i t o r y ,  i t  appea r s  t h a t  t h e  k i n e t i c s  of s o l u t i o n  mining in sa l t  have 

s i m i l a r i t y  t o  s o l u t i o n i n g  i n  a f looded r e p o s i t o r y  du r ing  t h e  i n i t i a l  o r  

i s o t h e r m a l  phase. The p o t e n t i a l  e r r o r s  involved  in us ing  models developed f o r  

s o l u t i o n  mining can be l a r g e  when used t o  estimate d i s s o l u t i o n  rates i n  s a l t  

r e p o s i t o r i e s .  Fo r tuna te ly ,  t h e  r e s u l t s  ob ta ined  show t h a t  t h e  t i m e  scale 

involved in t h e  approach t o  s a t u r a t i o n  of i n t r u d i n g  f r e s h  water i s  very  small 
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n 
compared t o  t h e  t i m e  scale involved  i n  a n a l y z i n g  t h e  consequences of 

f lood ing .  Consequently, a n  e r r o r  of a n  o r d e r  of magnitude o r  two in t h e  

e f f e c t i v e  mass t r a n s f e r  c o e f f i c i e n t  f o r  d i s s o l u t i o n  becomes unimportant.  

Two models having a p p l i c a t i o n  t o  t h e  p r e h e a t i n g  o r  i s o t h e r m a l  phase in 

t h e  s a t u r a t i o n  of i n t r u d i n g  water have been i d e n t i f i e d  in t h e  s t u d i e s  

p e r t a i n i n g  t o  t h e  s o l u t i o n  mining of s a l t .  These models d e s c r i b e  d i s s o l u t i o n  

by n a t u r a l  convec t ion  and by t u r b u l e n t  f o r c e d  convection. 

r e p o s i t o r y ,  a f t e r  a n  i n i t i a l  pe r iod ,  t h e  b r i n e  v e l o c i t i e s  w i l l  be s u f f i c i e n t l y  

low as t o  cause  t h e  boundary l a y e r  t o  c o n t r o l  t h e  d i s s o l u t i o n  rates. 

Turbulent  f o r c e d  convec t ion  and t h e  h i g h e r  d i s s o l u t i o n  rates i t  engenders 

would be  impor tan t  on ly  i n  l i m i t e d  r e g i o n s  around t h e  e n t r a n c e  and ex i t .  

Although a v a s t  l i t e r a t u r e  exis ts  on s o l u t i o n  mining and t h e  r e s u l t i n g  s a l t  

d i s s o l u t i o n  mechanisms, the s t u d i e s  by Durie and J e s s e n  (1964)* and by J e s s e n  

(1971) seem most a p p r o p r i a t e  t o  t h e  problem a t  hand, and t h e  fo l lowing  

d i s c u s s i o n  of the i s o t h e r m a l  phase i s  t a k e n  from the i r  p u b l i c a t i o n s ,  

p a r t i c u l a r l y  t h a t  by Durie and Jessen. 

In a f l o o d i n g  

D.1.1 N a t u r a l  Convection 

In t h e  s o l u t i o n  mining p rocess ,  n a t u r a l  convec t ion  e f f e c t s  are of prime 

importance because of t h e  g e n e r a l l y  small l i n e a l  v e l o c i t i e s  nea r  t h e  sal t -  

b r i n e  i n t e r f a c e .  S a l t  d i s s o l u t i o n  causes  t h e  b r i n e  d e n s i t y  n e a r  t h e  salt-  

b r i n e  i n t e r f a c e  t o  i n c r e a s e .  The more dense  b r i n e  s i n k s  and creates a l amina r  

boundary l a y e r  between t h e  s a l t  s u r f a c e  and t h e  bulk l i q u i d .  

boundary can e v e n t u a l l y  become t u r b u l e n t .  However, t h i s  t u rbu lence  and 

laminar  f low in t h e  bu lk  of t h e  l i q u i d  w i l l  n o t  s i g n i f i c a n t l y  change t h e  

d i s s o l u t i o n  rates u n l e s s  t h e  tu rbu lence  ex tends  throughout t h e  system (Durie 

and J e s s e n ,  1964; J e s s e n ,  1971). 

The laminar  

By analogy t o  h e a t  t r a n s f e r ,  Dur ie  and J e s s e n  (1964) gene ra t ed  a s o l u t i o n  

t o  t h e  boundary l a y e r  problem f o r  sa l t  d i s s o l u t i o n  from a smooth v e r t i c a l  

s u r f a c e  in a q u i e s c e n t  body of water. 

The e q u a t i o n  developed w a s  

n 

* References  f o r  t h i s  appendix are l i s t e d  i n  Chapter 8. 



20 1 

where: 

H = he igh t  of exposed s a l t  s u r f a c e ,  cm 

D = average  d i f f u s i o n  c o e f f i c i e n t  f o r  s a l t ,  cm / s e c  2 

C, = s a t u r a t i o n  concen t r a t ion ,  mol/L 

C = concen t r a t ion  i n  bulk f l u i d ,  mol/L 
2 1 ~ .  = average  k inemat ic  v i s c o s i t y ,  cm / s e c  

2 M = mass sa l t  f l u x  from surface, g/cm sec 

Experiments made t o  v e r i f y  Equation (D-1) produced d i s s o l u t i o n  rates which 

were much g r e a t e r  t h a n  those  p red ic t ed  by t h e  equat ion.  

i r r e g u l a r i t i e s  t h a t  developed on t h e  s a l t  su r face .  A n  empi r i ca l  f a c t o r ,  A, 

w a s  developed t h a t ,  when used as a m u l t i p l i e r  of Equat ion ( D - l ) ,  produced good 

agreement between experiment and theory  when 

This was due t o  

A = 1.7 + 0.26 (Cs-C). (D-2 )  

Stud ies  of i n c l i n e d  s u r f a c e s  by Durie (Saberian and Podio, 1976) showed 

t h e  mass f l u x  from a h o r i z o n t a l  surface t o  be h ighe r  than  t h a t  p red ic t ed  by 

t h e  e m p i r i c a l l y  c o r r e c t e d  Equation (D-1) when t h e  s a l t  o v e r l i e s  t h e  water 

( c e i l i n g )  and t o  approach ze ro  f o r  a h o r i z o n t a l  s u r f a c e  when t h e  water 

o v e r l i e s  t h e  s a l t  ( f l o o r ) .  The d i f f e r e n t  r a t e s  are due t o  t h e  vary ing  s a l t  

c o n c e n t r a t i o n  throughout  t h e  br ine .  

n e a r l y  s a t u r a t e d )  than  b r i n e  near  t h e  c e i l i n g .  

r e p o s i t o r y ,  t h e  b r i n e  w i l l  probably be n e a r l y  s a t u r a t e d  by t h e  t i m e  t h e  l i q u i d  

r i s e s  to the c e i l i n g  and the angle of inclination of the salt surface is of no 

consequence. In t h e  case of an  unbackf i l l ed  room, however, s a l t  d i s s o l u t i o n  

on t h e  f l o o r  could occur  by a d i f f e r e n t  d i f f u s i o n a l  process  wi th  t h e  r e l a t i v e  

importance of t h e  d i s s o l u t i o n  mechanisms be ing  a f u n c t i o n  of t h e  water f low 

r a t e .  

Brine near  t h e  f l o o r  is more dense (more 

In t h e  a p p l i c a t i o n  t o  a 

D . 1 . 2  Turbulent  Forced Convection 

As prev ious ly  mentioned, t u rbu lence  i n  t h e  boundary layer w i l l  no t  

g r e a t l y  a f f e c t  t h e  s a l t  d i s s o l u t i o n  provided t h a t  t h e  tu rbu lence  does no t  
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I 

Q extend  throughout  t h e  bulk  f l u i d .  For t h i s  l a t t e r  c o n d i t i o n ,  forced-  

convec t ion  t u r b u l e n c e  can d i s t o r t  t h e  boundary l a y e r  and g r e a t l y  i n c r e a s e  s a l t  

d i s s o l u t i o n  rates.  

Durie  and J e s s e n  (1964) performed experiments  on  d i s s o l u t i o n i n g  i n  t h e  

t u r b u l e n t  regime by pumping water  a t  h igh  r a t e s  through c i r c u l a r  h o l e s  i n  sal: 

b locks .  For t h e  range  of v e l o c i t i e s  and b lock  s i z e  t e s t e d ,  t h e y  found t h a t  

t h e  r a t e  of s a l t  removal was 10 t o  20 times t h a t  observed us ing  laminar  €low 

ra tes  i n  t h e  same geometr ies .  However, t h i s  experiment r e p r e s e n t s  confined 

f low i n  p i p e s  and i s  n o t  a good model f o r  so1u;ion mining o r  f l o w  through a 

r e p o s i t o r y .  J e s s e n  (1971) 1;ter s imula ted  a tcirbulenL free-convect ion system 

by mechanical s t i r r i n g  o€ b r i n e  of v a r i o u s  c o n c e n t r a t i o n s  i n  c o n t a c t  w i t h  

c r y s t a l l i n e  s a l t  oE v a r i o u s  shapes  and s i z e s .  The type  and shape of t h e  s a l t  

c r y s t a l s  had l i t t l e  e€€ec t  on t h e  r a t e  of s a l t  d i s s o l u t i o n .  An i n c r e a s e  of 

about  10% i n  t h e  d i s s o l u t i o n  r a t e  f o r  t h e  smaller crystals  occurred  i n  

comparison wi th  t h e  l a r g e r  ones.  

An approximate f i t  t o  t h e  d a t a  f o r  t h e  turbulent c o n d i t l o n s  of fhe  J e s s e n  

(1971) experiments  i s  g iven  by 

M = 3.9 x (cs-c>. ( D - 3 )  

Making a similar f € t  t o  t h e  Durie and J e s s e n  (1964) da ta  ? o r  f r e e  ,-onvection 

w i t h  no t u r b u l e n c e  r e s u l t s  i n  

The r a t i o  of Equation (9-3) t o  Equation (D-4) i s  o n l y  2.6. Since Equation 

( D - 3 )  i s  based on a s i m u l a t i o n  of t u r b u l e n t  c o n d i t i o n s  i n  s o l u t i o n  mining or  

f low through a r e p o s i t o r y ,  i t  would seem t h a t  a f a c t o r  of 3 i n c r e a s e  i s  inore 

l i k e l y  due t o  t u r b u l e n c e  r a t h e r  t h a n  a f a c t o r  of 10 o r  mors. 

D.2 PHYSICAL PROPERTIES FOR B K I N E  

The fo l lowing  e q u a t i o n s  c o r r e l a t i n g  b r i n e  p r o p e r t i e s  wi th  tempera ture  and 

c o n c e n t r a t i o n  a re  taken  from Cranwell ,  e t  a1 (1982b), where t h e  d e r i v a t i o n - o f  

t h e s e  e q u a t i o n s  i s  o u t l i n e d :  

n 
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W = 26.218 + 7.2 x T + 1.06 x T2 

p = 1.0 + 0.1877 SAT - 3.168 x (T-20) 

- 2.56 x IOe6 (T-20) 

T T' 
1 0 -  IJ = p 0  (1 .0  + 0.0219 *SAT) exp [ B  T,To 

(D-5) 

(D-6) 

where : 

W = salt concentration, percent NaCl 

T = temperature, C 
p = brine density, g/cm 

SAT = fraction of saturation; SAT * 0 for fresh water; and 

3 

SAT = 1 for saturated brine 

IJ = viscosity of brine, centipoise 
= 1.002 centipoise 

IJO 

B = 1869.2 K 

T' = brine temperature, K 
= 273.2 K. To 

The following equations for rock salt (halite) density and heat capacity 
as a function of temperature are taken from Gevantman (1981): 

p = 2.2372 - 2.543 ( T  + 273.2) (D-8)  

(D-9) Cp = 47.495 - 0.01356 (T + 273.2) 

where Cp = heat capacity, J/mol U. 
The tabulated values in Gevantman (1981) for the thermal conductivity of 

0 

halite were fitted to within +3X for temperatures between 20 and 250 C with 

the following equation: 
- 

-1.091 k = 3310 (T + 273) (D-10) 

where k = thermal conductivity, W/mK. 
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D . 3  DISSOLUTION OF SALT FROM A NONVERTICAL SURFACE Q 
The information in Section D.l, by Claiborne and Vedder (see Appendix G) 

alludes to the dependence on the angle from the vertical of the salt 

surface. This dependence was reviewed by Saberian and Podio (1976). They 

concluded that hrie's analysis (Durie, 1963) adequately describes the effect 
of inclined surfaces overlain by water. The dependence given by hrie is: 

M = Mo(coS0) '/2 (D-11) 

where: 

M = mass flux from surface 
Mo = f lux  from vertical surface 

0 = angle with vertical. 

D.4 CONCENTRATIVE PROPERTY OF SODIUM CHLORIDE 

The displacement of dissolved salt in water is different than solid salt 

because of the ionic nature of the solution. The variation can affect the 

concentration of the fluid in the borehole as the salt i s  dissolved. The 

dependence can be determined from standard tables for the concentrative 
properties of sodium chloride (NaC1) (Weast, 1973). The dependence is given 

by : 

rl = 0.628 + 0.206 SAT - 0.0523 SAT2 (D-12) 

Where 0 is the reduction in displacement and SAT is the salinity of the brine. 
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APPENDIX E 

M I N I M U M  CONSEQUENTIAL BRINE VOLUMES FOR SALT REPOSITORIES 

T h i s  appendix p r e s e n t s  the:  r a d i o n u c l i d e  releases f o r  t h e  s a t u r a t e d  volumes 

p r e d i c t e d  f o r  t h e  r e p o s i t o r y .  These estimates a re  compared w i t h  the 

r e g u l a t o r y  c r i te r ia  f o r  releases t o  e v a l u a t e  r e p o s i t o r y  performance. 

i n v e r s e  problem i s  t o  use  t h e s e  c r i t e r i a  t o  e v a l u a t e  t h e  volume of s a t u r a t e d  

b r i n e  i n  t h e  r e p o s i t o r y  t h a t  p r e c i s e l y  meets t h e s e  s t anda rds .  These volumes 

f o r  t h e  r a d i o n u c l i d e s  are g iven  i n  Tables  E-1 and E-2. 

The 

Table  E-1 g i v e s  t h e  volumes needed t o  exceed a f r a c t F o n a 1  release rate of 

The minimum volume l.E-5 yr-' based on t h e  i n v e n t o r i e s  i n  Tables 3-3 and 3 - 4 .  

i n  t h i s  case i s  abou t  1.OE+4 m . 3 

Tab le  E-2 g i v e s  t h e  volumes t h a t  cou ld  d i s s o l v e  enough r a d i o n u c l i d e s  t o  

exceed t h e  EPA s t anda rds .  This e v a l u a t i o n  has  been based on t h e  s t a n d a r d s  f o r  

l i k e l y  release which may n o t  be a p p l i c a b l e  t o  t h e  scena r io .  I f  t h e  a p p l i c a b l e  

s t a n d a r d  i s  t h a t  f o r  u n l i k e l y  release, t h e  volume of water i n  t h e  r e p o s i t o r y  

would have t o  be  a n  o r d e r  of magnitude l a r g e r  t h a n  t h a t  i n  Table  E-2 b e f o r e  

t h e  release s t a n d a r d  could  p o s s i b l y  be exceeded. 
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Table E-1. Minimum Brine Volumes to Satisfy l.E-5 per Year Fractional 

Release Criterion 

Radionuclide 

3 ~ r  
9 3mm 

'Tc 

239Np 

240h 
239Pu 

242Pu 
241h 

243h 

9,800 

9,800 

9,800 

9,800 

20,200 

20,200 

20,200 

17,200 

10,400 

n 
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Table  E-2. Minimum Br ine  Volumes t o  S a t i s f y  EPA C r i t e r i o n  f o r  Release 

t o  Access ib le  Environment 

~~~ ~~~ ~~ 

Radionucl ide  EPA Release L i m i t  S o l u b i l i t y  Br ine  Volume 

(C i>  (kg) ( P P d  (m3> 

239, 

4oPu 
241h 

7.2E+3 120 9.OE-2 

7.2E+3 32 3.63-2 

7.2E+2 0.21 4.8E+3 
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and is used to select the implicit scheme. For example, a = 0.5 corresponds 

to a Crank-Nicholson approach, and a = 1 gives the classical implicit 

scheme. The superscript n+a implies evaluation at time level t *At. 
The difference equation for the temperature follows analogously. 

the source terms qM and qH, and the internally induced flow components of P 
depend nonlinearly upon density and temperature, an iteration (m) must be 

performed for each time step. Convergence is defined for each cell by: 

n 
Since 

(C-14) 

where C is a prescribed tolerance. 

temperature and volume of the borehole cells. 

Similarly, convergence is tested for the 

When the governing equations are solved at a given time, the borehole 

growth rate can be calculated from the contributions for dissolution and 

creep: 

1 dV 
A V  

-- = v dt 

Here the fractional rate of volume change is: 

(C-15) 

(C-16)  

where : 
= fractional change in volume due to dissolution M*aw/P s 

from walls 

M f a /p = fractional change in volume due to precipitation P P W  s 
on walls 

The finite-difference equation in this case is: 

where : 

(C-17) 

6V = change in volume occurring during time-step At. 
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EVALUATION OF PARAMETERS INVOLVED IN A FLOODED RADIOACTIVE WASTE 
REPOSITORY IN SALT 

H. C. Claiborne 
R. J. Vedder 

ABSTRACT 

The primary objective is to make a preliminary report on the 
evaluation of the parameters that are involved in analyzing the 
consequences of an intrusion of water into a radioactive waste 
repository. 

It was readily apparent that a repository in salt represented a 
more difficult analysis task than in other geologic media because of 
salt dissolutioning and mine closure resulting from salt creep. 
Since the parameters were frequently interrelated for these complex 
mechanisms, the parameter evaluation was broadened to include exam- 
ination of potential models for these phenomena that are peculiar to 
salt . 

In this report a discussion of the potential models and 
required parameters is given for salt dissolutioning, crushed salt 
permeability as a function of time, disposal room closure, and waste 
form leaching. Some recommendations are made for application to a 
flooded repository in salt and some recommended equations for physi- 
cal properties as functions of temperature and salt concentration 
are given. 

1.0 INTRODUCTION 

The objective of the project was to make available information needed in 

developing the methodology and appropriate computer codes for analyzing the 

effects of water intrusion into a radioactive waste repository which is appli- 

cable for salt and other geologic media. 

As part of this project, the parameters involved required evaluation with 

respect to their availability and uncertainties. The primary objective here 

is to make a preliminary report on the parameter evaluation. 

It was readily apparent that a repository in salt represented a more 

difficult analysis task than in other geologic media because of salt dissolu- 

tioning and mine closure resulting from salt creep. Since the parameters were 
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frequently interrelated for these complex mechanisms, the parameter evaluation 

was broadened to include examination of potential models for these phenomena 

that are peculiar to salt. 
In the following sections of this report a discussion of the potential 

models and required parameters is given for salt dissolutioning, crushed salt 

permeability as a function of time, disposal room closure, and waste form 

leaching. This is followed by recommended equations for physical properties 

as functions of temperature and salt concentration. 

2.0 SALT SOLUTIONING 

Water intruding intd a radioactive waste repository in salt will quickly 
become a saturated brine. The kinetics of solutioning will vary depending on 

salt surface area, temperature, initial salt concentration of the intruding 

water, and transport mechanisms of both solute and solvent that give rise to 

an effective mass transfer coefficient. In any event it seems that the solu- 

tioning process can be divided into two phases that are fairly distinguishable 

even though some flow conditions can blur the boundary. 

heating phase, dissolution of the salt would occur at essentially the tempera- 
ture of the intruding water (probably in the range of 15 to 30"C). 
dissolution process is endothermic but the heat transferred into the solution 

will tend to maintain an isothermal state in the initial phase. The second 

phase will occur when the temperature of the essentially saturated brine 

begins to rise as heat is transferred from the surrounding rock salt. Salt 

will preferentially dissolve from the warm surfaces and be transported by 

natural convection to cooler regions of the repository where it will precipi- 

tate out. 
in the cooler regions will continue until the brine reaches uniform 

temperature. 

In the first or pre- 

The 

This process of dissolution in the warm regions and precipitation 

Modeling the kinetics of salt dissolution in a radioactive waste 

repository during a flooding incident is an obviously difficult task because 

of the number of parameters involved and their variations with spatial posi- 

tion, flow regime, and time. The effectiveness mass transfer coefficient for 

the solutioning process is the single most important parameter and the most 
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difficult to ascertain for the variable conditions of a flooded repository. 

However, except for the improbable case of large flow rates through a reposi- 

tory, it appears that the kinetics of solution mining in salt have similarity 

to solutioning in a flooded repository during the initial or isothermal phase. 

The potential errors involved in using models developed for solution mining 

can be large when used to estimate dissolution ranges in salt repositories. 

Fortunately, the results obtained show that the time scale involved in the 

approach to saturation of intruding fresh water is very small compared to the 

time scale involved in analyzing the consequences of flooding. Consequently, 

an order of magnitude or two error in the effective mass transfer coefficient 

€or  dissolution becomes unimportant,. 

When the saturated brine begins to heat up, additional salt will dissolve 

and mass transport by thermal convection will occur. This heat up phase has 

been examined by Jung and Delislel and their conclusions and results are 
applied here. 

In the following sections, the models developed f o r  both the isothermal 

and heat up salt dissolution phases are discussed and the application to a 

flooded repository is made. 

2.1 Pre-heating Phase 

Two models having application to the pre-heating o r  isothermal dissolu- 
tion phase in the saturation of intruding water have been identified in the 

studies pertaining to the solution mining of salt. These models describe dis- 

solution by natural convection and by turbulent forced convection. In a 

flooding repository, after an initial period, the brine velocities will be 

sufficiently low as to cause the boundary layer to control the dissolution 
rates. Turbulent forced convection and the higher dissolution rates it 

engenders would be important only in limited regions around the entrance and 

exit. Although a vast literature exists on solution mining and the resulting 

salt dissolution mechanisms, 

seem most appropriate to the 

sion of the isothermal phase 

that by Durie and Jessen. 

the studies by Durie and Jessen2 and by Jessen3 

problem being examined and the following discus- 

is taken from their publications, particularly 
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2.1.1 Natural convection 

In the solution mining process, natural convection effects are of prime 

importance because of the generally small lineal velocities near the salt- 

brine interface. Salt dissolution causes the brine density near the salt- 

brine interface to increase. The more dense brine sinks and creates a laminar 

boundary layer between the salt surface and the bulk liquid. The laminar 

boundary can eventually become turbulent. However, this turbulence and lam- 

inar flow in the bulk of the liquid will not significantly change the dis- 

solution rates unless the turbulence extends throughout the system.1,2 

By analogy to heat transfer, Durie and Jessen2 generated a solution to 

the boundary layer problem for salt dissolution from a smooth vertical surface 

in a quiescent body of water. 
The equation developed was 

where 

H = height of exposed salt surface, cm 

D = average diffusion coefficient for salt, cm2/sec 

C, = saturation concentration, mol/L 

C = concentration in bulk fluid, mol/L 

u = average kinematic viscosity, cm2/sec 

M = mass salt flux from surface, g/cm2 sec 

Experiments made to verify Eq. (1) produced dissolution rates which were 
much greater than those predicted by the equation. This was due to irregular- 

ities that developed on the salt surface. An empirical factor, A ,  was devel- 

oped that when used as a multiplier of Eq. (1) produced good agreement between 

experiment and theory when 

Later studies of inclined surfaces by Jessen3 showed the mass flux from 

a horizontal surface to be higher than that predicted by the empirically cor- 

rected Eq. (1) when the salt overlies the water (ceiling) and approaches zero 
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for a horizontal surface when the water overlies the salt (floor). The 
different rates are due to the varying salt concentration throughout the 

brine. Brine near the floor is more dense (more nearly saturated) than brine 

near the ceiling. In the application to a repository, the brine will probably 

be nearly saturated by the time the liquid rises to the ceiling and the angle 

inclination of the salt surface is of no consequence. In the case of an 

unbackfilled room, however, salt dissolution on the f l o o r  could occur by a 

different diffusional process with the relative importance of the dissolution 

mechanisms being a function of the water flow rate. This is discussed in more 

detail in Sect. 2.1.3. 

2.1.2 Turbulent forced convection 

As previously mentioned, turbulence in the boundary layer will not 

greatly affect the salt dissolution provided that the turbulence does not 

extend throughout the bulk fluid. For this latter condition, forced- 

convection turbulence will distort the boundary layer and greatly increase 

salt dissolution rates. 

Durie and Jessen2 performed experiments on dissolutioning in the 

turbulent regime by pumping water at high rates through circular holes in salt 

blocks. For the range of velocities and block size tested, they found that 

rate of salt removal was 10 to 20 times that observed using laminar flow rates 
in the same geometries. This experiment represented confined flow in pipes 

and is not a good model € o r  solution mining o r  flow through a repository. 

Jessen3 later simulated a turbulent free-convection system by mechanical 

stirring of brine of various concentrations in contact with crystalline salt 

of vari,ous shapes and sizes. The type and shape of the salt crystals had 

little effect on the rate of salt dissolution. An increase of about 10% in 

the dissolution rate for the smaller crystals occurred in comparison with thc 

larger ones. 
An approximate fit to the data for the turbulent conditions of the Jessen 

experiments is given by 

M = 3.9 x 10-4 (cs-c)  ( 3 )  



Making a similar fit to the Durie and Jessen data for free convection with no 

turbulence results in 

The ratio of E q .  ( 3 )  to E q .  (4) is only 2.6. Since E q .  ( 3 )  is based on a 
better simulation of turbulent conditions in solution mining or flow through a 

repository, it would seem that a factor of 3 increase is more likely due to 

turbulence rather than a factor of 10 or more. 

2.1.3 Salt dissolution in a repository not backfilled 
with crushed salt 

Flooding of a repository during the operational period o r  in some 

retrievable unbackfilled mode does not seem to be a credible possibility 

because of site selection criteria and mine maintenance procedures. If the 
unlikely event does occur, the most important consideration would be potential 

exposure of the waste canisters. Another consideration is the speed of 

saturation of the inflowing water. 
As previously mentioned in Sect. 2.1.1, the work by Jessen3 demonstrated 

that different mechanisms of dissolution can exist at the vertical and 

horizontal surfaces. 

The horizontal surface of salt overlying the solution (repository ceil- 

ing) experiences the greatest dissolution rate because of cellular flow, a 

free-convection phenomenon that occurs because the denser solution at the 

salt-water interface falls through the less dense saline solution below and is 

constantly replaced by the latter. This develops a free-convection flow field 

with a cellular structure. The boundary layer theory for vertical walls as 

exemplified by E q .  (1) also involves free convection due to density differ- 

ences, but the boundary acts as a restriction to the convection mechanism that 

limits the dissolution rate to lower values. 

The dissolution rate of a horizontal salt surface underlying the solution 

(repository floor) is substantially less than that of the other surfaces 

because protection is provided by a layer of nearly saturated brine, and the 
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dissolution process becomes diffusion limited. In an actual repository 
additional protection to the floor would be provided by insoluble residues. 

I In addition to the work by Durie and Jessen,2 Jung and Delislel also 

found that low dissolution rates existed at the floor of a repository model 

even with a net flow through the room. 

A simple calculation shows that a disposal room filled with fresh water 

would require dissolution of  about 0.7 m from the walls, ceiling, and floor to 

become saturated if uniform dissolution from all surfaces were assumed. In 

view of  the previous discussion, considerably less salt removal can be 

expected from the floor. Even if dissolution occurred on the floor alone, 

only 2.8 m would be dissolved. Consequently, it seems incredible that a waste 

canister could be exposed in a flooded repository due to dissolutioning, bar- 

ring an improbably large and continuous flow through a repository disposal 

room. 
A conservative estimate of the time required for intruding water to reach 

saturation can be made by applying Eq. (1) to a typical repository room that 
is completely filled with water at 30°C. Any turbulence effects or enhanced 

dissolution rates on the ceiling would decrease the saturation time. In 

applying Eq. (1) a stepwise procedure was used in which i t  was assumed that 

the salt dissolved in a previous time step was completely mixed in determining 

the physical properties used in the next time step. The results shown in 

Fig. 1 indicate that the water will be essentially saturated within two weeks 
after filling a disposal room. Although parameters could be quite different 

than those that were used and the model is somewhat crude, it seems safe to 

conclude that saturation would occur in a matter of days and at most, a few 

weeks after complete flooding. 

2.1.4 Crushed salt backfilling 

A sealed repository in salt will very probably contain disposal rooms 

that are backfilled with crushed salt. The crushed salt will provide a 
surface area of about 1.000 to 1.500 times greater than that of the repository 

walls, ceiling, and floor. Consequently, intruding water will preferentially 

dissolve the crushed salt and will quickly become saturated. Assuming that 

the mass transfer rate can be estimated by Eq. ( 4 ) ,  simp12 calculations for a 
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reasonable range of fresh water flow rates show that the water wil 

saturated within a few meters of contacting the backfill. 

be 

When a room becomes completely flooded and no further flow occurs, the 

height of the bed of crushed salt that remains will depend on the salt concen- 

tration of the intruding water, final temperature, and void fraction in the 

crushed salt. Based on material balances for the salt and water, the follow- 
ing equation (see appendix Derivation 1) can be used to estimate the height 

of the remaining bed of salt: 

where 
h = height of remaining crushed salt, m 

H = height of room, m 

p = density of saturated solution or solid salt, g/cm3 

f = fraction of solid salt in crushed salt 

Fsi Fwf 

Fw i - Fsf J, = '  

F = wt. fraction of salt or water in solution 

and s.:bscript s 
s refers to solid salt, 
i refers to initial condition, and 
f refers to final condition and saturated solution, 

w refers to water. 

2.2 Heatup phase 

It is necessary to examine this only.if flooding occurs while the package 
is still emitting heat during the first couple of centuries. 

In the flooding of a salt mine, saturation would be complete shortly 

after flooding and equilibrium would prevail. However, in a waste repository, 

heating of the saturated brine by the waste packages would cause additional 
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salt to enter into solution. This aspect of salt dissolution was thoroughly 

examined by Jung and Delislel for an unbackfilled room and their results are 

utilized in this report. They identified two distinct processes: solubility 

increase due to the temperature rise and salt transport as the result of 

convective heat transport. 

The additional salt dissolution from repository surfaces or salt backfill 

due to temperature rise of the solution is of little significance since the 

solubility of salt is not a sensitive function of the temperature. The salt 

transport mechanisms can be important, however, and two types were identified 

and examined by Jung and Delisle. One involves any net flow of brine that 

will cause dissolved salt to be transported from the heated regions to the 

cooler regions of the repository where salt will be precipitated. 

transport mechanism involves the concept of diffusion of salt from a solid 
surface across a stagnant temperature and diffusion boundary layer into a per- 

fectly mixed (infinite thermal conductivity and diffusion coefficient) body of 

saturated brine. The transport of salt across the boundary layers was treated 

similarly to migration of brine inclusions up a thermal gradient in rock salt, 

which was first analyzed by Anthony and Cline4 and thoroughly examined by 

Jenks and Claib~rne.~ 

the hot side of the brine inclusion, undergoes both concentration gradient and 

thermal diffusion through the brine, and precipitates on the cold side. In 

the development by Jung and Delislel the salt surface of the cold side is con- 

sidered replaced by the perfectly mixed body of saturated brine, and salt dif- 

fuses across the stagnant boundary layers between the salt surface and the 

edge of the bulk fluid in accordance with the Anthony and Cline treatment. 
The following equation was derived (see appendix Derivation 2) that relates 

the mass flux to the heat flux from the salt surface. 

The other 

During this migration phenomenon salt is dissolved on 

where 
M = mass flux of salt, gIcm2 sec 

q = heat flux, W/cm2 

D = diffusion coefficient, crn2/sec 

n 
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k = thermal conductivity, W/cm K 
dC/dt = slope of solubility curve, g/cm2 K 

s = Soret coefficient, ~ - 1  

cb = salt concentration in bulk solution, g/cm3 

Le = Lewis number 

n = empirical parameter, 0.33 - -  > n < 0.42 

The exact value of n is not important. Jung and Delisle showed that the 

value of F/q is increased by only 5% when n = 0.42 as compared to n = 0.33. 

Equation ( 6 )  can be coupled with heat transfer calculations to produce 

estimates of the change in storage room dimensions with time during the heatup 

phase for both nonflow and very slow flow conditions. 

3.0 CRUSHED SALT PERMEABILITY AS A FUNCTION OF TIME 

Crushed salt in bulk lots will slowly reconsolidate by plastic deforma- 

tion and recrystallization and consequently lower the permeability to fluid 

transport. This rate of permeability decrease is a function of stress, tem- 

perature, particle size distribution, void fraction, and the amount of water 

present. All of the variables affecting permeability will change with time 

under the conditions of a flooded repository. In the following sections each 

of these parameters and the empirical equation developed from experimental 

data by Shor et a1.6 that correlates the permeability as a function of these 
parameters are examined with respect to application in a radioactive waste 

repository. 

3.1 Stress 

It is well-known that any column of crushed material consisting of random 
size particles will decrease in height to an irreducible minimum void fraction 

when tamped or vibrated because of rearrangement of the particles into their 

most stable configuration. In the case of salt which undergoes plastic flow 

when stressed, it is theoretically possible to squeeze out all fluids when 

sufficient stress is supplied and create a solid mass of salt with essentially 

no void space. 
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In a flooded repository the stress on the salt would eventually equal the 

lithostatic pressure because of mine closure due to salt creep. However, as 

long as the mine roof is not in contact with the remaining crushed salt, the 

crushed salt would not be stressed significantly since the liquid above and 

within the salt bed will transmit the stress uniformly in all directions. 

When the roof of the disposal room contacts the salt bed, the stress will 

start increasing until lithostatic pressure is obtained, which may take 

hundreds to thousands of years. This rate of mine closure and stress increase 

depends on mine depth, temperature, creep properties of the rock salt, extrac- 

tion ratio €or the mine, and net liquid exclusion rate after contact of the 

roof with the salt bed. 

3 . 2  Temperature 

Temperature affects the plasticity and creep rate of salt. After 

flooding occurs, the crushed-salt bed will be close to the temperature of the 

intruding water if the flooding is rapid. 
crushed salt becomes a function of the flooding rate. In either case the tem- 

perature will begin to rise (assuming flooding within the first few hundred 

years) by heat transfer from the boundaries of the disposal room. 

the temperature will begin to decrease. 

Otherwise the temperature of the 

Eventually 

3 . 3  Particle Size Distribution and Void Fraction 

The particle size distribution will affect the void fraction and rate of 

dissolutioning when flooding occurs. The smaller particles have a larger sur- 

face area per unit weight or per unit volume when the void fraction is the 

same as the larger particles. Consequently, flooding with fresh water will 
preferentially dissolve the finer particles and change the initial particle 
size distribution. Dissolution of the finer particles will increase the void 

fraction and the average particle size. After the mine is completely flooded, 

the particle size distribution could still change because of solutioning/crys- 

tallization caused by thermal gradients. This latter phenomenon would 

increase the void fraction and permeability in the hotter region and decrease n 
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the void fraction and permeability (or even cause complete plugging) in the 

cooler region. 

3 . 4  Amount of Water Present 

Any fresh water intruding into disposal rooms backfilled with salt will 

saturate within days to weeks. Consequently, any significant consolidation of  

the crushed salt (other than volume reduction by solutioning) would only occur 

when the liquid phase is saturated brine. A continuous flow of water through 

a repository as the result of a sink that develops will, of course, eventually 

dissolve all the crushed salt. 

3.5 Equation for Permeability 

Shor et a1.6 developed an empirical equation that relates the 

permeability at time t to the average particle size and void fraction existing 

at time t. 
The equation is: 

In ( u / z 2 )  = 2 1  + 6 In 5 (7) 

where 
p = permeability, Darcy 

z = average particle size, cm 

B = void fraction at time t 
The following semi-empirical equation based on a sintering theory was 

fitted to the experimental data to relate the void fraction, B at any time, to 
the stress, temperature, initial average particle size, time, and the initial 

void fraction. 

Bt 
B = BO - (A/B) Ln (1  + 7) 

Z 
(8) 
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n 

where 

Bo = initial void fraction 

t = time, minutes 

z = initial average particle size, cm 

A = fit parameter to data 

B = fit parameter to data 

The experimental values f o r  the fit parameters along with the estimated 

standard deviations were: 

1 1 A = 10-’[(8.63 f 0.59) + (0.0393 r 0.0029)aI exp[D (7 - 29311 

1 1 B = 10-7(3.18 k 0.23) exp[D (7 - -11 293 

where 

o = average stress, bar 
T = absolute temperature, K 
D = -5130 k 320 

3.6 Effects of Fit Constant Deviations and Correlating Parameters 

(9) 

(10) 

The potential uncertainties in calculated permeabilities as a function of 

time based on the use of the higher and lower limits to the fit constants are 

demonstrated in Fig. 2 for the probable range of stress from zero at mine 

closure to the lithostatic of 14.4 MPa (140 bar), which is to be expected at a 
depth of 610 m (2,000 f t ) .  

of 3 f o r  all stresses. But at 1,000 y this increases to a factor of 5 for 

zero stress to 3 orders of magnitude for the lithostatic stress. 

At 100 y, the uncertainty s p r e a d  is around a factor 

The effects from variation of two other parameters, initial void fraction 

and average particle size, that will be difficult to predict after a flooding 

incident are illustrated in Figs. 3 and 4, respectively. 

The figures demonstrate that large changes in the permeability with 

relatively small changes in the parameters can occur in some expected range; 

of the parameters. This follows from the form of E q .  (8). A s  the second term 

on the right-hand side of Eq. (8) approaches the initial void fraction ( B O )  n 
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regardless of which parameter is driving the term, the In t3 of Eq. (7) 

approaches minus infinity with ever increasing steepness causing a concomitant 

rapid decrease in the permeability as it approaches zero. Consequently, in 
this region an error of a few percent in the estimated initial void fraction 

can create an error of several orders of magnitude in the calculated 

permeability. 

3.7 Extrapolation of Laboratory Data to a Repository 

The laboratory study covered the probable range that will occur in a 

repository for the following parameters: temperature ( 2 0  to 85"C), stress ( 2 0  

to 155 bars), and initial void fraction (0.25 to 0 . 4 ) .  The greatest extrapo- 

lation will be in time and to a smaller extent, the average particle size. 
Most of the experimental run time was for around seven days, a few €or a 

couple of weeks, and one for almost five months. 

particle size was 0.01 to 0.034 cm. 

The range of the average 

Evaluation of the consequences of a flooded repository scenario will 

involve hundreds to thousands of years which is an extreme extrapolation of 

the experimental time. However, it seems probable that a calculated permea- 

bility based on the extrapolation in time of the laboratory data would be 

conservative (high) because of additional creep of the salt that would not be 

included in the experimental data. 
It would be desirable to backfill with very finely ground salt from the 

viewpoint of prompting rapid consolidation of the salt. 

to an average particle size in the range of 0.01 to 0.03 cm will involve 

higher costs than for normal milling practice. It seems possible that the 

average particle size used in backfilling could exceed 0.03 cm significantly. 

The most common practice7 in the rock salt industry is to grind the salt in 

three steps to reduce excessive fines and produce material with a particle 

size of <1/2 in. A typical sieve analysis indicates an average particle size 

of 0.5 cm with the very fine material or dust removed. The ground salt is 

usually separated into four commercial size classifications with the finest 

designated FC. The typical sieve analysis shows that the FC cut is about 30% 

of the production with an average particle size of 0.11 cm. 

Milling the rock salt 



2 6 1  

The minimum void fraction and permeability obtained in the experiments 

were 0.06 and 500 pD respectively. Using Eq. (8) to extrapolate significantly 

below these values is probably not justified. 

In addition, these experiments were made under isothermal conditions with 

CP sodium chloride. Thermal gradients will exist in a repository and the tem- 

perature will change with time, which will cause solutioningfprecipitation 

reactions. The impurities present in rock salt, particularly along the grain 

boundaries, could also significantly affect the consolidation rate. 

3 . 8  Additional Experiments 

It is quite possible that conservative use of Eq. (8) in analyzing the 
behavior of a flooded repository i s  adequate for all reasonable scenarios. 

However, in view of the emphasis being placed on developing a data base with 

minimized uncertainties, additional experimental data will be necessary to 

achieve such a goal. 
Some permeability measurements covering the range of Eq. ( 8 )  should be 

repeated using crushed halite (both bedded and domal) with varying particle 

size distributions. Preferably, the samples should come from the commercial 

production of the various size classifications with and without the addition 

of the rejected fines. If possible, the experiments should be extended into 

lower ranges of the final void fraction and permeability. 
A set of sample "beaker experiments" cou ld  be made to determine the 

probable void fraction and particle size distribution after a flooding 
incident. Samples of various particle size distributions of crushed halite 

from several sources cou,ld be placed in large beakers and sufficient fresh 

water added to produce the same waterlcrushed salt ratio to be expected in a 

repository. After standing long enough to come to equilibrium and saturate 

the water, a wet sieve analysis could be made. 

4.0 DISPOSAL ROOM CLOSURE 

All deep cavities in rocks are subjected to pressures that produce a 

resultant closure force. Hard rocks can resist these forces but salt, being a 
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viscous material, creeps under stress. Consequently, the disposal rooms of a 

salt repository will slowly close and squeeze out brine until the crushed salt 

backfill consolidates into a solid mass or the brine exit becomes plugged. 

Room closure calculations are complex and are of a very nonlinear type, 
which makes extrapolation of existing information a dubious procedure for the 

flooded repository conditions. In addition, such calculations are very 

specific for the repository design and the local geology. 

constitutive law, which governs the creep rate, can be quite different for 

different salt formations. 

For example, the 

The calculations made in the past for room closure have been for open 

rooms. In a flooded repository, room closure would be resisted by the hydro- 

static head and even greater resistance would be encountered when the crushed 

salt is compressed into an increasingly smaller volume. 
Although calculations are not available f o r  room closures €or flooded 

mine conditions and prospective thermal loadings for a commercial waste repos- 

itory, a parametric study by Wagner8 involving thermo/viscoelastic analyses of 

a room and pillar configuration can be used to obtain a rough and conservative 

(with respect to squeezing out brine) estimate for closure rates for unback- 

filled rooms. Table 1 lists the results of the study. The most sensitive 
parameter with respect to room deformation was the repository depth. 

increase in depth of 500 ft increased the roof-to-floor closure by approxi- 

mately a factor of two. 

ship between the temperature fields, and the plots of the deformations versus 

thermal loading appeared linear. It must be emphasized that the total roof- 
to-floor closure (roof sag plus floor heave) at the centerline represents a 

maximum value. The walls will also buckle in and contribute to the closure. 

Consequently, the proper measure of room closure for liquid displacement pur- 

poses is the volume change, which takes into consideration the curvature of 

the boundaries of the deformed walls, floor, and roof. The report by Wagner 

does show vector displacements of the walls ( o r  ribs), roof, and floor from 

which it is theoretically possible to estimate the volume change. If it is 

required, the computer code can be altered to do the required numerical 

integration and output the volume change. 

An 

The three thermal loads produced a linear relation- 

Another point to be made is that it is not possible to model room closure 

all the way to completion in an open room because of rock failure. The rubble 
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Table 1 

Maximum roof-floor closures in 25-yr for unbackfilled disposal roomsa 

Pillar height Extraction Thermal load, kW/acre 
Depth to width ratio 30 36 45 
(ft) ratio ( X I  Total closureb in 25-yr, in. 

1,500 
1,500 
1,500 

2,000 
2,000 
2,000 

2,500 
2,500 
2,500 

1:3 
1:4 
1:5 

1:3 
1:4 
1:5 

1:3 
1 : 4  
1:5 

24 
20 
16 

24 
20 
16 

24 
20 
16 

5.1 
4.9 
5.0 

11.5 
10.1 
9.5 

23.2 
19.9 
18.5 

5.7 
5.5 
5.7 

12.5 
11.1 
10.7 

25.2 
21.6 
20.2 

6.6 
6.5 
6.8 

14.2 
12.7 
12.4 

28.2 
24.4 
22.9 

a Data from Ref. 8. 

Roof sag plus floor heave at centerline for 25-yr. after waste emplacement. 
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that collects will actually inhibit complete closure; consequently, calculated 

closure rates using a model with intact boundaries that undergo no step func- 

tion changes should be conservative after the boundaries contact the rubble, 

providing that the creep model is reasonably accurate. In a water-filled room 

exerting hydrostatic pressure, and in particular with a crushed-salt backfill, 

the resistance by these materials will tend to prevent rock failure, which 

makes calculations of complete room closure more realistic for greater 

closure. 
Bearing in mind the previous discussion on limitations of the 

calculations and the problems with extrapolation, the data of Table 1 will 

be used to estimate an average room closure rate that seems conservative; that 

is, the room closure rate is higher and the contaminated brine is squeezed 

into an aquifer or onto the surface at a higher rate than probable. 
assumptions made are: 

The 

1. The effective stress for closure calculations is obtained by 

subtracting the hydrostatic pressure from the lithostatic pressure ; 

that is, a flooded repository at a depth of 2,000 ft is equivalent to 
an unflooded one at 1,000 ft. Actually, initially the effective 

stress would involve the state of stress after room excavation and 

would approach the lithostatic stress only after a long period of 

time . 
2. Deformations for higher thermal loadings can be obtained by linear 

extrapolation. 

The average yearly rate of roof-floor closure is uniform and is 1 / 2 5  

of the values in Table 1. 

3.  

4 .  The crushed salt has no effect. 

Assumptions 1 and 2 are not conservative but seem to be a reasonable 

approximation for the purpose intended. 

very conservative. 

importance to the contribution by the initial creep rate, which can be much 

greater than the steady-state creep that follows after some closure. 

Assumptions 3 and 4 are definitely 
Averaging the creep rate over 25 years gives too great an 

From Table 1 the maximum value for roof-floor closure in 25  years at a 
depth of 1,500 ft is 6.8 in. 

approximately a factor of 2, the closure rate at 1,000 ft is estimated to be 

3 . 4  in. 

Since each 500 ft increases the closure rate by 

Extrapolating linearly for a 100 kW/acre thermal loading gives 
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7.6 in., which is an average of 0.30 in. per year. With this closure rate, a 

repository with 18-ft high rooms will take 710 years to close. In view of the 

assumptions made, this value represents only a rough estimate. However, it 

does give credence to the belief that rooms will close within a few hundred 

years. 

5.0 LEACHING OF WASTE GLASSES AND SPENT FUEL 

In an early review by Mende19 of leaching of radioactive wastes, he 

pointed out that it was an extremely complex process which was complicated 

by the lack of standardization of leaching tests and the general concern of 

predicting the long-term dissolution rates from short-term laboratory d.ata. 

Mendel found the time law expression which was most widely used as an 

approximation of the leaching behavior to glass was: 

Q = at1t2 + bt (11) 

where Q is the cumulative quantity leached and a and b are empirically fitted 
constants to the data. Application of diffusion theory will produce the 

square root of time term and uniform dissolution on the surface (akin to 

uniform corrosion) produces the second term. Consequently, leach data that 
can be correlated with Eq. (11) implies that in the early stages leaching is 

controlled by the diffusion rate of a nuclide into the leaching solution and 

in the later stages, the corrosion mechanism controls. 
Such empirical models represented by Eq. (11) are useful but the 

prediction of long-term dissolution rates from short-term laboratory data was 

of concern at the time of Mendel's review and still is today after much data 

accumulation and model synthesizing. 

In the following sections phenomena are discussed that complicate the 

leaching process along with the application to an actual flooded repository. 

Some models and data are also examined and recommendations for use are made. 
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5.1 Mechanisms of Chemical Dissolution 

The mechanisms involved in the dissolution of glasses have been a subje 

of 'study for many years in and out of the nuclear industry. 

studies for spent fuel are of more recent origin and less is known on the su 

ject but can be described with empirical equations similar in form to that o 

glasses. 

Whereas such 

5.1.1 Glasses 

An excellent and recent review of the mechanisms that control Leaching 
radioactive waste glass was made by Simmons et a1.l0 

is excerpted from that review. 

The following discussi 

In earlier work it was established that the attack of water on glass 

starts with alkali cations being preferentially leached by a diffusive proce 

from the surface layers which results in the formation of a porous, high- 

silica, dealkalized layer. The thickening of this layer slows the diffusioc 

process until silica dissolution at the dealkalized layer-solution interface 

begins to control the rate of attack. Eventually equilibrium between the tw 

processes is reached and a dealkalized layer of fixed thickness and composi- 

tion moves into the bulk glass at a constant rate. More recent experiments 

show that the dissolution process is far more complex than described above 

when polyvalent ions are present in the glass matrix. 
- 

Simmons et a1.l0 point out that a number of additional processes o r  

events can occur during the layer formation period that can drastically alte 

the long-term leaching rate and lists some of them as follows: 

1. Layer disintegration from wet-dry cycling of the glass surface. 

2. Changes in solution pH from accumulation of corrosion products in t 

bath o r  fluid around a canister. 

3 .  Variations in dissolution mechanisms with different flow conditions 

4 .  Effects of pH buffer depletion in solution. 

5 .  

6 .  Precipitation of corrosion products o r  reacted solution components 

Solution and groundwater saturation effects. 

with leached components. 
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7 .  Temperature effects. 

8 .  Radiation effects on both the waste form and the repository fluid. 

5.1.2 Spent Fuel 

In an early study by Katayamall on leach tests on PWR fuel pellet 
fragments using deionized water, building water, and typical Hanford ground 

water, he found that the relative leachability of the elements decrease in the 

order of 

Cs > Sb > Sr+Y > Pu > Cm. 

The data were fitted t o  an equation in the form of 

F = Btn (12) 

where 
F = fraction leached 

t = time, days 

B and n = fit constants. 

For Hanford ground water the long-term leach mechanisms seemed near 

identical since the average exponents of Eq. (12) were about the same, averag- 
ing 0.07. The average for deionized water was 0.31 and the exponent f o r  the 

building water varied from 0.06 to 0.35, indicating different leach mechanisms 
for building water. This wide variation was attributed to the varying quality 

of the building distilled water and the subsequent variation in the ionic con- 
centration. Since an exponent of 0.5 would indicate a diffusion mechanism 

with a constant coefficient of diffusion, Katayama concluded that the 0.07 

exponent reflected the major role of dissolved chemicals in suppressing leach 

rates and the 0.31 exponent probably reflected the inverse relationship of the 
diffusion coefficient for the radioisotope with its ionic concentration in the 

leachant. 

Wang and Katayama12 in a later study made a number of experiments with 

U02 single crystals and spent fuel in an attempt to develop a clearer under- 

standing of the leaching mechanism. They concluded that: 
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n 

The oxidation and dissolution mechanisms for U02 and spent fuel 
will be quite similar based on this preliminary work with electro- 
chemical leaching of U02 and spent fuel. 
oxygen or other oxidizing species, the U02 surface will be rapidly 
oxidized and dissolved following the transformation of uranium from 
U(1V) to U(V1). The hydrolysis of dissolved uranyl ions forms solid 
U03 hydrates or related complex compounds deposited onto the U02 
surface, or other surfaces, as thin or thick coatings. Depending on 
the pH, temperature and time, the various kinds of porosity and the 
mechanical properties of the hydrate coatings will control the dis- 
solution rate. The effects of radiation in terms of generation of 
H202 will enhance the dissolution kinetics. 

In solutions containing 

Mitchell et al.I3 examined the leaching of declad, irradiated fuel 

samples in a borate solution. 

size on the Leach rate and released fraction of several fission products were 

examined. Some of the conclusions reached, after 250 days of leaching, were: 

The effects of temperature and fuel fragment 

1. The relative order of the rate of leaching is 

Sb > I >3H > Cs > Sr > Ru,Ce,Eu,U > Pu. 

Data fit to an equation of the form of Eq. (12) gave values for the 
exponent which varied from 0.01 to 0.59, depending upon the leachate 
and the leaching conditions. 

2. 

3 .  No significant difference in leach rates was found at 100°C and at 

85°C. 
The leach rates (in units of g fuel/cm2*d) were higher for the larger 

parti-cle sizes. 
4 .  

5 .  The fractional releases (in units of fraction of the substance in 

inventory) were smaller for the larger particle sizes. 

The results of the study determined fractional releases and relative 

leaching rates for the various fission products which were in general agree- 

ment with those obtained by Katayama. Differences between the studies may be 

attributed to the longer leaching time of the Mitchell et al. study ( 4 0  weeks 

v s  20 weeks) and the difference in leachants (borate solution vs distilled 

water). 
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5.2 Leach Tests 

There are many leach tests that have been used in the past and have been 

proposed for use. 

test, two International Standards Organization (IS01 tests, at least five 

Materials Characterization Center (MCC) tests, l4 and the Paige testL1 that has 
been used for spent fuel. Each of these tests was developed based on various 

needs and ultimate use of the results. 

These include the International Atomic Energy Agency ( I A E A )  

The leach data can be quite different depending on the test procedure. 

For example, in an intercomparison of leach-testing methods for potential use 

in the Canadian Program, Harvey and Jensen15 found that for a particular 

glass, the apparent leach rate determined by a static (nonreplenished leach 

solution) test can be an order of magnitude higher than that from a test 

involving leachant replenishment. 

a number of sodium borosilicate glasses under static leaching conditions was 

observed to rise after declining for a few days and then fall, was explained 

in terms of a pH change in the leachant which was a function of the glass 

composition. 

An apparent anomaly where the leach rate of 

In an effort to develop standard tests for the characterization of the 
components of a waste package, a Nuclear Waste Materials Characterization 

Center (MCC) was established at the Pacific Northwest Laboratory. Five 

related leach tests14 have been proposed by the Center to study time-dependent 
leaching of waste forms. Three of these tests are static and two are dynamic. 

Under the conditions of a flooded repository, any Leaching that takes place 

could be essentially static o r  with low flow rates, which relate to the MCC-1 

and MCC-4 tests, respectively. The MCC-1 Static Low Temperature Test has been 

in use for some time; the standard prescribes the surface area of the sample 
and the sample to solution volume ratio. The MCC-4 Low Flow Test will simu- 

late repository conditions when a net flow rate exists around the waste can- 

ister. 

rates which were lower than those produced by the MCC-4 tests by a factor of 

two for silicon and 200 for strontium. 

leach rate for the waste in a flooded repository should be very conservative. 

In comparison tests,15 it was found the MCC-1 tests yielded leach 

Using the MCC-4 tests to determine the 
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5.3 Leaching Models 

The need to extrapolate short-term laboratory data to long-term leaching 

of radioactive waste in a repository has led to the development of models for 

the process. 

5.3.1 Analytical models 

A model that has a good theoretical basis and is normalized to 
experimental data would seem to have the best chance of success. Along this 

line, Godbee et a1.16 have reviewed the application of mass transport theory 

and also developed additional equations involving diffusion from the solid 

matrix and dissolution at the boundary (corrosion). Although the developed 
equations can be used to correlate the experimental data quite well in some 

cases, application to repository presents difficulties because of the uncer- 

tainties in the basic parameters due to time dependency and other factors. 

However, similar problems develop with any model, which is a strong impetus 
for use of simple but conservative models. 

5.3.2 Flow model based on silica dissolution 

A model proposed by Macedo et al.,17 which is still under development, 

calculates the rate of fractional mass transport from a solid under all pos- 

sible flow conditions. Basically, this model relates silica dissolution in a 

laboratory leach test to that in a repository by the number of volume changes 

of solution per unit of time in the test and in the waste canister (as deter- 

mined by the void space and flow rate). The greater the flow rate expected in 

the repository, the greater the number of volume changes required in the leach 

test. The data show that silica concentration equilibrates in the teat after 

a few days at concentrations dependent on the surface/volume ratio and flow 

rate equivalent (solution volume rate of change). 

rational approach for leaching when significant flow is present and the appli- 

cation seems straightforward. The necessary assumptions when applied to a 

repository seem very conservative. 

This model represents a 
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5.3.3 Phantom Dissolution Leach Model 

Another model that is empirical, but has a relation to theory, is the 

Phantom Dissolution Leach Model developed by Richardson.18 

leached constituents are assumed to have been dissolved from the surface of a 

phantom solid whose dimensions decrease uniformly with time as leaching pro- 

ceeds. The calculated depth of penetration (d) to the phantom surface at any 

time (t) is given by 

In this model, the 

d = ko + kl + k2t (13) 

where k o ,  kl, and k2 are fit constants that are related to an initial surface 

washoff, diffusion rate, and corrosion rate constants, respectively. The pen- 

etration depth used in calculating the fit constants is calculated from leach 
data according to 

(a-2d)(b-2d)(c-2d) 
abc - 1 -  V F = l - - -  

vO 

(14) 

where F is the cumulative fraction leached at time t, V is the volume of the 
phantom solid at time t, Vo is the initial geometric volume of  the solid; and 

a, b, and c are characteristic dimensions of the original solid. The right- 
hand side of  E q .  ( 1 4 )  as written represents a parallelepiped. This reduces t o  

d/a for an infinite slab of thickness a. For a cylinder of radius a and half- 

height b, the right-hand side of E q .  (14) becomes 

2 (a-d) (c-d) 
2 a c  

1 -  

Actually, this model is effectively very similar t o  that described by 

E q .  (11) with an addition of a washoff constant. 
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5 . 3 . 4  Diffusion and corrosion models 

One of the simplest models is that represented by either the first term 
Ewestlg pointed out (diffusion) o r  the second term (corrosion) of Eq. (11). 

that in most cases the actual release rate lies between that predicted by dif- 
fusion alone o r  corrosion alone. Consequently, when Eq. ( 1 2 )  is used to fit 

long-term leach data, the exponent n usually can be expected to lie between 

0 . 5  and 1.0 and that values n in the range of 213 to 314 are frequently found. 

5 . 3 . 5  Silica saturated model 

A recent study by Hughes et a1.20 pointed out that a number of 

investigators, in which they are in agreement, concluded that flow rates in 
hard rock repositories will be so small that the rate of removal of material 

will be limited by the saturation solubility of the glass matrix in the avail- 

able water. Consequently, leach rates measured with frequently changed water 

is not representative of  repository conditions. 

tive leach rate be used that is defined as the leach gate which would give the 

same rate of mass loss in the same circumstances. 

They propose that an effec- 

Since it is obviously impossible to closely simulate in-the laboratory 

the leaching phenomena that would exist in an actual repository, they suggest 

using the saturation solubility of silica as a limit; that is, any flow in 

contact with the waste glass would dissolve sufficient glass along with the 

other constituents to become saturated with silicon dioxide. This model 

reptesents a limiting case of the flow model discussed in Sect. 5 . 3 . 2  and 

should be conservative. 
,/ 

5 . 4  Application of Leach Models in a Repository 

A scenario that envisions intimate contact with a relatively large amount 
of flowing water and the waste itself seems incredible. The m o s t  credible 

scenario in a flooded repository in salt is that the waste canister may be 

exposed to saturated brine that seeps into the disposal hole leaving any back- 

filling and shielding plugs o r  materials essentially intact. Contact with the 

waste will take more time and probably will begin in only very limited areas 
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through corrosion pits and/or cracks in the canister. This, along with cracks 

in the glass, make the active surface a difficult parameter to ascertain along 
with an effective leach rate. 

In view of the difficulties with regard to characterizing the leaching 

process, it seems that a rational and conservative method for calculating the 

dissolution of waste glasses for small flows would be to apply the Hughes 

et a1.20 model (Sect. 5.3.5) that assumes leaching is controlled by the 

available water. In some Leach tests cesium and strontium have been known to 

leach at greater rates than that calculated on the basis of glass corrosion. 

This should be of no concern since these isotopes will have decayed away by 

the time any significant leaching begins. 

Silica solubility of a waste glass sample could be determined with the 

MCC-3 solubility test14 using as a leachant solutions of varying salt concen- 

trations up to a saturated brine made from cores taken at a proposed site. If 

some unlikely scenario is developed that involves larger flows, the flow model 

based on silica dissolution (Sect. 5.3.2) seems most appropriate. 

A similar saturation model may be possible for spent fuel but it has not 

been developed yet. Consequently, a simple power law model (Sect. 5.1.2) 

seems appropriate. 

6.0 SOME PHYSICAL PROPERTY DATA 

The following equations correlating brine properties with temperature and 

concentration are taken from Ref. 21 where the derivations of these equations 

are outlined. 

W = 26.218 + 7.2 x T + 1.06 x T2 (15) 

p = 1.0 + 0.1877 f - 3.168 x 10’4 (T-20) 

- 2.56 x (T-20) 

T - T  
= p0 (1.0 + 0.0219 Wpf) exp [ B  O I  

(16) 

(17) 
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where 
W = salt concentration, % NaCl 

T = temperature, OC 

p = brine density, gfcc 

f = fraction of saturation; f = 0 for fresh water and 
f = 1 for saturated brine 

p = viscosity of brine, Cp 
)lo = 1.002 cp 

B = 1869.2 K 

T' = brine temperature, K 

To = 293.15 K 
The following equations correlating rock salt (halite) density and heat 

capacity as a function of temperature are taken from Ref. 21: 

p = 2.2372 - 2.543 (T + 273) (18) 

(19) 

where 
Cp = heat capacity, Jfmol K 

The tabulated values in Ref. 22 for the thermal conductivity of halite 

were fitted to within 2 3% for temperatures between 20 and 250°C with the 
following equation: 

k = 331 (T + 273)'1*091 (22) 

where 

k = thermal conductivity, WfmK 
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DERIVATION 1: DERIVATION OF EQUATIONS FOR HEIGHT OF CRUSHED SALT 
REMAINING AFTER WATER INFLUX 

Water intruding into a disposal room will dissolve some of the crushed 

salt; the amount depends on the salt concentration of the intruding water. 

The derivation of the equation for the remaining height of crushed salt after 

saturation obtains is given below. 

Salt Balance: 

Salt in intruding water + initial crushed salt = salt in sat. soln. above 

crushed salt + salt in sat. soln. crushed salt interstices + remaining crushed 

salt. 

Expressing as an equation, this becomes 

where 

M = mass of intruding water and any associated salt, kg 

F =: weight fraction of salt or water 

H = height of disposal room, m 

L = length of disposal room, m 

f = volume fraction of solid salt in crushed salt 
p = density of salt o r  solution, kg /m3 

h = height of remaining crushed salt, m 

and the subscript 

i refers to inlet or initial, 
s refers to salt, and 

f refers to saturated and final. 

Water Balance: 
Intruding water (minus any salt) = water above crushed salt + water in 

interstices of remaining crushed salt. 

Expressing as an equation, this becomes 

MF,; = (H - h)pfFwf + hWLpf (1  - ff)Fwf 

where subscript w refers to water. 
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Eliminating M by substituting Eq. ( A 2 1  into ( A I )  and rearranging, we get 

( 3 )  Fs i - ( H  - hff)pfFwf + Hp f .  = ( H  - hff)PfFsf + hPsff 
Fwi s 1  

Solving Eq. ( A 3 1  f o r  the height of the remaining crushed salt gives 

Psfi + P f  

H Psff + P f f f  y 
- -  - h 

where 

FsiFwf - 
Fwi Fsf Y =  

( 4 )  

( 5 )  

n 
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DERIVATION 2: DERIVATION OF SIMULTANEOUS MASS AND HEAT TRANSFER EQUATION 

In this appendix the derivation by Jung and Delislel is outlined for salt 

dissolution due to heatup of saturated brine in a flooded, unbackfilled repos- 
itory. 

The basic assumptions are that a-stagnant boundary layer exists next to 

a salt surface across which heat is conducted and that salt diffuses into the 
main bulk of saturated solution that is perfectly mixed (infinite thermal con- 

ductivity and diffusion coefficient) that the concentration and thermal gradi- 

ents are linear within this boundary layer, and the solution at the boundaries 

is saturated with respect to the existing temperatures. With these assump: 

tions, the Anthony and Cline4 treatment for migration of brine inclusions 

applies. The mass flux of salt into and out of the boundary later is the sum 
of concentration and thermal diffusion components and is described by 

I$ = DVC + DSCVT 

where 

I$ = mass flux, g/cm2 sec 

D = diffusion coefficient, cm2/sec 

VC = concentration gradient, g/cm4 
s = Soret coefficient, ~ - 1  

VT = temperature gradient, K/cm 
c = concentration, g/cm3 

The heat flux is 

q = k V T  

where 

q = heat flux, W/cm2 

k = thermal conductivity, W/cm K 
Assume that the thickness of the diffusion and thermal boundary layers 

are 6d and 6t respectively. Therefore f o r  linear gradients 



Tw - Tb VT = 
6t 

'w 'b 

&d 
vc = 

where the subscripts w and b refer to the wall and bulk fluid respective 

Dividing E q .  (1B) by (2B), utilizing E q .  (3B) and (4B), and rearranging, 

( 4 )  

Y *  

(5) 

The ratio of the boundary layer thickness can be expressed as a function 

of the Lewis number, Le. 

ity and the diffusion coefficient. 

The Lewis number is a ratio of the thermal diffusiv- 
Jung and Delislel assume that 

6t/6d = Len (6 1 

where, based on experimental work, 

0.3 5 n 5 0.42 

As a good approximation, 

dC 
dT 

c ,-  Cb - -  - W 

Tw - Tb 

where dC/dT is the slope of the solubility curve at the average temperature. 

The concentration, C, in E q .  (5B) should be the average concentration. 

Jung and Delisle use Cb. 

significance. 

However, the difference is of no practical 

Combining E q .  (5B), ( 6 B ) ,  and (7B) and using the bulk fluid concentra- 

tion, the final equation is obtained: 

( 7 1  
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