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ABSTRACT 

This report contains the description of a procedure 
for i d e n t i f y i n g  and screening those events, features and 
processes, both natural and human induced, felt to be 
important+to the isolation of radioactive wastes in deep 
geologic formations. In th is  report', the term '%scenario" 
is used to represent a sequence of these events, features 
and processes. The scenario selection and screening pro- 
cedure discussed in this report is demonstrated by apply- 
ing it to the analysis of a hypothetical waste  disposal. 
site containing a bedded salt formation as the host medium 
for the underground facility (repository). A final s e t  of 
12 scenarios is selected for t h i s  hypothetical site, 
Detailed risk calculations will be performed on these 12 
scenarios in a later report .  
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The Fuel Cycle Risk Analysis Division of Sandia 

National Laboratories, Albuquerque (SNLA), is currently 

funded by the u,S .  Nuclear Regulatory Commission (NRC) 

to develop a methodology for use in assessing the risk 

from geologic disposal, of  radioactive waste.  An impor- 

tant part of this methodology includes a procedure for 

identifying and screening those events, features and pro- 

cesses, both natural and human induced, that could con- 

ceivably alter the natural s t a t e  of the disposal site 

and result  in human exposure to radionuclides released 

from the underground facility. As used in t h i s  report, 

the term "scenario" will refer to the hypothetical occur- 

rence of a sequence of these events, features and pro- - 

cesses, either singly or in combination. 

Scenario identification is important n o t  only in 

evaluating the safety of a site but also as a guide to 

data collection. Identification of potentially disruptive 

events and processes, in con junction with sensitivity analy- 

Sesr can ind ica te  w h i c h  data are most significant in 

assessing the performance of a potential aisposal site. 

1.1 Purpose of This Report 

T h i s  report contains that portion of the SNLAJNRC 
' I 

Risk Assessment Methodology describing a procedure for 



arriving at a representative se t  of scenarios for use in 

evaluating a potential waste disposal b i t e .  The use of 

this procedure has been demonstrated~by applying it to 

the analysis of a hypothetical radioactive waste disposal 

site containing a bedded salt fernation as the host 

m e d i u m  for the underground facility (chapter 3 ) .  In 

this demonstration, a set of.representatlve scenarios 

was selected which were felt to be important to the 

isolation of radioactive wastes  at this site- These 

scenarios will be used in the demonstration of the SNLA/NRC 

Risk ~ssessment Methodology which is described in Cranwell 

et al. (1982). Since the site is hypothetical, the scenarios 

. selected in the demonstration may not be the sanle as 

those selected in a real site analysis. In fact, the 
-, 

most significant scenarios will undoubtedly vary f r o m  

site to site and from geologic formation to geologic 

formation. 

1.2 Summary of Report Contents 

maptdr 2 of this report contains a description of 

the scenario selection procedure used to arrive'at a set 

of gcenarios for the hypothetical site. This description 

bncludes: 1 1 )  criteria for selecting and screening events,  

features and processes (section 2.3)* ( 2 )  an illustration 

of h o w  scenarios are formed by taking sequences of various 



. I 

events, features and processes (Sect i .on  2.41 ,  and ( 3 )  a 

discussion of scenario probabilities (Sec t ion  2 . 5 ) .  

In Chapter 3 ,  the scenario selection procedure is 
4- 

demonstrated by applying it to a hypothetical site con- 

s' t a i n i n g  a bedded salt formation as the host medium for 

the waste  repository. A description 05 this site can be, 

found in Sections 3.1 and 3.2. The final se t  of scenar- 

ios selected for this  site can be fauna in Section 3-9. 

Summary and conclusions are given kn Chapter 4.  

The appendices contain procedures fo r  determining prab- 

abilities of various events and processes. 

* z 
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2. PROCEDURE FOR SCENARIO SELECTION 

The selection of those scenarios considered to be 

important in the d i s p o s a l  ef radioactive waste in deep 

geologic formations should be accomplished by means of 

an objective and consistent procedure. Firm and u s e f u l  

criteria become essential in the selection of re levant  

scenarios for use in a potential disposal site analysis. 

T h i s  chapter presents a systematic procedure for 

arriving at a s e t  of scenarios for  use i n  the analysis 

of a potential radioactive waste disposal s i te .  Briefly, 

this procedure consists of the following steps: (I) an 

i n i t i a l  comprehensive i d e n t i f i c a t i o n  of those events, 

features  and processes felt to be important to the long- 

term iso~atibn of radioactive waste in deep geologic 

formations, ( 2 )  a classification of these events, fea- 

tures and processes to aid in completeness argments, 

( 3 )  an initial screening af these events, features and 

processes based on well-defined criteria, (4)  the farma- 

t i on  of scenarios by taking specific combinations of 

those events, features and processes remaining after the 

initial screening process, 15)  an i n i t i a l  screening of 

these scenarios, and (6 )  the selection of a final set  

of scenarios' for use in evaluating a potential  disposal 

site. Each of these steps is d i s c u s s e d  in more d e t a i l  

4 
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below. The screening criteria mentioned i n  step ( 3 )  

are discussed in Sect ion  2.3. 

Figure 2.1.1 provides a simplified graphical 

illustration of the scenario selection procedure. A 

loop connecting classification back to i d e n t i f i c a t i o n  

is indicated in Figure 2 . 1 . 1  to p o i n t  out the fact t h a t  

classification provides a valuable logical test to 

assure that potentially important events, features  and 

processes have no t  been overlooked. The procedures and 

cr i te r ia  for scenario selection presented.here will be 

demonstrated in Chapter 3 by application to a hypotheti- 

c a l  radioactive waste repository i n  bedded salt. A f i n a l  

s e t  of scenarios, selected for this hypothetical site, 

will be discussed  in Section 3.9. No claim is made t ha t  

the methods presented are the on ly  methods available for 

scenario selection, nor that the scenarios selected for 

the hypothetical bedded sa l t  site are those t ha t  would be 

selected in a real site analysis. It is f e l t ,  however, 

that the methods presented can be applied, in principle,  

to any geologic sits being considered- for radioactive 

waste disposal. 

2.1 Identification of Events, Features and Processes 

The first step in any scenario selection procedure 

should be the identification of a comprehensive set  of 
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Figure 2.1.1. Graphical Illustration of Scenario 
Selection Procedure 



events ,  features and processes, both natural and 

human induced,  felt to be important to the isolation 

of radioactive waste at the  s i te  being considered. 

This identification would generally be accomplished 

through discussions among persons knowledgeable in 

the areas of earth science and waste-management anal- 

y s e s .  The use of knowledgeable and experienced indi-  

v i d u a l s  helps assure t ha t  potentially important sce- 

narios are not overlooked* For the demonstration of 

the SNLA/NRC Risk Assessment Methodology, a panel of 

knowledgeable earth scientists was convened for the 

purpose of i d e n t i f y i n g  those events, features and 

process'es (phenomena) considered to be important to 

the isolation of radioactive waste in a bedded salt 

repository (see Sec t ion  3.2). These phenomena are 

l i s t e d  in Table 3.3.1. 

2.2 Classification of Eventsi Features,and Processes 

The classification of events, features and pro- 

cesses provides a logical aid to help assure that  impor- 

tant scenarios will not  be overlooked. 'Ihe i n i t i a l  list 

of phenomena speci f ied  in T a b l e  3.3.1 was c lass i f i ed  

i n t o  the categories o f t  (1) natural, ( 2 )  human induced, 

and ( 3 )  repository induced. T h i s  classification was 

based on the origin and physical characteristics of 

7 



these phenomena. A procedure for further classifica- 

tion is presented below. In addi t ion  to addressing the 

question of completeness, this class i f icat ion also pro- 

vides  the organization needed to begin developing and 

analyzing scenarios. 

Events, features and processes will be classified 

based upon the manner in which they in f luence  the waste 

repository system consisting of the underground facil- 

i t y  and the surrounding geology. Those phenomena in 

the near vic in i ty  of the underground facility, whose 

major effect is to in f luence  the movement of sadio- 

nuc l ides  from the underground facility to a nearby 

aquifer or directly to the surface, will be referred 

to as release phenomena. Similarly ,  those phenomena 

in the far field ( i . e . ,  at the site but n o t  in the 

near vicinity of the underground facility) , whose 
major effect is to inf luence the transport of radio- 

nucl ides  in ground water, will be referred to as 

transport phenomena. 

The d i s t i n c t i o n  between those events, features 

and processes inc luded as release phenomena and those 

included as transport phenomena is not  always obvious. 

For example, faulting may be classified as either a 

release or transport phenomenon, depending on the 



proximity to the s i t e .  If the f a u l t  should pass 

through or very near the underground f a c i l i t y ,  its pri-  

mary effect would be to i n f l u e n c e  movement of radionu- 

c l i d e s  from the underground facility to a nearby aquifer. 

In t h i s  case, the fault would hbe classified as a release 
\ 

phenomenon, On the other hand, if the f a u l t  should occur 

at some distance away from the underground f a c i l i t y  so 

that ,its primary effect is to in f luence  the transport 

of radionucl ides  in ground water once they are released 

from the underground f a c i l i t y ,  then it would be classi -  

fied as a transport phenomenon. Thus the distinction 

between release and trankport phenomena may seem some- 

what arbitrary. Furthermore, regardless of its claas i -  

f i ca t ion ,  a given event, feature or procees may influ- 

ence both radionuclide release and transport, depending 

on i t s  effect on the s i t e  hydrology. Despite the seem- 

ingly  arbitrary d i v i s i o n  of phenomena into release and 

transport categories, the reasons for t h i s  d i v i s i o n  

become more apparent when one considers the complex 

thermal, mechanical, geochemical and hydraulic analy- 

aes that may be required for  near-field (release] phe- 

nomena analysis compared to the more straightforward 

f l o w  and transport analyses required for far-field 

( transport) phenomena anal yeis. 



2.3 Initial Screening of Events, Features and Processes 

Many of the events, features and processes f r o m  
1 

the i n i t i a l  list considered for a potential disposal 

site can be eliminated based on firm and well-defined s 
screening criteria. An i n i t i a l  screening of these 

evento, featurea and processes is not only desirable 

but also es$ential if one considers the thousands of 

scenarios that could be d e f i n e d  by taking specific 

combinatione'of these phenomena. 

Initial screening criteria should, in our view, 

consist of the following: 

(1) physical reasonableness of the events. 
features and processes being considered 

( 2 )  probability of s ign i f i cant  release of 
radionucl ides  f r o m  these events, fea- 
tures  and processes 

( 3 )  potential  consequences associated with 
the occurrence of these events, fea- 
tures and processes. 

Once the i n i t i a l  list of events, features and processes 

has been reduced using the above criteria, an a d d i t i o n a l  

l eve l  of screening of the scenarios d e f i n e d  by taking . . 
combinations of the remaining phenomena can be accom- 

.* 3 

plished by using any of the above criteria as well a s .  

a fourth criterion: 

( 4 )  risk associated with the occurrence of 
these scenarios. 

I 
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~ i s k ,  as used in this  report, refers to probability 

times consequences. Further discussions of these 

criteria follow below. Although reference is made 

specifically to event s ,  features and processes, the 

topics discussed also apply to. the scenarios formed 

by taking specific combinations of these phenomena. 

Physical Reasonableness 

Events, features and processes whose occurrence is 

practically impossible due to the physical and chemical 

characteristics of the waste and characteristics of the 

engineered f a c i l i t y  or geologic site can be e l iminated  

by this screening criterion. Some examples of phenomena 

that  could be el iminated based on the t e s t  of physical 

reasonableness are 

-- a nuclear explosion in an underground 
facility designed to prevent criti- 
cality 

-- formation of dissolution cavi t ies  in 
crystalline rock 

-- tsunamis for a repository far removed 
from coastal regions i 

Clearly, the elimination of phenomena due to this crite- 

r i o n  would be largely site specific. Therefore, this 

step in the screening process should be repeated' for 

each repository site. 



Events, features and processes w i t h  very "small" 

probability can generally be rejected. The specifica- 
I 

t i o n  of "small1' should be the responsibility of the 

regulator or the applicant($) and should be consistent 

with the appropriate regulations. Once a value has 

been selected, judgmental decisions will undoubtedly 

still have to be made as many probabilities associated 

with various phenomena will have large uncertainties, 

The value selected in the demonstration analysis of 

this report was 10-*/~ear. 

In several safety s t u d i e s ,  numerical probability 

criteria have been used to reject scenarios. For 

example, WASH-1400 (Reactor Safety Study, 1975 3 uses 

a limit of l ~ - ' / ~ e a r  to reject accident sequences. 

Other references (Griesmeyer and Okrent, 1981) sug- 

gest larger numbers ( e  .g., l~-'/~ear). . The EPA draft  

standard ( ~ g a n  & Golden, 1981) does ne t  include releases 

with probability of occurrence smaller than l ~ - ~ / ~ e a r .  

Consequence 

As used in this report, "consequences" ean have 

different interpretations, depending upon the stage of 

the screening process in which one is involved. For 

example, fn the earlier stages of the screening pro- 

cess#  "consequences" generally refers to the effects 



that a certain event, feature or process might have on 

the natural  properties of the site ( e . g . ,  hydraulic 

head distribution). Thus, only f l o w  and possibly ther- 

momechanical analyses are needed a t  this point. Later 

in the screening process, "consequences" generally 

refers to the amount of radionuclides being discharged 

to the biosphere and the  health effects associated with 

these discharges. Thus, radionuclide transport and 

health effects calculations are also needed at this  

p o i n t .  The reason for t h i s  breakdown is that in the 

early stages of the sc reen ing  process, it is felt that 

detailed transport and health effects calculations 

should be avoided because of the higher computer and 

man-time costs associated w i t h  these efforts. ft is 

desirable' to first reduce the t o t a l  scenarios to a 

reasonable number before undertaking d e t a i l e d  r i s k  

calculations. 

A t  any rate, screening based on consequ@nces can 

occur in several ways. For example, events, features 

and processes having similar consequences ( e . g . ,  effects 

on hydraulic head) could conceivably be grouped together 

provided the probabilities of these phenomena are appro- 

priately combined. A l s o ,  events, features and processes 

w i t h  relatively low consequences {e.g., less than 0.01 ' 

of the proposed release lsmits in the EPA draft standard 



(40CF~191, d r a f t  # 2 0 )  ) could be el iminated.  However, 

before e l iminat ing  phenomena based on insignificant 

consequences, their potential maximum consequence 

should be considered. 

The screening of events,  features and processes 

based on consequences could be either direct or i n d i r e c t .  

Assume, for example, that the analyst determines that 

the effect of a given transport phenomenon on the f l o w  

system is negligible or does not provide for a shortened 

path to the aurface environment ( e - g . ,  withdrawal wells). 

If consequences are known to be insignificant without the 

transport phenomenon, then consequences w i t h  the txans- 

port phenomenon can be assumed to be i n s i g n i f i c a n t .  In 

other cases, the analyst may dec ide  to calculate conse- 

quences before deciding whether to reject certa in  events, 

features and processes. 

The application of the above three criteria should 

reduce the nmber of scenarios to be considered from 

hundreds or thousands down to a few t ens  or less. A 

"final set" of scenarios can then be ranked based on 

their contribution to public risk. These screening 

p.rocedurea , if properly applied, can dramatically 

reduce the cost  and effort required to perform 

repository risk analysis .  



2 .4  Scenario Development 

The next step in the scenario selection procedure 

involves the formation ar development of scenarios.by 

taking meaningful combinations of those phenomena 

remaining after the i n i t i a l  screening process. Recall 

that at this p o i n t ,  the events, features  and processes 

have been classified as  to "release" and "transport" 

phenomena as discussed in Sect ion  2 . 2 .  The develop- 

ment of scenarios by tak ing  combinations of the vari- 

ous release and transport phenomena i s  illustrated by 

a simple example. 

Consider the simple case of t w o  basic release 

phenomena (RLI ~ 2 )  and three basic transport phenomena 

(Tl, T2, T3). The possible scenarios t h a t  can be 

created by taking combinations of these phenomena are 

shown in Figure 2.4.1. As can be seen, there are 2' = 

32 possible combinations in this example. The use of 

the tree diagram as illustrated in Figure 2 . 4 . 1  helps 

assure that a l l  possible combinations are i d e n t i f i e d .  

Furthermore, this approach is he lpfu l  in eliminating 

illogical combinations. For example, consider a site  

having aquifers above and below the. underground facility. 

Further assume that these aqu i f er s  are not hydrau l i ca l l y  

connected. Without speculat ing  on how such phenomena 

might occur, let R1 represent release to the overlying 
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Figure 2.4.1.  Potential Combinations of Two Release 
and Three Transport Phenomena 



aquifer and R2 represent release to the underlying aqui- 

fer. To complete the example, let T1 repregent withdrawal 

wells placed i n t o  the overlying aquifer and T2 represent 

wells placed into t h e  underlying aquifer and assme t h a t  

these wells do not s i g n i f i c a n t l y  a l t e r  the f l o w  system, 

Then the tree diagram presented in Figure 2 . 4 . 1  simpli- 

fies to t h a t  shown in Figure 2.4 .2  and 32 scenarios have 

been reduced to 17. The reason for t h i s  reduct ion is 

that combinations Rl,T2 (release to overlying aquifer, 

wells in underlying aquifer) and R2,Tl .(release to 

underlying aquifer, wells in overlying aquifer) need 

not  be considered as they are equivalent to Rl and R2. 

Thus,  this type of approach for combining release and 

transport phenomena to f o r m  scenarios can help assure 

that all meaningful combinations are i d e n t i f i e d .  

2 . 5  Initial Screening of Scenarios 

T h e  next step in the scenario selection procedure 

would be to screen the scenarios developed f r o m  taking 

appropriate combinations of the various release and 

tramport' phenomena. An initial screening of these 

scenarios can be based on the criteria discussed in 

Section 2.3. Because of the difficulty in always being 

able to assign accurate probabilities to every scenario, 

it is felt that physical reasonableness and consequence 

17 
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Figure 2 . 4 . 2 .  Meaningful Combinations of Two Release 
and Three Transport Phenomena 



arguments should be applied first, Before proceeding 

with the screening of scenarios, the topic  of scenario 

probabilities is discussed  in more d e t a i l .  

Scenario Probabilities 

Assuming probabilities have been assigned to the 

various release and transport phenomena (components) 

comprising a scenarior a probability for that scenario 

can be arrived at by simply multiplying the probabili- 

ties of each of the components (assuming, .of course, 

independence among the components) . . For example, 

assme that the probability of release phenomenon R2 is 

P ~ t  
the probability of transport phenomenon T2 is p 

2' 
and the pxobability of transport phenomenon T3 is p . 

3 
Then the probability of Scenario R2,T2,T3 in Figure 

2.4.2 .would be p p - p  .- If for some reason the corn- 
1 2  3 

ponents of a scenario are not independent, then condi- 

t i o n a l  probabilities can be used. For example, if T2 

and T3 are not independent, l e t  p be the probability 
3 

of T3, given t h a t  T2 has occurred. Then the probability 
2 

of Scenario R2,T2,T3 is s t i l l  the product of the i n d i -  

2 vidual  component probabilities. If this probability 

falls below the agreed upon cut-off (e.g.. l ~ - ~ / ~ e a r ) ,  

and one is re lat ive ly  confident in the probability 

estimates for each component comprising the ecenario, 



then t h i s  scenario could be eliminated from any further 

considerat'ion. 

T h e  ass igning  of probabilities to scenarios xepre- 

senting f u t u r e  geologic and human a c t i v i t y  is a d i f f i -  

cult problem. For exampie, many geologic events and 

processes are not random in nature, either temporally 

or spatially ( e . g . "  glaciat ion) .  Thus, to develop prob- 

abilistic models and procedures for use in ass ign ing  

probabilities to these events and processes would be 

unrealigtic .  ~urthermore, because of the site-specific 

nature of many geologic events and processes, the devel- 

opment of generic probabilistic procedures and models 

for these events and pfocesses would not be meaningful. 

In many cases, even if realistic probability models 

could be developed, lack of data and the t h e  frames. 

involved in the analysis  of radioactive waste disposal 

would make the use of such models of l i m i t e d  value.  , 

Many assignments of scenario probabilities w i l l  have 

to be totally subjective (because of lack of data)  

and obviously evaluated on a site by site bas i s .  In 

many cases, the absolute best that can be hoped for 

is a conservative upper bound estimate of these 

.probabilities.  

Because of the difficulties involved in arriving 

at accurate probabilities for scenarios, the use of 



these probabilities in risk analyses should be done with 

extreme care. I n i t i a l l y  , scenario probabilities should 

only be used to screen and rank scenarios far purposes 

af addi t ional  modeling. I t  could be misleading to use 

these probabilities in risk analysis: that  is, to mul- 

tiply t h e m  by consequences in an effort to predict r i s k .  

For many scenarios, the probabilf ties are too uncertain 

to provide meaningful r i s k  estimates. Furthermore, the 

need for a d e f i n i t i v e  probability for each and every 

scenario is not apparent considering the format of the 

c u r h n t  federal r e g u l a t i o n s .  For example, the current 

EPA d r a f t  standard (Egan and Goldin, 1981) groups 

releases into t w o  categories; those with probabilities 

in the range from 10'~ to 1 and those with probabili- 

ties in the range from lom4 to 10'~. Thus, all that 

is necessary is an estimation of which category (range) 

a ecenasio would f a l l .  

2 . 6  Final Screeninq of Scenarios 

A final screening of the scenarios remaining at 

this p o i n t  can be accomplished using probability and 

consequence arguments. Here, consequences generally 

refer to either radionucl ide  discharges at some speci- 

fied poin t  or the health effects resulting from these 

discharges.. 



To avoid the problem of ecenario probabilities as 

discussed  in the previous section, the i n i t i a l  screen- 

ing  at this stage should be based.on consequences. If, 

in performing transport calculations for a scenario, 

no discharges are observed for the period of t i m e  used 

in the analysis, or the releases are below those spe- 

c i f i e d  by, f o r  example, the EPA d r a f t  standard, then 

no additional health effects or risk calculations are 

necessary. Thus, the concern fox a scenario probabil- 

i t y  is immaterial. However, if discharges are s i g n i f i -  

cant, then the need for a scenario probability becomes 

more important and the screening o f  the scenario would 

have to be base8 on an estimate of its,  r i s k .  

2.7  Applicability of Event-And Fault-Tree Analysis in 
Geologic Waste Isolation 

As was discussed in previous sections, the' events, 

features and processes fe l t  to be important  w i t h  respect 

to the long-term isolation of radioactive waste in deep 

geologic formations are categorized i n t o  two groups: 

release and transport phenomena. Scenarios are then 

formed by taking meaningful and appropriate cmbina- 

t i o n s  of these release and transport phenomena. This 

procedure was displayed in the form of a logic diagram 

( ~ i g u r e  214.1). 



It is f e l t  that this organizational method is pref- 

erable to the classical event-tree, fault-tree techniques 

frequently used in the analysis of engineered systems. 

This statement is made for the following reasons: (13 

many of the so-called "events" ahsoeiated with geologic 

environments do not  represent immediate or abrupt changes 

in the system but rather slow, continuous changes over ' 

hundreds ta thauaands of (e.g., dissolution cav- 

ities in bedded salt formations, shaft or borehole seal 

degradation, formation of geologic d i k e s ,  e t c . ) .  Hence 

their occurrence cannot be represented by a simple "yes"  

or "no" statement: ( 2 )  the ex i s t ence  of feedback loops 

frequently appear in the investfgation of the processes 

that could affect the release of radionuclides from the 

underground facility. Event trees and fault trees do 

not adequately incorporate interactions between various 

~ factors influencing radionuclide movement; (31.  fo r  a 

I given set of conditions, many of the processes are 

basically deterministic. Thus, the question of when 

l and if a certain "barrier" will be breached is answered 

when a given set of conditions is specified. The real 

question is "what conditions e x i s t ? " ;  (4) event trees 

and f a u l t  trees force art i f i c ia l  divisions in the 

representation of processes. The important question 

is how the entire &stem behaves. 



Other s t u d i e s  (Burkholder, 1981 and Koplik et al., 

1982) have also conc'luded t ha t  event and f a u l t  trees 

are not u s e f u l  for. analyzing the processes themselves 

or the ir  interactions. They recommend the  use of simu- 

lation techniques w i t h  models to describe the evalua- 

t i o n  over t i m e  of a set  of variables representing the 

scenarios, The latter method is used in this study 

as described in the next chapter. 



3 ,  APPLICATION OF THE SCENARIO SELECTION PROCEDURE 

In this chapter we demonstrate the use sf the 

scenario selection procedure discussed in the previous 

chapter by applying it to' a hypothetical reference s i t e  

conta in ing  a bedded salt formation as the host medium 

for  the radioactive waste repository. Since the strati- 

graphic layering of any d isposa l  site is an important 

consideration in developing and analyzing the release 

and subsequent transport of radionuclides to the bio- 

, sphere, a description of the reference site which pro- 

v i d e s  the geeiogic se t t ing  for the demonstration is 

given below. 

3.1 The Reference Site 

While the reference s i te  used in the demonstration 

is hypothetical, the physiographic setting and geologic 

and hydrologic properties are real in the sense tha t  

they were chosen as representative of several regions 

in the United Sta tes ,  The s i te  is located in a sym- 

metrical upland valley, half of which is shown sche- 

matieally in Figure 3.3.1. Surrounding the valley is 

a ridge having an elevation of 6,000 feet. The crest 

of the ridge i s  a div ide  for both surface drainage and 

ground-water flow with the result that the only water 



moving w i t h i n  the valley falls in the valley i t s e l f .  

River L is the major source of drainage for the val- 

l e y .  The e l eva t ion  of River L at the pointma£ cross- 

section (~i~ure'3.1.1) is 2 , 5 0 0  feet. ~ributaries to 

River L e x i s t ,  sukh as River U, b u t  these are fnter- 

mittent.. 
i 

IDOLE SHALE 

SALT LOWER LOWER 
8AMDSTONE SHALE 

Figure 3.1.1. Schematic Diagram of the Reference S i t e .  
One s i d e  of the symmetric basin is shown. The upper 
end of the val ley  is approximately elliptic w i t h  the 
repository located on the minor axis :  the sides of the  
valley are parallel below the repository, The vertical - exaggeration of scale is approximately 2 0 .  
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The valley receives an average of 40 inches of r a i n f a l l  

per year, of which 16 inches are lost by evapotranspir- 

a t i o n  and the remaining 24 inches recharge the qround- 

water system. 

Underlying the valley is a basement of crystalline 

bedrock t ha t  crops out ever a narrow w i d t h  at the ridge 

crest surrounding the valley. T h i s  basement is assumed 

to be impermeable to ground-water flow and is overlain 

by a sequence of sedimentary rock as shown in Figure 

3.1.1. The layered sequence is typical of sedimentary 

basins in which shale, siltstone, sandstone and salt 

are the dominant rock types. A bedded salt deposit 

having a low permeability is located w i t h i n  the sed i -  

mentary sequence and is considered to be the host rock 

for  the radioactive waste repository. A detailed 

description of the reference repository can be found 

in campbeil, et al., (1978). 

3.2 Hydraulic Characteristics of the Reference Site 

Hydraulic properties of the rock u n i t s  shown in 

Figure 3.1.1 are.given in Table 3.2.1. The properties 

of the sandstone and shale units are representative of 

these rock types (~ranke and Cohen, 1972). However, as 

the site s t u d i e d  by FYanke and mhen did not  contain a 

bedded salt fannation, the hydraulic conductivity and 
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porosity of the salt w e r e  arbitrari ly assumed to be 

factors of lo3 and 10 lower, respectively, than those 

values for the middle/lower shale u n i t s .  mese val- 

ues are at the upper section of the range of repre- 

sentative s a l t  formations. 

Table 3.2.1 

mraulic -es for 
Geologic Units -rising the Wference Site 

W r  
Sand Middle Middle/ h ~ ! r  
and 4- Sand- Lclwer Sarrd- 
Gravel &ale stone Sidle Salt stone 

yd raulic 
Coductivity ( f t/day) 

ETorimntaI , 2M 1r2 50 lom2 40 

V e r t i c a l  27 lom5 1.4 lo-3 7 

Porosity 0.3 0.3 0.3 0.3 0.03 0.3 

The location of the' repository, as may be inferred 

from the elevation contours of Figure  3.2.1, is far 
4 . -  .: .&:. , enough f r o m  the head of the valley that ground-water flow 

+ near the repository is perpendicur$r to River/L And to 

the valley axis. T h i s  suggests that, for purposes of 

analyzing conditions around the repository, .a two- 

dimensional simulation of the reference site would be 

2 8  i 
I I 
J 
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s u f f i c i e n t .  Furthermore, three-dimensional analyses of 

the reference s i te  have shown t h a t  a two-dimensional 

representation of .the flow system is adequate. 

I 

Zc 

6000' 

5500' 

5000' 

4500' 
e 4000' "1 o 3500' 3000* 
r 2500' 

Figure 3 . 2 . 1 .  Physiographic S e t t i n g  of the Reference 
S i t e  

A I d  

? 

I 

Contoured hydraulic head data and in ters t i t i a l  

veloci ty  fields for the reference site are calculated 

in t w o  dimensions using the - Sandia Waste Isolation F l o w  - - - 
and 'pansport (SWIFT) model. SWIFT is a three-dimensional, 

finite-difference code that solves conservation equations 

for fluid flow, heat transport (possible nontracej,  solute 

mass, and radionuclides in trace q u a n t i t i e s  (Reeves and 

Cranwell, 1981). Figure 3.2.2  s h o w s  the two-dimensional 

representation of the reference s i te  used in the SWIFT 

simulations. 
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Figure 3.2.2. Two-Dimensional SWIFT Setup for Reference 
Site 

The distribution of hydraulic head, as calculated 

by SWIFT, is shown in Figure 3.2.3, T h i s  figure i n d i -  

cates tha t  flow in the middle and lower sandstone aqui- 

fers (also referred to as overlying and underlying 

aquifers ,  respectively) is essentially one-dimensional. 

' A dowhward gradient  exists across the repository, which 

would be more apparent if n o t  for the vertical exaggera- 

tion of scale (~20). Thus, should a hydraulic connection 

be established between the overlying and underlying 

aquifers, f l u i d  f l o w  would be downward through t h i s .  

connection. 



RECHARGE RWER L 

Figure 3,2.3. Hydraulic Head D i s t r i b u t i o n  of the 
Reference Site 

Upward ground-water movement e x i s t s  - in the  v i c i n i t y  

of River L. This upward movement is not apparent in 

Figure 3*2.3 because of the absence of deta i l  in the 

plott ing of the l i n e s  of constant potential. (This 

absence of . d e t a i l  was intentionally incorporated to 

avoid clutter in the figure.) Figure 3.2.4, on the 

other hand, shows an enlarged iaolated segment of the 



.. 
reference site near River 1. Here, more detail was 

incorporated and the upward movement of the ground water 

is apparent. 

Figure 3.2 .4 .  Hydraulic Head Distribution Near 
River I. Enlargement was more in 
the horizontal direc t ion  than in the 
vertical .  Thus, the vertiqal exag- 
geration of the t w o  figures is not 
equivalent. 



I 
Fluid velocities, as calculated by SWIFT, are shown 

in Figure 3.2 .5 .  The one-dimensional nature of f l u i d  

flow in the aquifers is clearly shown in this figure. 

Fluid velocities below 5 x ft/day were  not plotted, 

which explains why no vectors are shown in the salt lay- 

era. Figure 3.2.5 begins to show some movement upward 

toward River L. However, here as in Figure 3.2.3, detail 

was sacrificed to avoid cluttering the figure. To better 

illustrate this upward movement, ve loc i ty  vectors were 

plotted for an enlarged, isolated segment of the refer- 

ence site near River L. These are shown"in Figure 3.2.6, 

where the upward movement to River L is more e v i d e n t .  

P l o t s  of both the distribution of hydraulic head 

and fluid velocity field will be used in the next chapter 

to show the effects of various features on the natural 

flow patterns of the reference site. However, in m o s t  

cases, changes in the ground-water f l o w  pattern are 

illustrated adequately by the Plufd velocity f i e l d .  

Thus, plots of the hydraulic head distribution w i l l  be 

used only to show changes in flow trends that are n o t  

necessarily obvious from the f l u i d  ve loc i ty  field plots. 

For example, certain geologic features could change the 

direction of f l o w  from downward across the salt and 

shale to upward across these units ( s e e ,  egg. ,  Transport 

Phenomenon T l l ) .  T h i s  upward movement may not  be seen 



Figure 3.2.5. Fluid Velocity Vectors of the Reference Site 

Figure 3.2.6. F l u i d  Velocity Vectors Near River L 



in the velocity vector field plots since these vectors 

do not normally appear in the salt. Therefore, plots 

of the hydraulic head distribution would be used to 

s h o w  t h i s  change in the head gradient. 

3 . 3  fdentification and Classification of Events, 
Features and Processes for Reference S i t e  

In 1976-77, a panel of knowledgeable earth sci- 

entists was convened for the purpose of identifying 

events, features and processes which could potentially 

disrupt  a radioactive waste repository (Panel Members, 

1976-77). Other s t u d i e s  (Bingharn, F. W, h G.'E. Barr, 

1979: Arnett ,  R. C . ,  et al., 1980: and WIPP, 1979) d i s -  

cussing scenario identification have been reviewed to 

verify tha t  the list is as complete as possible. Phe- 

nomena identified by the panel are l i s t e d  i n  Table 3 . 3 . 1  

, and are c lass i f ied  into the following categories: I )  

natural, 2 )  human induced, and 3 )  repository induced. 

T h i s  list includes a wide variety of events and pro- 

cesses and represents an attempt to establish a com- 

prehensive base from which a ffnal set of scenarios 

will be selected. As the list is somewhat general, 

it could probably be shortened in a site-specific 

analysis. 



TABLE 3.3.1 

potentially Disruptive Events, Features and Processes 

NATURAL PHENOMENA AND PROCESSES 

Celestial Bodies 

Meteorites 

S u r f i c i a l  Phenomena and Processes 

~ r o s i o n / ~ e d i m e n t a t i o n  
Glaciation 
Pluvial P e r i o d s  
Sea Level Variat ions  
Hurricanes 
Seiches 
Tsunamis 
Regional Subsidence or u p l i f t  
(also applies to subsurface) 

Landslides 

Subsurface Phenomena and Processes 

Earthquake s . 
Volcanic ~ c t i v i t y '  
Magmatic Activity 
Dissolution Cavities 
Interconnected Fk-acture Systems 
Faults 

HUMAN INDUCED PHENOMENA MD FEATURES 

f nidvertent Intrusions 

Explosions 
Drilling 
Mining 
Waste Disposal (1n jection wells) 



TABLE 3.3.1 (Cont. ) ' 

Undetected Features 

Boreholes 
Mines 

Hydrologic Stresses 

Irrigation 
Dams 

WASTE AND REPOSITORY INDUCED PHENOMENA m D  PROCESSES 

Subsidence and Caving 
Shaft and Borehole Seal Degradation 
Thermally-Induced ~tress/~racturing 
in H o s t  Rock 

Excavation-Induced ~tress/~racturfng 
in Host Rock 

--- 

? 

4 

A classification of these events, features and 

processes into release and transport phenomena is 

discussed in Sect ion 3 . 5 .  ' 

. . 
3 .4  I n i t i a l  Scxeeninq of Phenomena Based on Physical 

Reasonableness and Probability Arguments 

The i n i t i a l  screening of the l i s t  of phenomena pre- 

s sented in Table 3.3.1 can be accomplished by using straight- 
' 

forward elimination procedures such as probabilistic and 
CI 

physichl justification arguments. For example, most of the 

surficial phenomena and processes listed i n  Table 3.3.1, 

with the exception of those having long-term hydrologic 

effects, can be expected to have no significant effects 

on the release 05 radioactive material from a repository 

37 

- 



located at least two thousand feet below the ground sur- 

face. Furthermore, cer ta in  geologic and natural phe- 

nomena and processes, such as meteorite impacts, are 

shown to have mall enough probability of occurrence 

that their contribution to risk is of l i t t l e  importance. 

The following paragraphs contain arguments for elirn- 

inating certain ef the phenomena l i s t e d  in Table 3.3.1. 

These arguments represent the first step in the screening 

procedure to arrive at a l i s t  of phenomena that portray 

the most s i g n i f i c a n t  scenarios in terms of risk. To 

the extent possible, the arguments apply to the gen- 

eric aspects of waste dis~osai in deep geologic media. 

However, in certain  instances, reference will be made 

specf f i c a l l y  to bedded salt ;nd to the hypothetical 

reference site used in the methodology demonstration. 

As was mentioned in Chapter 2 ,  a probability of 

(or for a lo5 .year period) is used as the 

cut-off for the elimination of phenomena based on prob- 

a b i l i s t i c  arguments. The lo5 year t i m e  period was the 
I 

length of time used in the demonstration of the SNLAJ 

NRC Risk Assessment Methodology a ranw well et aP., 1982). 

Meteorite Impact 

It is generally agreed that meteorite impacts 

occur with such infrequency that it is of l i t t l e  

importance w i t h  respect to the r i s k  from radioactive 



waste disposal in deep geologic formations, Several 

est imates  have been made of the probability that a 

meteorite impact could  either excavate a repository 

located at varying depths below the land surface or 

severely fracture the overlying protective rock strata. 

Hartmann (1979) estimates the probability that  a cata- 

strophic impac't would completely exhume part of a repos- 

i tory with an area of 10 km2# b u r i e d  600 meters deep, to 

be 6 x l ~ - l ~ / ~ r .  me swedish K B S  (~arnbranslesakerhet. 

1978) study determines a rate of 10-13/km2/yr f o r  cra- 

ters at least 100 meters deep. Logan and Berbano (1978)  

estimate a probability of 1 x l ~ ' I ~ / ~ r  for a direct 

' s t r i k e  by a meteorite of enough energy tp exhume mate- 

rial from a depth of 800 meters for a 10 km2,repository. 
* 

Claiborne and Gera (1974) estimate t he  chances of exca- 

vat ion  to be 2 x 10-l3/~r for a 8 h2 repository located 

600 meters below the land surface. 

The dimensions of the Sandia hypothetical waste 

repository are approximately 8 km2 and located at a 

depth of about 625 meters (Campbell, et al., 1978). 

The probability of excavation for t h i s  repository has 

been estimated as 8 x 10'E3/yr (see Appendix. A).  T h i s  

probability value, as well as the others l i s t e d  above, 

is several orders of magnitude smaller than the cut-off 



value ( 1 0 - ~ / ~ r )  . ~herefbre,  this event is rejected 

based on its small probability of occurrence. 

Because of the depths being considered for  deep 

geologic waste repositories, erosion i s  generally con- 

sidered not to be important as a potential mechanism 

for releasing radionuclides from the  repository. 

Erosion alone, at a U . S .  average of approximately 2 x 

loM4 ft/yr (Judson and Ritter,  1964). is unlikely  to be 

a hazard for emplacements ranging from 2,000  to 3,000 

feet below the land surface. In areas dominated by 

limestone and having a re lat ive ly  high r a i n f a l l ,  the 

. average erosion rate, predominantly the r e s u l t  of chem- 

ical weathering, is approximately 5 x lom4 f t /yr  ( B l o o m ,  

1969). The more resistant rocks of the Colmbia River 

drainage system, which undergo primarily mechanical weath- 

ering, have an average erosion rate of 1 x lop4 f t / yr  

( G i l l u l y l  Waters, and Woodford, 1968). Mountainous 

regions typically have erosion rates of approximately 

3 x lom3 f t / y r  . { B l o o m ,  1969). The average rate of 

downcutting of the Colorado Mver in the Grand Canyon, 

one of the highest for any major river system, has been 

from 5 x 10-4 ft/yr to 3 x 10-3 ft/yr (~illuly, Waters, 

and Woodford, 1 9 6 8 ) .  Even at these accelerated rates, 
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it would take over 700,000 years to remove the overburden 

above a repository located at depths of 2,000 feet. 

Since the principal effect of sedimentation is 

to increase, the thickness of the overburden abovb the 

repository, th is  process is, in most cases, beneficial. 

Sedimentation can, however, have certain negative 

effects. For example, sedimentation'can influence the 

distribution of surface waters and increase the static 

loading ever the repository. This increase in loading 

could induce fracturing or plas t i c  defamation of the 

protective rock units encompassing the'repository. Such 

effects are, however, considered in other scenarios in 

.this study. Sedimentation is also a factor in diapirism, 

a process that could r e s u l t  in upward movement of w a s t e .  

However, certain conditions need to exist before this 

process can occur. For example, model s t u d i e s  sf salt 

dome formation have shown that an overburden of about 

3 , 3 0 0  feet and a thickness of at l e a s t  900 feet of 

salt were necessary to in i t i a te  the salt-flow process 

(Halbouty, 1979). The thickness of the salt layer in 

the reference site used in this demonstration is only 

700 feet* with an overburden of approximately 2 # 0 5 0  

feet. Since only the overburden can increase, it is 

felt that,sedimentation, as a potential mechanism for 



containment fai lure,  can be neglec ted  i n  this analysis. 

Thus, both'.erosion and sedimentation are eliminated 

from any a d d i t i o n a l  consideration based on the cri- 

teria o f  physical reasonableness, 

Glaciation 

During the ~leistocene period, f o u r  major g l a c i a l  

advances covered the northern portion of North America. 

The latest advance began about 7 0 , 0 0 0  years ago, and 

after several pulses, f i n a l l y  retreated from the United 

S t a t e s  about 10, OQO years ago. Considerable controversy 

. surrounds what conditions cause continental glaciation,  

whether the present climate is postglacial or i n t e rg la -  

cial, and what long-term effects industrialization w i l l  

have on world climate. Based on the history of glacia- 

t i on  in the Pleistocene, renewed growth of c o n t i n e n t a l  

glaciers is expected within the next 100,000 years 

(Bloom, 1969). Thus, depending on i t s  location and the 

period of time considered to be of concern,, the effects 

of glaciat ion on a geologic radioactive waste repository 

could be real ized.  

For those s i t e s  that would be overridden., the 

effects of glaciation are uncertain.  For example, the 

deposit of glacial  till beneath the glacier could result 

in a positive effect since this material. tends to be 

impermeable. On the other hand, g lacial  movement can 



result in erosion of the land surface beneath the glacier ,  

The rate of this erosion, however, depends upon,several 

factors: (1) the thickness and rate of movement of 

the glacier: ( 2 )  the abundance, shape* and hardness of 

the rock particles w i t h i n  the base of the glacier; and 

( 3 )  the erodib i l i ty  of the rocks beneath the glacier .  

Furthermore, the depth of  erosion can vary depending 

on  the local topography and c l i m a t i c  conditions. For 

example, it is believed t h a t  glac ia l  scour deepened 

the large valleys of northern British Columbia and 

southern Alaska by at least 1,960 feet ( F l i n t ,  1971). 
? 

Reid (1892) concluded that  the average erosion rate 

beneath the Muix Glacier in southern coastal Alaska 

amounted to 6 x 10'~ f t /yr .  At this rate,' 2,000 feet 

of overburden could be removed in about 32,000 years. 

However, these regions provide optimum conditions for 

g lac ia l  erosion. They are high and steep and have 

' climates which, during a glacPal period, would provide 

abundant snowfall. The Canadian Shield is an example 

a P  the other extreme. Here, evidence i n d i c a t e s  that 

glaciation d i d  little more than modify the d e t a i l s  of 

the existing relief ( F l i n t ,  1971). 

In addition to the erosional effects of the glacier 

i t se l f*  increased f l u v i a l  erosion in advance of the ice 

can result from the increase in precipitation often 



associated with interglacial periods. Furthermore, the 

tremendous weight of the glacier itself and the presence 

of ice and accompanying water could resht  in fracturing 

and renewed movement on existing f a u l t s  as well as alter- 

ations in the surface and ground-water hydrology. 

It is general ly  agreed that those regions for 

which no evidence exists of g lac i a t i on  in the Pleisto- 

' ceneper iodprobablywi l l  n o t b e g l a c i a t e d d u r i n g  

future advances. Thus, the long-term risk from glacia- 

t i o n  could probably be controlled by selecting reposi- 

tory sites some distance f r o m  the glaciated areas of 

t he  Pleistocene period. The reference site described 

in Sect ion  3 . 1  and used in this ana lys i s  is assumed to 

be located in a region not affected by future glaciat ion.  

Thus,  g laciat ion is eliminated from addi t ional  consid- 

eration based on the criteria of physical reasonableness 

and/or probability. 

Pluvial ~ e r i o d s / ~ e a  Level Variations 

pluvial periods and sea l e v e l  variations cou ld  be 

important for disposal in unsaturated zones (arid lands)  

and in rock structures showing evidence of dis so lu t ion .  

P luv ia l  periods could increase the mount  and rate of 

aquifer recharge, thus increasing hydraulic gradients 

in drainage systems. In f u l l y  saturated systems, such 

as the reference bedded salt site, increased ra infa l l  



would probably not have adverse effects except to 

increase runoff and thus erosion. In instaices of 

disposal in unsaturated zones, p l u v i a l  periods must be . 

I assessed on a site-specific basis, In the analysis of 

the reference site, the problem of pluvial periods is 

handled in part by varying the hydraulic properties 

of the overlying and underlying aquifers.'  That is, 

allawing for Uncertainty in aquifer hydraulic conduc- 

t i v i t y  has the effect of allowing for variation in 

aquifer recharge rates. 

Sea-level variations can alter processes such as 

erosion, sedimentation,  and the regional hydrology. 

However, most effects from sea-level variations would 

not be felt by a repository located inland. A substan- 

t i a l  rise in sea level woGld flood coastal areas. This 

flooding could affect a repository located in the salt 

dome regions of the Gulf Coast, depending on i t s  depth 

of burial above the present sea l eve l ,  Extrapolation 

of recorded sea-level fluctuations indicate that between 

10,000 and 9,000 years ago the seadlevel was rising at 

an average rate of approximately 3 x ft/yr, 

whereas during the last 3,000 years the average rate 

has slowed to approximately 1 x low3 ft /yr  lint. 

1971). A t  this latter rate, the sea level could 

rise as much as 115 feet in the next 100,000 years. 



Considering the elevation of the reference repository 

Capproximately 2,800 ft above sea level) ,  the effects 
h 

of -such sea-level changes would be minimal.  

. Based on the above arguments, the phenomena of plu- 

v i a l  periods and sea-level variHtions can be eliminated 

- because of physical reasonableness and/or probability of 

occurrence. 

These phenomena may be important to the safety of 

disposal sites located on the margins of the G u l f  of 

Mexico or on the coastal regions of the United S t a t e s  

during the operational phase. In the post-closure phase, 

adverse effects from these phenomena might conceivably 

arise f r o m  alteration of ground-water f l o w  patterns and 

from imposed hydrostatic loading .on the site. However, 

such effects are likely to be transient and of no long- 

term consequence. 

As the reference sits is not located near cbastal 

regions, the phenomena of hurricanes, seiches and tsu-  

namis are eliminated based on physical reasonableness 

and/or probability of occurrence. 

Reqional Uplift and Subsidence 

Regional uplift or subsidence is of little eonse- 

quence to the integrity of a bedded salt repository. 

O n e  reason for this lack af effect is the long times 



requ ired  to produce s i g n i f i c a n t  u p l i f t  or subsidence. 

Furthermore, the expected epeirogenic nature of the 

movement would probably not cause f a u l t i n g  and - 
f o l d i n g .  

Uplift could result in an increase in stream 

gradients, therefore an increase i n  rates of stream 

erosion. With the exception of active orogenic belts  

and recently deglaciated areas, the maximum rate of 

u p l i f t  in the United S t a t e s  is approximately 5 x 10'~ 

f t /yr (press and Siever, 19741, with most areas of 

u p l i f t  experiencing substantially lower rates. Even 

at lower rates of uplift, stream erosion will n o t  match 

u p l i f t  for m o s t  rock types. 

Subsidence could r e s u l t  i n  a decrease of stream 

gradients  and erosion rates. Deposition of sediments 

in the region may contribute to the i so lat ion of the 
I 

repository, Maximum rates of epeirogenic subsidence 

are approximately 3 x lo-* f t / y r  (Press and Siever, 

1974). M ~ s t  subsiding areas have rates substantially 

lower than th is .  

The beddeb salt locations under consideration for  . 

nuclear waste  disposal  sites are in regions undergoing 

epeirogenic uplift at rates of 3 x 10'~ to 2 x 

f t / p  (Press and Siever, 1974).  Because of the law 

rate of movement, along with the l i m i t e d  m o u n t  of 



f o l d i n g  and faulting associated with the movement, 

regional uplift and subsidence are not expected to - 
;t 

r e s u l t  in significant e f f ec t s  on the reference site 

system, Thus, 'these phenomena are eliminated based 
4 

on physical reasonableness and/or probability of occur- 

rence. It should be noted that 10CFR6O {u.s .  Nuclear 

Regulatory Commission, 1981) classifies u p l i f t  and 

subsidence as adverse conditions and, t h u s ,  .requires 

t h a t  the applicant demonstrate that these conditions 

do not impair significantly the ability of the reposi- 

tory to isolate the waste. 

Landslides 

In certain areas, a landslide could  conceivably 

divert or dam a river resulting in the presence of 

water above the repository. Impounded water behind the 

darn could exert e u f f i c i e n t  pressure to result in dis- 

placement along fractures and faults. However, for 

the reference site used in this analysis, diversion of 

water or damming by a landslide resulting in surface 
- 

water being present above the repository would require 

the diversion or impoundment of water a distance of - i 
about 25 miles laterally from an existing river (River 

L). No evidence of the diversion or impoundment of a 

body of water by l ands l ide  for a distance this great 

can be found in the literature. Thus, for the site 
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considered in this demonstration, landslides can 

be eliminated based on physical reasonableness and/ 

or probability of occurrence, However, th is  phenom- 

menon should be considered for d i f f e r e n t  sites. 

l O C F R 6 0  classifies landslides as an adverse con- 

dition and requires the applicant to demonstrate 

tha t  this condition does not impair significantly 

the ability of the geologic repository to isolate 

the waste. 

Earthquakes 

The frequency and magnitude of earthquakes in a 

region may affect the stability of a repository during 

the operat'ional phase. A f t e r  closure of the repository, 

ground motion caused by earthquakes will have no effect 

on the repository beyond possibly contributing ta the 

f a i l u r e  of borehole and shaft  seals. Movement along 

faults, fracture formations, and changes in rock proper- 

ties that are associated with faults could affect ground- 

water flow, and thereby influence radionuclide release 

and transport. The proposed rule on high-level waste 

disposal ( 1 0 C ~ ~ 6 0 )  lists earthquakes as an adverse con- 

dition and requires a careful analysis  from the applicant 

to demonstrate that it does n o t  significantly impair the 

ability of the geologic repository to isolate the radbo- 

active waste. Nevertheless the e f f k t s  of earthquakes 



this report. 

Volcanism and Magmatism 

Volcanic 'activity"occurs primarily in tectonically 
I 

unstable areas. n e s e  areas are r i f t  zones, spreading 
L .  

I: centers along plate boundaries, subduction zones, and 

I locations above deep-mantle pf mes . The quaternaxy 

I volcanism ev ident  throughout much of the western U n i t e d  

I S t a t e s  probably is the result  of the North American 

I Plate overriding a previously active spreading center. 

I Areas underlain by bedded salt are generally either 

tectonically stable or undergoing epeirogenic u p l i f t .  

Volcanic ac t iv i ty  would not be expected in either of 

I these s e t t i n g s .  In the areas of u p l i f t ,  occasional frac- 
J 

tures may provide pathways for intrusion of m a g m a  result- 

ing in the formation of d i k e s  or s i l l s .  Areas of possible 

I future dike intrusion should have anomalously high heat- 

I f l o w  associated with magma at depth. Such anomalies 

would probably be detected during s i t e  evaluation. 

I .  The formation of a dike or sill could disrupt the 

* 
ground-water f l o w  system of the site. Due to the gener- 

ally low-permeability characteri  tics of these features, 

I the effects  are to act a a  a low-conductivity '*dam,H 

r e s u l t i n g  in the redirection of the f l o w  o f  ground water. 

The effects of the change i n  ground-water f l o w  on the 



reference site depend in part on the orientation and 

size of the feature and the geologic setting i n t o  

which the feature intrudes. These features and their 

effects on ' the  reference site flow patterns are i n v e s t -  

igated in the next section. 

The low probability of volcanic activity in bedded 

salt regions essentially eliminates th is  geologic process 

from additional consideration. Several estimates have 

been made as to the probability of t h i s  process,disrupt- 

ing a re@sitory site. Logan (1978)' estimates the prob- 

a b i l i t y  of volcanism affecting a 10 km2 repository in 

the Delaware Basin to be from approximately 8 x '10 -11 

to 8 x 10-12 per year. Arthur D. little, IRC. (19801, 

arrived at estimates ranging from 1 x 10-lo to 1 a 

per year. ' For a repository with the dimensions of 

those of the hypothetical reference repository used in 
I 

t h i s  analysis, a probability o f  6 n l~-'/~ear was esti- 

mated using a model described in Bechan and Johnson 

(1981). F O ~  reasons given in Appendix C, this estimate 

is conservative, Thus, probabilities discussed above 

indicate that this phenomenon can be eliminated based 

on probabilistic arguments. 

Explosions 

Because of repository-design technology and the 

understanding of radionuelide-host rock interactions, 



a nuclear effplosion originating in the repository is 

highly unlikely . Furthermore, 10CFR60 requires that 

the system be designed for nuclear-criticality safety, 

.The possibility of a disruption of the repository 

owing to the effects of nuclear warfare is highly spec- 

ulat ive ,  as much of th is  subject requires subjective 

judgments concerning the actions of humans in the 

future. In the event of nuclear warfare, empirical 

relations between crater dimensions and explosive 

yield (Glasstone, 1962) i n d i c a t e  that  a surface explo- 

sion of 6 3 5  MT yield would be required to excavate a 

crates 2063 feet deep (the repository is 2050 feet 

below the land surface) .  To excavate through the 

shale layer (1700 feet depth) would require a 365 MT 

yie ld .  Most thexmonuclear weapons of the kind that 

m i g h t  be deployed against strategically important 

targets would have a y i e l d  of 200 KT to 10 MT. 

, The more Likely scenario would be the explosion 

(either accidental or in the event of war) of one or 

more nuclear weapons in the 10 MT yield range on or 
1 

near the surface of the reference site. These explo- 

" & i o n s  could cause some fracturing in the middle shale 

layer allowing the infiltration of water to the salt 

layers and' the formation of a disse l 'u t ion  cavity that 

may in time reach the repository. The possibility of 
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this phenomenon is considered i n  a later section of 

t h i s  report (see  Phenomenon R4). 

F Sabotage needs to be considered only during the 

- operational phase of the repository. A f t e r  closure, 
I, 

access to the radioactive waste requires a massive 

drilling and excavating program. For this reason, 

sabotage is not considered in th is  report. Further- 

more, explos ion  due to combustible material (e .g., 

gas) after closure of the f a c i l i t y  is highly improb- 
L 

able; The existence of such material would undoubt- 

ed ly  be detected during the operational phase of the 

programs and, there fore, be adequately compensated for 

as required by 10CFR6O.  

I- 

Irrigation by well water in a region presupposes 

the presence of aquifers w i t h  s u f f i c i e n t  yield and water 

of adequate purity to eupport such ac t iv i ty .  In bedded 

salt areas, the aquifers beneath the salt beds tend to 

be s a l i n e ,  whereas the aquifers above the salt usually 
4 

contain re lat ive ly  pure water. As a result ,  irrigation 

; would affect the aquifers above the repository horizon. 

The pumping and in f i l t ra t i on  of water could alter the 

hydraulic properties of the region. However, these 

changes are cansidered in the analysis by varying the 

hydraulic properties of the aquifer. A large-scale 
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i r r i g a t i o n  project could decrease hydrostatic pressure 

in the pumping area, Such changes in pressure may 

resu l t  in minor displacements along fractures in the 

underlying units. This movement would be small and 

have no effect  on the repository or the ground-water 

f l o w  system. Furthermore, large irrigation projects 

for the reference site used in th is  analysis arc not 

considered due to the relatively large rainfall assumed 

(40  in/yr). f r r i g a t i o n  wells are considered as short- 

ened paths to the environment (see Transport Phenomenon 

TI) and also in the Pathways Model  elto ton and Kaestner, 

1981) to determine surface concentrations for use in 

estimating health effects.  The effects of i r r i g a t i o n  

on radionuclide transport in ground water (other than 

varying the hydraulic properties of the site) are n o t  

considered. In a real s i t e  analysis, estimates.should 

be made as to the potential impact of large irrigation 

projects on the hydrologic system. 

Regional changes in the ground-water syatern.associ- 

ated with dam construction could alter the hydraulic 

properties of the aquifers'. These variations are 

.. incl'uded in the analysis by varying the hydraulic 

properties of the aquifer.  . Other than varying these 

properties, it is assumed t h a t  no dams e x i s t  ox are 

constructed at some later date at the reference site. 



St should be noted that  10CFR6O requires t h a t  the 

applicant demonstrate t h a t  these phenomena.de not  

impair significantly the ability of the repository 

to isolate the waste. 

3 . 5  Additional Sereeninq of Phenomena Using 
Consequence Arguments 

In the previous section a preliminary screening of 

the initial list of events, features and processes was 

performed based on straightforward physical reasonable- 

ness and probabilistic arguments. A detailed analysis 

of. their effects on the flow properties of the reference 

site was not  required. In this section* additional 
1 

screening of the initial list of events, features and 

processes will be performed based not only  on physical 

reasonableness and probabilistic arguments but also on 

consequence arguments.. Here, consequence is in teims 

of the effects tha t  these, phenomena have on the natural 

properties of the reference site. The discusaiona of 

the events, features and processes in this section are 

in the context of release (R) and transport (T) phenom- 

ena as defined in Section 2 . 2 .  

Release Phenomena 

Release Phenomenon R1: Release Phenomenon RI con- 

sists of a high-permeability region extending from the 

ground surface to the repository having a horizontal 
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cross-sectional area ranging from a f e w  square feet to 

a f e w  tens af square feet [Figure 3.5.1). This feature 

is meant to represent a drill hole or mining shaft', pres- 

ent at t i m e  of repository closure or emplaced at Borne 

future time, t h a t  was never scaled or in which the seal- 

ing  material has deteriorated. The effects of such a 

feature on the flow system are shown in Figure 3 . 5 . 2 .  

This f igure  indicates that  water in the middle sand- 

s tone  aquifer would tend to migrate into the-feature 

to the repository. It is assumed that the width  of the 

feature  in the direction of the hydraulic gradient is 

s u f f i c i e n t l y  small so as to avoid the formation of a 

U-tube connec t ion  to the middle sandstone aquifer (see 

Release Phenomenon R31. 

Figure 3.5.1.  Release Phenomenon R1 



Figure 3.5.2.  Fluid Velocity Vectors for EU 

Drilling into the repository could result in release 

of radioactive material direc t ly  to the ground surface 

if a waste canister is penetrated or Leached radionuclides 

are encountered. Huwever, the small amount of material 

that would be transported to the surface under these con- 

d i t i o n s  would result in l i m i t e d  population exposures. 

The more s i g n i f i c a n t  long-term effects from a d r i l l  hole 

o x  mining shaft emplaced to the repository l eve l  would 

come from the dissolution and transport of radionuclides 

in ground w a t e r .  Large-scale releases to circulating 

ground water would have to be preceded by d i s s o l u t i o n  

of a11 or portions of the salt layers surrounding the 

waste.  Heat generated by the radioactive waste would 

tend to enhance salt dissolutiorl along this feature. 

Thermal convection and thermally-enhanced diffusion 

provide mechanisms for movement of dissolved salt 

away from the repository thereby allowing further 



salt dissolution. However, heated fluid rising in the 

drill hole or shaft will cool as it moves away fxom 

the repository. Thus, salt may precipitate in the 

upper por t ions  of the drill hole or shaft  and seduce 

the effect ive permeability of the feature. 

S a l t  creep is another mechanism that would tend to 

reduce the long-term effects from a drill hole or mine 

shaft.  Without the offsetting process of salt dissolu- 

t i o n ,  salt creep would have the effect of closing such 

a feature in the salt. Thus the predominant risk from 

this phenomenon appears to be the inadvertent drilling 

into a waste canister or leached radionuclides and 

transportation of the material direct ly  to the surface. 

Despite the l i m i t e d  population exposure from this event,  

Phenomenon R1 is retained for further analysis, 

Release Phenomenon R2: Release Phenomenon R2 is similar 

in structure to R1 with the exception that the high- 

permeability region extends  to the lower sandstone 

aquifer (see Figure 3.5.33. This feature represents a 

drill hole or mining shaft extending from the ground 

surface to the l o w e r  sandstane aquifer and passing 
.< 

through the repository. This high-permeability region 

would result in flow downward into the lower sandstane 

aquifer ( ~ i g u r e  3.5.4) .  Any radionuclides dissolved 

at the repository would be transported to the lower 
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aquifer for eventual discharge at River L. Should 

this feature be combined with a transport phenomenon 

that causes an upward hydraulic gradient  across the 

s a l t  and shale ,  transport of dissolved radionucl ides  

would be upward into the middle sandstone aquifer. 

The fact that the d r i l l  hole or shaft is completed 

through the repository te the lower sandstone aquifer 

means that  radionuc l ide  migrat ion t i m e s  to the aquifer 

will de substantially shorter for R2 than for  R1. The 

migration pathway is along the lower ,sandstone aquifer 

to River L. 

Ff gure 3.5 .3 .  ~eleasc  Phenomenon R2 
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Figure 3.5.4. Fluid Velocity Vectors for R 2  

It is f e l t  that this phenomenon cannot be el iminated 

Y based on physical reasonableness and/or probabilistic 
I 

arguments as the probability of inadvertent intrusion 

is above the 1 0 - * / ~ r  cut-off (see Appendix B). The 

effects of th is  feature on the overall flow properties 

of the s i te  ate minimal. However, depending on the 

size and number of boreholes considered, drilling 

would r e s u l t  in substant ia l  releases of radionuclides 

to c i r c u l a t i n g  ground water. Thus, R2 is reta ined  to 

perform addi t ional  analysis of the possible discharges 

to the surface environment and health effects resu l t ing  

from these discharges. + 

i Release Phenomenon R3: Release Phenomenon R3 postulates 
* 

the existence of two hydraulic communications between 

the middle  aquifer and the repository and downdip from 

each other (Figure 3 .5 .5 ) .  The horizontal Cross-sectional 
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area of each-zone is on the order of a f e w  square feet 

to a f e w  tens of square feet. This feature could r e s u l t  

4 from exploratory d r i l l  holes or mining shaf t s ,  present 
I 

at the time of repository closure or emplaced at some 
3 

future t i m e ,  that were never sealed or in which' the 

sealing material has deteriorated. Because of the  

d e n s i t y  difference between fresh water and brine, . the 
I 

hydraulic gradient  will not be s u f f i c i e n t  to drive water ' 

through the repository and out the downdip communica- 

tion unless a minimum separation distance (approximately I1 

3 ,000  ft. for the reference s i te)  between the two com- 

munications is exceeded. 

.S 

I 

3 

Figure 3.5.5. Release Phenomenon R3 
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Assuming the horizontal conductivity of the reposi- 

tory is higher t han  the in tac t  salt, the presence of 

these two  hydraulic communPcationa r e s u l t s  in ground 

water circulating f r o m  the middle sandstone aquifer 

through t h k  repository and returning to the middle 

aquifer (Figure 3.5.6) .  Such a communication is gener- 

a l l y  referred to as a "U-tuben. Radionuclides trans- 

ported to the m i d d l e  aquifer could reach the surface 

environment+ through withdrawal wells placed into the 

middle  sandstone aquifer  downdip from the repository 

or discharged at Rlver L. Design criteria could reduce 

the probability of this feature by requir ing t h a t  the 

separation, in the d i r e c t i o n  of the gradient, of explor- 

atory holbs or shafts emplaced during repository construc- 

tion, be s u f f i c i e n t l y  small so as to avoid formation of 

a U-tube. 

Figure 3.5 .6 .  Flu id  Velocity Vectors for R3 
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The consequences of such a feature could be s i g n i f i -  

cant, particularly if other features, such as withdrawal -. 

wells into the m i d d l e  sandstone aquifer,  provide a 

shortened path to the surface environment. Travel , 

times f r o m  the repository to withdrawal wells located 

one m i l e  downdip from the repository can be as short 

as a f e w  t e n s  to hundreds of years. 

As was mentioned earl ier ,  this feature could be 

formed by f a i l u r e  of the seal ing  material in two or 

more of the access shafts emplaced at the t i m e  of 

construct ion  of the repository or from future d r i l l -  

i ng  or mining. Very l i t t l e  data exist on the iong- 

term i n t e g r i t y  of seal ing materials for boreholes or 

shafts. Therefore, it is extremely d i f f i c u l t  to 

arrive at a probability t ha t  th is  feature will occur 

from fa i lure  of sea l ing  materials. Probabilities 

associated with inadvertent in trus ions  due to drill- 

ing are, however, above the 1 0 ' ~ / ~ r  cut-off  imposed 

on this demonstration. Thus, it is felt t h a t  t h i s  

phenomenon cannot be eliminated based on probabil- 

i t y  arguments. Therefore, based on the potentiax 

consequences,-)R3 will be retained for further 

analysis. 



Release Phenomenon R4: This release phenomenon pos tu -  

lates a massive dissolution cavity having a horizontal 

cros a-sectional area approximately equal to that of 

the repository (~igure 3 .5 .7 )  . Formation of such a 

cavity could  result  from the development of a hydrau- 

l i c  communication between the midd le  aquifer and 

the salt followed by dissolution of the  salt layers 

above the repository. Events which night  l e a d  to a d i s -  

solution of the salt above the repository are: (1) 

thermally- or impact-induced fracturing of the overly- 

ing shale, ( 2 )  d r i l l i n g  or mining at some future date 

after repository closure, and ( 3 )  degradation of the 

sealing material in shafts or bereholes emplaced at 

the time of repository excavation. 
P 

Figure 3.5.7. Release Phenomenon R4 
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Fracturing of the overlying shale would provide a 

communication for water f r o m  the middle sandstone aquifer 

to f l o w  downward into contact w i t h  the salt. If the 

width or separation of the communication in the direction 

of the gradient is large, interstices at the sa l t / sha le  

interface could allow for convective f lo& along this 

interface forming a dissolution cavity in the salt 

( ~ i g u r e  3 . 5 . 8 ) .  Subsequent growth of the cavity to 

the depth of the repository would result in radionu- 

c l i d e s  being dissolved in c ircu la t ing  ground water, 

These radionuclides would then be transported in the mid- 

dle sandstone aquifer  where release to the surface c o u l d  

result  from water wells placed i n t o  the middle  sandstone 

a q u i f e r  or discharge at River L. The projected size of 

this disruptive feature ensures that collapse of the 

overlying rock will extend to the land surface, 

Because of the several mechanisms tha t  could lead 

to a disruptibn of the middle shale above the repository 

and the subsequent dissolution of the overlying s a l t  

layers ( e , g . ,  thermal effects,  impact fracturing, inad- 

vertent intrusions, etc.), it was felt that th is  pheno- 

menon should not be eliminated based on probabilistic 

arguments, Given the existence of hydraulic communica- 

t i o n s  between the middle sandstone aquifer and the salt, 

rates of growth of dissolution cavities were modeled 



using the Dynamic Network IDNET) model (~renwell, 

Campbell and Stuckwisch,  1981). Varying the proper- 

ties of the hydraulic communications and the middle 

sandstone aquifer,  and considering o f f s e t t i n g  effects 

such ae salt creep, it was found that  d i s s o l u t i o n  

cav i t i e s  reached the depth of the repository about 50% 

of the t i m e  over a 10' year period. T h e  conbequences 

of this phenomenon (in terms of discharge rates to the 

biosphere and health effects) could potentf ally be 

large because of the size of the  disruptions and the 

inventory accessed, Therefore, R4 is retained for 

further analysis. 

SALT 

Figure 3.5.8. Disso lut ion  Cavity at ~ a l t / ~ h a l e  
Interface 
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Release Phenomenon R5: This phenomenon is similar in 

nature to R4 with the exception tha t  the disrupted 

region is below the repository (Figure 3 . 5 . 9 ) .  Such a 

region would require extensive fracturing of the shale 

beneath the repository allowing water in the lower 

sandstone aquifer to flaw upward into contact with the 

salt and then returning to the lower aquifer (Figure 

3.5.10). Long-term dissolution of-the salt could 

result in a dissolution cavkty extending h t o  the 

repository with a subsequent release of radionuclides 

to circulating ground water, 

Figure 3 . 5 . 9 .  Release Phenomenon R5 
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Figure 3.5.10. Formation of a Dissolution Cavity 
Below the Repository 

Release Phenomenon R5 is inc luded  here for com- 

pleteness. However, it is d i f f i c u l t  to i d e n t i f y  physi- 

c a l l y  reasonable mechanisms that could cause this type 

of disrupted zone. D r i l l i n g  or fa i l ed  seals on shafts 

would affect both the shale above and below the salt, 

not  just the Lower shale.  Thermal expansion'of the 

shale is a possibility, but results from thermomechan- 

i ca l  calculations ind ica te  that the shale beneath the 

repository undergoes l i t t l e  thermal stress. Any hori- 

zontal thermal expansion meets the resistance of the 

surrounding rocks and results in compressional stresses 

such tha t ,  even if fractures w e r e  to develop, the com- 

pressive forces would keep them closed. Expansion 
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downward would be prevented by the greater conf in ing  

pressure in that  direction, whereas expansion upward 

would be i n s u f f i c i e n t  to cause fracturing of the shale. 

Based on the physical reasonableness arguments 

d i scussed  above, Release Phenomenon It5 is eliminated 

from any add i t i ona l  consideration. 
C 

Release phenomenon R6: T h i s  phenomenon assumes the 

presence of a relat ively  narrow planar s tructure  ori- 

ented parallel to River L and located directly below 

the repository (~igure 3 . 5  ill). The feature represents 

a high-permeability fault plane terminating at the 

contact between the lower shale and salt. 

5 
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Figure 3.5.11. Release Phenomenon I26 
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A t  the t i m e  of formation of this high-permeability 

zone, fresh or low-salinity ground water from the lower 

aquifer could rise in the zone and come in contact 

with the salt, Density differences between the brine 

at the salt contact and the underlying fresh water 

could initiate a convective current, thus resulting in 

salt dissolution. T h i s  process could be enhanced from 

temperature increases due to the emplacement of hot  

waste  in the repository. Furthermore, if this feature 

is combined with a transport phenomenon that  resu l t s  

in an upward hydraulic gradient ,  s a l t  dissolution c o u l d  

be enhanced. However, analysis of salt d i s s o l u t i o n  
---. 

rates have shown tha t  formation of a cavity of any sig- 

nificant size is extremely d i f f i c u l t  in this situation. 

If a f a u l t  e x i s t e d  in t h i s  position prior to 

repository excavation, any extensive salt dissolution 

r e s u l t i n g  from it would probably be detected during 

site-suitability s t u d i e s .  Thus the assumption would 

be that either the f a u l t  was present prior to excava- 

tion and extensive salt dissolution had not  occurred 

ox the disruptive feature occurred subsequent to 

repository closure.,, The probability that  an e x i s t i n g  

undetected f a u l t  lies directly below the repository 

depends on the d e n s i t y  of fau . l t s  in the area (see 

Appendix D). The probability of a new f a u l t  devkloping 



d irec t l y  below the  repository is extremely small (see 

Bon i l l a ,  1979). Furthermore, existing data typically 

show t h a t  bedded salt d e p o s i t s  generally e x i s t  in 

regions of Tow s e i s m i c  a c t i v i t y  {see, e - g . ,  Johnson 

and Gonzales, 1978) and, thus, the probability of move- 

ment on a pre-existing f a u l t  would be small (Donath 

and Cranwell, 1980). Using data on f a u l t i n g  rates 

from the Delaware Basin in New Mexico (Claiborne & 

Gera, 1974) or the Palo Duro Basin in Texas (§tone & 

Webster, 1981), it can be shown (see Appendix D) t h a t  

the probability of a fault developing direc t ly  below 

the repository is on the order of 10-''/~r. T h i s  

falls below the cut-off imposed on this 

demonstration. 

Based on the probabilistic and physical reasonable 

arguments above, R6 will not be retained for further 

analysis. 

Release Phenomenon R7: 'Xhis phenomenon assumes the 

presence of a planar structure similar in orientation 
'b 

and location to tha t  of R6 w i t h  the exception that the 

disturbed zone is now one having a low permeability. 

Were, the structure represent5 a fauf t or igneous dike 

terminating at the contact between the lower shale and 

salt. 



The effects of this feature on the f l o w  system are 

somewhat more apparent, as can be seen in Figures  3.5.14 

and 3 . 5 - 1 5 ,  These' figures were generated by arbitrarily 
d 

decreasing the vertical  and horizontal conductivities 

of the disturbed zone by t w o  orders of magnitude for 

the sandstone and one order of magnitude for the shale. 

The effects of this structure are to form a low-conduc- 

tivity "dam," thus reducing the flow in the lower aand- 

stone and increasing t h e  tendency for f l u i d  movement 

up into the salt and over the obstruction, However, the 

l o w  vertical  conductivity of the shale would eliminate 

any extensive salt dissolution above the obstruction. 

On the other hand, if vertical ,  high-conductivity 

fractures should develop adjacent to this obstruct ion,  

the flow of water f r o m  the lower sandstone aquifer 

could be enhanced, the x e s u l t  being a continuous 

convective current of brine and fresh water from the 

lower sandstone. If th is  process should continue, 

the eventual outcome could be the formation of a 

dissolution cavity below the repository similar to 

that discussed in R5. 

The probability of R7 is similar to that for R6, 

However, if the low-conduct,ivity zone is formed by the 

intrusion of magma into a f a u l t  zone, the probability 



of R7 would'be even smaller (Schneider and P l a t t  (1974) 

given the probability of volcanism as times t h a t  of 

faulting), Therefore R7 is eliminated based on proba- 

b i l i s t i c  arguments. 

Figure 3.5.14.  Hydraulic Head Distribution for  R7 

~ i g u r e  3.5.15. F l u i d  Velocity Vectors for R7 

Release Phenomenon RB: Releaae Phenomenon R8 assumes 

the presence of a narrow planar structure oriented 

parallel to fiver L and passing through the repository 



(Figure 3.5.16). As was the case w i t h  R6, the 

structure represents a high-permeability kault 

plane.  ~ e o l o b i c a l l ~ ,  the presence of this high- 

permeability zone 'in the salt unit would probably 

be rase. It is accepted that f a u l t i n g  

of t h i c k  salt formations does not lead to the 

formation of permeable zones; on the contrary, 

the plastic deformation of salt is known to heal 

any fracture or opening in the  salt (see, e.g., 

Thurston, 1961). As a matter of fact, h o s t  of the  

known f a u l t s  in salt formations confirm the self- 

healing behavior of halite. Fault breccias , which 

Figure 3.5.16. Release Phenomenon R8 
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are common in brittle rocksr are unknown in salt for- 

mations, However, it might be argued that permeable 

fracture zones could be found in salt b u t  would even- 

t u a l l y  be obliterated by salt dissolution or recrys- 

tallization. Therefore, the lack .  of documented 

examples would not provide the impossibility of the 

event. A possible example of salt dissolution due 

to f a u l t i n g  was reported by Jones (1974) in east- 

centra l  New Mexico. 

The effects on the ground-water flow patterns of 

the reference site due to the presence of this high- 

permeability zone are shown in Figure 3.5.17. Here, as 

in R6, the  vertical and horizontal conductivities of the 

disturbed zone were a e t  at three orders of'magnitude 

higher for the shale than in the undisturbed system and 

one order of magnitude higher for the sandstone. Con- 

ductivities of the ealt were also s e t  at three orders 

of magnitude higher than in tlie undisturbed system. 

Figure  3.5.17 i n d i c a t e s  that this high-permeability 

zone provides a path for migration of disso lved  radio- 

nuelides to the lower  ands stone. Of course, the gerna- 
'* 

. .  nency of the water circulation through the repository 

would depend on the re lat ive  rates of salt dissolution 

and fracture healing. . The removal of salt would n o t  

be uniform along the f a u l t .  Salt removal would be 
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sides of the f a u l t ,  since this is the thickness of the 

salt and shale u n i t s  above and below the repository. 

Movement along fault planes can occur suddenly or 

in a more or less continuous creep. The greatest d i s -  

placement known to have taken place in a s i n g l e  event 

was an offset of almost 5 0  feet during the Alaskan 

earthquake of 1899, The slow, continuous rates of 

vertical movement along a f a u l t  plane can be f a i r l y  

extensive but this usually occurs over very long peri- 

ods of t i m e .  For example, the only faults in the Texas 

Panhandle known to have affected the Upper Permian salt 

beds have been reported by Johnson (1976). These faults 

are located along the Amarillo Uplift and offset the 

salt by as much as 600 feet. Tectonic activity t h a t  

formed the Amarillo Uplift began in late Mississippian 

and early Pennsylvanian t i m e  {Stone & Webster, 1981). 

Earthquake activity in historic time along this uplift 

indicates that at least some of the faults in this  

region continue to be active (Stone & Webster, 1981). 

Assuming that movement along the f a u l t s  began at 

the end of the Permian ( 225  million years ago), Permian 

- beds being the youngest units offset, and continued to 

the present, and that the maximum offset of the salt 

beds is 600 feet, the rate of movement along these 



f a u l t s  is 2.6 x 10-~ft/~r. This would result in only 

about 0.3 feet of offset in l o 5  years. 

A fau l t  intersecting the repository horizon and 

present at the t i m e  of excavation would obviously be 

detected. Thus, the only other a l ternat ive  would be 

t h a t  development of the f a v l t  occurred subsequent to 

repository eloaure. This could be the result of either 

the'formatfon of a new f a u l t  (i,e., the occurrence of 

faulting where no f a u l t  existed previously) or renewed 

movement on a pre-existing fault bebow the repository. 

As was mentioned previously, the probability of a new 

fault developing is, in i t s e l f ,  very small (<<10-~/~r), 

let alone that it also intersects the .repository. Thus, 

the more l i k e l y  occurrence would be renewed growth on 

a pre-existing f a u l t  below the repository. m e  proba- 

b i l i t y  of a pre-existing f a u l t  lying directly below 

the repository is on the order of to depend- 

ing on the density of faults (Appendix Dl. The possi- 

bility of renewed movement on such a fault would mrike 

the probability of th is  phenomenon even smaller. Thus, 

R8 is eliminated from additional consideration based on 

the physical reasonableness and probabilistic arguments 

discussed above. 





upward through the salt and shale into the middle 

sandstone aquifer,  However, downdip from t he  reposi- 

tory the flow is still downward across the salt and 

shale u n i t s .  These flow patterns suggest the possi- 

bility of a significant variability in the c o n f i n i n g  

capabilities of the ~ a l t .  For example, depending 

on the deformational history of the area, high- 

permeability fractures may develop parallel to a low- 

permeability f a u l t  plane or dike. As a r e s u l t ,  verti- 

c a l  flow along the fault ox dike could be enhanced by 

the presence of these fractures,  

Such upward, vertical movement can be observed 

in Figure 3.5.19, where a high-permeability zone was 

assumed to e x i s t  updip and adjacent to the low- 

permeability zone, Conductivities for this high- 

\ permeability zone were increased three orders of 

magnitude fo r  the salt and shale units and one order 

of magnitude for the sandstone units. For a fault 

or dike passing through the repository, the increased 

vertical flow could intensify the dissolution of 

released radionuclides i.n circulating ground w a t e r  

and r e s u l t  in transport of this aqueous solution 

along the law-permeability zone. If the f a u l t  plane 



Figure 3.5.19. Fluid Velocity Vectors for R9 

or d i k e  should extend to the land surface, dissolved 

radionuclides could be discharged directly to the 

biosphere. 

A f a u l t  or d i k e  that would cause a disruption of 

the flow system to the extent shown in Figure 3.5,18 

would obviously be detected during site-suitability 

analyses, provided it existed prior to repository 

excavation. Thus, one would assume that development 

occurred subsequent to repository closure. As was 

discussed in R8, the probability of this al ternat ive  

is small (<c 1 0 " ~ / ~ r )  and would be even smaller if 

such a feature resulted from intrusion of magma into a 

f a u l t  zone. Therefore, R9 is eliminated from further 
: consideration based on physical reasonableness and/or 

probabilistic arguments. 



Transport Phenomena 

~ s a n s ~ o k t  Phenomenon T1: TI represents the existence of 

a f i e l d  of withdrawal wells completed into the m i d d l e  

sandstone aquifer and located downdip from the repository 

(Figure 3 . 5 . 2 0 ) .  These wells represent sources of water 

for either individual  or municipal water supply and for 

irrigation,. Such wells could be contaminated by dissolved 

radionuclides discharged into the middle sandstone aquifer 

through several release phenomena (see, e .g., R3). For 

purposes of analysis, the fractiqnal discharge of released 

radionuclides v i a  the wells is taken to be the same as the 

fractional withdrawal of water from the aquifer  over the 
- ,  

entire well f i e l d .  To determine concentrat ions ,  the 

radionucl ide  discharge is d i s t r i b u t e d  to those wells 

within the- width of the contaminant plume. 

Figure 3,. 5 " 2  b. Transport Phenomenon T1 
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For release phenomena in which the migration path 

from the repository to the overlying or underlying aqui- 

fer has a small cross-sectional area (e.g., a single 

shaft or drill hole) ,  the width of the  contaminant  plume 

at distance x downdip in the aquifer  is taken as 

WP = 2.5 uy 

where 

ay = JZ 
a~ = transverse dispersivity. 

Ignoring longitudinal dispersion, this plume width will 

preserve the peak or c e n t e r l i n e  concentration a s  the 

peak concentration is proportioned to l/(@tlo ) . For 
Y 

release phenomena such a s  faulting or other major d i s -  

ruptions which extend the full w i d t h  of the repository, 

the plume width is taken as the  width of the repository. 

For reasonable values of the transverse dispersivfty 

and downdip distances up to about 10,000  feet, it can 

be readily demonstrated t h a t  the repository width is 

a gbod approximation for the plme w i d t h .  

The probability of wells being emplaced into the 

middle aquifer at some time in the future after reposi- 

tory closure is larger than 10-&/~r (see Section 3.8). 

Furthermore, these wells would provide a shortened 
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path to- the surf ace environment f o r  radionuc l ides  

released into the middle sandstone aquifer .  Thus, T1 

will be retained for further analysis. 

Transport Phenomenon T2: T2 is nearly i d e n t i c a l  to TI, 

the exception being that the wells are completed into 

the lower sandstone aquifer (Figure 3-5.21). These wells 

could be contaminated by radionuclides released i n t o  the 

lower aquifer ( s e e ,  e.g., R2). There are several reasons,' 

based on o u r  hypothetical reference site, why this 

phenomenon could be eliminated from further analysis. 

F i r s t ,  s i n c e  there is some downward movement of ground 

water through the salt, water in the lower sandstone 

aquifer is likely to be s a l i n e .  Second, because wells 

to the lower aquifer would be drilled through the salt, 

there is the likelihood of f u r t h e r  increasing the s a l i n i t y .  

F i n a l l y ,  t he  lower sandstone ie about 2,000 feet below 

the land surface, whereas an abundant water supply (the 

middle  sandstone aquifer)  is available much nearer ,the 

land surface: Nevertheless, there are reasons for retain- 

ing T2. For example, the mere fact that  the lower sand- 

s tone  is 2 ,000  feet below the ground surface cannot be 

taken to preclude its use as an aquifer some t i m e  in t h e  

future.  For example, water supplies to the cit ies  of 

Phoenix and Tucson used to come from relatively shallow 

aquifers.  These aquifers  have long since been pumped dry, 
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Figure 3.5.21. Transport Phenomenon T2 

and present water supplies to Tucson, at l e a s t ,  come from 

aquifers several thousand feet deep. Furthermore, in o u r  

analysis of withdrawal wells, no assumptions are made as 

to the salinity of the aquifers. n u s ,  the possibility 

of the presence of withdrawal wells into the lower aqui- 

fer necessitates the inclusion of T2 for further analysis. 

Transport. Phenomena T3 and T4: These transport phenomena 

are ident ica l  to T1 and T2, respectively, w i t h  the e x c e p  

kion that the wells are located updip from the repository 

(~igures 3.5.22 and 3.5 .23) .  The effects on the flow 

system of withdrawal wells located updip from the reposi- 

tory would be significant only if the amount of water 

withdrawn were s u f f i c i e n t  to significantly alter the 



Figure 3 .5 .22 ,  Transport Phenomenon T3 

Figure 3.5.23.  Transport Phenomenon T4 
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hydraulic gradients  in the f l o w  system, and then only 

if these altered gradients were maintained for very 

long periods of t i m e .  Furthermore, assuming wells are 

just as likely to be d r i l l e d  downdip from the repository 

as updip, the r i s k  from T3 and T4 would clearly be domi- 

nated by wells located downdip from the repository: i . e . ,  

T1 and T2. Finally, the effects of wells updip from 

the repository could possibly be beneficial a s  they 

could somewhat reduce f l u i d  velocities neir the 

repository. 

Based on t h e  arguments presented above, T3 and T4 

will be eliminated from any further analysis. 

Transport Phenomenon TS: T5 represents a field of injection 

wells completed i n t o  the lower sandstone aquifer downstream 

from the repository. Injection wells for disposal of chemi- 

cal waste or other purposes are l i k e l y  only into the lower 

sandstone. The effects would 'alter the transport of 

released radionuclides only if the amount of the material 

in j ec t ed  and the periods of injection were s u f f i c i e n t  to 

alter the hydraulic gradients in the f l o w  system for long 

periods of time. Figure 3.5.24 shows the hydraulic head 

distribution plots, where an inject ion well, injecting 

fluid at the rate of 1.000 ft3/day.  has been completed 

into the lower sandstone aquifer. This figure s h o w s  no 
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significant change i n  the hydraulic head distribution 

from the base case. Thus, T5 is e l iminated  from fur- 

* 7 C '  
ther analysis based on low consequence. 

*? 

Figure 3.5 .24 .  fIydsaulic Head D i s t r i b u t i o n  for T5 
I 

Transport Phenomenon T6: T6 is i d e n t i c a l  to T5 with the 

exception that the injection wells are updip from the 

repository. T6 is eliminated on the same basis as T5. 

Transport Phenomenon T7: T7 assumes  the existence of 

a narrow, high-permeability planar structure oriented 

parallel to River L and located downdip from the xeposi- 

tory and extending through the lower sandstone and shale 
9 

(Figure 3 .5 .25 ) .  The feature represents a f a u l t  plane 

i terminating at the contact between the lower shale and 

. salt. T7 is identical to R6 w i t h  the exception of 

location: the feature in R6 is located directly below 

the repository whereas the feature here is located 

downdip from the repository. A d i s t i n c t i o n  is made 
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between the two since it is f e l t  that a f a u l t  plane 

d irect ly  below the repository would have a .greater 

i n f l u e n c e  on release of radioactive material from the 

repository than on its 'transport i n  an aquifer once 

released to that  aquifer, whereas a fault downdip 

would have a greater inf luence on transport of radio- 

nucl ides  in the aquifer. 

Figure 3.5 .25 .  Transport Phenomenon T7 

Recall that the effects of this high-permeability 

' zone on the f l o w  system are nearly n e g l i g i b l e .  As was 

the case with R6, a high-permeability zone in this loca- 

, t i o n  could result in s o m e  long-range effects on the . 



reference site,  such as the formation of a dissolution 

cav i ty  in the bedded salt above the zone. However, the 

s i ze  of th i s  cavi ty  would n o t  be significant to alter 

the transport of radionuclides released to the lower 

aquifer. Thus, T7 can be eliminated based on con- 

sequence arguments. 

Transport Phenomenon T8: T8 is similar to T7, except 

that the disturbed zone is one of low permeability. 

Thus, T8 is similar to R7 w i t h  the difference being" 

location. The effects of this low-permeability zone on 

the flow system are similar to the effects produced by 

R7, namely, to reduce the flow in the lower sandstone 

and to develop flow around and over the obktruction ( ~ i g -  

ures 3.5.26 and 3 . 5 . 2 7 ) .  Furthermore, the hydraul ic  



Figire 3 .5 .27  Flu id  Velocity Vectora for'T8 

gradient on the updip s i d e  of the disruption is now 

upward across the salt and shale. 

Arguments used to eliminate R7 could also be used 

to e l i m i n a t e  T8, However, should this feature be com- 

bined with a high-permeability zone passing through the 

repository and connecting both aquifersl flow in the 

lower sandstone would be diverted  upward through the 

repository and i n t o  the m i d d l e  sandstone. This can 

be seen in Figure 3.5.28,  where a d r i l l  hole through 
Z m  

the repository and into the lower sandstone ( ~ 2 )  has 

been combined with the low-permeability feature af 

TB. With the more l i k e l y  possibility 0 2  withdrawal 

, wells being placed i n t o  the middle eandstone aquifer, 

and the shorter path for discharge at River L (1,000 

feet less) than through the Lower aquffer, this pos- 

sibility could result in a greater r i s k  than that 

-'l 
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resulting from the usual  discharge to the lower aquifer .  

Thus,  despite the fact that the probability of this sce- 

nario is l i k e l y  to be less than the 10-*/~r  cut-off, T8 

is retained for further analysis. 

Figure 3.5.28.  Flu id  Velocity Vectors f o r  R2, T8 
Combination 

Transport Phenomenon T9: T9 represents the presence of 

a high-permeability fault plane located downdip from 

the repository and passing through both the lower and 

m i d d l e  sandstone aquifers ( ~ i g u r e  3 - 5 - 2 9 ] .  T9 is simi- 

. lar to R8 w i t h  the exception of location. Thus, the 

effects on the flow system of such a feature would be 

essentially the same.  Large-scale s a l t  dissolut ion 

along such a high-permeability zone prior to repository 

construction would probably be detected by site  chasac- 

terizatian s tud ies ,  and, thus eliminating the site 

from consideration. Furthermore, the probability of 
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post-closure f a u l t i n g  on this scale is small and can be 

minimized by selecting a site with low~seismic activity. 

Figure 3 . 5 . 2 9 .  Transport Phenomenon T9 

fn addition to lakge-scale salt dissolution,. a 

high-permeability zone A in this position could act a s  

a conduit  between aquifers ,  and therefore spread any 

released radionuclides from on-e aquifer to another, 
4 

depending on the direction of +the hydraulic gradient. 

For releases to the middle sandstone, dissolved radio- 

nuclides could be transported to the lower sandst-one 

through this high-permeability zone, resulting in a 

longer pathblength for discharge at Rives L. Thus, 
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in this case, the presence of this zone could actually be 

beneficial. If release occurred to the lower sandstone, 

movement to the middle sandstone through this hfgh- 

permeability &one could occur if a blockage or cernenta- 

t i o n  occurred in one or both of the aquifers downdip 

from the high-permeability eone. However, the prob- 

ability of a scenarib involving the combination of a 

release of radionuclides to the lower sandstone, a 

high-permeability eone downdip connecting ,both aquifers,  

and a low-permeability blockage dewndip from the high- 
4 

permeability zone is extremely small (<< 1 0 - ~ / ~ r )  . Thus, 

T9 will be eliminated based on probability and conse- 

quence arguments. 

Transport Phenomenon T10: T10 is similar to T9 with the 

exception of the hydraulic properties of 'the disturbed 

zone. Here, the zone is one having a low permeability 

and represents a fault plane or igneous d ike  located 

downdfp from the repository. The effects on the f l o w  

system are similar to those for R9, As this feature 

would create an upward hydraulic gradient across the 

repository (Figure 3.5.30), the primary concern would be 

the combinatibn of TI0 w i t h  a high-permeability zone 

passing through the repository ( e . g . ,  ~ 2 ) .  In this 

case, upward vertical flow could occur through the 



high-permeability zone with disso lved  radionuclides 

being discharged either to the m i d d l e  sandstone aquifer 

or direc t ly  to the land surface. This upward movement 

can be observed in Figure 3.5.31, where a drill hole 

from the surface to the lower sandstone and passing 

through the repository has been combined w i t h  the 

low-permeability zone of T10- 

Figure 3.5.30. Hydraulic Head Distribution for T I 0  

Figure 3.5.31. Fluid Velocity Vectors for R2, T I 0  
Combination 



i ' 

The probability of a new f a u l t  occurring i n  the 

reference site downdip from the repository is on the 

order of 10-~'/~r. If this low-permeability zone is 

formed by the intrusion of magma i n t o  a f a u l t  zone, 

t he  probability of such a feature would be even smaller. 

Nevertheless, w i t h  the potential for direct release to 

the land surface when TI0 is combined w i i h  R2, T10 is 

retained for further analysis. 
C 

Transport Phenomenon T11: T11 assumes the existence of 

a high-permeability planar structure in the lower 

I sandstone and shale oriented parallel to Rives L and 

located updip from the repository (Figure 3.5.32). The 

- > 

Figure 3.5.32.  Transport Phenomenon T11 
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feature represents a fault pl.ane terminating at the con- 

tact between the lower shale and salt. It is similar to 

T7 and R6 with the exception of location. 

As was the case with R6 and T7, the effects of this 

high-permeability zone on the flow system are f e l t  to be 

negligible.  Thus, l i k e  R6 and T7, T I 1  can be eliminated 

based on consequence arguments. 

Transport Phenomenon T12: T12 is similar to Tll, the 

difference being that the disturbed zone is one of low 

permeability. H e r e ,  the feature represents a f a u l t  

plane or an igneous d ike  terminating at the contact 

between the lower shale and salt. . 
The effects o f  this feature on the flow system are 

similar to those of R7 and T8. However, because the 

feature is located in the updip portion 05 the flow 

system, the increase in the tendency for downward flow 

downdip from the zone is more apparent than it was in 

R7 and T8 (Figure 3.5;33). T%is could have the effect 

of increasing the rate of migration of radionucl ides 

from the repository to the lower sandstone. However, 

t h i s  effect would be offset dy the decrease in fluid 

velocities in the lower sandstone due to the presence of 

this low-permeability zone. Therefore, T12 is e l iminated  

based on consequence arguments. 
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Figure 3 .5 .33 .  Hydraulic Head Distribution for T12 

Transport Phenomenon T13: TI3 represents the existence 

of a high-permeability f a u l t  plane sn the updip s i d e  

of the repository, or iented  parallel to River L, and 

extending to the Land surface (~igure 3 . 5 , 3 4 ) .  Since 

it extends  to the land surface, it would probably be 

detected during site-characterization s t u d i e s .  The 

Figure 3.5.34. Transport Phenomenon T13 
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probability of such a feature occurring at some later 

date is less than the 10-*/~r cut-off  imposed on this 

demonstration (approximately 1 0 - ~ ~ / ~ r )  . Thus, T13 is 

eliminated based on probabilistic arguments. 

Transport Phenomenon T14: T I 4  is similar to T13, the 

difference being that the disturbed zone is now one  of 

low permeability. This feature represents a f a u l t  

plane or igneous dike extending to the land surface. 

Since it extends to the land surface, and because of 

its effects on the f l o w  system (see Figure 3.5.351,  it 

would probably be detected during site-characterization 

s t u d i e s .  Thus, the assumption would be that development 

occurred subsequent to repository closure. 

I 
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Figure 3.5.35.  Hydraulic Head Distribution for T14 
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The effects  of this low-permeability zone on the 

flow system are similar to those of R9 and T I P .  How- 
- C 
" 

ever, because of i t s  location, the  increase in the 

q;? downward flow downdip f r o m  this feature is more appar- 

ent  than it was in R9 and T1Q (Figure 3 .5 .35 ) .  As 

was discussed  in TIZ, this could have the effect of 

increasing the rate of migration of radionuc l ides  from . 

the repository to the lower sandstone. On the other 

hand, t h i s  effect would be offset by the decrease in 

fluid velocities in the lower sandstone due to the 

presence of this low-permeability zone. Furthermore, 

the probability of this feature occurring, l e t  alone 

subsequent,to repository closure, is less than the 

1 0 - ~ / ~ r  cut-off. Thus, T14 is eliminated from further 

consideration based on probabilistic arguments. 

3.6 Final S e t  of Release and Transport ~henorneha 
I 

Table 3.6.1 below l ists  the s e t  of Release and 

Transport phenomena remaining after the elimination 

L procedures of Sections 3.4  and 3.5.  The "BC" phenom- 

enon listed in Table 3.6.1 represents the reference 
r - 
.L' 

site without any disruptions and will be referred to 
a 

in the remainder of this report as the "Base Case 

Scenariom+ Since it represents the reference site 
f 

without any disruptions, it needs to be considered 
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consequences at t h i s  p o i n t  refer to radionuclide d i s -  

charge to the surface environment and the health effects 

resulting f r o m  these discharges. 

n 
>d? 

3.7 Constructinq Scenarios from Release and Transport -- 
Phenomena 

The next step in the scenario selection procedure 

is to construct scenarios by taking meaningful'sequences, I 

either singly or in combination, of the release and trans- 

port listed in Table 3.6.1. One means of i l l u s -  

t ra t ing ' th i s  construction of scenarios is by the use of a 

logic diagram similar to tha t  shown in Figure-2.4.1. This 

has the benefit of presenting a diagramat ic  representation 

of each of the various combinations of release and transport 

phenomena used and aids in assuring that all meaningful com- 

binations have been considered. 

A logic diagram, including every possible 'combination 

of release and transport phenomena listed in Table 3.6.1, 

would eontain 2* = 256 outcomes. Initially, many of these 

combinations can be eliminated. Far example, R1 (borehole 
r 

or shaft to repository) could be considered in combination 
- 
c with R2 (borehole or shaft t6 lower aquifer), and the sce- 

: nario (Rl,R2) analyzed in t e r m s  of radionuclide transport 

and health effects. However, to avoid the complexity of 

performing transport calculations for scenarios involving 

multiple transport paths, consequences resul t ing  from 
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scenario (Rl,R2) could be determined by adding the 

consequences from each of R1 and R2. The same reason- 

ing could be applied to any combination of release 

phenomena involving multiple t r anspor t  paths. Fur- 

thermore, release phenomena involving releases to.the 

upper aquifer would probably be dominated by R4 (mas- 

s i v e  dissolution cavity to repository). In fact, the 

long-term outcome of release phenomenon such as R 3  

(U-tube) would probably lead to a disruption such as 

t h a t  described in R4. Thus, these phenomena do not 

necessarily need to be considered in combination. 

In the demonstration presented here, none of the 

release phenomena are considered in combination when 

forming scenarios. 

Recall that  R1 (borehole or shaf t  to repository) 

I 

was xetained.only because of the potential of inadvertent 

drilling into a waste canister or leached radionuclides 

and transporting this material directly to the land sur- 

face. Thus, in this demonstration, R1 is not  considered 

in combination with any transport phenomena, This elim- 

inates the sequences (~l,Tl), (~1,T23, (~1,T8), and 

(R~,TIO). Furthermore, T1Q {low permeability f a u l t  or 

dike  downdip from repository) was retained only'because 

of i t s  potential of direct release to the land surface 



I' ' 
when combined w i t h  R2. Thus, T I 0  is nbt considered by 

i t s e l f .  

The diagram in Figure 3.7.1 contains  what is felt 

to be a l l  the meaningful combinations of the release 

and transport phenomena l i s t e d  in Table 3.6.1. This 

diagram contains 16 sequences ( i . e . ,  scenarios). n e s e  

are the scenarios which will be subjected to the next 

l eve l  of screening as discussed below. 

. . 

- ?  
d 

* 
-< 
? 

R1 I R2 SL3 I R4 T1 T2 TB , T I 0  
1 

BC 

T& 

I f 2 
1 1  

T f 7 ,T8 

R4 

R 4 , t l  

R 3  

R 3  ,f 1 I 

I 
R 2  . 

R 2 . T l 0  

R 2  ,T8 

R2,T 2 

r' 

i' d 

82 

I 

I 
Y E S  

R 1 

Figure 3.7.1. Scenarios Constructed f r o m  Release and 
Transpdrt Phenomena 
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3 . 8  Initial Screening of Scenarios 

An i n i t i a l  screening of the scenarios listed In 

Figure 3.7.1 can be accomplished by means of the criteria 

listed in Section 2.3. As was d i s c u s s e d  in Sect ion 2 * 5 ,  

physical reasonableness and Consequence arguments will 

be applied f irst .  The remaining scenarios will then be 

q u a n t i f i e d  in terms of probabilities and screened on 

the basis of this  criterion. 

Some of the scenarios in Figure 3.7.1 are included 

only for completeness of the diagram and thus can be elim- 

inated based on reasonableness or consequence 

arguments. Far example, consequences from (R2, T1) 

would be no different from R2, since withdrawal wells 

completed into the middle sandstone would not alter the 

consequences from a release to the lower sandstone. 

The combination (RZ,T11 was necessary in construction 

of the diagram in order to arrive at (R2,TI,T8). The 

same is true of TI. The hydraulic gradient i.n the 

undisturbed system is downward, and there is assumed 

to be ample fluid in order for convection to dominate 

molecular diffusion. Thus, any radionuel ides  released 

in the Base Case Scenario (BC) would be discharged to 

the lower aquifer with eventual transport to River L. 

Withdrawal wells into the middle sandstone would not 

significantly alter the consequences from the Base 
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Case Scenario. T1 was necessary in construction 

of the diagram in order to arrive at (TI, ~ 8 ) .  

The remaining scenarios in Figure 3.7.1 are now 

q u a n t i f i e d  in terms of probability estimates (whenever 

possible) and screened on the basis of the cut-off ( 
' 

far lo5 years) imposed an this demonstration. However, 
C 

due to the uncertainty that frequently exists in these 

probabilities, scenarios w i t h  probabilities below this 

cut-off may be retained for further analysis. Further- 

more, where estimates of realistic probabilitfes are 

- virtually impossible, no attempt should he made to 

screen on this basis. Instead, these scenarios s h o u l d .  

be retained and subjected to further analysis Ce.g., 

transport and health effects calculations). 

Probabilistic Evaluation. of Scenarios 

Probabilities of those scenarios remaining after 

the above screening process are now discussed in d e t a i l .  

Estimates of probabilities will be assigned to these 

scenarios whenever possible. The values for  these 

probabilities ere obtained from either the models and 

techniques discussed in Appendices A-D or from other 

sources such as expert opinion when little or no data 

is available. In many instances, these probabilities 

have been unavoidably arbitrary, s i n c e  the reference 

site used in the demonstration of the scenario selection 
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site-specific research is required to generate rel i -  

able probability data. 

It should be noted that the probability associ- 

ated with each scenario is no t  the probability that 

t h a t  scenario occurred and nothing else. It is the 

probability that  at l east  that scenario occurred with- 

in the lo5 year period considered. In that respect, 

the scenario probabilities are conservatively high. 

Base Case (BC) Scenario - Recall. that the Base Case 

Scenario is the reference s i te  without any disruptions 

other than the emplacement of the repository. Since  

it is the reference s i t e ,  the probability associated 

w i t h  this scenario would be 1 (assuming ,  of course, 

that one is not considering the probability of the  

Base Case occurring and noth ing  e lse) ,  

Scenario RI - Scenario R1 represents a high-permeability 

zone (borehole or shaft )  extending from the land  surface 

to the repository. This scenario'was re ta ined  because 

of the possibility of inadvertent drilling into e waste 

canister or leached radionucl ides  and transporting t h i s  

material directly to the land surface. 

A While the repository is operational, and during 

I -  the administrat ive  control period following sealing and 



decommissioning of the repository, no drilling i n t o  

the site would be expected. After t h i s  period, it is 
5 - 

conceivable that future generations m i g h t  d r i l l  into 

?: ,,the formations containing the waste without knowing it 

was there. For purposes of analysis, the period of 

administrative contro l  is arbitrarily assumed to be 100 

years. Thus, the probability of inadvertent  drilling 

into the waste is 0 for the f i r s t  100 years. Following 

t h i s  period several factors enter into determining the 

probability of this scenario* The first is the proba- 

bility a£ drilling at the site. The potential for 

natural resources such as potash, o i l  and gas ex i s t ing  

at the site inf luence the possibility of drilling. 

Also, heat generated by the waste could make the site 

appear to be a geothermal source to future generations. 

Because of the unpredictability of future generations, 

it is difficult to determine when the econbrnie factors 

that  drive the present-day search for these resources 

will end. Thus, probabilities derived fox this scenario 
5 

are based on current drilling data. Based sn drflling 
' 

data f r o m  various bedded salt regions (see Appendix B), 

the probability of at l e a s t  one d r i l l  hole penetrating 

the repository in lo5 years is nearly 1. 

Geometric probabilities must also be considered. 

Given that drilling has occurred at the site, what is 



the  probability that it intersects a room f i l l e d  with 

canisters and also intersects a canister or leached 

waste from a canister? fn our calculations, the prob- - ;5 

ability of intersecting leached waste was assumed to . - n 
be the same as intersecting a canister. The probabil- 

ity of intersecting a roam and a canister was found 

to be approximately 2 .5  x for the hypothetical 

reference repository (see Appendix & I .  

The probability of Scenario R1 is determined by mul- 

t i p l y i n g  the two  probabilities discussed above. Thus, 

Time (yr) Probability 

0-100 0 

100- 105 2 . 5  x lo-3 

Scenario R2 - Scenario R2 represents a high-permeability 
zone (borehole or shaft) connecting overlying and 

underlying aquifers and passing through the repository. 

Since  repository des ign  criteria would undoubtedly not 

allow the d r i l l i n g  of such shafts or boreholes in the  
A 

construction of the repository, the drilling of this 4 

. I. borehole or shaft is assumed to occur subsequent to * I  
repository closure and administrative control. Fur- 

thermore, no assumption is made as to the sealing or 

backfilling of t h i s  shaft or borehole. Boreholes will 
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probably be d r i l l e d  outside specif ied boundaries of the 

site during site-suitability s t u d i e s  and these boreholes 

will be sealed. For release of r a d i o n u c l i d e s  to occur 

from these boreholes, a dissolution f r o n t  would have 

to advance to the repository once the seal ing material,  

had fa i led.  Far this to occur, failure of the seal ing 

material would have to be severe. Furthermore* salt 

dissolution along the borehole would have to be extreme 

to extend to the repository. Analyses with salt d i s -  

s o l u t i o n  rates along bareholes (see, e .g., Cranwel 1, 

Campbell and Stuckwisch ,  1982) have shown that such 

dissolution rates are highly u n l i k e l y .  

The probability of drilling into the repository is 

assumed to be the s a m e  as that for Scenario R1. The 

probability of intersecting a canister is not considered 

here, only  the probability of intersecting a room. For 

the hypothetical waste  repository, this was determined 

to be 0 . 2 5  ' (see Appendix B), Thus, the probability of 

R2 is estimated as 

Time  (yr) Probability 

0-100 0 

100- l o 5  0.25 

Scenario R3 - Recall that Scenario R3 postulates the 

existence of t w o  high-permeability zones extending from 
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the overlying aquifer to the repository and downdip 

from each other. Flow through this "U-tube" feature 

would involve entry of fresh water from the overlying 

aquifer through the updip communication, f l a w  through 

the repository, and discharge into the overlying aquifer 

through the downdip communication. Because of density 

differences between fresh water and brine, the hydraulic 

gradient at t h e  reference site will not be sufficient 
/- 

to d r i v e  water through the repository and o u t  the 

downdip communication unless a minimum separation 

distance i s  maintained. For the  reference site; this  

distance was found to be approximately 3000 feet. 

Thus, if the U-tube formation was due to future drill- 

i n g ,  the target area would have to be reduced accord- 

i n g l y .  

Realization of the need for  a m i n i m a l  separation 

of the v e r t i c a l  connections i n  the U-tube scenario 

would  clearly be recognized during construction.of the 

repository. Thus, repository design criteria would 

eliminate the formation of this scenario f r o m  boreholes 

and shafts placed at the time af repository construction. 

: Therefore, it is assumed that this scenario results  from 

an existing borehole or shaft (emplaced at t h e  of repask- 

tory construction) and d r i l l i n g  a t  some future date. 



- _  - - . ---_ .- -- I - -. +", 

Boreholes and shafts emplaced at the time of repository 

construction would clearly be sealed, Thus, the esti- rr  

3 mation of the probability of seal f a i l u r e  is needed. 

- : Estimation of the probability of a shaft or bore- 
: 

hole seal fa i lure  is d i f f i c u l t  because of the lack of 

data describing the long-term behavior of sealing mate- 

rials. Schneider and P l a t t  (1974) arrive at ah estimate 

of lom4 as the probability of an o r i g i n a l  flaw in a seal 

based on a study of borehole seals  by the o i l  and gas - 

industry. ' Depending on the material used, sea ls  may ' 

either deteriorate w i t h  t i m e  or improve. 'Thus, due to 

the lack of additional data, a probability of will 

be used for t h i s  event far a l l  t i m e .  

The probability that the t w o  vertical  communications \ 

of the U-tube are formed by t w o  d r i l l  holes emplaced at 

some future date and at l e a s t  a di s tance  of 3000 feet 

apart in the downdip d i r e c t i o n  is estimated using the 

d r i l l i n g  data of Appendix B. If the two  holes are 

drilled at different times, the possibility exists 

2, Y that one Iitight have closed, due to salt creep, before 

the other is d r i l l e d .  To account for this, the period 

, of time for drilling was reduced to lo3 years. This 

time period was based upon s t u d i e s  of rates af s a l t  
I 

creep around d r i l l  holes in bedded ealt formations 

( Cranwell, Campbell and Stuckwisch, 2982)  . A t  the 
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mean drilling rate of 1.18 x wells/ 1100 acres/year 

(Appendix .El), t h i s  would amount t o  avwtoximately 12 

drill h o l e s  for the lo3 year period. To determine the  

probability t h a t  st least two of these are located at 

a minimal di s tance  of 3000 feet from each other in the  * 
T. 

direction of the' g r a d i e n t ,  we assumed, as in Appendix B, 

that wells are d r i l l e d  according to a Poisson process. 

Here, howiver, we assumekt = 12. Thus, 

P ( a t  l e a s t  two d r i l l  hales - > 3000 ft apart )  

1 2  
A = ~ ~ ( ' t ) ~ ( d t  least two holes > 3000 f t  apartin holes) - 

n=2 

12 n - x t  
= C ( A t )  e P(at least two ho le s  3 3000 ft apartln holes). 

n=2 "! 

To determine  Plat l e a s t  two holes 2 3000 ft apartfn holes), 

we assumefn points to be located a t  random on line segment 

[0 ,80001 .  L e t  Y1, Y2, . . ., Y, be an ordering of these 

points fsdm smallest to l a r g e s t ;  i . e . ,  

0 < - PI 5 Y2 5 . . . 5 Y, 5 8000.  

Then 

P ( a t  l e a s t  two holes 2 3000 it apartln holes) 

P(Y, - Y1 2 3000). 

The j o i n t  'density of Y1, Y2. . . .. Yn is 



n 
f(yl. Y2. - 1  Y") = 8000" - 

r - 
8, " 

Hence, the j o i n t  d e n s i t y  for Yh and Y, is 

$; 

n 1 
f(yl, yn) = Boaon JYn jYn-! m 1:: a!?2 . d y n - ~  

Yl y, 

- - n(n-1) 
8000" 

(Y, - y 1 F 2 *  

Thus, 

P(Y, - Y1 - > 3000) = n(n-l) 8000" lsooQ iyn-3000 (Y, - Y l ) n - 2  dyldyn 

so, 

 at l e a s t  t w o  holes - > 3000 ft apart by t i m e  t) 

= - ht 5 i"t)" e - n(3/8)"-l + (11-11 (3 /8 )" ] .  
n=2 nl 

~ 
- W i t h  h t  = 12, this probability is approximately equal to 0.6. 
C, 

Thus, the probability that the t w o  vertical communications 
- * 

of the U-tube are formed by two drill hales a distance of 

at least 30QO feet apart will be taken as 6.6. 

The probability that the two  vertical communications 

are formed by a drill hole emplaced at some future date 

and a shaft or borehole emplaced at t i m e  of repository 
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construction and in which the sea l ing  material has 

f a i l e d  is estimated using the drilling data of Appen- 

d i x  B and the probability of shaft sea l  f a i l u r e .  The 

shaft  w . i l l  assume to have been placed at one end of 

the'repository. This leaves a region of area (8000 

- 3000 ft) x 6000 ft = 691 acres for the drill hole 

to be placed. The parameter A t  = 1180 is therefore 

adjusted as follows: 

The probability P tha t  at l e a s t  one drill hole is 

drilled at a distance greater than 3000 feet from the 

.shaft is given by 

740 
' A t ) "  - A t  P(at l east  one hole > 3000 P =  C -e 

n = l  n! ft from shaftln hoyes) 

740 (~t)" - A t  = C -  
n e  El- none of the n holes are n=l >3000 ft from shaf t ) ]  



The probability o f  shaf t  seal f a i l u r e  is taken as 

l r4 .  Therefore, the probability that the vertical  corn- 

rnunictiona of the U-tube resulted Prom a drill hole and 

and a shaf t  in which the sea l ing  material  has f a i l e d  is 

taken as 10'~. 

The probability of the two vertical  communications 

of the U-tube is found by a m i n g  the two probabilities 

of the previous paragraph. Tfiis sum is approximately 

equal to 6 x 10-l. However. formation of the t w o  

vertical  communications, even at a minimum distance of 

at l e a s t  3000 feet, does n o t  necessarily imply formation 

of the U-tube. Flow connecting these two communications 

must s t i l l  occur through the repository. Realistic 

est'imates of this probability are f e l t  to be impossible 

without the a i d  of near-field modeling. To account 

for this past of the U-tube formation, the probability 

of the two vertical  communications is arbitrarily 

lowered by two orders of magnitude. Thus, the prob-. 

ability of scenarib R3 is given as: 

Time  (yr) Probabilitx 

Scenario R4 - Scenario R4 postulates the existence of a 

massive dissolution cavity extending from the overlying 



aquifer to the repository. Formation of this cavity is 

assumed to have occurred by a disruption of the  hale 

layer between the overlying aquifer and the salt followed 

by dissolution of the salt layers above the repository. 

The disruption of the shale layer above the repository 
I 

m i g h t  be caused by a number of events or processes such 

as thermal effects, fmpaet fracturing, tectonics, sub- 

sidenee, pressurization, drilling, etc. Estimation of 

probabilities for a l l  possible i n i t i a t i n g  events  and 

processes, at least on a generic basis* is unrealis- 

t i e .  Some have already been discussed Ce.g., meteorite 

impacts, drilling, and tectonics). For purposes of t h i s  

demonstration, a probability of 1 will be assigned to be 

the composite of initiating events for  Scenario R4. 

Salt dissolution rates following disruption of the 

overlying shale were analyzed using the INET computer 

model (Cranwell, Campbell and Stuckwisch, 1982) , One 

hundred sets  of input values representing varying prop- 

erties of the overlying aquifer ,  shale and salt u n i t s  

were analyzed with the m E T  code to estimate a distr5-  

bution of times for a dissolution cavity to reach the 

depth of the repository. Of these 100 sets of input  

values, only 49 resulted in a dissolution front reach- 

ing the depth of the repository in lo5 years. Based 

on th i s ,  the probability that a dissolution cavity  



will reach the depth of the repository, given t h a t  a 

disruption of the overlying shale layer has occurred, 

will be estimated a s  5 x 10-l. Thus, the probability 

of Scenarfo R4 is estimated as 5 x 10'l, 

Scenario T2 - Without data from a specific site, the 

estimation of the probability t h a t  water wells are 

drilled downdip from the repository is difficult. Once 

such data were avai lable ,  techniques similar ta those 

used for arriving at probabilities for hydrocarbon 

exploration could be ueed (see Appendix B). 

According to the 1970 publication of The Water 

Encyclopedia (19791, wells to obtain water were being 

d r i l l e d  at the rate of approximately 420,000 per year. 

About 2% of these, or 8300, were deeper t han  500 f e e t .  

If these were uniformly distributed over the land 

surface of the United States,  this would amount to 

approximately 2 x 10-3 w e ~ l s / r n i * / ~ r .  The region at 

the hypothetical site located downdip from the reposi- 

tory consists of approximately 32 mi2 (Campbell et 

al.. 1978). This would amount to about 6.4 x 

wells/yr, or 6400 wells in lo5 years. Assuming wells 

are drilled in this region according to a Poisson 

process with t = 6400, the probability of at l eas t  

one water well being drilled in t h i s  region during a 

5 period of 10 years after repository closure is, 



Time (yr) Probability 

0-100 0 

Scenario T8 - Recall tha t  Scenario T8 assumes the 

ex i s t ence  of a low-permeability fault or d i k e  extending 

through the lower sandstone and shale downdip from the 

repository. The probability of th is  scenario  can be 

estimated by assuming that the feature. was formed by 

igneous intrusions into a f a u l t  zone. This,  however, 

is an extremely crude estimate due to the hypothetical 

nature of the site. Site-specific faulting data and 

volcanic  activity would be required to obta in  realist ic  

probability estimates. 

The probability of this scenario can be estimated 

using the procedures discussed in Appendix D. Asauming 

that the area ef the downdip region of concern in this 

scenario i s  32 sq. mi., the probability of a pre-exfst- 

ing  but undetected f a u l t  existing in this region is on 

the order of to depending on the d e n s i t y  

of e x i s t i n g  f a u l t s .  Fbr a new f a u l t ,  this probability 

would be on the order af for a 105 year period, 

assuming a formation rate of 1 x 10'~ faults/year. 



' I  * 

Schneider and Platt (1974)  estimate the'probability 

of volcanic activity as times that of fau l t ing .  

This estimate was based on surface phenomena such as 

craters and calderas and, sol would probably be larger 

if underground phenomena were inc luded.  To account 

for underground phenomena, the above probability of 

was arbitrarily increased by two orders of mag- 

nitude. Thus, the probability of Scenario T8 is 

estimated as lom3 to 10'' for a lo5 year period. 

The remaining scenarios involve combinations of 

the scenarios discussed above, Thus, their probabili- 

ties can be determined by multiplying the probabilities 

of the component parts.  The scenarios and their cerse- 

sponding probabilities are listed in Table 3.8.1. Note 

that these are the probabilities that the scenario 

O C C U ~ S  within 1 o5 years af ter  repository closure. 

3.9 Final Screening of Scenarios 

If one is fa i r ly  conf ident  in the probabilities 

assigned td these scenarios in Table 3.8.1, Scenarios 

T8, ( ~ 2 ~ ~ 8 ) ~  ( ~ 2 # ~ 1 0 )  and ( R ~ , T ~ # T & )  could be elimin- 

ated based on the cutoff  imposed on this analysis (10'~ 

for lo5 years). However, if there is a large degree of 

uncertainty in these estimates, some or all of these 

scenarios should be retained for additional consequence 
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Table 3.8.1 

Scenario Probdbilities 

Scenario Probability 

BC 1 

, R1 2 . 5  x 

R2 2 . 5  x 10-1 

R 3  1 x 10'~ 

R4 5 x 10-1 

T2 1 

T8 l x l r 3  - 1x10" 

R2, T2 2 . 5  x 10-I 

R2, T8 2.5~10'~ - 2.5~10'~ 
R2, T I 0  2.5~10'~ - 2. S X L O ' ~ *  

RZITl,T8 2.5~10'~ - 2.'5~10-~** 

*The probability of T I 0  was assumed ta be the same as T8. 

**The probability of TI was assmed to be the game as 12. 



(transport) and health effects calculations. For 

purposes of demonstration, all of the above scenar- 

io s  w i l l  be retained for further analysis. Further- 

more, there are only 13 scenarios remaining at this 

point and. so a great' deal  of time and effort are not 

required doing transport calculations on hundreds of 

scenarios. If several tens to hundreds of scenarios 

were still remaining at this  point, some screening 

would have to be accomplished based on pxobabiiistfc 

arguments. 

Transport calculations nay not have to be performed 

on a l l  the remaining scenarios if it is felt t ha t  

certain ones will result  in similar consequences. For 

example, transport calculations performed on the Base 

Case (Bc) Scenario resul ted  in no discharges at River L 

' 5 for the 10 year period used in these analyses  ranwe well 

et al., 1982). Recall that, s i n c e  a' downward gradient 

e x i s t s  in the undisturbed system, radionuclides released 

from the repository in the BC scenario would move to the 

lower aquifer and be transported along this aquifer  and 

discharged to the surface environment at River L. Sce- 

nario T8 results in a change of the hydraulic gradient 
f 

from downward to upward across the  repository. Thus, 

radionucl ides  released from the repository under the 

cond i t i ons  resulting from T8 would move to the middle 
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sandstone aquifer and be transported along this aquifer 

with discharge to the surface ,environment at River L. 

Preliminary analyses showed that  ground-water travel 

times f r o m  the repository to River L were not s i g n i f i - , .  
A' 

cantly d i f f e r e n t  for the BC Scenario and T8. Thus$ 

since Scenario BC resu l t ed  in no discharges, it was 

fe l t  tha t  detai led  transport calculations need n o t  be 

performed for Scenario T8. 

The f i n a l  s e t  of scenarios on which radionudlide 

transport and health effects ca lculat ions  were performed 

are listed in Table 3.9.1.  The results of these trans- 

port and health effects  calculations can be found i n  

the project's f i n a l  report  ranwe well et al., 1982). 

The scenarios lf sted in Table 3.9,1 are numbered accord- 

ing  to the same numbering scheme used in the f i n a l  

report. 

It should be emphasized once more that  the scenarios 

selected depended, in part, on the characteristics of a 

hypothetical reference site. Thus, d i f f e r e n t  scenarios 

would probably be selected for a site-specific analysis. 

undoubtedly there will be disagreement on the scenarios 

selected for re t en t ion  and on those e l iminated .  The 

reader should keep in mind tha t  the scenarios selected 

were the r e s u l t  of a demonstration of a scenario selec- 

tion procedure applied to a hypothetical site. 



Table 3.9.1 

Fina l  S e t  ' of Scenarios 

----------------------------&---------------------------- ......................................................... 
I 

Scenario ~ e s c r i ~ t i o n  

......................................................... 
--dd----h-------------d-----dh-----d--------------------- 

1 CgC) Reference S i t e  Without ~ i a r u p t ' i o n s  

2 IT21 Withdrawal Wells into Lower Sandstone 
Aquifer Downdip from Repository 

3 (R21 Borehole or Shaft Through Repository 
to Lower Sandstone Aquifer 

4 ( ~ 2 , ~ 2 )  Borehole or Shaft mrough Repository 
to Lower Sandstone Aqui f er  w i t h  With- 
drawal Wells into Lower Sandstone 
Downdip from Repository 

5 (R2,T8) Borehole or Shaft Through Repository 
. to Lower Sandstone Aquifer with a Low 
Conductivity F a u l t  or Dike in Lower 
Sandstone Downdip from Repository 

6 (RZITl, ~ 8 )  Borehole or Shaft Zhrough Repository 
to U w e r  Sandstone Aquifer with With- 
drawal Wells into Middle Sandstone 
Aquifer and a Low Conductivity F a u l t  
or Dike in Lower Sandstone Downdip 
from Repository 

7 ( R 2 , T l O )  Borehole or Shaft Through Repository 
to Lower Sandstone Aquifer with a Low 
Conductivity F a u l t  or Dike to Land 
Surf ace Downdip from Repository 



Table 3.9.1 (cont'd) 

------------II--ddC--------------------------------------- .......................................................... 

Scenario Description 

.......................................................... .......................................................... 

' 8 (RZ) Borehole ox Shaft to Repository Inter- 
secting a Canister or Leached Waste 
from a Canister 

9 IR3)  U-tube Connection ~ h r o u g h  Repository 
to Middle Sandstone Aquifer 

10 (R3,Tl) U-tube Connection Through Repository 
to Middle  Sandstone Aquifer w i t h  With- 
drawal Wells into Middle Sandstone 
Downdip f r o m  Repository 

11 (R4) ' Massive D i s s o l u t i o n  cav i ty  from Middle 
Sandstone Aquifer to Repository 

12 (R4,~1) Massive Dissolution Cavity from Middle  
Sandstone Aqui fer  to Repository w i t h  
Withdrawal Wells into Middle  Sandstone 
Downdip from Repository 

.......................................................... .......................................................... 



4 ,  SUMMARY AND CONCLUSION 

This  report has presented a procedure for selecting 

and screening scenarios for use in the analys i s  of a 

radioactive waste.disposal site.  This  procedure was 

demonstrated by applying it to a hypothetical reference 

site containing a bedded salt formation as the host 

medium for the waste. A l l  aspects of the scenario 

selection procedure were presented with the exception 

of those involving deta i l ed  radionuclide transport and 

health effects calculations. The results of these cal -  

culations can be found in the project's f i n a l  report 

(Cranwell et al., 1982). 

In the development and demonstration of the scenario 

selection procedure discussed in this report, several 

observations were made concerning the topic of selection 

and screening of scenarios for radioactive waste disposal 

i n  deep geologic formations. - F i r s t ,  it is f e l t  that no 

matter what criteria are used to select and screen sce- 

narios f o r  a real site analysis, the selection and 

screening should be done by means of an objective and 

consistent methodology involving several levels of anal- 

' ysis and screening. The factors af fect ing the long- 

term i s o l a t i o n  of radioactive waste in deep geologic 

formations are too complex to involve simple selection 



procedures applied with j u s t  one l eve l  of screening. . 

me evaluation of any site will generally be a sequen- - " *: 
tial process involving several l eve ls  of analysis and 

evaluation. As the study of a site progresses and 1. 

- knowledge is gained w i t h  respect to w h a t  is known and 

unknown about the site, it will be necessary to appro- 

priately modify the analysis of scenarios. 

Second, the q u a n t i f i c a t i o n  of scenarios in terms 

of probabilities is undoubtedly one of the most d i f f i c u l t  

tasks in the scenario selection and screening procedure. 

As was pointed out earlier, use of these probabilities 

in estimates of risk (consequence times probability) 

should be avoided whenever possible. Furthermore, the 

development of generic probabilistic models and tech- 

niques for ass igning  probabilities to every possible 

scenario is unrealistic. Most scenario probabilities 

will have to be purely subjective due to lack of data, 

or w i l l  involve the analysis of extremely site-specific 

data by experts in the area associated w i t h  a scenario. 
C 

An attempt to arrive at an estimate of a probability 

fax a preliminary set  of scenarios might be a worthwhile 

endeavor. However, it is unrealistic to expect accurate 

probabilistic values for all these scenarios. 

Finally, one is always faced with the problem of 

"completeness". The procedure of classifying events, 

1 2 8  
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features and processes as was demonstrated in this 

report is felt to be a he lpfu l  aid in addressing the 

problem of completeness. The formation of scenarios by 

taking sequences of these phenomena afds in avoiding 

the possibility of overlooking potentially important 

scenarios.   ow ever, the importance of a scenario is, 

quite frequently, dependent upon the geologic and 

hydrologic properties assumed when analyzing t h a t  

scenario. Thus, care also needs to be exercised when 

evaluating the importance of a scenario based on the 

physical properties assumed for the features comprising 

that  s'cenario. , 

What has been presented in th is  report is "one" 

procedure for selecting and i d e n t i f y i n g  important 

scenarios for geologic disposal of radioactive wastes. 

As was mentioned earlier,  we do not  claim that  this 

procedure is the o n l y  one available for scenario 

selection. Furthermore, the scenarios selected in 

the demonstration analysis may not be those selected 

in a real site analysis. Nevertheless, it is felt tha t  

the procedure presented does provide a systematic means 

for selecting and screening scenarios and that t h i s  

procedure can be applied to any qeologkc site being 

considered. 
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APPENDIX A 

Meteorite Impacts 

The total depth of large meteorite impact craters 

has been determined to be about one-third of the diameter 

(Claibosne, 1974) . Depth here means the distance from 

the top of the surrounding plane to the bottom of the  

"crushing zone" ( ~ i g u r e  a.1). The crushing zone is 

formed by shattered rock fragments dispersed into the 

a i r  at the t i m e  of impact and f a l l i n g  back into the 

crater after impact. Below the crushing zone is what 

is commonly referred to as the " f rac tu re  zone". This 

is the zone where underlying material  was highly frac- 

tured  but l e f t  in s i t u .  Generally, the depth to the 

bottom of the fracture zone is determined to be one- 

half the diameter. 

s.. 7 
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Figure A. 1. Schematic Representation of Meteorite 
.Crater 
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T h e  impact of meteorites will be considered as a 

random process. There is evidence tha t  t h i s  may not  be 

entirely true s i n c e  a slight l a t i t u d e  effect seems to 

exist (Hal l iday,  1964). To determine the probable num- 

ber of craters of different diameter, a relationship 

between the number of craters and size observed f o r  

the moon w i l l  be used (Hartman, 1965); namely 

N = KD-2-4 

where 

N = the number of craters with diameter 
larger t h a n  D . 

K = empirical constant 

On the basis of Canadian impact craters, the frequency 

of impacts producing craters larger than 1 km in diam- 

eter fa l l s  between 0 . 8  x 10-l3 and 17 x )onm2 yr-l 

(Hartman, 1 9 6 5 ) .  The lower limit appears to be more con- 

sistent'with geologic data and. with DietzQa estimate of 

one every ten thousand years (Dietz, 1961). Therefore, 

I, x 10-13 l 0 n - 2 ~ ~ 1  (21 

will be taken as the best estimate of the frequency of 

- impacts producing craters of 1 km or greater in diameter. 
u 

Using Equation 1, we have, 



N ~ k m  K D - * * ~ -  - =  = D12 m 4  
Nlh ~ 1 - 2 - 4  

Thus, the probability 'of formation of a crater D km in 

diameter or greater is D' 2 * 4  times t h a t  of the probability 

of a 1 lun or greater crater. L e t  PD be this probability. 

Then, using (21 ,  

PD = (1 x 

S e t  FD = 1-PD. Then - 
d F ~  - = ( 2 . 4  x 10'13]~-3*4 
dD 

Now, consider a waste repository at a depth h below 

the land surface and with dimensions length = 1 and width 

= w .  Assuming the total depth of a meteorite crater to 

be approximately one-third the diameter, it would take a 

direct impact by a meteorite of crater diameter 3h to 

cause instantaneous release of radionuclides to the a i r  

or land surface. However, an impact by a meteorite of 

crater diameter larger than 3h could cause immediate 

release even if it were not a direct impact. Therefore, 

the plane reg ion  to consider concerning meteorite impacts 

should extend beyond that of the region of the repository 

( ~ k g u r e  A . 2 ) .  



Figure A,2. Critical Region for Impact Craters 

From t h i s  f igure,  the plane of interest  should extend a 

distance of (~; /2)"-k beyond the repository boundary. 

That is, the plane of interest should be {1+(~/2)-k) 

x (w+(D/~)-k) . Te determine k, we use the general form 

of the equation of a parabola: 

' For our ease, y=-h when x=O and v=-h when u=O. Further- 

more (since crater diameter is 3 times the depth) ,  y=0 

implies x= + 3h . Thus, --  
2 



k = 3/2 C d . ( ~ / 3 ) h  - 4(~/3)h-h~] 6 5 )  

Using th is  and Equation 3 we get  that the probability of 

a crater i n t e r s e c t i n g  the plane of interest  is given  by 

[ j  + (0/2)-k][v + (0 /2)  - kI(2.4 r ~ o - ~ ~ ) D - ~ ~ ~ ~ I I  

(61 

For the Sandia reference repository we have 

4 * 4h, w = 2km, h w 630m 

Substituting these values into the integral in Equation 

6 ,  w e  get 

' 7.82  x 

as the (yearly) probability of meteorite impact of suf- 

ficient force to cause instantaneous release. 

For the fracture zone, the diameter of the crater is 

twice the fracture zone. In this case, k takes the form 

k = - J(~/z)h-h2 c 7 I 
l 

and the integral in Equation 16) becomes 

l: El + (012) - k l [ ~  + ( ~ / 2 )  - kJ(2.4 r 1 0 - 1 3 ) ~ - ~ * ~ m  

(81 



. For the Sandia reference repository, the middle  shale 

is about 400 meters below the surface. From Equation 8 ,  

the (yearly) probability of th is  being fractured by meteor- 

i te  impact ia 



APPENDIX B 

I n a d v e r t e n t  Intrusions ( D r i l l i n g )  

In determining the probability of radionuclide 

release resu l t ing  from drilling activity, both the 

probability of d r i l l i n g  into the 1100 acre parcel con- 

ta in ing  the repository and \the probability of h i t t i n g  

a canister of waste  material must be considered. Both 

of these determinations assume that d r i l l i n g  ac t iv i ty  

will continue i n b e d d e d  salt regions i n t o  the future ' 

and that the waste material remains in the canisters. 

Although one of the selection criteria for the 

proposed repository s i tes  is low resource potent ia l ,  

the possibility of f u t u r e  drilling cannot be eliminated. 

Because of the unpredictability of the economic factors 

t ha t  control o i l  and gas exploration, exploratory d r i l l -  

ing  rates cannot be projected with any certainty i n t o  

the future .  To determine the probability of a random 

d r i l l  hole in a bedded salt region being in the 1100 
/ 

acres containing the repository, an average drilling 

rate for bedded salt regions for approximately the 

years 1970 through 1979 was calculated- This range 

in years includes the recent national low in drilling 

activity in 1972 and a recent near-record high in 1979. 



The areas from w h i c h  drilling data were used are the New 

York portion of the Appalachian Basin, the Michigan Basin,  

the Permian Basin ,  the Northern Denver Basin,  the Powder 

River Basin,  and tkie Williston Basin (Figure B . 1 ) .  Only 

those counties that axe at least  half underlain by bedded 

salt were included, and only exploratory d r i l l  holes were 

tabulated. The drilling data are compiled by s ta te  in 

Table B . I .  Based on these drilling rates and the assump- 

t i o n  tha t  the repository area will be 1100 acres, the mean 

drilling rate at the hypothetical reference site is taken 

as 1.18 x This would amount to 1180 exploratory 

holes drilled into the 1100 acre site over the lo5 year 

period of our analysis. Assuming that exploratory holes 

are drilled into the site according to a ~oisson process 

with t = 1380, the probability of at least one hole 

5 d r i l l e d  into the repository over 10 years is given by 

1 - e - h t  = _Z - e -1380 , 1 -  

Given that drilling has occurred at the site, the 

probability that a canister is intersected is determined 

by examining extraction ratios for rooms and the use ef 

, geometric probabilities. For the hypothetical reference 

site, the.extraction ratio is approximately 2 5 % .  Moms 

are 560 ft. x 18 ft. x 18 ft. (see Campbell et al., 1978). 



Area underlain by bedded salt 

Figure 3.1. Areas far  Drilling Data 

Each room is designed to c o n t a i n  32 canis'ters of nuclear 

raste with each canister 10 feet long and 1 foot in diam- 

eter. The diameter of the drill bit is assumed to be 

1 foot. A drill b i t  would only have to nick the edge of 

the canister to release some of the waste .  Because the 

center of the drill b i t  must be within 1 foot of the 

a center of the canister in order to h i t  the canister 

(Figure B.2), the effective target area of each can- 

ister is a circle with a radius of 1 foot. 



Table B.1 

Drilling Rates for Areas Underlain by Bedded S a l t  

........................................................................ 9, 
G 

Mean D r i l l i n g  
Area Under a i n  1 Number of Mmber of Rate (wells/ 

by S It 9 1100 Acre Drill Holes2 1100 acres/ 3 
State (mi 1 Parcels (wellsj'yr) yr) ....................................................................... ....................................................................... 

Colorado 16,660.2 9,693.6 0 8 - 7 2  9 .15  x lom3 

I Kansas 40,629.9 23#639 .2  538.23 2.27 x 

Michigan 31,077.1 18,081.2 272.71 1.51 x lom2 

Nebraska 6,052.0 3, 520.6 10i5. 34 2.99 x 

I N e w  Mexico 23,656.9 13,764.0 123.29 8.96 low3 

I 
N e w  York 12,238.4 7 , 1 2 0 . 5  27.86 3.91 x lom3 

Worth Dakota 18,956.4 11,029.2 55.24 5.01 x 

Oklahoma 18,088.5 10,524 .2  74.02 7.03 x lom3 

South Dakota 2,673.7 9 ,555 .6  8.29 5 . 3 3  x lom3 

Texas 60,539.2 35 ,222 .8  2 8 0 ~ 9 5  7.90 x lom3 

Wyoming 

Mean  rilli in^ ~ a t k  for A l l  Sta tes :  1.18 x loa2 wells/1100 acres/~r 2 

s 
Tabulated for each county at least 5 0  percent of which is under- 
lain by bedded salt, excluding those counties where no drilling 
occurred in the time interval considered. 

Mean for 1970 - 1978 Michigan 
1971 - 1978 New York. 
1970 - 1979 kll other states 

=s==========---------==='=3===============~~==~=========================~== 
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Figure 3.2. Effective Target Area of a Canister 

The probability of a random drill hole w i t h i n  the 

repository hitting a canister is determined as follows: , 

- 
Phc - Phr Per . 

Phc - probability of a random d r i l l  hole 
hitting a canister 

'hr - probability of h i t t i n g  a room 

PC, - probability of hitting a canister 
within a room 

Ph, w extraction ratio  (E,) 

= 

*et - effective target area w i t h i n  a roam 

A, - area of each room 



n, - number of canisters per room 

rc - radius of canister 
rd - radius  drill bit 

Therefore, 

For the model repository described above, the probability 

of a random d r i l l  hole w i t h i n  the repository hitting a 

canister is approximately 2 . 5  x 

The probability t h a t  a canister or Leached waste 

5 from a canister is intersected over 10 years is found 

by multiplying the Chat the repository is 

penetrated by at l east  one drill hole and the probability 

t h a t  a canister or leached waste f r o m  a canister is 

intersected given that a hale is drilled. For the 

conditions of the hypothetical site, t h i s  probability 

1s approximately 1 x ( 2 . 5  x lom3)  = 2.5 x 



APPENDIX C 

Volcanic Activity 
\ , P 

0 

P -  

? = 
The probability that a volcano w i l l  disrupt t h e  

repository s i t e . i s  ca lculated  u s i n g  the probabilistic 

model described i n  Beckman and Johnson (to appear). 

This model yields the following equation. 

PZ (disruptive event before time t) = 1 - e - ( A.P.) 

where 

Ai= rate of occurence of volcanos at s i t e  i ,  

p i  = probhbility t h a t  a volcano at s i te  i w i l l  
disrupt the  repository 

and n is the number of .sites i n  t h e  vicinity of the 

repository where volcanic a c t i v i t y  occurs. 

Since  this study is n o t  site-specific, only one 

region for  volhanic activity is considered; the e n t i r e  

w e s t e r n  United States (Washington, Oregon, Cal i forn ia ,  

Idaho, Nevada, Montana, Utah, Arizona, Wyoming, Colorado 
%t 

and New Mexico). Futthexm~re, the repository is assumed 

sb to be located somewhere in t h i s  region. Thus,  the 

model reduces to: 

Pr(disruptive event before time t) = 1 - e -1pt 

- I 



where 

A =  rate of occurence of volcanos in western U.S. * 
d z  

2 7  

and 

p = probability t h a t  a volcano will disrupt the 
repository 

Now, the number of volcano vents tha t  have ahown activity 

within the last 10 million years in the western U . S .  is 

approximately 1300, (Ar thur  D. little, 1980). Thus; 

h = ~ ~ O O / L O '  = 1.3 x 10'4 

The dimensions of the waste repository are 1.8 by 2.4 

km, Crowe (1978) states t h a t  the maximum zone of a 

volcanic disruption is 66 km2 ar a circle af  radius  4.6 

km. Thus, for a volcano to disrupt the repository, it 

most be within 4.6 km* of the boundary of the repository 

or w i t h i n  an area of 128 lm2 (11.0 x 11.6 km.). T h i s  

yields: 

2 

p = area of disturbance/total area of western W.S. 

= 128/3 x lo6 = 4.3 x 10'~ E 

and so 

Pr(disruptive event within one year) = 1 - e - 5 . 6  X 

I 
5 , 6  x 10" 

\ 
v . .  



This probability estimate is conservative in a number 

of ways. In the calculation, an equal distribution of 

volcanos is assumed. Actually, volcanos occur together 

in specific regions. The actual repository site would 

presumably be outside such regions, Some of the 1300 

volcanos used in the calculation of X occurred more than 

10 million years ago. The actual value o f h s h o u l d  be 

2 somewhat smaller. The value of 66 km is a'maximum zone 

0 2  disruption. Most zones will be much smaller and the 

estimate of p much smaller. 



APPENDIX D 

Faulting 

We sha l l  assume that at the t i m e  of repository 

closure the mean d e n s i t y  of f a u l t s  existing in a region 

R surrounding the repository site is AO per unit area. 

W e  sha l l  assume further that  new fau l t s  appear in this  

region according to a nonstationary Poisson process 

with mean rate Xl ( t )  per u n i t  area per year, where t 

indicates the time-dependent rate of formation of new 

f a u l t s .  Then, 'the mean density of f a u l t s  existing in 

the region R at some t i m e  t following closure of the 

repository site can be represented by 

t 

A c t )  = I D  + A,(t)dt  . 
0 

From Equation 1 the probability of exact ly  N f a u l t s  e x i s t -  

ing  in the region R by t he  time t is given by 

P C N , ~ )  = CX(t)AJN exp 1 - h ( t ) ~ ]  , 
N 1 

where A is the area of region R. 

We will l e t  p denote the conditional probability 

that,  if a f a u l t  exists in the region R, it w i l l  



intersect the repository site. Then, the probability 

t h a t  at l east  one f a u l t  intersects the repository site 

in the t i m e  interval ( 0 , t )  is given by 

From Equation 3 we see that to determine a value 

of P, we need to know values of h ( t )  and p. The value 

of A ( t )  can be evaluated once a specific site for  the 

waste repository has been selected. Geologic. and his- 

toric records of tectonic and seismic ac t iv i ty ,  deter- 

mination of ages of existing faults, and in situ mea- 

surements of local stresses can all be used to arrive 

at a representation of X ( t ) .  
, - 

The parameter p is calculated in terms of the 

spat ia l  d e n s i t y  of f a u l t s  in the region R and the 

average length of these faults. The repository is 

considered to be a subregion, Ron of R. Both R and RQ 

are taken as rectangular regions and thus are convex 

( i - e . ,  any l i n e  connecting'two points on the perimeter 

of the region lies entirely within the region). Faults  

in R are taken as line segments of length 1 ,  where 1 is 

the mean length of the faults in R. 

According to Santalo (1976), the probabilfty that 

a line segment of length 1 in R intersects % is given by 



2n A. + 2 1  P 
0 

P = 2 nab - 2 (a + b) l' + ! 14) 

where Ag and Po are the area and perimeter, respectively, 

of F+, and a and b are the lengths o f  the s i d e s  of region R. 

To determine the probability t h a t  an existing but 

und-etected f a u l t  in region R intersects the plane af the 

repository, we take X ( t )  in Equation 1 to be h a .  For the 

hypothetical reference site, the repository has the dimen- 

sions of 1.42 miles x 1.52 m i l e s .  The valley containing 

the repository is assumed to have the dimensions of 57 

miles x 152  miles (see Campbell et al., 1978). Mean 

f a u l t  lengths in t h i s  region will be taken as 2 miles, 

Thus, using Equation 4 

2 (1.71)+ 2 ( 2 )  ( 5 . 3 2 )  

P =  2 
= 1.22 10-3 

Thus, 

P = l - e  
-~~(1.22 10-3) 

Below are several values of P for different values of ho 



For new f a u z t s ,  the probability that at least one 

intersects the plane of the fepositoxy is found by us ing  

the rate of formation of new f a u l t s ,  Al(t)., in Equation 

3. D a t a  from the Deleware and Palo  Duso B a s i n s  i n d i c a t e  

that  rates of formation of f a u l t s  in these regions 'is 

on the order of faults / iear .  This rate is used 

for the hypothetical reference s i t e .  Thus, the proba- ' 

bility t h a t  at l eas t  one of these intersects the plane 

of the repository is given by 
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