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ABSTRACT 

This report contains the description of a procedure 
for identifying 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 this 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 set of 
12 scenarios is selected for this hypothetical site. 
Detailed risk calculations will be performed on these 12 
scenarios in a later report . 
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1. INTRODUCTION 

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 state of the disposal site 

and result in human exposure to radionuc lides released 

from the underground facility. As used in this report , 

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

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

cesses, either singly or in combination. 

Scenario identification is important not only in 

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

data collection. Identification of potentially disruptive 

events and processes, in conjunction with sensitivity analy-

ses, can indicate which data are most significant in 

assessing the performance of a potential disposal site. 

1.1 Purpose of This Report 

This report contains that portion of the SNLA/NRC 

Risk Assessment Methodology describing a procedure for 

1 
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arriving at a representative set of scenarios for use in 

evaluating a potential waste disposal site. 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 formation as the host 

medium for the underground facility (Chapter 3). In 

this demonstration, a set of representative 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 Assessment Methodology which is described in Cranwell 

et al. (19~2). Since the site is hypothetical, the scenarios 

selected in the demonstration may not be the same as 

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

most significant scenarios will undoubtedly vary from 

site to site and from geologic formation to geologic 

formation. 

1 . 2 Summary of Report Contents 

Chapter 2 of this report contains a description of 

the scenario selection procedure used to arrive at a set 

of scenarios for the hypothetical site. This description 

includes: (1) criteria for selecting and s creening events, 

features and processes (Section 2 . 3), (2) an illustration 

of how s cenarios are formed by taking sequences of various 

2 
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events, fea tures and processes (Section 2.4) , and (3) a 

discussion of scenario probabilities {Section 2.5). 

In Chapter 3, the scenario selection procedure is 

demonstrated by applying it to a hypothetical site con

ta ining a bedded salt formation as the host medium for 

the waste repository. A description of this site can be 

found in Sections 3.1 and 3.2. The final set of scenar

i os selected f o r this site can be found in Section 3.9 . 

Summary and conclusions are given in Chapter 4. 

The appendices contain procedures for determining prob

abilities of various events and processes. 

3 
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2. PROCEDURE FOR SCENARIO SELECTION 

The selection of those s c enarios considered to be 

important in the disposal of radioactive waste in deep 

geologic formations should be accomplished by means of 

an objective and consistent procedure . Firm and useful 

criteria become essential in the selection of relevant 

scenarios f or use in a potential disposal site analysis. 

This chapter presents a systematic procedure for 

arriving at a set of scenarios for use in the analys is 

of a potential radioactive waste disposal site. Briefly, 

this procedure consists of the foll owing steps: (1) an 

initial comprehensive identification of those events , 

features and processes felt to be important to the long-

term iso lation of radioactive waste in deep geologic 

f ormations , (2) a classification of these events , fea-

tures and processes to aid in completeness arguments , 

I 

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

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

tion of scenarios by taking specific combinations of 

.. ~ · . those events, features and processes remaining after the 

initial screening process, (5) an initial s c reening 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 discussed in more detail 

4 



below. The screening criteria mentioned in step (3) 

are discussed in Section 2.3. 

Figure 2.1.1 provides a simplified graphical 

illustration of the scenario selection procedure. A 

loop connecting classification back to identification 

is indicated in Figure 2.1.1 to point out the fact that 

classi fication provides a valuable logical test t o 

assure that potentially important events, features and 

processes have not been overlooked. The procedures and 

criteria for scenario selection presented here will be 

demonstrated in Chapter 3 by application to a hypotheti

cal radioactive waste repository in bedded salt. A final 

set of scenarios, selected for this hypothetical site, 

will be discussed in Section 3.9. No claim is made that 

the methods presented are the only methods available for 

scenario selection, nor that the scenarios selected for 

the hypothetical bedded salt site are those that would be 

selected in a real site analysis. It is felt, however, 

that the methods presented can be applied, in principle, 

to any geologic site 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 

5 



IDENTIFY POTENTIALLY 

DISRUPTIVE EVENTS, ---FEATURES AND 

PROCESSES 

t 
CLASSIFY EVENTS, 

FEATURES AND 

PROCESSES 

t 
SCREEN EVENTS, 

FEATURES AND PROCESSES 

t 
COMBINE EVENTS, 

FEATURES AND PROCESSES 

TO FORM SCENARIOS 

t 
SCREEN SCENARIOS 

' FINAL SET OF 

SCENARIOS 

Figure 2.1.1. Graphical Illustration of Scenario 
Selection Proce dure 
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events, features and processes, both natural and 

human induced, felt to be important to the isolation 

of radioactive waste at the site being considered . 

This identification would generally be accomplished 

through discussions among persons knowledgeable in 

the areas of earth science and waste-management anal-

yses . The use of knowledgeable and experienced indi-

viduals helps assure that potentially important see-

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 identifying those events , features and 

process'es (phenomena) considered to be important to 

the isolation of radioactive waste in a bedded salt 

repository (See Section 3.2). These phenomena are 

listed in Table 3.3.1. 

2 . 2 Classification of Events, 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. The initial list 

of phenomena specified in Table 3.3.1 was classified 

into the categories of: (1) natural , (2) human induced, 

and (3) repository induced. This classification was 

based on the origin and physical characteristics of 

7 



these phenomena. A proceaure for further classifica-

tion is presented below. In addition to addressing the 

question of completeness, this classification 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 influence the waste 

repository system consisting of the underground facil-

ity and the surrounding geology. Those phenomena in 

the near vicinity of the underground facility, whose 

major effect is to influence the movement of radio-

nuclides 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 not in the 

near vicinity of the underground facility), whose 

major effect is to influence the transport of radio-

nuclides in ground water, will be referred to as 

transport phenomena. 

The distinction between those events , features 

and processes included 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 

8 



proximity to the site. If the fault should pass 

through or very near the underground facility , its pri-

mary effect would be to influence movement of radionu-

elides from the underground facility to a nearby aqui f er . 

In this case, the fault would be classified as a release 
\ 

phenomenon. On the other hand, if t h e fault should occur 

at some distance away from the underground facility so 

that its primary effect is to influence the transport 

of radionuclides in ground water once they are released 

from the underground facility, then it would be classi-

fied as a transport phenomenon. Thus the distinction 

between release and transport phenomena may seem some-

what arbitrary. Furthermore, regardless of its classi-

fication, a given event, feature or process may influ-

ence both radionuclide release and transport, depending 

on its effect on the site hydrology. Despite the seem-

ingly arbitrary division of phenomena into release and 

transport categories, the reasons for this division 

become more apparent when one considers the complex 

thermal, mechanical, geochemical and hydraulic analy

s es that may be required for near-field (release) phe-

nomena analysis compared to the more straightforward 

flow and transport analyses required for far-field 

(transport) phenomena analysis . 

9 



2.3 Initial Screening of Events, Features and Processes 

Many of the events, features and processes from 

the initial list considered for a potential disposal 

site can be eliminated based on firm and well- defined 

screening criteria. An initial screening of these 

events, features and processes is not only desirable 

but also essential if one considers the thousands of 

scenarios that could be defined by taking specific 

combinations"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 significant release of 
radionuclides from these events, fea
tures and processes 

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

Once the initial list of events, features and processes 

has been reduced using the above criteria, an additional 

level of screening of the scenarios defined by taking 

combinations of the remaining phenomena can be accom-

plished by using any of the above criteria as well as 

a fourth criterion: 

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

10 
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Risk, as used in this report, refers t o probability 

times con sequences. Further discussions of these 

criteria f o llow below. Alth ough reference is made 

specifically to events, feature s and processes, t he 

topics discussed also apply t~ the scenarios f o rmed 

by taking specific combinations of these phenomena . 

Physical Reasonableness 

Events, features and processes whose occurrence is 

practically impossible due to the physic al and chemical 

characteristics of the waste and characteristics of the 

engineered facility or geologic site can be eliminated 

by this screening criterion. Some examples of phenomen a 

that could be eliminated based on the t e st o f physica l 

reasonableness are 

a nuclear explosio n in an underground 
facility designed to prevent criti
cality 

formation of disso lution cav ities in 
crystalline rock 

tsunamis for a repository far removed 
from coastal regions. 

Clearly, the elimination of phenomena due to this crite-

rion would be largely site specific. Therefore, this 

step in the screening process should be repeated· for 

each repository site. 

11 
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Probability 

Events, features and processes with very "small" 

probability can generally be rejected. The specifica-
' 

tion of "small" should be the responsibility of the 

regulator or the applicant(s) and should be consistent 

with the appropriate regulations. Once a value has 

been selected, judg~ental 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 10-8/year. 

In several safety studies, numerical probability 

criteria have been used to reject scenarios . For 

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

a limit of 10-9/year to reject accident sequences. 

Other references (Griesmeyer and Okrent, 1981) sug

gest larger numbers (e.g. , 10-7/year) • . The EPA draft 

standard (Egan & Golden, 1981) does not include releases 

with probability of occurrence smaller than 10-8/year. 

Consequence 
I 

As used in this report, "consequences" can have 

different interpretations, depending upon the stage of 

the screening process in which one is involved. For 

example, in the earlier stages of the screening pro-

cess, " consequences" generally refers to the effects 

12 



that a certain event, feature or process might have on 

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

head distribution). Thus, only flow and possibly ther

momechanical analyses are needed at 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 

point. The reason for this breakdown is that in the 

early stages of the screening process, it is felt that 

detailed transport and health effects calculations 

should be avoided because of the higher computer and 

man-time costs associated with these efforts. It is 

desirable· to first reduce the total scenarios to a 

reasonable number before undertaking detailed risk 

calculations. 

At 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. Also, events, features and processes 

with relatively low consequences (e.g., less than 0.01 · 

of the proposed release limits in the EPA draft standard 

13 



(40CFR191, draft #20)) could be eliminated . However, 

before eliminating 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 indirect. 

Assume , for example, that the analyst determines that 

the effect of a given transport phenomenon on the flow 

system is negligible or does not provide for a shortened 

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

If consequences are known to be insignificant without the 

transport phenomenon, then consequences with the trans

port phenomenon can be assumed to be insignificant. In 

other cases, the analyst may decid e to calculate conse

quences before deciding whether to re ject certain events, 

features and processes. 

The application of the above three criteria should 

reduce the number of scenarios to be considered from 

hundreds or thousands down to a few tens or less . A 

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

their contribution to public risk. These screening 

p~ocedures, if properly applied, can dramatically 

reduce the cost and effort required to perform 

repository risk analysis . 

14 
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2.4 Scenario Development 

The next step in the scenario selection procedure 

involve s the f o rmation or development of scenarios · by 

taking meaningful combinations of those phenomena 

remaining after the initial screening process. Recall 

that at this point, the events, features and processes 

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

phenomena as discussed in Section 2.2. The develop

ment of scenarios by taking combinations o f the vari

ous release and transport phenomena is illustrated by 

a simple example. 

Consider the simple case of two basic release 

phenomena (Rl, R2) and three basic transport phenomena 

(Tl, T2, T3). The possible scenario s that can be 

created by taking combinations of these phenomena are 

shown in Figure 2.4.1. As can be seen , there are 25 = 

32 possible combinations in this example. The use of 

the tree diagram as illustrated in Figure 2.4.1 helps 

assure that all possible combinations are identified . 

Furthermore, this approach is helpful in eliminating 

illogical combinations. FOr example, consider a site 

having aquifers above and below th~ underground fa c ility. 

Further assume that these aquifers are not hydraulically 

connected. Without speculating on how such phenomena 

might occur, let Rl represent release to the overlying 
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Figure 2.4.1. Potential Combinations of Two Relea se 
and Three Transport Phenomena 
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aquifer and R2 represent release to the underlying aqui

fer. To complete the example, let Tl represent withdrawal 

wells placed into the overlying aquifer and T2 represent 

wells placed into the underlying aquifer and assume that 

these wells do not significantly alter the flow system. 

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

fies to that shown in Figure 2.4.2 and 32 scenarios have 

been reduced to 17 . The reason for this reduction 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 form scenarios can help assure 

that all meaningful combinations are identified. 

2 . 5 Initial Screening of Scenarios 

The next step in the scenario selection procedure 

would be to screen the scenarios developed from taking 

appropriate combinations of the various release and 

transport 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 
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arguments should be applied first. Before proceeding 

with the screening of scenarios, the topic of scenario 

probabilities is discussed in more detail. 

Scenario Probabilities 

Assuming probabilities have been assigned to the 

various release and transport phenomena (components} 

comprising a scenario, 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, 

assume that the probability of release phenomenon R2 is 

p
1

, the probability of transport phenomenon T2 is p
2

, 

and the probability 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 com-
1 2 3 

ponents of a scenario are not independent, then condi-

tional probabilities ~an be used. For example, if T2 

and T3 are not independent, let p
3 

be the probability 

of T3, given that T2 has occurred . Then the probability 

of Scenario R2,T2,T3 is still the product of the indi-

vidual component probabilities. If this probability 

falls below the agreed upon cut-of£ (e.g., 10-8/year), 

and one is relatively confident in the probability 

estimates for each component comprising the scenario, 
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then this scenario could be eliminated from any further 

consideration . 

The assigning of probabilities to scenarios repre-

senting future geologic and human activity is a diffi-

cult problem. For example, many geologic events and 

processes are not random in nature, either temporally 

or spatially (e.g., glaciation). Thus, to develop prob-

abilistic models and procedures for use in assigning 

probabilities to these events and processes would be 

unrealistic. Furthermore, 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 processes would not be meaningful. 

In many cases, even if realistic probability models 

could be developed, lack of data and the time frames 

involved in the analysis of radioactive waste disposal 

would make the use of such models of limited value. 

Many assignments of scenario probabilities will have 

to be totally subjective (because of lack of data) 

and obviously evaluated on a site by site basis. 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 
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these probabilities in risk analyses should be done with 

extreme care. Initially, scenario probabilities should 

only be used to screen and rank scenarios for purposes 

of additional modeling. It could be misleading to use 

these probabilities in risk analysis; that is, to mul

tiply them by consequences in an effort to predict risk. 

For many scenarios, the probabilities are too uncertain 

to provide meaningful risk estimates. Furthermore, the 

need for a definitive probability for each and every 

scenario is not apparent considering the format of the 

cur?ent federal regulations. For example, the current 

EPA draft standard (Egan and Goldin, 1981) groups 

releases into two categories; those with probabilities 

in the range from 10-2 to 1 and those with probabili

ties in the range from lo-4 to 10-2. Thus, all that 

is necessary is an estimation of which category (range) 

a scenario would fall. 

2.6 Final Screening of Scenarios 

: A final screening of the scenarios remaining at 

this point can be accomplished using probability and 

consequence arguments. Here, consequences generally 

refer to either radionuclide discharges at some speci

fied point or the health effects resulting from these 

discharges. 
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To avoid the problem of scenario probabilities as 

discussed in the previous section, the initial 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 time used 

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

cified by, for example, the EPA draft standard, then 

no additional health effects or risk calculations are 

necessary. Thus, the concern for a scenario probabil-

ity is immaterial. However, if discharges are signifi-

cant, then the need for a scenario probability becomes 

more important and the screening of the scenario would 

have to be based on an estimate of its risk . 

2 .7 Applicability of Event-And Fault-Tree Analysis in 
Geologic Waste Isolation 

As was discussed in previous sections, the events, 

features and processes felt to be important with respect 

to the long-term isolation of radioactive waste in deep 

geologic formations are cate'gorized into two groups: 

release and transport phenomena. Scenarios are then 

formed by taking meaningful and appropriate combina

tions of these release and transport phenomena. This 

procedure was displayed in the form of a logic diagram 

(Figure 2 .'4 .1) • 
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It is felt 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: (1) 

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

environments do not represent immediate or abrupt changes 

in the system but rather slow, continuous changes over 

hundreds to thousands of years (e.g., dissolution cav-

ities in bedded salt formations, shaft or borehole seal 

degradation, formation of geologic dikes, etc .). Hence 

their occurrence cannot be represented by a simple "yes" 

or "no" statement: (2) the existence of feedback loops 

frequently appear in the investigation 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; ( 3 )· for a 

given set of conditions, many of the processes are 

basically deterministic . Thus, the question of when 

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

: when a given set of conditions is specified. The real 

question is "what conditions exist?"; (4) event trees 

and fault trees force artificial divisions in the 

representation of processes . The important question 

I 

is h ow the entire system behaves. 
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Other studies (Burkholder, 1981 and Koplik et al., 

1982) have also concluded that event and fault trees 

are not useful for analyzing the processes themselves 

or their interac tions. They recommend the use of simu

lat~on techniques with models to describe the evalua

tion over time of a set of variables representing the 

scenarios . The latter method is used in this study 

as described in the next chapter. 
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3. APPLICATION OF THE SCENARIO SELECTION PROCEDURE 

In this chapter we demonstrate the use of the 

scenario selection procedure discussed in the previous 

chapter by applying it to a hypothetical re~erence site 

containing a bedded salt formation as the host medium 

for the radioactive waste repository. Since the strati

graphic layering of any disposal 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

vides the geologic setting for the demonstration is 

given below . 

3 .1 The Reference Site 

While the reference site used in the demonstration 

is hypothetical, the physiographic setting and geologic 

and hydrologic properties are real in the sense that 

they were chosen as representative of several regions 

in the United States. The site is located in a sym

metri cal upland valley, half of which is shown sche

matically in Figure 3 .1 .1. Surrounding the val ley is 

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

of the ridge is a divide for both surface drainage and 

ground-water flow with the result that the only water 

25 



moving within the valley falls in the valley itself . 

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

ley. The elevation of River L at the point of cross-

section (Figure 3 .1.1) is 2,500 feet. Tributaries to 

River L exist , such as River U, but these are inter-

mittent. 

SALT 

( 

LOWER 
SANDSTONE 

LOWER 
SHALE 

Figure 3.1.1 . Schematic Diagram of the Reference Site. 
One aide of the symmetric basin is shown. The upper 
end of the valley is approximately elliptic with the 
repository located on the minor axis; the sides of the 
valley are parallel below the repository. The vertical 
exaggeration of scale is approximately 20 . 
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The valley receives an average of 40 inches of rainfal l 

per year, of which 16 inches are lost by evapotranspir

ation and the remaining 24 inches recharge the 9round

water system. 

Underlying the valley is a basement of crystalline 

bedrock that crops out over a narrow width at the ridge 

crest surrounding the valley. This 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 within the sedi

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 Referenc e Site 

Hydraulic properties of the rock units shown in 

Figure 3.1.1 are given in Table 3.2.1. The properties 

of the sa~dstone and shale units are representative of 

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

the site studied by Franke and Cohen did not contain a 

bedded salt formation, the hydraulic conductivity and 
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porosity of the salt were arbitrarily assumed to be 

factors of 103 and 10 lower, respectively, than those 

values f o r the middle/lower shale units. These val-

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

sentative salt formations. 

'lable 3.2.1 

H}Uraulic Properties for 
Geologic Units <l:>nprising the Peference Si. te 

t.pper 
Sand Middle Middle/ Lower 
am Upper s:md- Lower Sand-
Gravel ~ale stone 9\ale salt stone 

Hydraulic 
Conductivit:c: (ft/day} 

Horizontal 270 10-2 50 10- 2 10-5 40 

Vertical 27 10-5 1.4 10-3 10-6 7 

Porosit:c: 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 

•. · enough from the head of the valley that ground-water flow 

near the repository is perpendicular to River/ L and to 

the valley axis. This suggests that , for purposes of 

analyzing conditions around the repository, ·a two-

dimensional simulation of the reference site would be 
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sufficient. Furthermore , three- dimensional analyses of 

tne reference site hav e shown that a two- dimensional 

representation of the flow system is adequate . 

·6000' 

5500' 

5000' 

4500' 

g ·I 
4000' 
3500' 

- ~ 3000' 0 
0 

2500' ... 

Figure 3 . 2.1 . Physiographic Setting of the Reference 
Site 

Contoured hydraulic head data and interstitial 

velocity fields for the reference site are calculated 

i n two dimensions using the Sandia Waste Isolation Fl ow 

and Transport (SWIFT) model . SWIFT is a three- dimensional, 

finite- difference code that solves conservation equations 

for fluid flow , heat transport (possible nontrace), solute 

mass, and radionuclides in trace quantities (Reeves and 

Cr anwell, 1981) • Fig·ure 3. 2. 2 shows the two-dimensional 

representation of the reference site used in the SWIFT 

simulations . 

29 



t• N + ., ~~~~~ 

GAIO BLOCK CENTER 
ELEVATION • 6!113.7 FT RIVER U RIVER l · 

UPPER SHALE ElEV 
2600 FT 
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HORIZONTAL DISTANCE uoJ FT) 

6X • 5000 FT I Al( • 4000 FT 
• 

SINE DIP ANGLE • 0.0129371164 

Figure 3.2 . 2. Two-Dimensional SWIFT Setup f o r Reference 
Site 

The distribution of hydraulic head, as calculated 

by SWIFT, is shown in Figure 3.2.3. This figure indi-

cates that flow in the middle and lower sandstone aqui-

fers (also referred to as overlying and underlying 

aquifers, respectively) is essentially one-dimensional. 

A downward gradient exists across the repository, which 

would be more ~pparent if not for the vertical exaggera

tion of scale {x20). Thus, should a hydraulic connection 

be established between the overlying and underlying 

aquifers, fluid flow would be downward through this 

connection. 
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RECHARGE RIVER l 

' ' ' 

Figure 3.2.3. Hydraulic Head Distribution of the 
Reference Site 

Upward ground-water movement exists · in the vicinity 

of River L. This upward movement is not apparent in 

Figure 3.2.3 because of the absence of detail in the 

plotting of the lines of constant potential. (This 

absence of .detail was intentionally incorporated to 

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

other hand, shows an enlarged isolated segment of the 
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reference site near River 1 . Here, more detail was 

inco rporated and the upward movement of the ground water 

is apparent. 

RIVER L 

' 

Figure 3.2. 4 . Hydr aulic Head Distribution Near 
River 1. Enlargement was more i n 
the hor izontal direction than in the 
ver tical. Thus, the vertical exag
geration of the two figure s i s not 
equivalent. 
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Fluid velocities, as calculated by SWIFT, are shown 

in Figure 3.2 . 5. The one-dimensional nature of fluid 

flow in the aquifers is clearly shown in this figure. 

Fluid velocities below 5 x 10-5 ft/day were not plotted, 

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

ers. 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, velocity 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 evident. 

Plots 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 most 

cases, changes in the ground-water flow pattern are 

illustrated adequately by the fluid velocity field. 

Thus, plots of the hydraulic head distribution will be 

used only to show changes in flow trends that are not 

necessarily obvious from the fluid velocity field plots. 

For example, certain geologic features could change the 

direction of flow from downward across the salt and 

shale to upward across these units (see, e.g., Transport 

Phenomenon Tll). This upward movement may not be seen 
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Figur e 3 . 2.5. Fluid Velocity Vectors of the Reference Site 

~ltl 

RIVER L 

- -- - - ___, 
- - ---- ---- - - --- -.: . \ - - - - ; ·- - - --- - - --- - - ~ 

Figure 3.2.6. Fluid Velocity Vectors Near River L 
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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 

show this change in the head gradient. 

3 .3 Identification and Classification of Events, 
Features and Processes for Reference Site 

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 studies (Bingham, F. w. & G. E. B~rr, 

1979; Arnett, R. c., et al., 1980; and WIPP, 1979) dis-

cussing scenario identification have been reviewed to 

verify that the list is as complete as possible. Phe-

nomena identified by the panel are listed in Table 3.3.1 

and are classified into the following categories: 1) 

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

This list includes a wide variety of events and pro-

cesses and represents an attempt to establish a com-

prehensive base from which a final set of scenarios 

will be selected. As the list is somewhat general, 

it could probably be shortened in a site-specific 

analysis. 
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TABLE 3.3.1 

Potentially Disruptive Events, Features and Processes 

NATURAL PHENOMENA AND PROCESSES 

Celestial Bodies 

Meteorites 

Surficial Phenomena and Processes 

Erosion/Sedimentation 
Glaciation 
Pluvial Periods 
Sea Level Variations 
Hurricanes 
Seiches 
Tsunamis 
Regional Subsidence or Uplift 

(also applies to subsurface) 
Landslides 

Subsurface Phenomena and Processes 

Earthquakes · . 
Volcanic Activity 
Magmatic Activity 
Dissolution Cavities 
Interconnected Fracture Systems 
Faults 

HUMAN INDUCED PHENOMENA AND FEATURES 

Inadvertent Intrusions 

Explosions 
Drilling 
Mining 
Waste Disposal (Injection Wells) 
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TABLE 3.3.1 (Cont.) 

Undetected Features 

Boreholes 
Mines 

Hydrologic Stresses 

Irrigation 
Dams 

WASTE AND REPOSITORY INDUCED PHENOMENA AND PROCESSES 

Subsidence and Caving 
Shaft and Borehole Seal Degradation 
Thermally-Induced Stress/Fracturing 
in Host Rock 

Excavation-Induced Stress/ Fracturing 
in Host Rock 

~ classification of these events, features and 

processes into release and transport phenomena is 

discussed in Section 3.5. 

3 . 4 Initial Screening of Phenomena Based on Physical 
Reasonableness and Probability Arguments 

The initial screening of the list of phenomena pre-

sented in Table 3.3.1 can be accomplished by using straight-

forward elimination procedures such as probabilistic and 

physical justification arguments. For example, most of the 

surficial phenomena and processes listed in 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 of radioactive material from a repository 
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located at least two thousand feet below the ground sur

face. Furthermore, certain geologic and natural phe

nomena and processes, such as meteorite impacts, are 

shown to have small enough probability of occurrence 

that their contribution to risk is of little importance. 

The following paragraphs contain arguments for elim

inating certain of the phenomena listed in Table 3 . 3.1. 

These arguments represent the first step in the screening 

procedure to arrive at a list of phenomena that portray 

the most significant scenarios in terms of risk. To 

the extent possible, the arguments apply to the gen-

eric aspects of waste disposal in deep geologic media. 

However, in certain instances, reference will be made 

specifically to bedded salt and to the hypothetical 

reference site used in the methodology demonstration. 

As was mentioned in Chapter 2, a probability of 

10-8 /yr {or 10-3 for a 105 .year period) is used as the 

cut-off for the elimination of phenomena based on prob

abilistic arguments. The 10S year time period was the 

length of time used in the demonstration of the SNLA/ 

NRC Risk Assessment Methodology (Cranwell et al. , 1982). 

Meteorite Impact 

It is generally agreed that meteorite impacts 

occur with such infrequency that it is of little 

importance with respect to the risk from radioactive 
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waste disposal in deep geologic formations. Several 

estimates 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 impact would completely exhume part of a repos

itory with an area of 10 km2, buried 600 meters deep, to 

be 6 x lo-13/yr. The Swedish KBS (Karnbranslesakerhet, 

1978) study determines a rate of lo-13/km2/yr for cra

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

estimate a probability of 1 x lo-13/ yr for a direct 

strike 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 the chances of exca

vation to be 2 x lo-13/yr for a 8 km2 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 this repository has 

been estimated as 8 x lo-13/yr (see Appendix A). This 

probability value, as well as the others listed above, 

is several orders of magnitude smaller than the cut-off 
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value (10-8/yr). Therefore, this event is rejected 

based on its small probability of occurrence. 

Erosion/Sedimentation 

Because of the depths being considered f o r deep 

geologic waste repositories, erosion is 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 

lo-4 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 relatively high rainfall, the 

average erosion rate, predominantly the result of chem

ical weathering , is approximately 5 x 10-4 ft/yr (Bloom, 

1969). The more resistant rocks of the Columbia River 

drainage system, which undergo primarily mechanical weath

ering, have an average erosion rate of 1 x 10-4 ft/yr 

(Gilluly, Waters, and Woodford, 1968). Mountainous 

regions typically have erosion rates of approximately 

3 x 10-3 ft/yr (Bloom, 1969). The average rate of 

downcutting of the Colorado River in the Grand canyon, 

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

from 5 x lo-4 ft/yr to 3 x 10-3 ft/yr (Gilluly, Waters, 

and Woodford, 1968). 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 above the 

repository, this 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 over the repository. This increase in loading 

could induce fracturing or plastic deformation 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 result in upward movement of waste. 

However, certain conditions need to exist before this 

process can occur . For examp~e, model studies of salt 

dome forma~ion have shown that an overburden of about 
I 

3,300 feet and a thickness of at least 900 feet of 

salt were necessary to initiate 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 2,050 

feet . Since only the overburden can increase, it is 

felt that ,sedimentation, as a potential mechanism for 
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containment failure, can be neglected in this analysis. 

Thus, b o th. erosion and sedimentation are eliminated 

from any additional consideration based on the cri

teria of physical reasonableness. 

Glaciation 

During the Pleistocene period, four major glacial 

advances covered the northern portion of North America. 

The latest advance began about 70,000 years ago, and 

after several pulses, finally retreated from the United 

States about 10,000 years ago. Considerable controversy 

surrounds what conditions cause continental glaciation, 

whether the present climate is postglacial or intergla

cial, and what long-term effects industrialization will 

hav e on world climate. Based on the history of glacia

tion in the Pleistocene , renewed growth of continental 

glaciers is expected within the next 100,000 years 

(Bloom, 1969). Thus, depending on its location and the 

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

of glaciation on a geologic radioactive waste repository 

could be realized. 

For those sites that would be overridden, the 

effects of glaciation are uncertain. Fbr 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, glacial movement can 
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result in erosion of the land surface b eneath 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 within the base of the glacier; and 

(3) the erodibility of the rocks beneath the glacier. 

Furthermore, the depth of erosion can v ary depending 

on the local topography and climatic conditions. For 

example, it is believed that glacial scour deepened 

the large valleys of northern British Columbia and 

southern Alaska by at least 1,960 feet (Flint, 1971). 

Reid (1892) concluded that the average erosion rate 

beneath the Muir Glacier in southern coastal Alaska 

amounted to 6 x 10-2 ft/yr. At this rate, · 2 , 000 feet 

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

However, these regions provide optimum conditions for 

glacial erosion. They are high and steep and have 

climates which, during a glacial period, would provide 

abundant snowfall. The Canadian Shield is an example 

of the other extreme. Here, evidence indicates that 

glaciation did little more than modify the details of 

the existing relief (Flint, 1971). 

In aqdition to the erosional effects of the glacier 

itself, increased fluvial erosion in advance of the ice 

can result from the increase in precipitation often 
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associated with interglacial periods. Furthermore , the 

tremendous weight of the glacier itself and the presence 

\ of ice and accompanying water could result in fracturing 

and renewed movement on existing faults as well as alter-

ations in the surface and ground- water hydrology. 

It is generally agreed that those regions for 

which no evidence exists of glaciation in the Pleisto-

cene period probably will not be glaciated during 

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

tion could probably be controlled by selecting reposi-

tory sites some distance from the glaciated areas of 

the Pleistocene period. The reference site described 

in Section 3.1 and used in this analysis is assumed to 

be located in a region not affected by future glaciation. 

Thus, glaciation is eliminated from additional consid-

eration based on the criteria of physical reasonableness 

and/or probability. 

Pluvial Periods/Sea Level Variations 

Pluvial periods and sea level variations could be 

important for disposal in unsaturated zones (arid lands) 

and in rock structures showing evidence of dissolution. 

Pluvial periods could increase the amount and rate of 

aquifer recharge, thus increasing hydraulic gradients 

in drainage systems. In fully saturated systems, such 

as the reference bedded salt site, increased rainfall 
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would probably not have adverse effects except to 

increase runoff and thus erosion. In instances of 

disposal in unsaturated zones, pluvial periods must be . 

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, 

allowing for uncertainty in aquifer hydraulic conduc

tivity 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

tial rise in sea level would flood coastal areas. This 

flooding could affect a repository located in the salt 

dome regions of the Gulf Coast, depending on its depth 

of burial above the present sea level. Extrapolation 

of recorded sea-level fluctuations indicate that between 

10,000 and 9,000 years ago the sea · level was rising, at 

an average rate of approximately 3 x 10-2 ft/yr, 

whereas during the last 3,000 years the average rate 

has slowed to approximately 1 x 10-3 ft/yr {Flint, 

1971). At this latter rate, the sea level could 

rise as much as 115 feet in the next 100,000 years. 
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Considering the elevation of the reference repository 

(approximately 2,800 ft above sea level}, the effects 

of ·such sea-level changes would be minimal. 

Based on the above arguments, the phenomena of plu

vial periods and sea-level variations can be eliminated 

• because of physical reasonableness and/or probability of 

occurrence. 

Hurricanes/Seiches/Tsunamis 

These phenomena may be important to the safety of 

disposal sites located on the margins of the Gulf of 

Mexico or on the coastal regions of the United States 

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

adverse effects from these phenomena might conceivably 

arise from alteration of ground-water flow 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 site is not located near coastal 

regions, the phenomena of hurricanes, seiches and tsu

namis a7e eliminated based on physical reasonableness 

and/or probability of occurrence. 

Regional Uplift and Subsidence 

Regional uplift or subsidence is of little conse

quence to the integrity of a bedded salt repository. 

One reason for this lack of effect is the long times 
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required to produce significant uplift or subsidence . 

Furthermore, the expected epeirogenic nature of the 

movement would probably not cause faulting and 

folding. 

Uplift could result in an increase in stream 

gradients, therefore an increase in rates of stream 

erosion. With the exception of active orogenic belts 

and recently deglaciated areas, the maximum rate of 

uplift in the United States is approximately 5 x 10-2 

ft/yr (Press and Siever, 1974} , with most areas of 

uplift experiencing substantially lower rates. Even 

at lower rates of uplift, stream erosion will not match 

uplift for most rock types. 

Subsidence could result in a decrease of stream 

gradients and erosion rates. Deposition of sediments 

in the region may contribute to the isolation of the 

( . 
repos1tory . Maximum rates of epeirogenic subsidence 

are approximately 3 x 10-2 ft/yr (Press a nd Siever, 

1974}. Most subsiding areas have rates substantially 

lower than this. 

The bedded salt locations under consideration for 

nuclear waste disposal sites are in regions undergoing 

epeirogenic uplift at rates of 3 x lo-3 to 2 x 10-2 

ft/yr (Press and Siever, 1974}. Because of the low 

rate of movement , along with the limited amount of 
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folding and faulting associated with the movement, 

regional uplift and subsid~nce are not expected to 
,.. 

res ult in significant effects on the reference site 
·'! 

system. Thus, these phenomena are eliminated based ... 
on physical reasonableness and / or probability of occur-

renee. It should be noted that 10CFR60 (u.s. Nuclear 

Regulatory Commission, 1981) class.ifies uplift and 

subsidence as adverse conditions and, thus, requires 

that 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 

dam could exert sufficient 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 

about 25 miles laterally from an existing river (River 

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

body of water by landslide 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, this phenom-

menon should be considered for different sites. 

10CFR60 classifies landslides as an adverse con-

dition and requires the applicant to demonstrate 

that 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 operational phase . After closure of the repository, 

ground motion caused by earthquakes will have no effect 

on the repository beyond possibly contributing to the 

failure of borehole and shaft seals. Movement along 

faults, fracture formations, and chang·es 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 (10CFR60) lists earthquakes as an adverse con-

dition and requires a careful analysis from the applicant 

to demonstrate that it does not significantly impair the 

ability of the geologic repository to isolate the radio

active waste. Nevertheless the effects of earthquakes 
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(e.g., faulting) are considered in other sections of 

this report. 

Volcanism and Magmatism 

Volcanic activity occurs primarily in tectonically 
I 

unstable areas. These areas are rift zones, spreading 

centers along pla~e boundaries, subduction zones, and 

locations above deep-mantle plumes. The quaternary 

volcanism evident throughout much of the western United 

States probably is the result of the North American 

Plate overriding a previously active spreading center. 

Areas underlain by bedded salt are generally either 

tectoni cally stable or undergoing epeirogenic uplift. 

Volcanic activity would not be expected in either of 

these settings. In the areas of uplift, occasional frac-

tures may provide pathways for i ntrusion of magma result-

ing in the formation of dikes or sills. Areas of possible 

future dike intrusion should have anomalously high heat-

flow associated with magma at depth. Such anomalies 

would probably be detected during site evaluation . 

The formation of a dike or sill could disrupt the 

ground-water fiow system of the site. Due to the gener-

. ally low-permeabi1ity characteristics of these features, 

the effects are to act as a low-conductivity "dam," 

resulting in the redirection of the flow of ground water. 

The effects of the change in ground-water flow on the 

so 
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reference site depend in part on the orientation and 

size of the feature and the geologic setting into 

which the feature intrudes. These features and their 

effects on 'the reference site flow patterns are invest-

igated in the next section. 

-
The low probability of volcanic activity in bedded 

salt regions essentially eliminates this geologic process 

from additional consideration. Several estimates have 

been made as to the probability of this process disrupt-

ing a repository site. logan (1978) estimates the prob

ability of volcanism affecting a 10 km2 repository in 

the Delaware Basin to be from approximately 8 x l0- 11 

to 8 x lo- 1 2 per year. Arthur o. little, Inc. {1980) , 

arrived at estimates ranging from 1 x lo-10 to 1 x 10-8 

per year. For a repository with the dimensions of 

those of the hypothetical reference r epository used in 

this analysis, a probability of 6 x 10- 9 /year w~s esti-

mated using a model described in Beckman and Johnson 

(1981) . For 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 radionuclide-host rock interactions, 
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a nuclear explosion originating in the repository is 

highly unlikely. Furthermore, lOCFR60 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-

ulative, as much of this 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) indicate that a surface explo-

sion of 635 MT yield would be required to excavate a 

crater 2063 feet deep (the repository is 205 0 feet 

below the land s urface). To excavate thro~gh the 

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

yield. Most thermonuclear weapons of the kind that 

might be deployed against strategically important 

targets would have a yield 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 
I 

near the surface of the reference site. These explo-

' sions could cause some fracturing in the middle shale 

layer allowing the infiltration of water to the salt 

layers and' the formation of a dissorution cavity that 

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

this report {see Phenomenon R4). 

Sabotage needs to be considered only during the 

operational phase of the repository . After closure, 

access to the radioactive waste requires a massive 

drilling and excavating program. For this reason, 

sabotage is not considered in this report. Further

more, explosion due to combustible material (e.g., 

gas) after closure of the facility is highly improb

able. The existence of such material would undoubt

edly be detected during the operational phase of the 

programs and, therefore, be adequately compensated for 

as required by 10CFR60. 

Irrigation and Darns 

Irrigation by well water in a region presupposes 

the presence of aquifers with sufficient yield and water 

of adequate purity to support such activity. In bedded 

salt areas, the aquifers beneath the salt beds tend to 

be saline, whereas the aquifers above the salt usually 

contain relatively pure water. As a result, irrigation 

would affect the aquifers above the repository horizon. 

The pumping and infiltration of water could alter the 

hydraulic properties of the region. However, these 

changes are considered in the analysis by varying the 

hydraulic properties of the aquifer. A large-scale 
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irrigation project could decrease hydrostatic pressure 

in the pumping area. Such changes in pressure may 

result 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 

flow system. Furthermore, large irrigation projects 

for the reference site used in this analysis are not 

considered due to the relatively large rainfall assumed 

(40 in/yr). Irrigation wells are considered as short

ened paths to the environment (see Transport Phenomenon 

Tl) and also i n the Pathways Model (Helton and Kaestner, 

1981) to determine surface concentrations for use in 

estimating health effects. The effects of irrigation 

on radionuclide transport in ground water (other than 

varying the hydraulic properties of the site) are not 

considered. In a real site analysis, estimates . should 

be made as to the potential impact of large irrigation 

projects on the hydrologic system. 

Regional changes in the ground-water system . associ

ated with darn construction could alter the hydraulic 

properties of the aquifers. These variations are 

, included in the analysis by varying the hydraulic 

properties of the aquifer. Other than varying these 

properties, it is assumed that no darns exist or are 

constructed at some later date at the reference site. 
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It should be noted that 10CFR60 requires that the 

applicant demonstrate that these phenomena do not 

impair significantly the ability of the repository 

to isolate the waste. 

3.5 Additional Screening of Phenomena Using 
Consequence Arguments 

In the previous section a preliminary scr eening of 

the initial list of events, features and processes was 
. 

performed based on str aightforward physical reasonable-

ness and probabilistic a rguments. A detailed analysis 

of their effects on the flow properties of the reference 

site was not required. In this section, additional 
/ 

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 terms 

of the effects that t h ese phenomena have on the natural 

properties of the reference site. The discussions of 

the events, featu r es 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 Rl: Release Phenomenon Rl con-

sists of a high- permeability region extending from the 

ground surface to the repository having a horizontal 

55 



cross-sectional area ranging from a few square feet to 

a few tens of square feet (Figure 3.5 . 1). This feature 

is meant to represent a drill hole o r mining shaft~ pres-

ent at time of repository closure or emplaced at some 

future time, that was never sealed or in which the seal-

i ng material has deteriorated. The effects of such a 

feature on the flow system are shown in Figure 3.5.2. 

This figure indicates that water in the middle sand-

stone 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 hydral,llic gradient is 

sufficiently small so as to avoid the formation of a 

U-tube connection to the middle sandstone aquifer (see 

Release Phenomenon R3). 

.. 

Figure 3.5.1. Release Phenomenon Rl 
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Figure 3 .5. 2 . Fluid Velocity Vectors f or Rl 

Drilling into the repository could result in release 

of radioactive material directly to the ground surface 

if a waste canister is penetrated or leached radionuclides 

are encountered. However, the small amount of material 

that would be transported to the surface under these con-

diti ons would result in limited population exposures. 

The more significant long-term effects from a drill hole 

or mining shaft emplaced to the repository level would 

come from the dissolution and transport of radionuclides 

in ground water . Large-scale releases to circulating 

ground water would have to be preceded by dissolution 

of all or portions of the salt layers surrounding the 

waste. Heat generated by the radioactive waste would 

tend to enhance salt dissolution along this feature. 

Thermal convection and thermally-enhanced diffusion 

provide mechanisms f or movement of dissolved salt 

away from the repository thereby allowing further 
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salt dissolution. However, heated fluid rising in the 

drill hole or shaft will cool as it moves away from 

the repository. Thus, salt may precipitate in the 

upper portions of the drill h o le or shaft and reduce 

the effective permeability of the feature. 

Salt 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

tion, 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 directly to the surface. 

Despite the limited population exposure from this event, 

Phenomenon Rl is retained f o r further analysis . 

Release Phenomenon R2: Release Phenomenon R2 is similar 

in structure to Rl with the exception that the high

permeability region extends to the lower sandstone 

aquifer (see Figure 3.5.3). This feature represents a 

drill hole or mining shaft extending from the ground 

surface to the lower sandstone aquifer and passing 

through the repository. This high-permeability region 

would result in flow downward into the lower sandstone 

aquifer (Figure 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 featur e be combined with a transport phenomenon 

that causes an upward hydraulic gradient across the 

salt and shale, transport of dissolved radionuclides 

would be upward into the middle sandstone aquifer. 

The fact that the drill hole or shaft is completed 

through the repository to the lower sandstone aquifer 

means that radionuclide mig ration times to the aquifer 

will be substantially shorter for R2 than for Rl. The 

migration pathway is along the lower sandstone aquifer 
I 

to River L • 

Figure 3.5.3. Release Phenomenon R2 
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Figure 3.5.4. Fluid Velocity Vectors for R2 

It is felt that this phenomenon cannot be eliminated 

based on physical reasonableness and/or probabilistic 
\ 

arguments as the probability of inadvertent intrusion 

is above the 10- 8/yr cut- off (see Appendix B). The 

effects of this feature on the overall flow properties 

of the site are minimal. However, depending on the 

size and number of boreholes considered, drilling 

would result in substantial releases of radionuclides 

to circulating ground water. Thus, R2 is retained to 

perform additional analysis of the possible discharges 

to the surface environment and health effects resulting 

from these discharges. 

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 few square feet 

to a few tens of square feet. This feature could result 

from exploratory drill holes or mining shafts, present 

at the time of repository closure or emplaced at some 

future time, that were never sealed or in which the 

sealing material has deteriorated. Because of the 

density difference between fresh water and brine, the 

hydraulic gradient will not be sufficient to drive water 

through the repository and out the downdip communica-
' 

tion unless a minimum separation distance (approximately 

3,000 ft. for the reference site) between the two com-

munications is exceeded. 

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

tory is higher than the intact s a lt, the presence of 

these two hydraulic communications results in ground 

water circulating from the middle sandstone aquifer 

through the repository and returning to the middle 

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

ally referred to as a "U-tube". Radionuclides trans-

ported to the middle aquifer could reach the surface 

environment· through withdrawal wells placed into the 

middle sandstone aquifer downdip from the repository 

or discharged at River L. Design criteria could reduce 

the probability of this feature by requiring that the 

separation , in the direction of the gradient, of explor

atory hole's or shafts emplaced during repository construe-

tion , be sufficiently small so as to avoid formation of 

a U-tube . 

• • • . .. . .. 
,.c;::. 
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Figure 3.5.6. Fluid Velocity Vectors for R3 
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The consequences of such a feature could be signifi-

cant, particularly if other features, such as withdrawal 
:;; 

wells into the midd le sandstone aquifer, provide a 

shortened path to the surface environment. Travel 

times from the repository to withdrawal wells located 

one mile downdip from the repository can be as short 

as a few tens to hundreds of years. 

As was mentioned earlier, this feature could be 

formed by failure of the sealing material in two or 

more of the access shafts emplaced at the time of 

construction of the reposito ry or from future drill-

ing or mining. Very little data exist on the l"ong-

term integrity of sealing materials for boreholes or 

shafts. Therefore, it is extremely difficult t o 

arrive at a probability that this feature will occur 

from failure of sealing materials. Probabilities 

associated with inadvertent intrusions due to drill-

ing are, however, above the 10-8/yr cut-off imposed 

on this demonstration . Thus, it is felt that this 

phenomenon cannot be eliminated based on probab.il-

; ity arguments. Therefore, based on the potentia! 

consequences,~ R3 will be retained for further 

analysis. 
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Release Phenomenon R4: This release phenomenon postu

lates a massive dissolution cavity having a horizontal 

cross-sectional area approximately equal to that of 

the repository (Figure 3.5.7). Formation of such a 

cavity could result from the development of a hydrau

lic communication between the middle aquifer and 

the salt followed by dissol ution of the salt layers 

above the repository. Events which might lead to a dis

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

thermally- or impact- induced fracturing of the overly

ing shale, ( 2) drilling or mining at some future date 

after repository closure, and (3) degradati on of the 

sealing material in shafts or boreholes emplaced at 

the time of repository excavation. 

Figure 3.5 . 7. Release Phenomenon R4 
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Fracturing of the overlying shale would provide a 

communication for water from the middle sandstone aquifer 

to f low downward into contact with the salt. If the 

width or separation of the communication in the direction 

of the gradient is large, interstices at the salt/shale 

interface could allow f or convective flow along this 

interface forming a dissolution cavity in the salt 

(Figure 3.5.8). Subsequent growth of the cavity to 

the depth of the repository would result in radionu

clides being dissolved in circulating ground water. 

These radionuclides would then be transported in the mid

dle sandstone aquifer wnere release to the surface could 

result from water wells placed into the middle sandstone 

aquifer or discharge at River L. The projected size of 

this disruptive feature ensures that collapse of the 

overlying r ock will extend to the land surface. 

Because of the several mechanisms that could lead 

to a disruption of the middle shale above the repository 

and the subsequent dissolution of the overlying salt 

layers (e.g., thermal effects, i mpact fracturing, inad

vertent intrusions, etc.), it was felt that this pheno

menon should not be eliminated based on probabilistic 

arguments . Given the existence of hydraulic communica

tions between the middle sandstone aquifer and the salt, 

rates of growth of dissolution cavities were modeled 

65 



I 

using the Dynamic Network (DNET) model (Cranwell, 

Campbell and Stuckwisch , 1981) . Varying the proper-

ties of the hydraulic communications and the middle 

sandstone aquifer, and considering offsetting effects 

such as salt creep. it was found that dissolution 

cavities reached the depth of the repository about 50% 

of the time over a 105 year period. The consequences 

of this phenomenon {in terms of discharge rates to the 

biosphere and health effects) could potentially be 

large because of the size of the disruptions and the 

inventory accessed. Therefo re, R4 is retained for 

further analysis. 

-... AQUIFER ............. ...... .... .......... ..................... ~- ... .. . . . . . . . ~ .. ... . ... ... . .. . .... . . .. ~- . . .. . . 
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Figure 3.5.8. Dissolution Cavity at Salt/Shale 
Interface 
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Release Phenomenon R5: This phenomenon is similar in 

nature to R4 with the exception that 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 flow 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 cavity extending into the 

repository with a subsequent release of radionuclides 

to circulating ground water. 

Figure 3.5.9. Release Phenomenon RS 
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Figure 3 . 5 .10. Formation o f a Dissolution Cav ity 
Below the Reposito ry 

Re l ease Phenomenon RS is inc luded here f o r com-

plet eness . However , it is diffic ult to identify physi-

cally reasonable mechanisms that c o uld cause this type 

of disrupted zone. Drilling or failed 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-

ical calculations indicate that the shale beneath the 

reposito ry undergoes little thermal stress. Any hori-

zontal thermal expansion meets the resistanc e of the 

· surrounding rocks and results in compr~ssional stresses 

such that, even i f fractures were t o develop, the com-

pressive forces would keep them closed. Expansion 
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downward would be prevented by the greater confining 

pressure in that direction , whereas expansion upward 

-- would be insufficient to cause fracturing of the shale . 

Based on the physical reasonableness arguments 

discussed above, Release Phenomenon R5 is eliminated 

from any additional consideration. 

Release Phenomenon R6: This phenomenon assumes the 

presence of a relatively narrow planar structure ori-

ented parallel to River L and located directly below 

the repository (Figur e 3 . 5:11) The feature represents 

a high-permeability fault plane terminating at the 

contact between the lower shale and salt . 

Figure 3.5 .11. Release Phenomenon R6 
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A disturbed zone in this location having a high 

hydraulic conductivity has very little, if any, effect 

on either the head distribution or velocity field . This 

can be seen in Figures 3.5.12 and 3.5.13, where the verti-

cal and horizontal conductivities for the disturbed zone 

were arbitrarily set at three orders of magnitude higher 

for that portion in the shale and one order of magnitude 

higher for the .sandstone . Thus units already having 

a high conductivity are assumed to be influenced less 

by this high-conductivity zone than those with a lower 

conductivity . 

Figure 3.5.12. Hydraulic Head Distribution for R6 
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Figure 3.5.13. Fluid Velocity Vectors for R6 
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At the time of forma~ion of this high-pe rmeability 

zone, fresh or l ow-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, thu s resulting in 

salt dissolution. Th 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 results 

in an upward hydraulic gradient, salt dissolution could 

be enhanced. However, analysis o f salt dissolution 

rates have shown that f ormation of a cavity of any sig-

nificant size is extremely difficult in this situation . 

If a fault existed in this position prior to 

repository excavation, any extensive salt dissolution 

resulting from it wou1d probably be detec ted during 

site- suitability studies . Thus the assumption would 

be that either the fault was present prior to excava-

tion and extensive salt dissolution had not occurred 

or the disruptive feature occurred subsequent to 

repository closure. , The probability that an existing 

undetected fault lies directly below the repository 

depends on the density of faults in the area (see 

Appendix D). The probability of a new fault developing 
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directly below the repository is extremely small (see 

Bonilla, 1979). Furthermore, existing data typically 

show that bedded salt deposits generally exist in 

regions of low seismic activity (see, e.g., Johnson 

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

ment on a pre-existing fault would be small {Donath 

and Cranwell, 1980). Using data on faulting rates 

from the Delaware Basin in New Mexico (Claiborne & 

Ge~a, 1974) or the Palo Duro Basin in Texas (Stone & 

Webster, 1981), it can be shown (see Appendix D) that 

the probability of a fault developing directly below 

the repository is on the order of lo-11/yr. This 

falls below the 10-8 /yr 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: This phenomenon assumes the 

presence of a planar structure similar in orientation 
~ 

and location to that of R6 with the exception that the 

disturbed zone is now one having a low permeability. 

Here, the structure represents a fault or igneous dike 

terminating at the contact between the lower shale and 

salt. 
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The effects of this feature o n the flow system are 

somewhat more apparent, as can be seen in Figures 3.5.14 

and 3.5.15. These figures were generated by arbitrarily 

decreasing the v ertical and horizontal conductivities 

of the disturbed zone by two orders of z.1agnitude 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 sand-

stone and increasing t he tendency for fluid movement 

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

low vertical conductivity of the shale would eliminate 

any extensive salt dissolution above the obstruction. 

On the other hand, if vertical, high-cond uctivity 

fractures should develop adjacent to this obstruction, 

the flow of water from the lower sandstone aquifer 

could be enhanced, th~ result being a continuous 

convective current of brine and fresh water from the 

lower sandstone. If this process should continue, 

the eventual outcome could be the formation of a 

dissolution cavity below the repository similar to 

that discussed in RS. 

The probability of R7 is similar to that for R6. 

However, if the low-conductivity zone is formed by the 
\ 

intrusion of magma into a fault z one , the probability 
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of R7 would be even smaller (Schneider and Platt (1974) 

given the probability of v olcanism as lo-4 times that of 

faulting). Therefore R7 is eliminated based on proba-

bilistic arguments . 

Figure 3.5.14. Hydraulic Head Distribution for R7 
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Figure 3 . 5.15. Fluid Velocity Vectors for R7 

Release Phenomenon R8: Release Phenomenon R8 assumes 

the presence of a narrow planar structure oriented 

parallel to River L and passing through the repository 
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(Figure 3.5 .16 ). As was the case with R6, the 

structure represents a high-permeability fault 

plane. Geologically, the presence of this high-

permeability zone ·in the salt unit would probably 

be rare. It is generally accepted that faulting 

of thick 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 , most of the 

known faults in salt formations con f irm the self-

healing behavior of halite. Fault breccias, which 

Figure 3.5.16. Release Phenomenon RB 
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are common in brittle rocks , are unknown in salt for-

mations . However, it might be argued that pe!meable 

fracture zones could be found in salt but would even-

tually be obliterated by sal t 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 faulting was reported by Jones (1974) in east-

central New Mexico. 

The effects on the ground-water flow patterns of 

the reference s ite 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 set at three orders of. magnitude 

higher for the shale than in the undisturbed system and 

one order of magnitude higher f or the sandstone. Con-

ductivities of the salt were also set at three orders 

of magnitude higher than in the undisturbed system. 

Figure 3.5.17 indicates that this high-permeabi lity 

zone provides a path for migration of dissolved radio-

nuclides to the lower sandstone. Of course, the perma-
~ 

nency of the water circulation through the repository 

would depend on the relative rates of salt dissolution 

and fracture h~aling. The removal of salt would not 

be uniform along the fault. Salt removal would be 
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Figure 3.5.17. Fluid Velocity Vectors for R8 

highest at the point where the unsaturated water enters 

the salt formation and would progressively decrease as 

the circulating brine becomes saturated. · In a thick 

evaporite sequence such as that in the reference site, 

it is unlikely that salt dissolution would extend 

throughout the total thickness of the salt . Thus, 

plastic flow would eventually close the fracture and · 

stop circulation of water. In fact, calculations with 

the DNET code have indicated that this is exactly what 

would occur. 

If no permeable zone were formed along that portion 

of the fault in the salt formation, faulting could still 

result in release of radionuclides to circulating ground 

water by bringing the waste into contact with either 

an overlying or underlying aquifer due to offsetting 

along the fault. However, this would require a verti-

cal displacement of at least 550 feet between the two 
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sides of the fault, since this is the thickness of the 

salt and shale units above and below the repository. 

Movement along fault planes can occur suddenly or 

in a more or less continuous creep . The greatest dis

placement known to have taken place in a single event 

was an offset of almost 50 feet during the Alaskan 

earthquake of 1899. The slow, continuous rates of 

vertical movement along a fault plane can be fairly 

extensive but this usually occurs over very long peri

ods of time. 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 that 

formed the Amarillo Uplift began in late Mississippian 

and early Pennsylvanian time (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 faults 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 
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faults is 2.6 x l0-6£t/ yr. This would result in only 

about 0.3 feet of offset in 105 years . 

A fault intersecting the repository horizon and 

present at the time of excavation would obviously be 

detected. Thus, the only other alternative would be 

that development of the fault occurred subsequent to 

repository closure. This could be the result of either 

the formation of a new fault (i.e. 1 the occurrence of 

faulting where no fault existed previously) or renewed 

movement on a pre-existing fault below the repository. 

As was mentioned previously, the probability of a new 

fault developing is, in itself, very small (<<10-8/ yr), 

let alone that it also intersects the repository. Thus , 

the more likely occurrence would be renewed growth on 

a pre-existing fault below the repository. The proba-

bility of a pre-existing fault lying directly below 

the repository is on the order· of 10-3 to lo-2 depend

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

bility of renewed movement on such a fault would make 

the probability of this phenomenon even smaller. Thus, 

R8 is eliminated from additional consideration based on 

the physical reasonableness and probabilistic arguments 

discussed above. 
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Release Phenomenon R9: R9 is nearly identical to R8, 

the exception being that the disturbed zone is assumed 

to have a low permeability. Here, the structure 

represents a fault plane or an igneous dike passing 

tnrough the repository. 

The effects .of this low-permeability zone on the 

hydraulic head potential are shown in Figure 3.5 . 18. 

These equipotential lines were generated by decreasing 

the vertical and horizontal conductivities of the dis-

turbed zone by three orders of magnitude for the 

sandstone. 

Figure 3.5.18 . Hydraulic Head Distribution for R9 

Conductivities of the salt were also set at one order of 

magnitude lower than in the undisturbed system. Updip 

from the repository, ground water now moves generally 
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upward through the salt and shale into the middle 

sandstone aquifer. However, downdip from the reposi

tory the flow is still downward across the salt and 

shale units. These flow patterns suggest the possi

bility of a significant variability in the confining 

capabilities of the salt. For example, depending 

on the deformational history of the area, high

permeability fractures may develop parallel to a low

permeability fault plane or dike. As a result, verti

cal flow along the fau~t or 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 exist updip and adjacent to the low

permeability zone. Conductivities for this high

permeability zone were increased three orders of 

magnitude for 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 in circulating ground water 

and result in transport of this aqueous solution 

along the low-permeability zone. If the fault plane 
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Figure 3.5 . 19. Fluid Velocity Vectors for R9 

or dike should extend to the land surface, dissolved 

radionuclides could be dis charged directly to the 

biosphere. 

A fault or dike that would cause a disruption o f 

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 alternative 

is small (<<10-8/yr) and would be even smaller if 

such a feature resulted from intrusion of magma into a 

fault zone. Therefore, R9 is eliminated from further 

consideration based on physical reasonableness and/or 

probabilistic arguments. 
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Transport Phenomena 

Transport Phenomenon Tl: Tl represents the existence of 

9 . a field of withdrawal wells completed into the middle 

sandstone aquifer and located downdip from the repository 

(Figure 3.5.20). These wells represent sourc es 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). 

purposes of analysis, the fractional discharge of released 

radionuclides via the wells is taken to be the same as the 

fractional withdrawal of water from the aquifer over the 

entire well field. To determine concentrations, the 

radionuclide discharge is distributed to those wells 

within the width of the contaminant plume. 

Figure 3.5.20. Transport Phenomenon Tl 
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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 

where 

ay = V~ Q'TX 

aT = transverse dispersivity. 

Ignoring longitudinal dispersion, this plume width will 

preserve the peak or centerline concentration as the 

peak concentration is proportioned to 1/{~way>· For 

release phenomena such as faulting or other major dis

ruptions which extend the full width of the repository, 

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

For reasonable values of the transverse dispersivity 

and do~dip distances up to about 10,000 feet, it can 

be readily demonstrated that the repository width is 

a good approximation for the plume width. 

The probability of wells being emplaced into the 

middle aquifer at some time in the future after reposi

tory closure is larger than 10-8/yr (see Section 3 .8). 

Furthermore, these wells would provide a shortened 

84 

·;> 



i 

path to _ the surface environment f or radionuclides 

released into the middle sandstone aquifer. Thus, Tl 

will be retained for further analysis. 

Transport Phenomenon T2: T2 is ne~rly identical to Tl, 

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 into the 

lower aquifer (see, e. g., R2). There are several reasons,· 

based on our hypothetical reference site, why this 

phenomenon could be eliminated from further analysis. 

First, since there is some downward movement of ground 

water through the salt, water in the lower sandstone 

aquifer is likely to be saline . Second, because wells 

to the lower aquifer would be dri lled through the salt, 

there is the likelihood of further increasing the salinity. 

Finally, the lower sandstone is 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

stone is 2,000 feet below the ground surface cannot be 

taken to preclude its use as an aquifer some time in the 

future . For example, water supplies to the cities 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 t o TUcson , at least, c ome from 

aquifers several thousand feet deep . Furthermore, in our 

analysi s of withdrawal wells, no assumptions are made as 

to the salinity o f the aquifers. Thus, the possibility 

of the presence of withdrawal wells into the lower aqui

fer necessitates the inclusion of T2 for fur~her analysis. 

Transpor~ Phenomena T3 and T4: These transport phenomena 

are identical to Tl and T2, respectiv ely, with the excep

tion that the wells are located updip from the repository 

(Figures 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 sufficient to significantly alter the 
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Figure 3.5.22. Transport Phenomenon T3 

i 

Figure 3.5 . 23. Transport Phenomenon T4 
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hyd raulic gradients in the flow system, and then only 

if these altered gradients were maintained for very 

long periods of time. Furthermore, assuming wells are 

just as likely to be rlrilled downdip from the repository 

as updip, the risk from T3 and T4 would clearly be domi

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

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

the repository could possibly be beneficial as they 

could somewhat reduce fluid velocities near the 

repository. 

Based on the arguments presented above, T3 and T4 

will be eliminated from any further analysis . 

Transport Phenomenon TS: TS represents a field of injection 

wells completed into the lower sandstone aquifer downstream 

from the repository. Injection wells for disposal of chemi

cal waste or other purposes are likely only into the lower 

sandstone. The effects would alter the transport of 

released radionuclides only if the amount of the material 

injected and the periods of injection were sufficient to 

alter the hydraulic gradients in the flow system for long 

periods of time. Figure 3.5.24 shows the hydraulic head 

distribution plots, where an injection well, injecting 

fluid at the rate of 1,000 ft 3/day, has been completed 

into the lower sandstone aquifer. This figure shows no 

88 



; 

" I 

... 

significant change in the hydraulic head distribution 

from the base case. Thus, T5 is eliminated from fur

ther analysis based on low consequence. 

Figure 3.5 . 24. Hydraulic Head Distribution for TS 

Transport Phenomenon T6: T6 is identical to T5 with the 

exception that the injection wells are updip from the 

reposito ry. T6 is eliminated on the s ame 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 reposi

t o ry and extending through the lower sandstone and shale 

(Figure 3.5.25). The feature represents a fault plane 

terminating at the contact between the lower shale and 

salt . T7 is identical to R6 with the exception of 

location: the feature i n R6 is located directly below 

the repository whereas the featu.re here is located 

downdip from the repository. A distinction is made 
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between the two since it is felt that a fault plane 

directly below the repository would have a greater 

influence on release of radioactive material from the 

repository than on its transport in an aquifer once 

released to that aquifer, whereas a fault downdip 

would have a greater influence on transport of radio

nuclides in the aquifer. 

Figure 3.5.25. Transport Phenomenon T7 

Recall that the effects of this high-permeability 

zone on the flow s ystem are nearly negligible. As was 

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

tion could result in some long-range effects o n the 
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reference site , such as the formation of a dissolution 

cavity in the bedded salt above the zone. However, the 

size of this cavity would not 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 TS: TS is similar to T7, except 

that the disturbed zone is one of low permeability . 

Thus, TS is similar to R7 with the difference being · 

location . The effects o£ 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 obstruction (Fig

ures 3.5.26 and 3.5.27) . Furthermore , the hydraulic 

Figure 3.5.26 . Hydraulic Read Distribution for TS 
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Figure 3.5.27 Fluid Velocity Vectors for T8 

gradient on the updip side of the disruption is now 

upward across the salt and shale. 

Arguments used to eliminate R7 could also be used 

to eliminate T8. However, should this feature be com-

bined with a high-permeability zone passing through the 

repository and connecting both aquifers, flow in the 

lower sandstone would be diverted upward through the 

repository and into the middle sandstone. This can 

be seen in Figure 3.5.28, where a drill h ole through 
\ 

the repository and into the lower sandstone (R2) has 

been combined with the low-permeability feature of 

T8. With the more likely possibility of withdrawal 

wells being placed into the middle sandstone aquifer, 

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

feet less) than through the lower aquifer, this pos

sibility could result in a greater risk than that 
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resulting from the usual discharge to the lower aquifer. 

Thus, despite the fact tbat the probability of tbis sce

nario is likely to be less than the 10-8/yr cut-off, T8 

is retained f or further analysis. 
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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 

middle sandstone aquifers (Figure 3.5 .29). T9 is simi-

lar to R8 with the exception of location . Thus, the 

effects on the flow system of such a feature would be 

essentially the same. Large-scale salt dissolution 

along such a high-permeability zone prior to repository 

construction would probably be detected by site cbarac-

terization studies , and, thus eliminating the site 

from consideration. Furthermore, the probability of 
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post-closure faulting on this scale is small and can be 

minimized by selecting a site with low~seismic activity. 

Figure 3.5.29. Transport Phenomenon T9 

In addition to lafge-scale salt dissolution,. a 

high-permeability zone in this position could act as 

a conduit between aquifers, and therefore spread any 

released radionuclides from one aquifer to another, 

depending on the direction of ·the hydraulic grad~·ent. 

For releases to the middle sandstone, dissolved radio-

nuclides could be transported to the lower sandstone 

through this high-permeability zone, resulting in a 

longer path · length for discharge at River 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 high-

permeability ~one could occur if a blockage or cementa

tion occurred in one or both of the aquifers downdip 

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

ability of a scenario involving the combination of a 

release of radionuclides to the lower sandstone, a 

high-permeability zone downdip connecting both aquifers, 

and a low-per meability bl,ockage ~owndip from the high

permeability zone is extremel y small (<<10- 8 /yr}. Thus, 

T9 will be eliminated based on probability and conse-

quence arguments. 

Transport Phenomenon TlO: TlO is similar to T9 with the 

exception of the hydraulic properties of ·the disturbed 

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

and represents a fault plane or igneous dike located 

downdip from the repository . The effects on the flow 

' 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 combination of TlO with a high-permeability zone 

passing through the repository (e.g., R2} . In this 

case, upward ~ertical f l ow coul d occur through the 
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high- permeability zone with disso lved radionucl ides 

being discharged either to the middle sandstone aquifer 

or directly to the land surface. This upward movement 

can be observed i n Figure 3 . 5 . 31, where a drill hole 

from the surface to the lower sandstone and passing 

through the repository has been combined with the 

low- permeabil ity zone of TlO . 

Figure 3 . 5.30. Hydraulic Head Distribution for TlO 
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The probability of a new fault occurring in the 

reference site downdip from the repository is on the 

order of 10-lO/yr. If this low-permeability zone is 

formed by the intrusion of magma into a fault zone, 

the probability of such a feature would be even smaller. 

Nevertheless, with the potential for direct release to 

the land surface when TlO is combined with R2, TlO is 

retained for further analysis. 
' 

Transport Phenomenon Tll: Tll assumes the existence of 

a high-permeability planar structure in the lower 

sandstone and shale oriented parallel to River L and 

located updip from the repository {Figure 3.5.32). The 

Figure 3. 5. 3 2. Transport Phenomenon Tll 
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feature represents a fault plane 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 felt to be 

negligible. Thus, like R6 and T7, Tll can be eliminated 

based on consequence arguments. 

Transport Phenomenon Tl2: Tl2 is similar to Tll, the 

difference being that the disturbed zone is one of low 

permeability . Here, the feature represents a fault 

plane or an igneous dike terminating at the contact 

between the lower shale and salt. 

The effects of this feature on the flow system are 

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

feature is located in the updip portion of the flow 

system, the increase in the tendenc y for downward flow 

downdip from the zone is more apparent than it was in 

R7 and T8 (Figure 3.5·.3 3). This could have the effect 

of incre asing the rate of migration of radionuclides 

from the repository to the lower sandstone. However, 

this effect would be offset by the decrease in fluid 

' velocities in the lower sandstone due to the presence of 

this low-permeability zone. Therefore, Tl2 is eliminated 

based on consequence arguments . 
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Figure 3.5.33. Hydraulic Head Distribution for T12 

Transport Phenomenon Tl3: Tl3 represents the existence 

of a high- permeability fault plane on the updip side 

of the repository, oriented parall el to River L, and 

extending to the land surface (Figure 3.5 .34). Since 

it extends to the land surface, it would probably be 

detected during site-characterization studies. ~e 

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 10-8 /yr cut- off imposed on this 

demonstration (approximately lo-10/yr). Thus, Tl3 is 

eliminated based on probabilistic arguments. 

Transport Phenomenon Tl4: Tl4 is similar to Tl3, the 

difference being that the disturbed zone is now one of 

low permeability. This feature represents a fault 

plane or igneous dike extending to the land surface. 

Since it extends to the land surface, and because of 

its effects on the flow system (see Figure 3.5 . 35), it 

would probably be detected during site-characterization 

studies. Thus, the assumption would be that development 

occurred subsequent to repository closure. 

Figure 3.5.35. Hydraulic Head Distribution for Tl4 
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The effects of this low- permeability zone on the 

flow system are similar to those of R9 and TlO. How-

e ver, because of its location, the increase in the 

downward flow downdip from this feature is more appar-

ent than it was in R9 and TlO (Figure 3.5.35). As 

was discussed in Tl2, this could have the effect of 

increasing the rate of migration of radionuclides from 

the repository to the lower sandstone. On the other 

hand, this effect would be offset by the decrease in 

fluid velocities in the lower sandstone due to the 

presence of this low-permeab ility zone. Furthermore, 

the probability of this feature occurring, let alone 

subsequent . to reposi tory closure, is less than the 

1 0-8/ yr cut-off . Thus, Tl4 is eliminated from further 

consideration based on probabilistic arguments. 

3.6 Final Set of Release and Transport Phenomena 

Table 3.6.1 below lists the set of Release and 

Transport Phenomena remaining after the elimination 

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

enon listed in Table 3.6.1 represents the referenc e 

site without any disruptions and will be referred to 

in the remainder of this report as t he "Base Case 

Scenario". Since it represents the reference site 
I 

without any disruptions, it needs to be considered 
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TABlE 3.6.1 

Final Set of Release and Transport Phenomena 

--------------------------- - -----·--

Number 

BC 

Rl 

R2 

R3 

R4 

Tl 

T2 

T8 

TlO 

Description 

Reference Site Without any Disruptions 

Borehole or Shaft to Repository 

Borehole or Shaft Through Repository to 
lower Sandstone 

U-Tube to Middle Sandstone 

Dissolution Cavity from Middle Sandstone to 
Repository 

Withdrawal Wells Completed into Middle Sand
stone Downdip from Repository 

Withdrawal Wells Completed into lower Sand
stone Downdip from Repository 

low Conductivity Fault or Dike in lower Sand
stone Downdip from Repository 

low Conductivity Fault or Dike Through Both 
Aquifers Downdip ·from Repository 

as a possible scenario. Scenarios will be formed by 

taking meaningful sequences, either singly or in com-

binations, of these phenomena (Section 3.7}. An initial 

' screening of these scenarios can be carried out based on 

criteria listed in Section 2.3. A final screening of 

the remaining scenarios can then be performed based 

on consequence and risk estimates. Recall that 
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consequences at this point refer to radionuclide dis-

charge to the surface environment and the health effects 

resulting from these discharges. 

3.7 Constructing Scenarios from Release and Transport 
Phenomena 

The next step in the scenario selection procedure 

is to construct scenarios by taking meaningful 'sequences, 

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

port phenomena listed in Table 3 .6.1. One means of illus-

trating· this construction of scenarios is by the use of a 

logic diagram similar to that shown in Figure 2.4.1. This 

has the benefit of presenting a diagrammatic representatio~ 

of each of the various combinations of rel~ase 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 pheno~ena listed in Table 3.6.1, 

would contain 28 = 256 outcomes. Initially, many of these 

combinations can be eliminated. For example, Rl (borehole 

or shaft to repository) could be considered in combination 

with R2 (borehole or shaft t6 lower a~uifer), and the see

. nario (Rl,R2) analyzed in terms of radionuclide transport 

and health effects. However, to avoid the complexity of 

performing transport calculations for scenarios involving 

multiple transport paths, consequences resulting from 
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scenario (Rl,R2) could be determined by adding the 

consequences from each of Rl and R2. The same reason

ing could be applied to any combination of release 

phenomena involving multiple transport paths. Fur

thermore, release phenomena involving releases to . the 

upper aquifer would probably be dominated by R4 (mas

sive dissolution cavity to ~epository). In fact, the 

long-term outcome of release phenomenon such as R3 

(U-tube) would probably lead to a disruption such as 

that 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 Rl (borehole or shaft to repository) 

was retained 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, Rl is not considered 

in combination with any transport phenomena. This elim

inates the sequences (Rl,Tl), (Rl,T2), (Rl,T8) , and 

(Rl, TlO). Furthermore, TlO (low permeability fault or 

dike downdip from repository) was retained only because 

of its potential of direct release to ~he land surface 
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when combined with R2 . Thus, TlO is not considered by 

itsel f. 

The diagram in Figure 3 . 7.1 contains what is felt 

t o be all the meaningful combinations of the release 

and transport phenomena listed in Table 3.6.1. This 

diagram contains 16 sequences (i .e., scenarios). These 

are tne scenarios which will be subjected to the next 

level of s c reening as discussed below. 

JU JtC Tl Tl 

I 
I 

j 
l 

NO 
I 

l 
l 

YES 

Tl '1'10 

I 

. 

l 

I 
I 

I 
I 

BC 

T8 

l2 

Tl 

Tl , T8 

R4 

R4,Tl 

Rl 

R3,T1 

R2 

R2 , T1 0 

R2, T8 

R2 ,T2 

R2, Tl 

R2, Tl , T8 

Rl 

Figure 3.7.1 . Scenarios Constructed from Release and 
Transport Phenomena 
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3.8 Initial Screening of Scenarios 

An initial 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 discussed in Section 2.5, 

physical reasonableness and consequence arguments will 

be applied first. The remaining scenarios will then be 

quantified in terms o f 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 physical reasonableness or consequence 

arguments. For example, consequences from (R2,Tl} 

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 (R2,Tl} was necessary in construction 

of the diagram in order to arrive at (R2 , Tl,T8) . The 

same is true of Tl. The hydraulic gradient in the 

undisturbed system is downward, and there is assumed 

to b e ample fluid in order for convection to dominate 

molecular diffusion. Thus, any radionuclides 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. Tl was necessary in construction 

of the diagram in order to arrive at (Tl,T8). 

The remaining scenarios in Figure 3.7.1 are now 

quantified in terms of probability estimates (whenever 

possible) and screened on the basis of the cut-off (lo-3 

for 105 years) imposed on this demonstration. However, 
~ 

due to the uncertainty that frequently exists in these 

probabilities, scenarios with probabilities below this 

cut-off may be retained for further analysis. Further-

more, where estimates of realistic probabilities are 

virtually impossible, no attempt should be made to 

screen on this basis. Instead, these scenarios should 

be retained and subjected to further analysis (e.g., 

transport and health effects calculations). 

Probabilistic Evaluation of Scenarios 

Probabilities of those scenarios remaining after 

the above screening process are now discussed in detail. 

Estimates of probabilities will be assigned to these 

scenarios whenever possible. The values for these 

probabilities are obtained from either the models and 

te~hniques 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, since the reference 

site used in the demonstration of the scenario selection 
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procedure is entirely hypothetical. A great deal of 

site-specific research is required to generate reli-

able probability data. 

It should be noted that the probability associ-

ated with each scenario is not the probability that 

that scenario occurred and nothing else . It is the 

probability that at least that scenario occurred with

in the 105 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 site without any disruptions 

other than the emplacement of the repository. Since 

it is the reference site, the probability associated 

with this scenario would be 1 (assuming, of course, 

that one is not considering the p~obability of the 

Base Case occurring and nothing else) .. 

Scenario Rl - Scen~rio Rl represents a high-permeability 

zone (borehole or shaft) extending from the land surface 

to the repository. This scenario· was retained because 

of the possibility of inadvertent drilling into a waste 

canister or leached radionuclides and transporting this 

material directly to the land surface . 

While the repository is operational, and during 

the administrative control period following sealing and 
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decommissioning of the repository, no drilling into 

the site would be expected. After this period, it is 

conceivable that future generations might drill into 

,the formations containing the waste without knowing it 

was there. For purposes of analysis, the period of 

administrative control is arbitrarily assumed to be 100 

years. Thus, the probability of inadvertent drilling 

into the waste is 0 for the first 100 years. Following 

this period several factors enter into determining the 

probability of this scenario. The first is the proba-

bility of drilling at the site. The potent ial for 

natural resources s uch as potash, oil and gas existing 

at the site influence 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 economic factors 

that drive the present-day search for these resources 

will end. Thus, probabilities derived for this scenario 

are based on current drilling data. Based on drilling 

data from various bedded salt regions (see Appendix B), 

the probability of at least one drill hole penetrating 

the repository in 105 years is nearly 1. 

Geometric probabilities must also be considered. 

Given that drilling has occurred at the site, what is 
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the probability that it intersects a room filled with 

canisters and also intersects a canister or leached 

waste from a canister? In our calculations, the prob-

ability of intersecting leached waste was assumed to 

be the same as intersecting a canister. The probabil-

ity of inters ecting a room and a canister was found 

b · 1 2 s 1 o-3 £ h h th t · 1 to e approx~mate y . x or t e ypo e 1ca 

reference repository (see Appendix B). 

The probability of Scenario R1 is determined by mul-

tiplying the two probabilities discussed above . Thus, 

Time (yr) 

0-100 

100- 105 

Probability 

0 

2.5 X 10-3 

Scenario R2 - Scenario R2 represents a high- permeability 

zone (borehole or shaft) connecting overlying and 

underlying aquifers and passing through the repository. 

Since repository design criteria would undoubtedly not 

allow the drilling of such shafts or boreholes in the 

construction of the repository , the drilling of this 

borehole or shaft is assumed to occur subsequent to 

repository closure and administrative control. Fur-

thermore, no assumption is made as to the sealing or 

backfilling of this shaft or borehole. Boreholes will 
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probably be drilled outside specified boundaries of the 

site during site-suitability studies and these boreholes 

will be sealed. For release of radionuclides t6 occur 

from these boreholes, a dissolution front would have 

to advance to the repository once the sealing material . 

had failed. For this to occur, failure of the sealing 

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 dis-

solution rates along boreholes (see, e.g. , Cranwell, 

Campbell and Stuckwisch, 1982) have shown that such 

dissolution rates are highly unlikely. 

The probability of drilling into the repository is 

assumed to be the same as that for Scenario Rl. 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 0.25 (see Appendix B). Thus , the probability of 

R2 is estimated as 

Time {yr) 

0-100 

100- 105 

Probability 

0 

0.25 

Scenario R3 - Recall that Scenario R3 postulates the 

existence of two 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, flow through 

the repository, and di~charge into the overlying aquifer 

through the downdip communication. Because of density 

differences between fresh water and brine, the hydraulic 

gradient at the reference site will not be sufficient 

to drive water through the repository and out the 

downdip communication unless a minimum separation 

distance is 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-

ing, the target area would have to be reduced accord-

ingly . 

Realization of the need for a minimal separation 

of the vertical connections in the U-tube scenario 

would clearly be recognized during construction · of the 

repository. Thus, repository desig~ criteria would 

eliminate the formation of this scenario from boreholes 

and shafts placed at the time of repository construction. 

, Therefore, it is assumed that this scenario results from 

an existing borehole or shaft (emplaced at time of reposi

tory construction) and drilling at some future date. 
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Boreholes and shafts emplaced at the time of repository 

construction would clearly be sealed. Thus, the esti-

mation of the probability of seal failure is needed. 

Estimation of the probability of a shaft or bore-

hole seal failure is difficult because of the lack of 

data describing the long-term behavior of sealing mate

rials. Schneider anq Platt (1974) arrive at an estimate 

of 10-4 as the probability of an original flaw in a seal 

based on a study of borehole seals by the oil and gas · 

industry . Depending on the material used, seals may 

either deteriorate with time or improve. ·Thus, due to 

the lack of additional data, a probability of 10-4 will 

be used for this event for all time . 

The probability that the two vertical communications 

of the U-tube are formed by two drill holes emplaced at 

some future date and at least a distance of 3000 feet 

apart in the downdip direction is estimated using the 

drilling data of Appendix B. If the two holes are 

drilled at different times, the possibility exists 

that one might have closed, due to salt creep, before 

the other is drilled. To account for this, the period 

of time for drilling was reduced to 103 years. This 

time period was based upon studies of rates of salt 

creep around drill holes in bedded salt formations 

(Cranwell, Campbell and Stuckwisch, 1982). At the 
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mean drilling rate of 1 . 18 x 10- 2 wells/ 1100 acres /year 

(Appendix ·B), this would amount to approximately 12 

drill holes for the 103 year period. To determine the 

probability that at least two of these are located at 

a minimal distance of 3000 feet from each other in the 

direction of the gradient, we assumed, as in Appendix B, 

that wells are drilled according to a Poisson process. 

Here, however, we assume~= 12. Thus, 

P(at least two drill holes > 3000 ft apart) 

12 
= ~ Pn(t)P(at least two holes > 3000 ft apart jn holes ) 

n=2 

12 
= 

n 
~ t) 

- xt 
e P(at least two holes> 3000 ft apartjn holes) . ~ 

n=2 n! 

To determine P(at least two holes> 3000 ft apartjn hol es}, 

we assume · n points to be located at random on line segment 

[0,8000]. Let Y1 , Y2 , ••• , Yn be an ordering of these 

points from smallest to largest : i.e., 

0 < Y1 < Y2 < ••• < Yn < 8000. 

Then 

P(at least two holes > 3000 ft apartln holes) 

= P(Y0 - Y1 ~ 3000) . 

The joint density of Y1 , Y2 , . .• , Yn is 
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n 
f ( Yl· Y2~ . . . , Yn) =- _B_o_o_on-

Hence, the joint density for Y1 and Yn is 

nl JYn JYn-1 
f(yl, Yn> = n · • • 

8000 Yl Yn 

'111us, 

So, 

n{n-1) 2 
(yn - Y1)n- · sooon 

P(Yn - Y
1 

> 3000) =n(n-l) 
sooon 

P(at least two holes > 3000 ft apart by time t) 

= 

With ~t = 12 , this probability is approximately equal to 0.6. 

Thus , the probability that the two vertical communications 

of the U-tube are formed by two drill holes a distance of 

at least 3000 feet apart will be taken as d.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 time of repository 
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construction and in which the sealing material has 

failed is estimated using the drilling data of Appen-

dix B and the probability of shaft seal failure. The 

shaft w.ill assume to have been placed at one end of 

the repositor y . This leaves a region of area (8000 

- 3000 ft) x 6000 ft = 691 acres for the dril l hole 

to be placed . The p~rameter At = 1180 is therefore 

adjusted as follows: 

691 
>. t = (>.t) 

1100 

= ( 1180) ( . 6 3) 

s:::s 740 

The probability P tha~ at least one drill hole is 

drilled at a distance greater than 3000 feet from the 

shaft is given by 

740 
P= L 

n=l 

740 
= I: 

n=l 

740 
= E 

n=l 

~ 1 

(>.t)n 
n 

(>.t)n 
n 

->.t 
e 

-At 
e 

P(at least one hole > 3000 
ft from shaftln holes) 

[1-P(none of the n holes are 
>3000 ft from shaft)] 

[l-(3/8)n] 
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The probability of shaft seal failure is taken as 

lo-4. Therefore , the probability that the vertical com-

munictions of the U-tube resulted from a drill hole and 

and a shaft in which the sealing material has failed is 

~ lo-4. tahen as 

The probability of the two vertical communications 

of the U-tube is found by summing the two probabilities 

of the previous paragraph. This sum is approximately 

equal to 6 x lo-1. However, formation of the two 

vertical communications, even at a minimum distance of 

at least 3000 feet, does not necessarily imply formation 

of the U-tube. Flow connecting these two communications 

must still occur through the repository. Realistic 

estimates of this probability are felt to be impossible 

without the aid of near-field modeling . To account 

for this part 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 Scenario R3 is given as: 

Time (yr} 

0-100 

100- 105 

Probability 

0 

6 X 10-3 

Scenario R4 - Scenario R4 postulates the existence of a 

massive dissolution cavity extending from the overlying 

117 



a q uifer to the repository. Formation o£ this cavity is 

assumed to have occurred by a disruption of the shale 

layer between the overlying aquifer and the salt followed 

by dissolution of the salt layers ab ove the repository. 

The disruption of the shale layer above the repository 

might be caused by a number of events or processes such 

as thermal effects, impact fracturing, tectonics, sub-

sidence, pressurization, drilling, etc . Estimation of 

probabilities for all possible initiat ing events and 

processes, at least on a generic basis, is unrealis-

tic. Some have already been discussed (e.g . , met eorite 

impacts, drilling, and tectonics) . For purposes of this 

demonstration, a probabilit y of 1 will be assigned to be 

the cpmposite of initiating events for Scenario R4. 

Salt dissolution rates following disruption of the 

overlying shale were analyzed using the DNET computer 

model {Cranwell, Campbell and Stuckwisch, 1982). One 

hundred sets of input values representing varying prop-

erties of the overlying aquifer , shale and salt units 

were analyzed with the DNET code to estimate a distri-

bution of times for a dissolution cavity to reach the 

depth of the repository. Of thes~ 100 sets of input 

values, only 49 resulted in a dissolution front reach

ing the depth of the repository in 105 years . Based 

on this, the probability that a dissolution cavity 
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will reach the depth of the repository, given that a 

disruption of the overlying shale layer has occurred, 

will be estimated as 5 x lo-1. Thus, the probability 

of Scenario R4 is estimated as 5 x 10-1. 

Scenario T2 - Without data from a specific site, the 

estimation of the probability that water wells are 

drilled downdip from the repository is difficult. Once 

such data were available, techniques similar to those 

used for arriving at probabilities for hydrocarbon 

exploration could be used (see Appendix B). 

According to the 1970 publication of The Water 

Encyclopedia (1979), wells to obtain water were being 

drilled at the rate of approximately 420,000 per year. 

About 2% of these, or 8300 , were deeper than 500 feet . 

If these were uniformly distributed over the land 

surface of the United States. this would amount to 

approximately 2 x 10-3 wells/mi2/yr. 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 10-2 

wells/yr, or 6400 wells in 105 years. Assuming wells 

are drilled in this region according to a Poisson 

process with t = 6400, the probability of at least 

one water well being drilled in this region during a 

period of 105 years after repository closure is, 
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approximately, 1. Thus, a "rough" estimate of the 

probability of Scenario T2 is: 

Time (yr) 

0-100 

100- 105 

Probability 

0 

1 

Scenario T8 - Recall that Scenario T8 assumes the 

existence of a low-permeability fault or dike extending 

through the lower sandstone and shale downdip from the 

repository. The probability of this scenario can be 

estimated by assuming that the feature was formed by 

igneous intrusions into a fault 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 obtain realistic 

probability estimates. 

The probability of this scenario can be estimated 

using the procedures discussed in Appendix o. Assuming 

that the area of the downdip region of concern in this 

scenario is 32 sq. mi., the probability of a pre-exist-

ing but undetected fault existing in this region is on 

the order of 10-2 to Io-1, depending on the density 

of existing faults. For a new fault, this probability 

would be on the order of lo-S for a 105 year period, 

assuming a formation rate of 1 x lo-8 faults/year. 
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Schneider and Platt (1974) estimate the probability 

of volcanic activity as 10-4 times that of faulting. 

This estimate was based on surface phenomena such as 

craters and calderas and, so, would probably be larger 

if underground phenomena were included. To account 

for underground phenomena, the above probability of 

lo-4 was arbitrarily increased by two orders of mag-

nitude. Thus, the probability of Scenario T8 is 

estimated as lo-3 to 10-7 for a 105 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 corre-

spending probabilities are listed in Table 3.8.1. Note 

that these are the probabilities that the scenario 

occurs within 105 years after repository closure . 

3.9 Final Screening of Scenarios 

If one is fairly confident in the probabilities 

assigned to these scenarios in Table 3.8.1, Scenarios 

T8, (R2,T8), (R2,Tl0) and (R2,Tl,T8) could be elimin

ated based on t~e cutoff imposed on this analysis (lo-3 

for 105 years). Howev er, 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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Scenario 

BC 

.... Rl 

R2 

R3 

R4 

T2 

T8 

R2,T2 

R2,T8 

R2,Tl0 

R2,Tl,T8 

R3,Tl 

R4,~1 

Table 3.8.1 

Scenario Probabilities 

Probabil i ty 

1 

2.5 X 10-3 

2.5 x 10-1 

1 x 1o-2 

5 x 10-1 

1 

lx1o-3 - 1xlo- 7 

2 . 5 X 10-1 

2 . 5xlo- 4 - 2.5xlo-8 

2 . 5xlo-4 - 2.5xlo-8* 

2. 5xlo-4 - 2.5xlo-8 •• 

1 x 10-2 

---------------------------------------------------------, 

*The probability of TlO was assumed to be the same as T8. 

**The probability of Tl was assumed to be the same as T2. 
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(transport) and health effects calculations. For 

purpo ses of demonstration, all of the above scenar-

ios will 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 ~oing 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 probabiiistic 

arguments. 

Transport calculations may not have to be performed 

on all the remaining scenarios if it is felt that 

certain ones will result in similar consequences . For 

example, transport calculations performed on the Base 

Case (BC) Scenario resulted i n no discharges at River L 

f o r the 105 year period used in these analyses (Cranwell 

et al . , 1982). Recall that, since a · downward gradient 

exists in the undisturbed system, r adionuclides 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 

from downward to upward across the repository . Thus, 

radionuclides released from the repository under the 

conditions 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 from the repository to River L were not signifi- . 
/ ' 

cantly different for the BC Scenario and T8. Th~s~ 

since Scenario BC resulted in no discharges, it was 

felt that detailed transport calculations need not be 

performed for Scenario T8. 

The final set of scenarios on which radionuclide 

tran~port and health effects calculations were performed 

are listed in Table 3.9.1. The results of these trans-

port and health effects calculations can be found in 

the project's final report (Cranwell et al., 1982). 

The scenarios listed in Table 3.9.1 are numbered accord-

ing to the same numbering scheme used in the final 

report. 

It should be emphasized once more that the scenarios 

selected depended, in part, on . the characteristics of a 

hypothetical reference site. Thus, different scenarios 

would probably be selected for a site-specific analysis. 

Undoubtedly there will be disagreement on the scenarios 

selected for retention and on those eliminated. The 

reader should keep in mind that the scenarios selected 

were the result of a demonstration of a scenario selec-

tion procedure applied to a hypothetical site. 
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Table 3.9.1 

Final Set of Scenarios 

===============================================F========= 
Scenario Description 

=====================~=================================== 

1 (BC} 

2 (T2) 

3 {R2) 

4 {R2,T2) 

5 ( R2 I TB) 

6 ( R2 I Tl I TB) 

7 (R2 1 TlO) 

Reference Site Without Di srupt'ions 

Withdrawal Wells into Lower Sandstone 
Aquifer Downdip from Repository 

Borehole or Shaft Through Repository 
'tO Lower Sandstone Aquifer 

Borehole or Shaft Through Repository 
to Lower Sandstone Aquifer with With
drawal Wells into Lower Sandstone 
Downdip from Repository 

Borehole or Shaft Through Repository 
. to Lower Sandstone Aquifer with a Low 
Conductivity Fault or Dike in Lower 
Sandstone Downdip from Repository 

Borehole or Shaft Through Repository 
to Lower Sandstone Aquifer with With
drawal Wells into Middle Sandstone 
Aquife r and a Low Conductivity Fault 
or Dike in Lower Sandstone Downdip 
from Repository 

Borehole or Shaft Through Repository 
to Lower Sandstone Aquifer with a Low 
Conductivity Fault or Dike to Land 
Surface Downdip from Repository 
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Table 3.9.1 (cont 'd) 

==;============~===~==========================~=========== 

Scenario Description 

=====================~==========================~========= 

8 ( Rl) 

9 (R3) 

10 (R3,Tl) 

11 (R4) 

12 ( R4, Tl) 

Borehole or Shaft to Repository Inter
secting a canister or Leached Waste 
from a Canister 

U-tube Connection Through Repository 
to Middle Sandstone Aquifer 

U- tube Connection Through Repository 
to Middle Sandstone Aquifer with With
drawal Wells into Middle Sandstone 
Downdip from Repository 

Massive Dissolution Cavity from Middle 
Sandstone Aquifer to Repository 

Massive Dissolution Cavity from Middle 
Sandstone Aquifer to Repository with 
Withdrawal Wells into Middle Sandstone 
Downdip from Repository 

==~====================================~=~================ 
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4. SUMMARY AND CONCLUSION 

This report has presented a procedure for selecting 

and screening scenarios for use in the analysis 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. All aspects of the scenario 

selection procedure were presented with the exception 

of those involving detailed radionuclide transport and 

health effects calculations . The results of these cal-

culations can be found in the project's final report 

(Cranwell et al., 1982). 

In the development and demonstration of the scenario 

sel ection procedure discussed in this report, several 

observations were made concerning the topic of selecti,on 

and screening of scenarios for radioactive waste disposa l 

in deep geologic formations. ·First, it is felt that no 

matter what criteria are used to select and screen see-

narios for 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 affecting the long-

term isolation of radioactive waste in deep geologic 

formations are too complex to involve simple selection 
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procedures applied with just one level of screening. 

The evaluation of any site will generally be a sequen-

tial process involving several levels of analysis and 

evaluation. As the study of a site progresses and 

knowledge is gained with respect to what is known and 

unknown about the site, it will be necessary to appro-
.... 

priately modify the analysis of scenarios. 

Second, the quantification of scenarios in terms 

of probabilities is undoubtedly one of the most difficult 

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 assigning probabilities to every possible 

scenario is unrealistic. Most scenario probabilities 

will have to be purely subjective due to lack of data, 

or will involve the analysis of extremely site- specific 

data by experts in the area associated with a scenario. 

An attempt to arrive at an estimate of a probability 

for 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, 
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featur~s and processes as was demonstrated in this 

report is felt to be a helpful aid in addressing the 

problem of completeness. The formation of scenarios by 

taking sequences of these phenomena aids in avoiding 

the possibility of overlooking potentially important 

scenarios . However , the importance of a scenario is, 

quite frequently, dependent upon the geologic and 

hydrologic properties assumed when analyzing that 

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 scenario. 

What has been presented in this report is "one" 

procedure for selecting and identifying important 

scenarios for geologic disposal of radioactive wastes. 

As was mentioned earlier, we do not claim that this 

procedure is the only 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 that 

the procedure presented does provide a systematic means 

for selecting and screening scenarios and that this 

procedure can be applied to any geologic 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 

(Claiborne , 1974). Depth here means the distance from 

the t op of the surrounding plane to the bottom of the 

"crushing zone" (Figure A.l). The crushing zone is 

formed by shattered rock fragments dispersed into the 

air at the time of impact and falling back into the 

crater after impact . Below the crushing zone is what 

is commonly referred t o as the "fracture zone" . This 

is the zone where underlying material was highly frac-

tured but left in situ. Generally, the depth to the 

bottom of the fracture zone is determined to be one-

half the diameter. 

Figure A.l. Schematic Representation of Meteorite 
,Crater 
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The impact of meteorites will be considered as a 

random process. There is evidence that this may not be 

entirely true since a slight latitude effect seems to 

exist (Halliday, 1964}. To determine the probable num-

ber of craters of different diameter, a relationship 

between the number of craters and size observed for 

the moon will be used (Hartman, 1965}; namely 

N = KD- 2 • 4 

where 

N = the number of craters with diameter 
larger than D 

K = empirical constant 

( 1) 

On the basis of Canadian impact craters, the frequency 

of impacts producing craters larger than 1 km in diam

eter falls between 0.8 x lo-13 and 17 x lo-13 km-2 yr-1 

(Hartman, 1965}. The lower limit appears to be more con-

sistent · with geologic data and. with Dietz ' s estimate of 

one every ten thousand years (Dietz , 1961} . Therefore, 

( 2) 

will be taken as the best estimate of the frequency of 

· impacts producing craters of 1 km or greater in diameter. 

Using Equation 1, we have, 
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Thus, the probability of formation of a crater D krn in 

diameter or greater is o-2 •4 times that of the probability 

of a 1 km or greater crater. Let P0 be this probability. 

Then , using (2} , 

set F0 = l-P0 • Then 

dO 
( 3) -= 

Now, consider a waste repository at a depth h below 

the land surface and with dimensions length = i 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 air 

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 region to consider concerning meteorite impacts 

should extend beyond that of the region of the repository 

(Figure A. 2). 
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Figur e A.2 . Critical Region for Impact Craters 

From this figure, the plane of interest should extend a 

distance of (D/ 2)-k beyond the repository boundary. 

That i s, the plane of interest should be (i+(D/2) - k) 

x (w+ (D/ 2) - k) . To determine k, we use the general form 

of the equation of a parabola: 

( x- u ) 2 = 4p(y- v) (4) 

· For our c a se , y=- h when x=O and v=- h when u=O. Further-

more ( since crater diameter i s 3 times t h e depth ) , y=O 

implies x= + 3h • Thus , 
- 2-
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k = 3 I 2 [ v' ·< o I 3 > h - v'c o I 3 > h-h 2 J (5) 

Using this and Equation 3 we get that the probability of 

a c rater intersec ting the plane of interest is given by 

JC ~ [ 1 + (012)-k][w + (012) - x]{2.4 x lo-13)o-3.4do 
3h 

Fo r the Sandia reference reposit o ry we have 

R. ~ 4km, w ~ 2krn, h ~ 630m 

(6) 

Substi tuting these values into the integral in Equation 

6, we get 

7.92 x lo-1 31yr 

as the (yearly) proba~ility of meteorite impact of suf

ficient force to cause instantaneo us release. 

For the fracture zone, the diameter of the crater is 

twice the fracture zone. In this case, k takes the form 

k = v'<ol 2)h - v'co/2)h-h2 (7) 

and the integral in Equation (6) becomes 

roo [ J + (012) - k)(w + (D/2 ) - k)(2.4 X l0-13 )o-3 · 4dD 
J 2h 

(8) 
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For the Sandia reference repository, the middle shale 

is about 400 meters below the surface. From Equation 8, 

the (yearly) probability of this being fractured by meteor-

ite impact is 

140 

c _ 
:. 



- ~ • 

APPENDIX B 

Inadvertent Intrusions (Drilling) 

In determining the probability of radionuclide 

release resulting from drilling activity, both the 

probability of drilling into the 1100 acre parcel con

taining the repository and'the probability of hitting 

a canister of waste material must be considered. Both 

of these determinations assume that drilling activity 

will continue in bedded salt regions into the future 

and that the waste material remains in the canisters. 

Although one of the selection criteria for the 

proposed r~pository sites is low resource potential, 

the possibility of future drilling cannot be eliminated. 

Because of the unpredictability of the economic factors 

that control oil and gas exploration, exploratory drill-

ing rates cannot be projected with any certainty into 

the future. To determine the probability of a random 

drill hole in a bedded salt region being in the 1100 

acres containing the reposito ry, 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. 
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The areas from which 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 tne Williston Basin (Figure B.l). Only 

those counties that are at least half underlain by bedded 

salt were included, and only exploratory drill holes were 

tabulated. The drilling data are compiled by state in 

Table 8.1. Based on these drilling rates and the assump-

tion that the repository area will be 1100 acres, the mean 

drilling rate at the hypothetical reference site is taken 

as 1.18 x 10-2/yr. This woul~ amount to 1180 exploratory 

holes drilled into the 1100 acre site over the 105 year 

period of our analysis. Assuming that exploratory holes 

are drilled into the site according to a Poisson process 

with t = 1180, the probability of at least one hole 

drilled into the repository over 105 years is given by 

1 _ e-At = 1 _ e-1180 ~ 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 of 

, geometric probabilities. For the hypothetical reference 

site, the extraction ratio is approximately 25%. Rooms 

are 560ft. x 18ft. x 18ft. (see Campbell et al., 1978). 

142 



- < • 

-----·--------------------------------------~~~~------------------------------------, 

0 1100 mllee 

~~~ 
0 aoo kilometer• 

(I) Area underlain by bedded salt 

Figu re B.l. Areas for Drilling Data 

Each room is designed to contain 32 canis'ters of nuclear 

~aste 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 bit would only have to nick the edge of 

the canister to release some of the waste. Because the 

center of the drill bit must be within 1 foot of the 

center of the canister in order to hit the canister 

(Figure 8.2), the effectiv e target area of each can-

ister is a circle with a radius of 1 foot . 
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Table B.l 

Drilling Rates for Areas Underlain by Bedded Salt 

=============================~=======~====~================~=========== 

State 

Area Underlain 
by S~lt 

(mi ) 

Number of 
1100 Acre 

Parcels 

Number of 
Drill Holes2 

(wells/yr) 

Mean Drilling 
Rate (wells/ 

1100 acres/ 
yr) 

================~=============~======================================== 

Co lorado 16,660.2 9 ,693.6 88.72 9.15 X lo-3 
' 

Kansas 40,6~9.9 23,639.2 538.23 2.27 X 10-2 

Michigan 31 , 077.1 18, 081.2 272.71 1.51 X 10-2 

Montana 12,454.7 7,246.4 33.62 4.64 X lo-3 

Nebraska 6,051.0 3,520.6 10;5. 34 2.99 X 10-2 

New Mexico 23,656.9 13,764.0 123.29 8.96 X 10-3 

New York 12,238.4 7,120.5 27.86 3 . 9 1 X 10-3 

North Dakota 18,956.4 11,029.2 55.24 5.01 X 10-3 

Oklahoma 18,088.5 10,524.2 74 . 02 7.03 X 10- 3 

South Dakota 2,673.7 1,555.6 8 . 29 5.33 X 10-3 

Texas 60,539.2 35,222.8 280~95 7.98 X 10-3 

Wyoming 4,740.1 2,757.9 92 . 94 3.37 X 10-2 
247,766.1 144,155 .2 1701.22 

Mean Drilling Rate for All States: 1.18 x lo-2 wells/1100 acres/yr 

-----------------------------------------------------------------------
1 Tabulated for each county at least SO percent of which is under

lain by bedded salt, excluding those counties where no drilling 
occurred in the time interval considered. 

2 Mean for 1970 
1971 
1970 

1978 Michigan 
1978 New York. 
1979 All other states 

=~====================~===================~============~=============== 
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Aet = 1T(rc + rd)2 

Figure B.2 . Effective Target Area of a canister 

The probability of a random drill hole within the 

repositor y hitting a canister is determined as follows: 

Phc = Phr · Per 

Phc - probability of a random drill hole 
hitti ng a canister 

Phr - probability of hitting a room 

Per - probability of hitting a canister 
within a room 

Phr ~ ext raction ratio (Er) 

Aet - effective target area within a room 

~ - area o f each room 
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nc - number of canisters per room 

rc - radius of canister 

rd - radius drill bit 

There fore, 

Er ncn (rc + rd)2 
= ---- - --· 

Ar 

For the model repository described above, the probability 

of a random drill hole within the repository hitting a 

canister is approximately 2.5 x 10-3 . 

The probability that a canister or leached waste 

from a canister is intersected over 105 years is found 

by multiplying the probability that the repository is 

y::>enetratec't by at least one drill .hole and the probability 

that a canister or leached waste from a canister is 

intersected given that a hole is drillec't. For the 

conditions of the hypothetical site, this probability 

is approximately l x (2.5 x 10-3) = 2.5 x lo-3. 
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APPENDIX C 

Volcanic Activity 

The probability that a vo~cano will disrupt the 

repository site . is calculated using the probabilistic 

model described in Beckman and Johnson (to appear). 

This model yields the following equation. 

-(~.n >.;P; ) t Pr (disruptive event before time t) = 1 - e ~ • • 
~=1 

where 

Ai= rate of occurence of volcanos at site i, 

Pi = probability that a volcano at site i will 
disrupt the repository 

and n is the number of sites in the vicinity of the 

repository where volcanic activity occurs. 

Since this study is not site-specific, only one 

region for volcanic activity is considered; the entire 

western United States (Washington, Oregon, California, 

Idaho, Nevada , Montana, Utah, Arizona, Wyoming, Colorado 

and New Mexico). Furthermore, the repository is assumed 

to be located somewhere in this region. Thus, the 

model reduces to: 

Pr(disruptive event before time t) z 1 - e-Apt 
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where 

and 

A= rate of occurence of volcanos in western U. S. 

= t of volcanos/#years 

p = probability that a volcano will disrupt the 
r ·eposi tory 

Now, the number of volcano vents that have shown activity 

within the last 10 million years in the western u.s. is 

approximately 1300, (Arthur D. Little, 1980). Thus : 

A = 1300/ 107 = 1.3 X 10-4 

The dimensions of the waste repository are 1.8 by 2.4 

km. Crowe (1978) states that the maximum zone of a 

volcanic disruption is 66 km2 or a circle of radius 4.6 

km. Thus, for a volcano to disrupt the repository, it 

must be within 4.6 km. of the boundary of the repository 

or within an area of 128 km2 (11.0 x 11.6 km.). This 

yields: 

p = area of disturbance/total area of western u.s. 
= 128/3 X 106 = 4.3 X 10-5 

and so 

-9 
Pr(disruptive event within one year) = 1 - e-5.6 x 10 

~ 5. 6 X 10-g 
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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 regio~s. The actual repository site would 

presumably be outside such regions . Some of the 1300 

volcanos used in the calculation of ~ occurred more than 

10 million years ago. The actual value of X should be 

somewhat smaller. The value of 66 km2 is a maximum zone 

of disruption. Most zones wil l be much smaller and the 

estimate of p much smaller. 

J 
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APPENDIX D 

Faulting 

We shall assume that at the time of repository 

closure the mean density of faults existing in a region 

R surrounding the repository site is Ao per unit area. 

We shall assume further that new faults appear in this 

region according to a nonstationary Poisson process 

with mean rate A1 (t) per unit area per year, where t 

indicates the time-dependent rate of formation of new 

faults. Then, 'the mean density of faults existing in 

the region R at some time t following closure of the 

repository site can be represented by 

{1) 

From Equation 1 the probability of exactly N faults exist-

ing in the region R by the time t is given by 

[A(t)A) N 
P{N,t) = -~~- exp [-A(t)A] , 

Nl 

where A is the area of region R. 

We will let p denote the conditional probability 

that, if a fault exists in the region R, it will 

150 

(2) 

, 



I 
; 

intersect the repository site . Then, the probability 

that at least one fault intersects the repository site 

in the time interval (O,t) is given by 

p = l _ e- A(t}pA. (3) 

From Equation 3 we see that to determine a value 

of P , we need to know values of A(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 activity, 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 A(t}. 

The parameter p is calculated in terms of the 

spatial density of faults in the region R and the 

average length of these faults. The repository is 

considered to be a subregion, R0 , of R. Both R and R0 

are taken as rectangular regions and thus are convex 

(i.e., any line connecting two points on the perimeter 

of the region lies entirely within the region). Faults 

in Rare taken as line segments of length l, where 1 is 

the mean length of the faults in R. 

Accor?ing to Santalo {1976), the probability that 

a line segment of length 1 in R interse'cts Ro is given by 

\ 
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p = 2 
'1T ab - 2 ( a + b) .I + R (4) 

where Ao and Po are the area and perimet er, respec tively, 

of Ro and a and b are the lengths of the sides of region R. 

To determine the probability that an existing but 

undfitected fault in region R intersects the plane of the 

r-epository, we take A(t) in Equation 1 to be Ao• For the 

hypothetical referenc e site, the repository has the dimen-

sions of 1.42 miles x 1 . 52 miles. The valley containing 

the repository is assumed to have the dimensions of 57 

miles x 152 miles (see Campbell et al . , 1978). Mean 

fault lengths in this region will be taken as 2 miles. 

Thus, using Equation 4 

·2n (1.13)± 2(2) {5 . 32l p = 2 
'1T (57)(152) - 2(57 + 152) (2) + 2 

= 1.22 X lo-3 

Thus, 

p 1 
-A0 < 1. 22 X 10-3 ) 

= - e 

Below are sev eral values of P for different values of Ao 
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Ao = 1; p = 1. ~2 X 10-3 

).0 = 2; p = 2.44 X 1 0- 3 

Ao = 3 ~ p = 3 . 65 X 1o-3 

).0 = 4; p = 4.B7 X 1o-3 

).0 = 5: p = 1 X 10-2 

'X 
0 = 6; p = 1 X 10-2 

For new faults , the probability that at least one 

intersects the plane of the repository is found by using 

the rate of formation of new faults, A1(t) , in Equation 

3. Data from the De1eware and Pal o Duro Basins indicate 

that rates of formation of faults in these regions ·is 

on the order of 10-8 faults / year. This rate is used 

for the hypothetical reference site. Thus, the proba

bility that at least one of these intersects the plane 

of the repository is given by 

-B -3 
p = 1-e-(10 ) (1.22 x 10 ) 

= 1.22 x 1o-11 
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