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Calico Hills Risk/Benefit Analysis 
Executive Summary 

Introduction 

The need for the Calico Hills Risk/Benefit Analysis (CHRBA) resulted from a 
formal objection by the Nuclear Regulatory Commission to the Site Character
ization Plan/Consultation Draft (SCP/CD). The objection maintained that the 
SCP/CD plans for excavation and testing in the Calico Hills Unit (CHn) were not 
based on adequate analysis of the risks and benefits of alternative methods for 
obtaining the needed information. The NRC objection was lifted on the 
conditions that the analysis would be performed and that the NRC staff would be 
consulted before the results of the analysis are implemented. This Record of 
Memorandum documents the results of the CHRBA.  

Initial steps in the CHRBA included summarizing the types of data that would be 
needed from the CHn, identifying applicable testing techniques, developing 
alternative testing strategies (see Section 2.4), and finally establishing and 
implementing a methodology for a comparative evaluation of the testing 
strategies. Eight alternative testing strategies were developed to encompass a 
range of approaches to characterization. These strategies are conceptual; the 
exact location and design of the tests have not been determined.  

Two decision-aiding methodologies were developed to compare the eight 
alternative testing strategies: a value of information (VOI) study and a multi
attribute utility analysis (MUA). The following paragraphs summarize the results 
of each of these approaches and the final recommendations and conclusions of the 
CHRBA.  

VOI Study 

This study used the concept of "value of information": information only has 
value if it can change a decision. A changed decision would result if new 
information reduced our uncertainty and allowed us to prefer choices that 
achieve higher expected value. In this study, the value of information gained 
from testing is derived from the ability to improve prediction of total system 
releases.  

To implement the VOI approach, several questions were addressed: what are the 
key decisions, what are the outcomes of these decisions, what makes the outcomes 
uncertain, how are the outcomes valued, and how does the information help reduce 
uncertainty about the outcomes. A panel of technical experts was convened to 
estimate uncertain outcomes of the decisions, sources of uncertainty, and 
changes in uncertainty that can result from testing. A separate panel of 
management experts was convened to identify major decisions and DOE preferences 
about those outcomes.  

The geotechnical inputs to the VOI model were: prior probabilities of flow 
regimes; test likihood results, available inventory, Chn unit transport, 
saturated zone reduction of cumulative 10,000 year releases, and the relative 
impact from characterization on transport through the CHn unit. These were 
provided by the technical panel and combined to produce cumulative distribution 
functions (CDFs) for cumulative 10,000-yr aqueous releases to the accessible 
environment. These curves can be interpreted as indicating that each of the
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barriers (engineered, host rock, CHn unit, and saturated zone) separately 
provides significant waste isolation performance. In other words, only a part of 
the site performance is allocated to the CHn unit, and expected aqueous releases 
from the total system will likely be well below the regulatory standard whether 
or not the CHn unit is characterized. Also, the estimated impact from 
characterization produces only a small change in the CDF for aqueous releases 
from the total system.  

The VOI model results combined geotechnical inputs, cost estimates, and value 
inputs. The VOI model produced a total cost-value associated with each 
strategy, and a cost-value associated with the option to do no CHn testing 
beyond the SCP program. These cost-values are the sum of nondiscounted direct 
cost estimated for each strategy (zero cost for no testing) and the 
probabilistic cost calculated from the VOI model. The lowest cost-value is 
associated with the no testing option, therefore, the VOI model suggests that no 
testing is preferable.  

The no testing result of the VOI may be attributed to several possible causes.  
Expected aqueous releases from the total system are orders of magnitude below 
the regulatory limits, and test results are not likely to change that view. Test 
costs are relatively high. The accuracy of CHn unit testing is limited by 
interpretive errors related to flow regimes that may not currently exist at the 
site. Even the most accurate tests are constrained by uncertain boundary 
conditions over the 10,000 year period of performance. Gaseous and direct 
release modes were not included in this conceptualization of the total system.  

After being presented the results of the VOI study, both the technical and 
management panels expressed a preference for testing in the CHn unit. This 
suggested one or both of the following: 

1. Decision makers place high value on high confidence, even at extremely low 
levels of expected releases; or 

2. There is value to testing that is not captured by the VOI model.  

MUA 

To further assess the results of the VOI study, an MUA was initiated. The 
MUA methodology is an analytical method to develop a multi-dimensional function 
that "scores" alternatives in a way that reflects value judgements. Figure 1 is 
a flowchart for the complete MUA analysis that was carried out for this study.  
The center third of the figure shows the five attributes that were assessed to 
evaluate appropriate characterization of the CHn unit: residual (postclosure) 
risk, scientific confidence (reasonable assurance), service date (regulatory 
delay), cost, and phasing potential. Three of these attributes were assessed by 
individuals (i.e., cost and phasing potential) or taken from the VOI Study 
(i.e., residual risk). The remaining two attributes (scientific confidence and 
service date) were assessed as part of the MUA. The bottom third of the figure 
describes how some of the data were generated and the top third describes how 
the data were evaluated with the MUA function.  

Scientific confidence was assessed by a panel of technical experts. The panel 
defined 12 features of the CHn, such as the Ghost Dance fault, and 15 issues of 
scientific confidence that could be investigated by the testing strategies. The
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technical panel assessed the extent to which each strategy would provide access 
to each feature and the extent to which assessing each feature would improve our 
confidence in each issue.  

Service date (delay) was assessed by a panel of regulatory and management 
experts by evaluating scientific confidence, intrusiveness of the testing 
strategy (residual risk), and the ability to respond quickly to requests for 
additional data. Since none of the test strategies are on the critical path for 
license application, delay was defined as unplanned regulatory delay (requests 
for additional data pre-docketing or requests for additional data during 
regulatory review).  

The final step was to elicit the MUA function on the five performance dimensions 
from the regulatory/management panel and then apply the performance measures 
on each of the five performance attributes for each of the test strategies. The 
results were subjected to contrast and sensitivity analyses before they were 
used to generate conclusions and recommendations (see below).  

The results of the MUA indicate that the most extensive inside the block Calico 
Hills testing strategy (2 or 5) is the most desirable of the 8 strategies 
considered, but it is not much more desirable than the most extensive minimum 
inside the block strategy (1).  

Conclusions and Recommendations 

These conclusions and recommendations are based on both decision analysis 
models.  

Conclusions: 

1. Potential impacts from characterization on postclosure aqueous releases from 
the total system are expected to be low and do not preclude extensive 
underground exploration in the CHn below the proposed repository.  

2. Testing strategies 1, 2, 5, and 7 include extensive underground exploration 
within or near the repository block and provide a significant improvement in 
scientific confidence relative to strategies 3, 4, 6, and 8.  

3. When all the objectives (confidence, risk, cost, delay, and phasing 
potential) are considered together, strategies 2 and 5 are preferred to 
strategy 1 by a small margin. Although residual risk is small for all 
strategies, if only the confidence and residual risk objectives are 
considered strategy 1 is preferred to strategies 2 and 5.  

4. Modifications of 2 and 5 which are consistent with their definition would 
provide greater scientific confidence than strategy 1.  

- Strategies 2 and 5 can be modified to characterize all 12 features of the 
site identified in the MUA; strategy 1 cannot be modified to do this 
because the main test facility is located outside the repository block.  

5. Each of the 12 features of the site would be investigated by strategy 2 or 
5, as modified, however, some would be explored earlier than others 
depending on the design. Interpreting results from the MUA, the benefit of
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early access to the CHn would be directly related to the number of these 
features that are intercepted early.  

6. A ramp from the east of the repository block could provide significant 
information which could potentially be used to aid in characterization of 
the Calico Hills unit. A ramp located in the southern part of the block 
could access the vitric facies, the imbricate normal fault zone, the 
southern part of the Ghost Dance fault, possibly the vitric/zeolitic facies 
transition, the Abandoned Wash structure, and a testing drift outside the 
block. In the northern part of the block, a ramp could access the zeolitic 
facies, the imbricate normal fault zone, Drill Hole Wash, and the northern 
part of the Ghost Dance fault.  

7. The relative importance of the CHn unit as a barrier depends on the 
importance of the other barriers, both natural and engineered. For the 
CHRBA, estimated performance of the engineered barriers and the host rock 
were conservative, whereas estimates of the performance of the saturated 
zone were intended to be realistic, but not necessarily conservative. If the 
true performance of the saturated zone is more or less than estimated, the 
relative importance of the CHn barrier decreases or increases, respectively.  
Within the model employed in the CHRBA, estimated impacts to waste isolation 
would vary proportionately.  

Recommendations: 

1. The CHRBA working group recommends using extensive drifting within the 
block, an approach similar to strategies 2 and 5 (strategies 2 and 5 are 
very similar and were rated about the same by the CHRBA). It also 
recommends that these strategies be modified to include a drift to explore 
the Abandoned Wash fault and an underground access outside the repository 
block for aggresive testing. It should be noted that certain options 
currently being considered in the ESFAS already include drifting in the 
Abandoned Wash zone outside the repository block. The CHRBA task force 
endorses this inclusion. These modifications would increase the preference 
for 2 and 5. Strategy 1 is rated slightly higher than 2 and 5 on scientific 
confidence alone, because it allows for agressive transport testing outside 
the block and because it accesses the Abandoned Wash fault. The following 
qualifications should be noted: 

- The modifications would provide a more robust decision.  

- The recommendation could be dependent on the sensitivity to the difference 
in risk (impacts on waste isolation) between testing inside and outside 
the block. If the decision maker is more risk averse than the management/ 
regulatory panel, holding other factors constant, the choice might be 
strategy 1.  

- A final commitment to full excavation of strategy 2 or 5 is not currently 
required because future understanding of impacts to waste isolation or the 
sufficiency of data required for site characterization may indicate that 
the full amount of drifting is not necessary. The CHRBA is recommending 
maintaining the capability to carry out strategy 2 or 5 as modified.
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2. Planning for CHn unit exploration facilities should focus on providing 
access to the 12 geologic features (see Table 2.5.2.5-1) identified in the 
MUA as early as practicable.  

3. Review of existing data and collection of observational data at Rainier Mesa 
should be undertaken. This data could provide useful insights into the 
general characteristics of zeolitized non-welded tuffs in subsurface 
conditions that have important similarities to Yucca Mountain. This could 
increase the confidence in predictions of performance of Yucca Mountain site 
under cooler/wetter climatic conditions.  

4. Waste isolation impacts should be addressed in Title II design to further 
examine the assumptions and assessments made by the CHRBA.  

5. Certain assumptions and criteria (such as the water-table standoff distance 
and the definitions of inside/outside the block) from the CHRBA may be 
important with respect to control of input to the ESF design. If the CHRBA 
is used as part of ESF design input, and these assumptions/criteria are not 
incorporated, a justification should be developed for design input control.
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1.0 

PLAN FOR CALICO HILLS RISK/BENEFIT ANALYSIS (CHRBA) ACTIVITY 

This section provides the implementation plan for the CHRBA.



YMP / 90-3

PLAN FOR RISK/BENEFIT ANALYSIS 
OF ALTERNATIVE STRATEGIES FOR 

CHARACTERIZING THE CALICO HILLS 
UNIT AT YUCCA MOUNTAIN 

REV 0 

UNCONTROLLED 
UNITED STATES DEPARTMENT OF ENERGY 
NEVADA OPERATIONS OFFICEIYUCCA MOUNTAIN PROJECT OFFICE

U.S. DEPARTMENT OF ENERGY

YUCCA 
MOUNTAIN 
PROJECT



Plan for Risk/Benefit Analysis of Alternative Strategies 
for Characterizing the Calico Hills Unit at Yucca Mountain 

YMP/90-3, Rev. 0 
Effective Date: 07-Feb-90 

This document has not been reviewed or approved for distribution to the 
general public. It is an internal Project working document under change 
control. Copies that are not stamped "CONTROLLED" in red ink do not 
necessarily contain the current, approved Project information.

i of ii



TABLE OF CONTENTS

Page 

1.0 Preface ........ ..... ....................... . . 2 

1.1 Background Discussion: Flexible Approach to Risk/ 
Benefit Analysis .............. ..................... 2 

1.2 Background Discussion: Use of Available Tools and 
Expertise ........ ......... ....................... . 2 

1.3 Background Discussion: Relation to Peer Review ..... 3 

1.4 Definitions ........ ....... ....................... 3 

1.5 Quality Assurance ........ ....... .................... 3 

2.0 Purpose and Scope of the RBA ....... ... .............. 4 

2.1 Convene the RBA Working Group ........ ............... 5 

2.2 Describe Needed Information ........ ... .............. 6 

2.3 Identify and Evaluate Applicable Techniques ..... ....... 7 

2.4 Compose Alternative Characterization Strategies ..... 7 

2.5 Establish Methodology for Comparative Evaluation of 
Strategies ................ ........................ 7 

2.6 Implement Comparative Methodology and Formulate 
Recommendation ....... ......... ..................... 8 

2.7 Documentation of the RBA ....... ..... ................ 8 

3.0 References ......... ......... ....................... 8

ii of ii



YMP/90-3, Rev. 0 WBS: 1.2.5.2.2 
QA Level 1 

Plan for Risk/Benefit Analysis of Alternative Strategies 
for Characterizing the Calico Hills Unit at Yucca Mountain 

Uý.S. Department of Energy 
Yucca Mountain Project Office 

Las Vegas, Nevada

Date

Donald G. Horton, Director 
Quality Assurance Division 
Yucca Mountain Project Office

Page 1 of 9

°



Plan for Risk/Benefit Analysis of Alternative Strategies 
for Characterizing the Calico Hills Unit at Yucca Mountain 

1.0 Preface 

This plan describes an analysis to be performed by the U.S. Department of 
Energy (DOE), pursuant to an objection by the U.S. Nuclear Regulatory 
Commission (NRC) to the Consultation Draft Site Characterization Plan (DOE, 
1987; NRC, 1988). The DOE has deferred all inmediate plans for direct 
excavation in the Calico Hills unit within the repository exploration block at 
Yucca Mountain, pending the results from a risk/benefit analysis of 
alternative methods for obtaining needed information from the unit, and 
consultation on this analysis with the NRC staff (DOE, 1988; Section 
8.4.2.1.6.2).  

This activity will recommend a strategy for characterizing the Calico Hills 
unit, which will be general in nature but include constraints on phasing, 
schedule, activity siting, and level of effort, as appropriate. If accepted, 
the recommendation will be implemented by subsequent Study Plans and SCP 
Progress Reports, which will provide specific details of the techniques to be 
used (e.g., dry drilling, mechanized mining, etc.). The Study Plans will also 
provide more specific analysis of potential adverse impacts. The level of 
detailed description of site characterization activities that is developed in 
Study Plans is appropriate for more detailed analysis of potential adverse 
impacts.  

1.1 Background Discussion: Flexible Approach to Risk/Benefit Analysis 

Benefits from characterizing the Calico Hills unit generally derive from 
improved confidence in predictions of site performance. By contrast, risks 
are mainly associated with potential adverse impacts to site performance 
resulting from excavation or other intrusion into the unit. Also, there are 
programmatic benefits and risks associated with meeting major milestones of 
the characterization program, and obtaining needed information in a timely and 
cost effective manner. An analysis that combines these disparate aspects 
requires a flexible approach. The particular methodology used for this 
risk/benefit analysis will be set by the working group, in accordance with 
guidelines given in this plan.  

1.2 Background Discussion: Use of Available Tools and Expertise 

This plan recognizes that generalized evaluation of impacts to site 
performance from techniques such as surface-based drilling, or extension of an 
exploratory excavation into the Calico Hills unit, can be approached using 
quantitative tools such as analytical or numerical models. On the other hand, 
quantitative evaluation of the impacts associated with alternative strategies 
for site characterization (involving specific numbers and locations of 
boreholes, shafts, etc.) in a manner sufficient to discriminate among 
reasonable alternatives, is beyond current capabilities. Therefore, 
comparative evaluation of alternative strategies will rely mostly on expert 
judgement rather than specific quantitative analyses. The experts selected 
will have qualifications that are appropriate for the scope and purpose of the 
risk/benefit analysis, as stated in this plan.
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1.3 Background Discussion: Relation to Peer Review

The purpose and scope of the risk/benefit analysis (RBA) activity 
superficially resemble the applicability of peer review as stated in the 
Project QA Plan (NNWSI/88-9, Appendix J). However, there is no existing work 
available for review by the RBA activity, because a set of alternative 
strategies for characterizing the Calico Hills unit has never been postulated 
and analyzed. The RBA activity will first describe the alternative 
strategies, then establish and implement a methodology for assessing their 
relative merit with respect to diverse criteria, and finally, to provide 
recommendations to DOE management. Also, there is no requirement for 
independence of the participants in the RBA activity.  

1.4 Definitions 

A number of terms have specific meaning throughout this plan, and are defined 
as follows: 

Calico Hills unit - Refers to the Calico Hills nonwelded hydrogeologic 
unit (referred to as the. CHn unit) defined in Table 3-22, in Section 3.9 
of the Site Characterization Plan (DOE, 1988).  

characterization strategies - Combinations of techniques applied at 
specific locations, which comprise an investigation program.  

concurrence statement - Prior to transmittal of the final RM, each 
working group member will be requested to sign a statement (to become 
part of the final RM) that he or she has read the draft RM and either: 
(1) concurs; or (2) has been given an opportunity to express dissenting 
or other relevant information in writing, for inclusion in the final RM.  
The Chairman may also request such a statement from the members regarding 
any interim product of the working group.  

Record Memorandum (RM) - A majority report of the RBA working group (in 
which a majority of members concur) that is compiled by the Chairman, and 
contains documentation produced under this plan. This documentation 
includes qualification records, training records, interim products of the 
working group, the recomnendation of the RBA activity, concurrence 
statements from working group members, and all written dissenting or 
other relevant information (if any) that may be associated with 
concurrence statements.  

techniques - Reasonably available methods for obtaining site specific 
information, such as: borehole drilling, sampling, and testing; shaft 
sinking with attendant drifting and testing; and outcrop studies 
involving excavation in the Calico Hills unit, outside of the repository 
block.  

1.5 Quality Assurance 

The following measures will be undertaken to control the quality of the 
analysis performed by the RBA activity, and documentation of the results:
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1. Qualification of participants - Working group members will meet 
minimum education and experience criteria, and will have sufficient 
knowledge of existing, available quantitative analyses to meet the 
purpose and scope of the RBA activity. A documented statement of these 
qualifications will be obtained from the organization employing or 
otherwise sponsoring the participation of each member.  

2. Training - Working group members will be trained in this plan, in 
accordance with the training procedure QMP 02-09.  

3. Stepwise documentation - This plan specifies documentation of the 
interim results of the RBA activity. Each such interim product is 
associated with a major element of the plan. Important assumptions and 
inferences used will be documented in a structured manner, to facilitate 
future reconstruction of the process leading to the recommendation of the 
RBA activity.  

4. Concurrence process - The final product of the RBA activity (Record 
Memorandum) will be a majority report, and each working group member will 
be asked to sign a concurrence statement, with provisions for including 
written dissenting or other relevant information in the RM. This process 
ensures that the judgement of each expert participant receives notice 
although it may deviate from the majority.  

5. Generation of a Project record - The final product of the REA activity 
will meet requirements to become a Project record.  

6. Controlling plan - The technical direction of the RBA activity, and 
the measures described above, are specified by this plan, which is 
subject to prior approval and document control.  

Further definition of procedural requirements for quality assurance will be 
accomplished in the grading process for the RBA activity (in accordance with 
AP-5.17Q).  

The REA activity will be conducted in accordance with this plan as approved by 
the Director, Regulatory and Site Evaluation Division (RSED), DOE/Yucca 
Mountain Project Office. Once this plan has been approved, further changes 
require the same approval.  

2.0 Purpose and Scope of the RA 

The purpose of the RBA is to produce a recommendation to the Director, RSED, 
DOE/Yucca Mountain Project Office, as to an appropriate strategy for obtaining 
needed information for characterizing the Calico Hills unit. The working 
group will identify needed information that is unlikely to be produced by the 
characterization program in the SCP (DOE, 1988). The recommendation will 
describe, in general terms, characterization activities in addition to the SCP 
program, which will provide the needed information while limiting adverse 
impacts to site performance to the extent practicable. Consideration of 
impacts on site performance will be limited to judgments on postclosure total 
system performance (reference 10 CFR 60.112). The recommendation will be 
based on comparative analysis of alternative strategies which have been
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generated from systematic review of characterization techniques and approaches 
which have reasonable likelihood of providing the needed information. The 

Table 1. Technical specialties to be represented on the RBA working group, and 
associated minimum education and applicable experience criteria.

Specialty Minimum Criteria for Qualification

Geologist, 
Geophysicist, and 
Hydrologist/ 
Hydrogeologist 

Performance 
Assessment/ 
Evaluation 
Specialist 

Drilling Engineer, and 
Mining Engineer 

Regulatory 
Specialist

Each of these specialties requires seven 
years applicable experience in the 
particular technical area (i.e., geology, 
geophysics, etc.); or an advanced degree 
in the particular technical area plus 
three years of applicable experience.  

Advanced degree in mathematics, science or 
engineering, and 3 years experience 
applicable to analyzing the impact of site 
characterization activities on total 
system performance, and to assessing the 
benefit of particular activities to site 
characterization.  

Current professional registration in the 
particular area or an equivalent 
engineering discipline; or an advanced 
degree in mining or petroleum engineering 
and 3 years applicable experience.  

Close working knowledge of regulations 
applicable to assessing the risks and 
benefits of site characterization 
activities, especially 10 CFR 60, 10 CFR 
960, and 40 CFR 191; also, 3 years 
experience in the application of these 
regulations to activities supporting the 
DOE geologic repository program.

working group shall submit a report (Record Memorandum) to the Director, RSED, 
DOE/Yucca Mountain Project Office, documenting the recommendation.  

2.1 Convene the IM Working Group 

The Director, RSED, DOE/Yucca Mountain Project Office, shall identify a 
Chairman for the working group from within the Yucca Mountain Project, and 
issue a letter notifying the individual, stipulating that the RBA is to be 
carried out under this plan.  

The Chairman shall then choose the members of the working group, either from 
within or from outside the Yucca Mountain Project, to represent the particular
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technical specialties listed in Table 1. As a minimum, the working group 
shall have at least one member representing each of these technical 
specialties.  

Minimum criteria for qualification in particular specialties are also given in 
Table 1. It shall be the responsibility of the Chairman to establish the 
qualifications of each working group member, by obtaining a signed letter from the supervisor of each member within the Yucca Mountain Project participant 
organization which employs or otherwise sponsors that member, stating that the 
member meets the minimum qualification criteria for one or more particular 
specialties from Table 1. If a working group member is employed or otherwise 
sponsored by an agency outside of the Yucca Mountain Project, the Chairman 
shall notify the agency that documentation verifying the education, 
experience, or professional registration (as applicable) of the working group 
member must be obtained and retained by that agency. This documentation shall 
be made available for surveillance and audit by the U.S. Nuclear Regulatory 
Commission or the DOE.  

The Chairman may waive qualification criteria listed in Table 1, for specified 
individuals and technical specialties. This will require that other 
qualification criteria are substituted, and justified in writing by the 
Chairman for inclusion with the training records in the RM.  

Minimum criteria for qualification in some of the specialties listed in 
Table 1 include experience that is applicable to the purpose and scope of the 
RBA. Whether an individual's experience is applicable shall be determined by 
his or her supervisor as stated in the above paragraph. Such experience need 
not be limited to work on the Yucca Mountain Project.  

The following conditions apply to qualification of working group members: 
(1) a member may be qualified in more than one specialty; (2) the Chairman may 
add specialties to the list above (e.g., systems analyst, or decision 
methodology specialist), with minimum qualifications determined at his 
discretion; and (3) additional members may be added to the working group by 
the Chairman at any time.  

The Chairman shall ensure that each working group member is trained in this 
plan, which will be accomplished by the reading assignment method in 
accordance with QMP 02-09, Rev.0 (Developnent and Conduct of Training).  

The Chairman will be responsible for scheduling and venue of all working group 
meetings. The Chairman may convene subgroups composed of one or more working 
group members, and may assign responsibility for particular elements of this 
plan to individual members or subgroups, as appropriate. The RBA will 
commence at the time of the first scheduled working group meeting after 
approval of this plan.  

2.2 Describe Needed Information 

Information needed to characterize the Calico Hills unit, and which will not 
be provided by the characterization activities described by the SCP (DOE, 1988), will be described by the working group and documented in the form of an 
interim product. In developing this description, the working group will 
consider: (1) the performance allocation information in the applicable SCP
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sections, particularly Section 8.3.1.2; (2) concerns of the NRC staff as 
expressed in the CDSCP "Point Papers" (NRC, 1987); and (3) concerns of the NRC 
staff expressed in the Site Characterization Analysis (SCA) SCP "Point Papers" 
(NRC, 1989).  

2.3 Identify and Evaluate Applicable Techniques 

The working group shall identify the characterization techniques (e.g., 
drilling, subsurface excavation, etc.) that could be used to obtain the needed 
information identified in Element 2.2. The working group shall then 
systematically and qualitatively evaluate the effectiveness of these 
techniques for obtaining various aspects of the needed information, using an 
approach that permits direct comparison.  

2.4 Compose Alternative Characterization Strategies 

Alternative strategies for characterizing the Calico Hills unit shall be 
generated from the techniques evaluated in Element 2.3. Each such strategy 
shall be a plausible, general plan for activities that could be conducted 
during site characterization and have a reasonable likelihood of providing the 
needed information identified in element 2.2. The rationales for the 
alternatives (i.e., the basis for plausibility and the expectation that the 
method would provide the needed data) shall be described in an interim product 
of the working group. The description of each strategy shall include 
constraints on phasing, schedule, activity siting, and level of effort, as 
appropriate. The alternatives may include decision points, with description 
of the criteria that would be used to evaluate them.  

It is anticipated that the total number of alternative strategies will not 
exceed five, because: (1) the essential features of all plausible 
alternatives (e.g., surface-based testing, excavation, etc.) can be 
accommodated by a small number of alternatives; and (2) the uncertainty of 
evaluating and comparing the alternatives requires that they be significantly 
different. However, the number of alternative strategies will not necessarily 
be limited to five.  

2.5 Establish methodology for Comparative Evaluation of Strategies 

The working group shall develop a methodology based on decision analysis 
concepts, for comparative analysis of the risks and benefits associated with 
each alternative strategy identified in element 2.4. The methodology shall be 
consistent with the following general guidelines: 

1) judgments shall be converted to rankings, ratings, probability 
estimates, or category assignments for clarity and accountability of 
choices and decisions; 

2) the overall methodology shall provide for summarization of the expert 
judgments for the alternatives, in a manner that permits direct 
comparison.  

The methodology and its rationale shall be described in an interim product of 
the working group.
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The Chairman may request assistance from a specialist in decision methodology 
for the performance of this element. In the event such assistance is 
provided, it will be the responsibility of the Chairman to establish the 
qualifications of the specialist and to ensure that he or she is trained in 
this plan, in accordance with Section 2.1.  

2.6 Impleent Comparative Methodology and Formulate Recommiendation 

Each of the alternative characterization strategies shall be analyzed in 
accordance with the methodology developed in element 2.5. A record of the 
results, including an account of the basis for each judgement produced, shall 
be produced as in interim product for this element. For each judgment 
produced by the working group, the interim product shall document the 
contribution of each member tasked by the Chairman to participate, and the 
assumptions and inferences used by each member.  

Once the results of the RBA have been obtained, the working group shall 
develop a majority position on the final recommendation, and shall include the 
rationale for the recommendation in the interim product for this element.  

2.7 Documentation of the RBA 

The Chairman shall compile the following records into a draft Record 
Memorandum (RM) for the RBA: qualification records, training records, interim 
products of the working group, and meeting minutes. Each member will be 
requested by the Chairman to sign a statement of concurrence with the draft 
RM, as defined in Section 1.4 above. The final RM shall include concurrence 
statements from working group members, and any written dissent of other 
information produced by a group member in conjunction with a concurrence 
statement requested by the Chairman.  

The Chairman shall transmit the RM to the Director, ESED, DOE/Yucca Mountain 
Project Office, within 120 days of cowmencement of the RBA. Transmittal of 
the RM shall constitute closure of the RBA. The RM shall be treated as the QA 
Record resulting from the RBA.  
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2.0 INITIATION OF THE CALICO HILLS RISK/BENIFIT ANALYSIS (CHRBA) 

The CHRBA commenced with the first working group meeting on March 12, 1990.  
The following sections describe all subsequent activities and are organized 
according to the elements identified in the controlling plan (YMP/90-3).
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2.1 TRAINING AND QUALIFICATION

The Calico Hills Risk/Benefit Analysis (CHRBA) working group membership is 
listed in Table 2.1-1. Qualification records for these individuals are 
maintained as quality assurance records for this task. The documentation 
includes minimum qualification criteria developed by the Task Lead (Chairman) 
for several technical specialties in addition to those defined in the plan. As 
shown in the table, not all members were active in the Yucca Mountain Site 
Characterization Project (YMP) at the conclusion of the CHRBA. Only those who 
were active were asked to concur with the final report (Record Memorandum). In 
addition, cognizant managers, and persons who were involved only as represent
atives of management on one or more expert panels, were not considered CHRBA 
working group members at the conclusion of the study and were not asked to 
concur with this report (Table 2.1-2).  

Each CHRBA member received training in the controlling plan, by the reading 
assignment method. In addition at the direction of the Task Leader some members 
received YMP orientation training, and training in the Office of Civilian 
Radioactive Waste Management Quality Assurance Requirements Document/Quality 
Assurance Program Description (QARD/QAPD) documents. With the exception of the 
plan, training requirements determined by the Task Leader were not uniform among 
the CHRBA members. Members with appropriate background or experience were not 
required to attend YMP orientation training. Training in the QARD/QAPD was 
required only of individuals who contributed text to this report. Record source 
responsibility for the CHRBA was assumed by the Task Leader. CHRBA members who' 
are employees of YMP participant organizations are assumed to have met the 
training requirements of their respective organizations.
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NAME 

Ernest L. Hardin 

Elisabeth Browne 

Hollis Call 

Bruce Crowe 

David C. Dobson 

Lawrence Gallant 

Errol Gardiner 

Charles C. Herrington 

, Jerry L. King 

John Lathrop 

Richard C. Lee 

Barney Lewis 

Robert C. Murray 

Russell A. Paige 

Martha W. Pendleton 

John B. Robertson 

Victor Rohrer

ACTIVE IN CHRBA

I 

I 

I

( (

Table 2.1-1. Technical Participants (page 1 of 2) 

QUALIFIED 
•FFILATION SPECIALTY 

;AIC Task Leader 

\DA Decision Analyst 

\DA Decision Analyst 

LANL Geologist 

)OE/YMP Regulatory/Geologist 

ADA Decision Analyst 

SAIC Mining Engineer 

SAIC Regulatory Specialist 

SAIC Regulatory Specialist 

Strategic Insights Principal Decision Analyst 

SAIC Geophysicist 

USGS Hydrologist/Hydrogeologist 

SAIC Geologist 

Harza Geologist 

SAIC Regulatory/Geologist 

HydroGeoLogic, Inc. Hydrogeologist 

Westinghouse Cost & Scheduling

ACTIVE IN CHRBA 
AT CONCLUSION? 

Yes 

No 

No 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes
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INAME 

Bruce Schepens 

Scott Sinnock 

Michael D. Voegele 

Charlie Voss 

William E. Wilson 

David Wonderly 
I-

Table 2.1-1. Technical Participants (page 2 of 2) 

QUALIFIED ACTIVE IN CHRBA 
\FFILATION SPECIALTY AT CONCLUSION? 

ýEECo Mining Engineer/Cost & Scheduling No 

SNL Performance Assessment Yes 

SAIC Regulatory Specialist Yes 

Golder Associates Geotechnical Engineer Yes 

USGS Hydrologist/Hydrogeologist No 

REECo Drilling Engineer Yes

(
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NAME 

David C. Dobson 

Maxwell B. Blanchard 

Jeffrey Kimball 

Stephan Brocoum 

Ardyth M. Simmons 

Jerry L. King 

Martha W. Pendleton 

William Haslebacher

Table 2.1-2. Management Participants (page 1 of 1) 

MANNER 
AFFILIATION QUALIFIED 

DOE/YMP Cognizant Manager 

DOE/YMP Cognizant Manager 

DOE/HQ Cognizant Manager 

DOE/HQ Cognizant Manager 

DOE/YMP Letter from RSED Director 

SAIC Letter from RSED Director 

SAIC Letter from RSED Director 

Weston Letter from RSED Director

TIME OF 
INVOLVEMENT 

6/7-8/90, 12/18-20/90 

6/7-8/90 

6/7-8/90 

6/7-8/90 

12/18-20/90 

12/18-20/90 

12/18-20/90 

12/18-20/90

I



2.2 DESCRIBE NEEDED INFORMATION

INTRODUCTION 

The Site Characterization Plan (SCP) identifies the Calico Hills (CHn) unit 
as "...the primary barrier to ground-water flow and radionuclide transport," 
(SCP, Section Q.4 . 2 .1.6.1). At other places in the SCP (i.e., Section 
8.3.1.2.2.4.6) the CHn is described as "a principal barrier" (also see SCP 
Sections 8.3.5.12 and 8.3.5.13). Because of its role as a component of the 
multiple barrier system, a definition of appropriate characterization of the 
unit is needed.  

The Calico Hills Risk/Benefit Analysis (CHRBA) task force concluded 
initially that a general assessment of CHn information needs was desirable 
before proceeding with other aspects of the risk-benefit analysis. A subgroup 
was established to develop a summary description of needed information, and to 
identify potential information gaps with respect to the baseline SCP program.  
This subgroup consisted of Scott Sinnock, Bill Wilson, Barney Lewis, and Jack 
Robertson (Lead). The group reviewed information needs described in the SCP and 
other pertinent documents, in order to assess information needs that might be 
required to address various issues associated with site suitability, performance 
assessment and other applications. The results of the subgroup's analysis were 
presented to the CHRBA task force for additional refinement, and were adopted as 
part of the framework for the risk-benefit analysis.  

The level of analysis performed by the subgroup was general and 
qualitative. The subgroup concluded that it would be inappropriate at this time 
to prescribe specific parameters that are needed to characterize the CHn unit.  
They mainly listed categories of information, and provided a framework that 
could be used for estimating how well different exploration testing strategies 
inform these categories. It is important to note that needed information is not 
necessarily essential for reasonable assurance.  

2.2.1 SUMMARY OF CURRENT KNOWLEDGE OF THE GEOLOGY AND HYDROLOGIC PROPERTIES OF 

THE CHN UNIT 

GEOLOGY OF THE TUFFACEOUS BEDS OF THE CHN 

The CHn unit is a hydrogeologic unit (SCP Chapter 3) that is comprised of 
several lithostratigraphic units, and restricted to the unsaturated zone. The 
principal constituent unit is the unsaturated portion of the tuffaceous beds of 
the CHn, including all of the unsaturated tuff units underlying the basal 
vitrophere of the Topopah Spring Member of the Paintbrush Tuff and overlying the 
Prow .ass member of the Crater Flat Tuff. There is general agreement on where 
these contacts lie within the boreholes which penetrate the CHn unit, although 
contact elevations and unit thicknesses vary slightly in reports by different 
researchers on the same boreholes. The tuffaceous beds of the CHn are uniformly 
non-welded and, while probably originating as porous, vitric material, some 
portions have undergone significant diagenetic alteration (Bish et al., 1982).
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In reviewing information gained from the G-series boreholes along the crest 
of Yucca Mountain, from G-2 in the north, through G-l, to G-3 near the south end 
of the mountain, the thickness of the tuffaceous beds of the CHn varies from 
approximately 1,000 ft to 150 ft Caporuscio et al. (1982) attribute the 
differences in thickness to topography at the time of emplacement.  

In the boreholes south of G-2, two sub-units are recognized: a lower 
bedded-reworked section approximately 50 ft thick, and an upper section of ash 
flow tuffs with comparatively thinner bedded-reworked interbeds. Vaniman et al.  
(1984) recognized two ash flow-bedded sequence.s in borehole G-3 and Bish et al.  
(1981) distinguished ten total bedded and ash flow units in G-1. In borehole 
G-2, Caporuscio et al. (1982) described 16 ash flow-bedded sequences without a 
bedded-reworked sub-unit at the base of the section. Thus the interbedding of 
flows and bedded units within the emplacement sequence increases with thickness, 
to the north.  

ALTERATION OF THE TUFFACEOUS BEDS OF THE CHN 

Portions of the CHN are the only completely zeolitized unit in Yucca 
Mountain drill cores (Bish et al., 1982). The degree of zeolitization grades 
from near-complete in G-2 to absent in G-3, and Vaniman et al. (1984) place the 
transition in the vicinity of borehole H-5, just south of G-1. The 
zeolitization is principally ciinoptilolite with mordenite abundant only in the 
lower section in G-2, and almost completely masks the original texture in G-2 
(Bish et al., 1982), while in G-1 the zeolites are pseudomorphic after the 
original glass textures (Bish et al., 1981). Ash flow tuffs seen in the upper 
part of the CHn section in borehole G-3 are 40 to 80 percent glass, 20 to 45 
percent alkali feldspar, and approximately 10 percent cristobalite. The lower 
bedded unit in G-3 is 70 to 90 percent devitrified to alkali feldspar, quartz, 
cristobalite, and clay (Vaniman et al., 1984).  

Vertical alteration speciation is apparent in G-2 (Bish et al., 1984).  
Between the top of the tuffaceous beds of the CHn at 1,757 ft depth in G-2, and 
the 1,952 ft depth, clinoptilolite is much more abundant than mordenite; below 
1,952 ft the two species occur in subequal amounts and in places mordenite is 
slightly more abundant. Below 2,300 ft block euhedral crystal of authigenic 
adularia (microprobe analyses consistently show pure orthoclase) are often 
intergrown with clinoptilolite in vugs and some pumice fragments (Caporuscio et 
al., 1982). Bish et al. (1981) found only clinoptilolite among the zeolites in 
G-1 core.  

Clays (illite-smectite) form a minor, but ubiquitous, component of the 
tuffaceous beds of the CHn, typically making up less than 5 percent of the rock 
and forming a fine, felty lining on vesicle walls (Caporuscio et al., 1981).  
Bish et al. (1981) report clays rimming pumice clasts and shards and mantling 
bubble and tube structures in G-1 core. Bish (1989) reported x-ray diffraction 
results on CHn clays from G-2 and G-3 with 10 percent illite layers in samples 
from G-2, and 10 to 20 percent illite layers in samples from G-3. Clay 
paleothermometry by Bish (1989) indicated that the maximum alteration 
temperature in G-2 exceeded 275°C, while temperatures in G-1 peaked at 
approximately 20000, and in G-3 the post-depositional temperature never exceeded 
1000C.
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WELL-TO-WELL CORRELATION FOR THE TUFFACEOUS BEDS OF THE CHN

In contrast to the lateral continuity and thickness of other tuff 
formations at Yucca Mountain, the tuffaceous beds of the CHn thin rapidly from 
north to south and are made up of a widely variable number of distinct bedded 
and ash flow tuff units. Moreover, correlation between boreholes and of 
separate ash flow units, based on published descriptions, is imprecise.  

While Caporuscio et al. (1982) used microprobe data from phenocrysts to 
correlate the base of the G-1 section with the upper phenocryst-poor unit in 
G-2, Rosenbaum and Snyder (1985) interpreted paleomagnetic trends to mean that 
the G-1 section is "...correlative with no more than the lowermost 100-125 m of 

the section encountered in USW G-2." Scott and Castellanos (1984) cite two 
lines of petrographic evidence which suggest that the section encountered in 
GU-3/G-3 differs from the sections found in G-1 and G-2. Hornblende and 
orthopyroxene phenocrysts found in the upper part of the GU-3 section are absent 
in the other two boreholes, and the sequence of changes in phenocryst ratios in 
GU-3 is inverted from those in G-1 and G-2. The phenocryst content in GU-3 
decreases with increasing depth, and exhibits a higher mafic phenocryst content 
and a plagioclase/sanidine ratio greater than 1. Conversely, Maldonado and 
Koether (1983) note an increase in phenocrysts and a trend towards lower 
plagioclase/sanidine ratios with depth in G-2.  

Various authors described the tuffaceous beds of the CHn using different 
approaches, as appropriate to the original studies. Reports for the G-series 
holes tend to include detailed petrographic descriptions which were not 
developed for the H-series holes. Scott and Castellanos (1984) provided 
detailed petrographic descriptions in their lithologic description for GU-3/G-3, 
including such subtle features as desiccation cracks in the bedded-reworked 
intervals. Maldonado and Koether (1983) provide more cursory description for 
G-2. Some reports lump the tuffaceous beds of the CHn into broad unit 
descriptions, whereas others such as Broxton et al. (1982) report the results of 
individual thin section analyses.  

Bish et al. (1982) concluded that the interlayered ash flow and bedded tuff 
sequence in G-2 indicates that the tuffaceous beds of the CHn are comprised of a 
series of temporally discrete eruptive events. Rosenbaum and Snyder (1985) 
expanded on this idea by using the trend in paleomagnetic inclinations in the 
CHn at G-2 to suggest that the discrete eruptions occurred over a long period 
relative to the secular variation of the earth's magnetic field. With long time 
gaps (thousands of years) between eruptive events, there exists the possibility 
for reworked and/or altered strata of limited extent, distributed through the 
unit.
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HYDROLOGIC PROPERTIES OF THE TUFFACEOUS BEDS OF THE CHN

The tuffaceous beds of the CHn are situated both above and below the water 
table at Yucca Mountain, although most boreholes in the vicinity penetrate these 
tuffs only in the unsaturated zone. Pumping tests of the saturated CHn section 
have been carried out in boreholes UE-25b#l and UE-25p#1, and pump and drill 
core testing results are reported by Lobmeyer et al. (1983) and Craig and 
Robison (1984), respectively. Core tests yield relatively low horizontal and 
vertical matrix hydraulic conductivities of less than 10-3 meters/day; higher 
values derived from pumping tests support the dominance of flow through faults 
and fractures intersected by the drillholes (Lahoud et al., 1984). Higher water 
production in borehole UE-25b#1 from zones in the Calico Hills section near the 
contact with the overlying Topopah Spring, and in the Prow Pass members of the 

Crater Flat Tuff, suggests that these intervals are more fractured than the unit 

interior, but core data are too sparse to confirm this observation (Lahoud et 
al., 1984). In borehole UE-25p#l, where the CHn section appears less 
faulted/fractured, the tuffaceous beds of the CHn produce less than 2 percent of 
the total well production (Craig and Robison, 1984), as opposed to 31 percent 
for UE-25b#l (Lahoud et al., 1984). No such testing was done in borehole G-2.  

Logging of test well USW-Hl by Rush et al. (1984) also noted increased 
porosity in the unsaturated tuffaceous beds of the CHn, adjacent to the contacts 
with the overlying Topopah Spring and underlying Prow Pass units. This porosity 
increase could be due to faulting, less primary induration at the base and top 
of units or, for the upper CHn, fractures due to rapid cooling or subsequent 
weathering during exposure prior to the deposition of the Topopah Spring (Rush 
et al., 1984). Fractures appear to be much less abundant in the nonwelded 
tuffaceous beds of the CHn than in the overlying Topopah Spring welded unit.  
Seven seep zones were noted in the unsaturated CHn section in USW-H1; some of 

this water appeared from fracture flow, and some from matrix flow (Rush et al., 
1984). The origin of these seeps (as drilling fluid or perched water) was not 
determined.  

Properties obtained from laboratory analyses of core samples from the 

tuffaceous beds of CHn include a range of matrix porosities of from 25 to 40 
percent in UE-25b#1 (Lobmeyer, 1983) to 48 percent in USW-HI (Rush et al., 
1984). Pore saturation measurements range from 84 percent from UE-25b#l to 96 

percent from USW-H1. All existing core data came from the zeolitic facies (see 

below). Moisture content data from past drilling in the CHn section may be 
unreliable because conventional "wet" drilling was preferred. There are 
presently no core samples available from the CHn sections, which were acquired 
using "dry" drilling. Low hydraulic conductivity values obtained from drill 

cores, and low water production from unfractured portions of the CHn, suggest 

that bulk conductivity of unfractured CHn tuff is low.  

UNSATURATED ZONE HYDROLOGY 

The CHn hydrogeologic unit is referred to as the CHn nonwelded unit 

(Montazer and Wilson, 1984). This unit is made up of the following 
stratigraphic units in descending order:
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1. A nonwelded to partially welded vitric layer, locally zeolitic, that is 

the lowest part of the Topopah Spring member of the Paintbrush Tuff.  

2. The tuffaceous beds of the CHn.  

3. The nonwelded to partially welded Prow Pass member of the Crater Flat 
Tuff.  

4. The nonwelded to partially welded upper part of the Bullfrog member of 
the Crater Flat Tuff.  

Montazer and Wilson (1984) demarcate the base of the CHn nonwelded 
hydrogeologic unit at the water table such that, in the southern half of Yucca 
Mountain, this unit includes the underlying Prow Pass Member and the upper part 
of the Bullfrog Member of the Crater Flat Tuff. The nonwelded CHn unit further 

includes the overlying nonwelded, bedded tuff which forms the base of the 
Topopah Spring Member of the Paintbrush Tuff.  

THE NONWELDED BASAL PART OF THE TOPOPAH SPRING MEMBER 

In G-3 Scott and Castellanos (1984) recognize 29 m of nonwelded to 
partially welded ash-flow tuff and an additional 2 m of bedded tuff separating 
the lowest moderately welded tuff of the Topopah Spring from the top of the CHn 

beds. These two layers are generally vitric with localized zeoloitiztion and 

clay alteration in the ash-flow layer. The bedded tuff consists largely of 
poorly indurated vitric pyroclastic debris and shows no significant alteration 
(Scott and Castellanos, 1984).  

In the northern portion of the proposed repository block, where the 
tuffaceous beds of the CHn lie below the water table, the lower Topopah Springs 

is also zeolitized. Caporuscio et al. (1982) report heavy zeolitization in the 

lower Topopah in G-2 where they observe clinoptilolite throughout the lower 

portion of the section and report the first occurrence with depth of mordenite 
in the bedded tuff which separates the Topopah from the CHn. In G-1 Bish et ai.  

(1981) note slight zeolitization lining the walls of lithophysae.  

THE PROW PASS MEMBER OF THE CRATER FLAT TUFF 

A sequence of ash-fall tuff, reworked tuff, and tuffaceous sandstone 

separates the Crater Flat Tuff from the overlying CHn (DOE, 1988) Scott and 

Castellanos (1984) characterize the Prow Pass Member as a single, simple cooling 
un4t with slight chemical zonation. Petrologic characteristics of the Prow Pass 

include the presense of mudstone lithic fragments, a relatively high 
orthopyroxene phenocryst content, and extreme resorption of quartz phenocrysts.  

Alteration in the Prow Pass is limited to sparse smectite and calcite and 

locally intense zeolitization, particularly near the nonwelded base.
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In wells G-l and G-4 the water table lies near the top of the Prow Pass, to 
the north in G-2 the Prow Pass lies well below the water table. Through the 
northern part of the block the Prow Pass is zeolitized. Spengler at al. (1984) 
report that the Prow Pass in G-4 is heavily zeolitized. The zeolitization can 
be traced north through G-2 where it is concentrated in the lower Prow Pass 
because the upper Prow Pass is densely to moderately welded (Caporuscio et al., 
1982). In G-1, Bish et al. (1981) correlate the degree of crystallization (both 
zeolitization and primary devitrification) with the degree of welding. More 
intense zeolitization is found in the less welded parts of the unit.  

THE BULLFROG MEMBER OF THE CRATER FLAT TUFF 

In GU-3 a 4 m thick bedded tuff showing distinct fluvial reworking 
separates the Prow Pass and Bullfrog Members. Alteration of this layer includes 
sparse smectite and abundant clinoptilolite (Scott and Castellanos, 1984).  
Petrologically, the Prow Pass and Bullfrog are quite similar, however two 
separate cooling units are recognized within the Bullfrog. The lower unit is 
more intensely zeolitized, possibly as a result of its proximity to the standing 
water table (Scott and Castellanos, 1984).  

Fracture densities calculated for G-3 and GU-3 core by Scott and 
Castellanos (1984) are nearly constant at approximately 3 fractures per unit 
cubic meter through the CHn nonwelded unit. This number increases dramatically 
to 16 to 26 fractures per unit cubic meter in the moderately to densely welded 
welded portions of the Bullfrog Member.  

The CHn nonwelded unit is further subdivided into a vitric facies and a 
zeolitic facies. Where both are present, the vitric generally overlies the 
zeolitic. The vitric facies is characterized by relatively high saturated 
hydraulic conductivity, on the order of 10-8 to 10-7 m/sec. The fracture 
density is low, about 1 to 3 or fewer fractures/m3 (Scott and Castellanos, 
1984). The matrix porosities are high, about 30 to 45 percent. The zeolitic 
facies has saturated matrix hydraulic conductivity of 10-11 m/sec or less, low 
fracture density, and matrix porosity of about 30 percent. The rocks in the 
zeolizic facies range from partially to completely zeolitized. Moisture
retention curves developed by Peters et al. (1984) indicate that the matric 
potential of the CHn vitric tuff is usually about an order of magnitude greater 
(less negative) than the zeolitic tuff for similar values of water saturation.  

2.2.2 GENERAL USES, TYPES AND VALUES OF INFORMATION NEEDED ON CHN 

Because the unsaturated CHn unit is regarded as a primary barrier, it is 
necessary to develop sufficient information to demonstrate its intended 
performance (see SCP tables) as a barrier. Although there is uncertainty as to
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what information will be needed, the information should be sufficient to provide 
reasonable assurance in the contribution of the unit to satisfy the following 
general needs: 

1. Specific and general requirements of applicable regulations, 
particularly 10 CFR 60, 10 CFR 960, 40 CFR 191, and NEPA.  

2. Respond appropriately to future requests or guidance issued by 
regulatory agencies such as the NRC and EPA.  

3. Fulfill commitments made by the DOE in the SCP and Study Plans.  

4. Achieve a satisfactory level of internal confidence within the DOE.  

5. Gain the concurrence of the scientific community at large, that 
available information is sufficient for confident assessment of the 
role of the CHn unit in multiple barrier performance of the repository 
system.  

The information needs listed above are general and do not identify specific 
uses of information nor types of parameters needed. Specific applications of 
CHn data include, but are not limited to the following: 

1. Discriminate among various conceptual flow and transport models, such 
as the four flow regimes defined in Section 2.5.1.2, and the 
alternative conceptual models described in the SCP.  

2. Identify potential ground-water and radionuclide flow paths; and 
determine the distribution of flux and travel time through the CHn 
unit.  

3. Discover mineralogic or geochemical evidence of significantly higher 
paieo-water table position than the present configuration; determine 
relationship to wetter paleo-climatic conditions.  

4. Discover mineralogic or geochemical evidence of significantly greater 
percolation flow through fractures or fault zones in the CHn; determine 
relationship to wetter paleo-climatic conditions.  

5. Discover unexpected geologic or hydrologic features which might affect 
the barrier properties of the CHn unit, such as dikes, sills, 
discontinuities, lenses, pinch-outs, presently unidentified faults, and 
ore deposits.  

6. Observe the presence or absence of significant liquid water flow 
through fractures, fault zones, and/or rock matrix.  

7. identify evidence for flow-concentrating mechanisms and conditions 
which might contribute to significant lateral diversion or concentrated 
pathways for rapid vertical flow.  

Performance assessment will assess the role of the CHn unit, in context 
with the other system barriers, in preventing waste radionuclide releases to the 
accessible environment. The principal information required from the CHn unit is
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that needed to compute pathways and rates of radionuclide transport through or 
along the CHn. A related information need is to identify the fastest pathway 
for radionuclide travel, and assessing pre-waste emplacement ground-water travel 
time along this pathway. A third principal information need is for general 
suitability assessments, including the search for potentially adverse conditions 
or features which might limit the effectiveness of the CHn unit as a barrier, or 
preclude the capability to characterize the unit with the required confidence.  

The information-needs subgroup identified a principal set of unexpected 
conditions or features which could potentially adversely impact CHn performance 
or complicate characterization efforts, whether such conditions presently exist 
or are likely to become important over the next 10,000 years. Based on these, 
the CHn testing program should include an appropriate effort to test for the 
presence of any of the following conditions and the likelihood of occurrence 
over the next 10,000 years: 

1. Extensive and/or significant liquid water flow through fractures or 
fault zones.  

2. Extensive and/or numerous bodies of perched ground water within or upon 
the CHn unit.  

3. Significant lateral flow of ground water within the unit or along its 
upper surface.  

4. Evidence of a substantially higher water table position within (or 
above) the unit during the Quaternary period.  

5. Extensive lateral and/or vertical heterogeneities or fracture 
characteristics which prevent satisfactory characterization or 
modeling.  

6. Evidence that future tectonic or climatic conditions will cause a 
substantial degradation of the CHn effectiveness as a barrier.  

7. Significant transient hydraulic conditions within the CHn; the current 
hypothesis for the unit is that the hydraulic conditions within the 
unit are essentially at steady-state and change very slowly. Evidence 
that this is not the case would be inconsistent with the current 
conceptual model as represented in the SCP (e.g., Table 8.3.1.2-2a).  

The general and specific inormation needs, and site conditions identified 
in the foregoing paragraphs can be addressed by obtaining the following types of 
information: 

1. Three-dimensional distribution of water content (degree of saturation) 
and matric potential within the CHn.  

2. Properties of fractures and fault zones.  

3. Distributions of mineralogic and lithologic facies.  

4. Distribution of key geochemical and hydrochemical parameters in 
subsurface water, minerals, and gas in the CHn.
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5. Distribution of saturated and unsaturated hydraulic conductivity and 
porosity of the CHn.  

in addition, some information on thermal and mechanical properties of the 

CHn may be needed to assess the effects of temperature and stress changes.  

2.2.3 SPECIFIC TYPES OF INFORMATION NEEDED 

The SCP lists some types of information needed specifically for the CHn 

unit (SCP, Section 8.4.2.1.6.1) primarily for assessing post-closure 
performance. The SCP states: 

"Data needs that are specific to understanding the contribution of the CHn 

unit to postclosure performance are: 

1. Knowledge of hydrologic properties of matrix, fractures, and faults 

(including statistical distributions) over a range of scales to 

evaluate alternative conceptual models of conditions and processes in 

the CHn unit; and information on whether flow is occurring in fractures 

or faults, on matrix and fracture saturation conditions, and on other 

characteristics indicating the nature of flow, including conditions 
under which fracture flow might occur.  

2. Information on the heterogeneity of the unit with respect to flow and 

transport properties, and on the hydrochemistry and isotopic age of in 

situ water, to evaluate the occurrence of and potential for moisture 

flow in fractures in the CHn unit, and to compare with conditions and 

processes in the overlying welded units.  

3. Data on bulk rock permeability in the CHn unit, at a range of scales 

and under controlled conditions and information on the nature of flow 

phenomena at the contact between the Topopah Spring welded unit and the 

CHn nonwelded unit that will support evaluations of the influence of 
geohydrologic structures on two-dimensional flow.  
This information is needed to assess the flow paths and flux of 
moisture through the CHn unit under conditions associated with expected 

and disruptive scenarios that will be evaluated as part of total system 

performance." 

In addition, the SCP emphasizes that the lithology of CHn unit ranges from 

a mostly vitric facies in the southwestern portion of the proposed repository 

block area, to a mostly zeolotic facies in the northeastern portion and that 

these different lithologic zones are expected to have significantly different 

characteristics regarding flow of ground water and transport of radionuclides.  

Therefore, the characterization program should delineate the distribution of 

those facies and other lithologic/mineralogic variations within the unit which 

might affect performance.  

The information-needs subgroup further classified needed information into 

three broad groups: rock properties, liquid water properties, and gas-phase 

prcoerties in the unsaturated CHn. There are two major considerations for each
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category of needed information: the specific parameter, such as saturated 
hydraulic conductivity (represented across the upper axis of the matrix) and the 
spatial-directional-scale aspects of its distribution and variance (represented 
along the left vertical axis of the matrix). Properties of the rock are 
subdivided into matrix properties and those pertaining to fractures, faults and 
"anomalous" zones.  

Additional breakdown of parameters that need to be characterized are listed 
in Table 2.2.-i. This list is not intended to be exhaustive; however, it does 
include the major parameters called for in the SCP and related documents 
describing the resolution of technical issues for the site, but does not rank 
the importance of the various parameters. Neither does the table provide any 
information on spatial/directional/scale aspects of those needs.  

In compiling and examining these needs, the subgroup identified several 
concepts that should be considered in using this or other lists in the 
assessment of alternative characterization strategies and approaches: 

1. For most parameters/properties listed, information on three dimensional 
spatial distributions is needed for the unsaturated CHn rock mass 
immediately beneath and adjacent to the proposed repository area.  
Temporal distribution/variations of some key condition parameters (such 
as moisture content, matric potential, and relative hydraulic 
conductivity) are also needed. For tensorial parameters (such as 
hydraulic conductivity and dispersivity) directional distributions are
needed. Identification of the numbers, locations, and distribution of 
parameter measurements is key.  

2. Scale aspects for most of the key parameters/properties are important 
considerations and must be characterized. This includes scale aspects 
of spatial varibility in the property, and scale sensitivity of testing 
methods for measuring the property. Interpretations are needed 
regarding spatial correlation, variance, and distribution of the 
properties. The change in the particular property with change in scale 
needs to be quantified. Concepts such as representative elemental 
volume (REV) may be considered (a single REV might prove inappropriate 
for the site). Identification of proper testing scales, and numbers 
and locations of tests is important.  

3. Properties and conditions need to be addressed on the basis of 
identifiable rock units, based on distinguishable hydrogeologic, 
lithologic, geochemical, and thermomechanical properties. Such unit 
desegregations should include, but not be limited to, the vitric and 
zeolitized facies of the CHn. Identification and description of 
rock-unit properties will be important for addressing key objectives 
such as ground-water travel time, radionuclide travel time, and the 
effects of natural processes and events over 10,000 yr.  

These three special concerns were identified as aspects of characterization 
most likely to be inadequately characterized by a surface-based testing program.  
They represent characteristics least likely to be adequately assessed without 
exploration and large-scale testing of the CHn unit by means of direct 
excavation.
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Table 2.2-1. Data types, CHn Non-welded Tuff Unit (Unsaturated Zone) 
(page 1 of 3) 

I. Rock Properties 

1.1 Fluid Transmissive Properties 

o Relative hydraulic conductivity 
o Saturated hydraulic conductivity 
o Relative pneumatic conductivity 
o Transmissivity, perched-water zone (if found) 
o Effective porosity 

1.2 Storage Properties 

o Porosity 
o Storativity, gas 
o Pore-size distribution 
o Moisture retention curves 
o Storage coefficient, perched-water zone (if found) 

1.3 Dispersive Properties 

o Dispersivity 
-- convective, fracture networks 
-- effective, single fracture 

o Tortuosity 

1.4 Diffusive Properties 

o Diffusion coefficient 
-- liquid 
-- gas 

1.5 Rock Unit Properties (for each hydrogeologic, lithologic, 
geochemical, thermomechanical unit within CHn) 

o Contact location and variation 
o Lateral and vertical variability 
o Mineralogy and petrology 

1.6 Fracture/Geometry and Properties 

c Distribution 
o Orientation 
o Aperture 
o Persistence 
o Fracture-filling mineralogy and physical properties
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Table 2.2-1. Data types, CHn Non-welded Tuff Unit (Unsaturated Zone) 
(page 2 of 3) 

1.7 Fault Geometry and Properties 

o Locations 
o Orientation 
o Length and width 
o Fault-zone mineralogy and physical properties 

1.8 Geochemical Properties 

o Sorption coefficients 

1.9 Thermal-Mechanical Properties (fault zones, fractures, rock mass, 
rock matrix) 

o Density; bulk and mineral 
o Deformation modulus 
o Friction angle 
o Young's modulus 
o Poisson's ratio 
o Fracture roughness coefficient 
o Strain ratio 
o Heat capacity 
o Thermal conductivity 
o Fracture cohesion 
o Fracture compressibility 
o Fracture stiffness 
o Fracture compressive strength 
o Rock mass compressive strength 
o Tensile strength 
o Thermal expansion coefficient 
o In situ temperature 

2. Liquid and Gas Properties 

2.1 Fluid potential 

o Matric potential 
o Pneumatic potential 
o Water potential, total 
o Hydraulic head, perched-water zone 

2.2 Fluid Chemistry, Temperature, Age 

o Water chemistry 
o Pore gas composition 
o Carbon-14 
o Other radioactive isotopes 
o Stable isotopes 
o Temperature of gas, water
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Table 2.2-1. Data types, CHn non-welded tuff unit (unsaturated zone) 
(page 3 of 3) 

2.3 Moisture Conditions 

o Water content--gravimetric, volumetric 
o Saturation 

2.4 Fluid Flux 

o Liquid water flux 
o Vapor flux 
o Gas flux 

3. Miscellaneous Needs 

o Potential for rock and water property changes due to external processes 
or events (scenarios: volcanism, tectonic stress changes, etc.) 

o Potential rock and water property changes due to construction and waste 
emplacement 

This discussion of information needs does not assess such specifics as the 
number of tests, the most appropriate types and scale of test for each 
parameter, and the geometric and directional distribution of tests.  

2.2.4 POTENTIAL TESTING METHODS OVERVIEW 

Three general approaches were identified for gathering needed information 
by the information-needs subgroup: 

1. Direct exploration and testing of the CHn within the proposed 
repository block area using mined openings for access.  

2. Surface-based testing within and outside of the proposed repository 
block area using drillholes and geophysics, combined with off-site 
outcrop studies (e.g., the baseline statutory-SCP approach to 
characterizing the CHn unit).  

3. indirect methods based on studies of analog sites (distant from the 
site) using surface-based and/or subsurface methods at tuff and/or 
non-tuff sites with similarities to the CHn unit at Yucca Mountain.  

A complete characterization program could include elements of all three 
approaches. The on-site subsurface-based approach (1) would possibly include 
direct observation, sampling and testing of rocks exposed in excavations;
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tests in boreholes drilled from mined openings; tests on excavated rock 
blocks; and indirect geophysical tests using mined openings and boreholes for 
access.  

A surface-based borehole and geophysical program could include single
and multiple-borehole tests using vertical holes and/or angle-drilled 
boreholes constructed from the surface; tests in boreholes constructed from 
openings at the proposed repository horizon; surface-based and borehole-based 
geophysical techniques; and tests conducted at CHn unit outcrops.  

The CHRBA task force compared the information needs described in above 
sections 2.2.1 through 2.2.3 with the three general testing approaches for 
evaluating relative effectiveness of various testing approaches to provide the 
various categories of needed information. These evaluations were carried out 
using simplified matrix charts, such as the example shown in Figure 2.2-1.  
Seven similar charts were developed for the other categories of rock, water 
and gas properties listed in the matrix chart shown in Figure 2.2-1. The 
results of this exercise are presented in Section' 2.3.
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Geophysics SB Boreholes U/G EXCAVATION Surface 
Bore- Studies 

Crosshole; Surface, Vertical Angle Multi- holes Shaft Drift Ramp 
hole-to- w/out holes holes well (from 
surface; signifi- (isolated) clusters exca
surface w/ cant (>_2 vation) 
boreholes sub- holes) 

TYPE OF INFORMATION NEEDED surface 
-1 , control 

Rock Information: Matrix Properties/Conditions 

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for 
individual units) 

Horizontal 
Spatial Distribution of 

Parameters/Spatial 

Correlation: 
Vertical 

Directional Variability of Parameters 
(tensorial attributes) 

3D Scale Relationships (Measure
ment scale vs. real scale of 
representative system properties) 

"Correlations Between/Among 
Parameters (regression analyses) 

Other Categories of Information Identified: 

2. Rock Information: Fracture Properties/Conditions (Single Fracture) 
3. Rock Information: Fracture Properties/Conditions (Fracture System) 
4. Rock Information: Fault Zone Properties/Conditions 
5. Rock Information: Fracture/Fault System Geometry 
6. Rock Information: "Anomalous Rock" 
7. Liquid Water Informatior
8. Gas Information Figure 2.2-1. Properties/conditions matrix.  
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2.3 IDENTIFY AND EVALUATE APPLICABLE TECHNIQUES

BACKGROUND 

The report on needed information (2.2, Describe Needed Information), from a 
subgroup lead by Jack Robertson, contains a list of information needed to 
characterize the Calico Hills (CHn) unit, and also includes a matrix that 
correlates the information needs with an abbreviated list of applicable 
techniques. These two products are the basic prerequisites for evaluation of 
applicable techniques. It is important to note that needed information is not 
necessarily essential for reasonable assurance.  

A preliminary draft of the subgroup report was discussed in the 
planning/scoping meeting on November 29, 1989. A number of simplifications to 
the lists were considered. The goal for simplification was to reduce the number 
of categories of applicable techniques across the top of the table (that was to 
become Figure 2.2-1). The list of techniques from the preliminary report was as 
follows: 

1. Indirect Approaches 

a. Analog correlation studies, different rock types.  
b. Studies of the CHn unit in outcrop, and/or distant from the site 

area.  
c. Geophysics including borehole, surface, and combinations.  
d. Expert judgment.  

2. Direct Approaches 

a. Vertical boreholes, including single (isolated) holes and 
multi-well clusters.  

b. Angle boreholes, including single (isolated) holes and multi-well 
clusters.  

c. Horizontal boreholes, including single (isolated) holes and 
multi-well clusters.  

d. Vertical excavated shafts.  
e. Horizontal excavated openings.  
f. Ramps or inclined excavated openings.  

After discussion it was determined that the following changes were 
appropriate, which have been implemented in each of Tables 2.3-1 through -8.  

a. Eliminate analog studies as an alternative technique because this 
pertains to the location of site characterization activities, which 
will be one of the big differences among the alternative strategies.  

b. Eliminate expert judgement as an alternative technique because it is 
more applicable to the results of characterization activities.  

c. Consolidate the geophysics categories, lumping borehole geophysics with 
the surface-based boreholes, and creating two geophysics categories.
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Geophysics SB Boreholes U/G EXCAVATION Surface 
S -- Bore- Studies 

Crosshole; Surface, Vertical Angle Multi- holes Shaft Drift Ramp 

hole-to- w/out holes holes well (from 
surface; signifi- (isolated) clusters exca
surface w/ cant (?!2 vation) 
boreholes sub- holes) 

surface 

TYPE OF INFORMATION NEEDED control 

Rock Information: Matrix Properties/Conditions 

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for L L M H M M M H H L 
individual units) 

Horizontal L L M M M M M H H M 
Spatial Distribution of 

Parameters/Spatial 
Correlation: 

Vertical L L M H M M M M M L 

Directional Variability of Parameters L L M M M H M H H L 
(tensorial attributes) 

3D Scale Relationships (Measure
ment scale vs. real scale of L L M M M M M H H M 
representative system properties) 

Correlations Between/Among 
Parameters (regression analyses) L L M H M H. H H H M

7a=±e 2.3-i. Evaluation of applicable characterization techniques (as described 

in the text) against information needs for rock matrix properties 

and conditions. A relative rating method using high/medium/low 
ratings was selected.  
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Geophysics SB Boreholes U/G EXCAVATION Surface 

12/ Bore- Studies 

Crosshole; Surface, Vertical Angle Multi- holes Shaft Drift Ramp 
hole-to- w/out holes holes well (from 
surface; signifi- (isolated) clusters exca
surface w/ cant (>_2 vation) 
boreholes sub- holes) 

surface 
TYPE OF INFORMATION NEEDED control 

Rock Information: Fracture Properties/Conditions (Single Fracture) 

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for L L M M M H M H M L 
individual units) 

Horizontal L L M M L M M H H L 
Spatial Distribution of 

Parameters/Spatial 
Correlation: 

Vertical L L L M L M M M H L 

Directional Variability of Parameters L L L M M M M M H L 
(tensorial attributes) 

3D Scale Relationships (Measure
ment scale vs. real scale of L L L M M M M H H L 
representative system properties) 

Correlations Between/Among 
Parameters (regression analyses) L L M M L M M H H L 

I~~ - - - - - -I - - _

Table 2.3-2. Evaluation of applicable characterization techniques (as described 

in the text) against information needs for characterizing the 

properties of, and conditions within single fractures encountered 
in the natural setting. A relative rating method using 
high/medium/low ratings was selected.  
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Geophysics SB Boreholes U/G EXCAVATION Surface 

13___ Bore- ,Studies 

Crosshole; Surface, Vertical Angle Multi- holes Shaft Drift Ramp 
hole-to- w/out holes holes well (from 
surface; signifi- (isolated) clusters exca
surface w/ cant (.2. vation) 
boreholes sub- holes) 

surface 
TYPE OF INFORMATION NEEDED control 

Rock Information: Fracture Properties/Conditions (Fracture System) 

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for L L L M M H M H H L 
individual units) 

Horizontal L L M M M H M H H LI 
Spatial Distribution of 

Parameters/Spatial 
Correlation: Vertical L L L M M M M M H L 

Directional Variability of Parameters L L L M M H M M M M 
(tensorial attributes) 

3D Scale Relationships (Measure
ment scale vs. real scale of L L L M M H M H H M 
representative system properties) 

Correlations Between/Among 
Parameters (regression analyses) L L M M M M M H H M

Table 2.3-3. Evaluation of applicable characterization techniques (as described 
in the text) against information needs for fracture system 
properties and conditions. A relative rating method using 
high/medium/low ratings was selected.  
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TYPE OF II

r
Geophysics

Crosshole; Surface, 
hole-to- w/out 
surface; signifi
surface w/ cant 
boreholes sub

surface 
control

SB Boreholes

Vertical 
holes 
(isolated)

Angle 
holes

Multi
well 
clusters 
(>2 
holes)

U/G 
Bore
holes 
(from 
exca
vation)

EXCAVATION 

Shaft Drift I Ramp

*i�i - - a a - I - I - I -

Rock Information: Fault Zone Properties/Conditions

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for L L L M M H L M M L 
individual units) 

Horizontal L L M M M H L M M L 
Spatial Distribution of 

Parameters/Spatial 
Correlation: Vertical M L L M M M L M M L 

Directional Variability of Parameters L L L M M M M M M L 
(tensorial attributes) 

3D Scale Relationships (Measure
ment scale vs. real scale of L L L L M M L M M L 
representative system properties) 

Correlations Between/Among 
Parameters (regression analyses) L L L M I M M M M M L 

__ --

Tahle 2.3-4. Evaluation of applicable characterization techniques (as described 

in the text) against information needs for fault zone properties 
and conditions. A relative rating method using high/medium/low 
ratings was selected.  

2.3-5
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Geophysics SB Boreholes U/G EXCAVATION Surface 
______ _____ - Bore- Studies 

Crosshole; Surface, Vertical Angle Multi- holes Shaft Drift Ramp 
hole-to- W//Out holes holes well (from 
surface; signif i- (isolated) clusters exca
surface wD cant (o2 vation) 
boreholes sub- holes) 

surface 
TYPE OF INFORMATION NEEDED Icontrol 

Rock Information: Fracture/Fault System Geometry 

SailDsrbtoofHorizontal M L M M M H M M H L 

Parameters/Spatial 
Correlation: Vertical M L M M L M M M H L 

_-I

Table 2.3-5. Evaluation of applicable characterization techniques (as described 

in the text) against information needs for the geometry of faults 

and fracture systems. A relative rating method using 
high/medium/low ratings was selected.  
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Geophysics SB Boreholes U/G EXCAVATION Surface 

16/ Bore- Studies 

Crosshole; Surface, Vertical Angle Multi- holes Shaft Drift Ramp 
hole-.to- w/out holes holes well (from 
surface; signifi- (isolated) clusters exca
surface w/ cant (?2 vation) 
boreholes sub- holes) 

surface 
TYPE OF INFORMATION NEEDED control 

Rock Information: "Anomalous Rock" 

Horizontal M L M M M H M H H L 
Spatial Distribution of 

Parameters/Spatial 
Correlation: Vertical M L M M M M M M M L

Table 2.3-6. Evaluation of applicable characterization techniques (as described 

in the text) against information needs for detection and 
delineation of anomalous rock conditions. A relative rating 

method using high/medium/lcw ratings was selected.

2.3-7



0

TYPE OF INFORMATION NEEDED

Geophysics

Crosshole; 
hole-to
surface; 
surface w/ 
boreholes

T t
Surface, 
w/out 
signifi
cant 
sub
surface

SB Boreholes

Vertical 
holes 
(isolated)

Angle 
holes

Multi
well 
clusters 
(_2 
holes)

U/G 
Bore
holes 
(from 
exca
vation)

STYPEa OFtIsti M ATIONt NEEDED Proper

Liauid Water Information

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for L L M M M H M M M L 
individual units) 

Spta itrbto fHorizontal L L M M M H M M M L 

Parameters/Spatial- - - - -

Correlation: Vertical M L H M M H M L M L

Table 2.3-7. Evaluation of applicable characterization techniques (as described 
in the text) against needs for liquid water information. A 
relative rating method using higt/medium/!ow ratings was selected.  
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I Y I - . . -

Geophysics SB Boreholes
___________________ - 4 - I - F -

Crosshole; Surface,
hole-to
surface; 
surface w/ 
boreholes

w/out 
signifi
cant 
sub
surface 
f•nntrOl

Vertical 
holes 
(isolated)

iAngle 
I holes

Multi
well 
clusters 
(ý2 
holes)

U/G 
Bore
holes 
(from 
exca
vation)

EXCAVATION 

Shaft Drift IRamp

Surface 
Studies

t ----------- I - i- - - I -

Gas Information

Statistical Moments of Properties/ 
Conditions (mean, std. dev. for L L M M M M L L L L 
individual units) 

Horizontal L L M M M M L L M L 
Spatial Distribution of 

Parameters/Spatial 
Correlation: Vertical L L M M M M L L M L 

- - - - - - -I

Table 2.3-8. Evaluation of applicable characterizaticn techniques (as described 

in the text) against needs for information on the properties and 

state of gas. A relative rating method using high/meediun/low 
ratings was selected.  
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These are (1) crosshole and hole-to-surface methods with borehole 
control, and (2) surface methods without significant borehole control.  

d. Eliminate the multiple-angle-hole clusters category because of 
uncertainty as to the feasibility of dry-drilled angle holes. The 
categories for multiple-vertical-hole clusters, and distributed angle 
holes, were retained.  

e. Add a category for surface studies, consisting of mapping, testing, and 
sampling on available outcrops.  

The group then discussed how to fill in the table with judgments as to the 
general level of confidence for which each type of needed information can be 
provided soley by means of each technique. A relative rating method using 
high/medium/low ratings was selected.  

The intention of rating the techniques was to produce guidance for 
composing strategies from the techniques. The blank forms for Tables 2.3-1 
through -8 were developed, and a trial run was conducted wherein one of the 
tables was filled out by each attendee, and the results compared. Close 
agreement was obtained but it became obvious that there would be assumptions 
made in filling out the tables, that should be consistent for all individuals.  
Accordingly, after the Calico Hills study was formally convened, the task group 
members were tasked as follows: 

Fill out the blank tables (Tables 2.3-1 through -8). Note that there is a 
separate table for each major category of information needed. As the 
tables are filled out, use the following assumptions developed during the 
trial run: 

a. Assume that the number of boreholes will be at least ten times the 
number of shaft and ramp penetrations in the repository block and 
immediate vicinity during site characterization.  

b. Assume that the extent of drifting that would be performed in the CHn 
unit in the repository block and immediate vicinity would be limited 
to about 2 km.  

c. Vertical boreholes are represented by the Site Characterization Plan 
(SCP) surface-based drilling program (mostly Studies 8.3.1.4.3.1 and 
8.3.1.2.2.3). The current SCP program includes no angle- or 
horizontal boreholes in the CHn unit.  

d. Assume all boreholes are cored, and available for testing and 
stemming.  

e. Assume that a ramp from the surface would not be a spiral as the 
Swedish SKB propgram has planned for their Underground Research 
Laboratory, because of the cost and difficulty in mechanized mining 
such a facility.  

f. Surface studies will be performed at least 2 km from the surface 
projection of the conceptual repository perimeter drift.
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g. Assume that any shaft, drift, or ramp will be excavated and 
engineered in a way that provides ample opportunity for testing 
either during or following construction.  

h. Assume that underground drilling will provide representative sampling 
of a volume extending 100 m in all directions from an underground 
opening.  

As the tables are completed with high, medium, or low ratings, record a 
one-sentence rationale if practicable, and record any assumptions that you 
may make. Also, note any case where you do not follow the above 
assumptions.  

The results from this assignment are compiled in Tables 2.3-1 through -8.  
Analysis of these results did not exactly follow the approach that was discussed 
during the planning/scoping meeting. A spreadsheet program was not used, 
rather, the low, medium, and high scores were assigned numerical equivalent 
scores, and the results averaged for all respondents.  

RESULTS 

The compilation is based on responses from W. Wilson, C. Voss, A. Paige, D.  
Wonderly, J. Robertson, and E. Hardin. These individuals cover the geology, 
geophysics, hydrology, and engineering technical specialties.  

A number of conditions and assumptions were developed by the respondents.  
Importantly, it was determined to be inappropriate to fill out portions of some 
of the tables. Fracture/Fault System Geometry (Table 2.3-5) and Anomalous Rock 
characteristics (Table 2.3-6) were considered to be adequately described only by 
the horizontal and vertical distribution of parameters. Fracture/Fault System 
Geometry was considered to involve orientation and spatial distribution of the 
features. The Anomalous Rock characteristics were considered to be chiefly 
detection and delineation of the occurrence. The most important objective for 
such features was judged to be detection, and delineation of extent. The 
statistical moments, tensorial attributes, scale effects, and correlation 
effects associated with these kind of features were judged to be relatively 
unimportant (or without physical significance). Similarly, for Liquid Water 
Information (Table 2.3-7) and Gas Information (Table 2.3-8) the tensorial 
attributes, scale effects, and correlation effects were judged to be relative 
unimportant (or without physical significance). Liquid Water Information was 
considered to principally include saturation, water content, hydrochemistry, and 
age. Gas Information was considered to include pneumatic potential, pore gas 
composition, temperature, and age.  

Other assumptions used in the evaluation are listed as follows: 

a. Information that is needed is for the unsaturated CHn unit and its 
subunits at the repository site.
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b. The rating of L, M and H refers to the likelihood that the type of 
information needed can be satisfactorily obtained by the method 
indicated (when used alone).  

c. The ratings for "Vertical holes (isolated)" and "Multi-well clusters" 
are based on the likelihood that these techniques as they are applied 
in the SCP (e.g., number of holes) provide the needed information.  
(There are roughly five clusters of 2 or more surface-based boreholes 
in the SCP program.) All boreholes will be cored, and available for 
testing and instrumentation.  

d. "Excavation" includes no boreholes for testing, which would be included 
under "U/G boreholes." 

e. A single ramp in the CHn is assumed for purposes of evaluating 
techniques.  

f. "Surface studies" includes all types of studies of outcrops, including 
short horizontal, angle, or vertical borings. Assume that outcrop 
studies of the CHn unit will be performed at least 2 km from the 
surface projection of the conceptual repository perimeter drift.  

g. For technique comparison purposes there would be at least 10 boreholes 
penetrating the CHn unit, for every vertical shaft or ramp, in the 
repository exploration block or immediate vicinity.  

h. The extent of underground drifting that would be performed in the CHn 
unit in the repository block and immediate vicinity would be limited to 
about 2 km and would not extensively explore both the northern and 
southern parts of the block.  

i. Investigation of "Anomalous rock" involves a measure of capability to 
both detect and delineate occurences of anomalous material.  

j. Underground openings will be engineered and constructed in a way that 
provides ample opportunities for testing either during or after 
construction.  

k. Underground boreholes-will be drilled from the CHn unit, and will 
provide significant sampling of a volume extending 100 m in all 
directions from an underground opening.  

1. Much of the range of statistical variability occurs over the distance 

of a shaft or drift diameter.  

m. Vertical and sub-vertical fractures are most common.  

n. A shaft would not intentionally be constructed within a fault or 
significant fault zone, and thus would not be relied upon to 
characterize such features.
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o. If drifting is used to characterize faults or fault zones, a limited 
number (e.g., 3) of drift crossings roughly perpendicular to such 
features would be constructed. A drift would not run along strike and 
coincident with a near-vertical fault.  

p. Underground ventilation would be an unavoidable influence on gas 
potential measurements made from shafts, drifts, etc.  

The assessments were tabulated, and numeric values of 1, 2, and 3 were 
substituted for the low, medium, and high ratings, respectively. The average 
response was calculated for each assuming a linear scale. The deviation of each 
individual's assessments from the average was calculated for each assessment.  
Deviations which exceeded the average by more than one unit on the scale were 
discussed among the respondents, resulting in clarification, correction of 
errors, and additional assumptions.  

The resulting assessments were recalculated as averages using the same 
scale, converted back to low, medium, and high scores (L < 1.5, 1.5 < M <2.5, 
2.5 < H), and are presented in Tables 2.3-1 through -8.  

The results indicate that (as might be expected) extensive direct 
excavation has the highest likelihood of providing the needed information. The 
results also indicate that slant surface (and subsurface) based boreholes offer, 
more useful information than vertical holes, based on the current perception 
that nearly vertical fractures may provide significant control on hydrologic 
properties of the CHn.  

The results of this exercise do not necessarily mean that surface-based 
and/or analog approaches cannot provide adequate or useful information; they 
merely reflect the position that subsurface-based methods are more likely to 
yield the needed information, with greater confidence in the results. This is 
especially true for spatial and directional distribution and scale dependence of 
key parameters.  

SURFACE-BASED TESTING 

The SCP currently describes the CHn characterization program as a 
surface-based approach with additional options under consideration (depending in 
part on the outcome of the CHRBA) for adding direct subsurface-based exploration 
and testing and/or expansion of the baseline surface-based program outlined in 
the SCP. The SCP surface-based program will rely primarily on information from 
a series of vertical boreholes drilled through the CHn for geologic, geophysi
cal, geochemical, hydraulic, and pneumatic sampling and testing purposes. The 
principal hydrologic testing program is entitled "Unsaturated-Zone Percolation 
Study" (Study Plan 8.3.1.2.3.2, in review), and calls for a total of 19 bore
holes, 12 of which are outside the proposed repository block area and 7 of which 
are within the block area. These statistics raise the question: can relatively 
few, small-scale samples from a few testing locations within the CHn beneath the 

repository provide sufficient information to assess the primary barrier?
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The weaknesses of a surface-based testing program, relative to one that is 
subsurface-based, include the following: 

1. Limitations on the type, scale, and orientation of in situ tests; 
limited capability to measure bulk rock properties and properties of 
vertical or near-vertical fractures.  

2. Limited opportunity for direct observation of lateral variation in CHn 
properties at intermediate scales.  

3. Severe limitations on the number, location and representativeness of 
surface-based boreholes; for example, a surface-based program would 
have low likelihood of discovering a relatively small unknown anomalous 
feature such as a fault, narrow fracture zone, or dike.  

4. Difficulty imposed by working within deep, small-diameter boreholes 
and/or using indirect geophysical methods.  

Certain additions and modifications to the SCP surface-based program might 
enhance the potential effectiveness of the program. These additions could 
include, but not be limited to, surface-based angle boreholes, vertical and 
angle boreholes from the main subsurface testing level in the Topopah Spring 
welded tuff unit; additional surface-based vertical boreholes; excavation and 
testing at outcrops reasonably near the proposed site, such as Prow Pass north 
of the site area.  

ANALOG SITE TESTING 

One method of achieving insight and inferring information about the CHn 
unit, without direct excavation in the repository block, is through testing 
conducted at analog sites. Many different sites could be candidates for such 
study. Some possibilities include: 

1. Existing or new subsurface drifts and shafts at Rainier Mesa on the 
Nevada Test Site, several miles northeast of the Yucca Mountain site: 
Many miles of drifts have been excavated into non-welded zeolitized 
tuffs of Rainier Mesa since the 1950's for the nuclear weapons testing 
program. Although the physiographic, climatic, hydrologic, and 
geologic settings of Rainier Mesa are somewhat different than those for 
Yucca Mountain, there are some potentially important similarities in 
nonwelded tuff lithology, and present-day precipitation and 
infiltration conditions at Rainier Mesa may be similar to Yucca 
Mountain during future, cooler/wetter climatic conditions. Existing 
drifts might be usable for analog studies, and new drifts could be 
constructed.  

2. Apache Leap test site in Arizona: The U.S. Nuclear Regulatory 
Commission and the University of Arizona have developed an analog 
testing site at an area known as Apache Leap, near Globe in southeast 
Arizona. This site consists of welded tuffs in an arid environment.  
The U.S. Departmen of Energy has conducted a drilling and logging 
demonstration project near this site.
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3. Various underground research and testing sites such as the Colorado 
School of Mines experimental mine facility near Idaho Springs, Colorado 
(fractured gneiss); the Stripa Mine and SKB Hard-Rock Laboratory Sites 
in Sweden (fractured granite); and the Underground Research Laboratory 
site near Pinnawa, Manitoba, Canada (fractured granite).  

4. Tuffaceous rock deposits near Hoover Dam, Nevada.  

These and other pot< .tial sites offer opportunity for relevant studies, 
including the following: 

1. Test method development; for example, G-Tunnel at Rainier Mesa has 
already been used to test drilling, sampling, and instrumentation 
techniques.  

2. Testing scale effects; analog sites with scale dependent properties 
similar to what may exist at Yucca Mountain. Sites such as Rainier 
Mesa offer opportunities to conduct underground tests at scales ranging 
from a few centimeters to tens or hundreds of meters.  

3. Assessment of climatic effects; if an analog site is shown to be 
sufficiently similar to Yucca Mountain, except for higher rainfall 
(e.g., Rainier Mesa) then valuable information might be gained on how 
wetter climatic conditions impact saturation levels, water flux, flow 
paths, and velocities through tuffs.  

4. Matrix diffusion tests; for analog sites that have similar matrix 
properties to those of the CHn unit, in situ or laboratory block tests 
can be conducted to assess the potential role of matrix diffusion 
effects on solute migration through tuffs, especially through 
fractures.  

5. Dynamic retardation tests; in situ and laboratory block tracer tests 
can be conducted at analog sites to measure direct retardation effects 
on various radionuclides or other solutes. For appropriate analogous 
conditions, results might be correlatable to the CHn unit at Yucca 
Mountain.  

6. Correlation of easily measurable lithologic, mineralogic, and physical 
properties of rock units to more complex and more difficult-to-measure 
properties that control saturated and unsaturated flow and transport 
characteristics. For example, it might be possible to correlate 
certain mineral abundances and bulk density to retardation 
coefficients, or to correlate porosity and grain size or pore size 
distribution to relative hydraulic conductivity as a function of 
moisture content and/or matric potential.  

7. Assessing impacts to rock properties caused by mining excavation, 
exploration, and testing activities.  

The most obvious analog site available is Rainier Mesa. Some Yucca 
Mountain criented studies have already been conducted in G-Tunnel and in 
N-7:uneL. N-Tunnel 14 interesting because it is known to have saturated
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fracture zones, which continually yield flowing water to the tunnel, although 
most of the tuff penetrated on N-Tunnel is unsaturated. In P-Tunnel, on the 
other hand, there are no fractures yielding flowing water. The discharge from 
fractures in N-Tunnel has been studied and found to vary seasonally in 
accordance with seasonal precipitation and recharge variations (Russell et al., 
1987). Tritium content measured in N-Tunnel fracture water in the late 1950's 
suggests that the water entering the tunnel at that time was less than 12 years 
old (Ciebsch, 1960). There are potentially important relationships between 
surface run-off/recharge areas and intersecting fracture zones at Rainier Mesa 
that may have transfer value to Yucca Mountain.  

Non-tuff analog sites have less direct applicability to Yucca Mountain but 
could still be useful for studying processes (such as flow and transport through 
fractures and fracture systems) and for developing, testing, and demonstrating 
reliable testing and sampling techniques, instruments, equipment, and 
procedures. A principal advantage of analog testing is that virtually no type 
of test would be prohibited because of potential impact to waste isolation. A 
significant disadvantage of analog studies is non-representativeness of CHn 
conditions at Yucca Mountain. Applicability and correlation will have to be 
demonstrated quantitatively and convincingly through comparison with appropriate 
on-site CHn testing at the Yucca Mountain site.  

SUBSURFACE-BASED TESTING 

The approach that received the greatest attention in this exercise was that 
based on direct excavation. Such a program offers the following advantages: 

1. Possibility for extensive areal and vertical access to the CHn unit and 
flexibility in test types, number, location and orientation.  

2. Opportunity for direct observation of large-scale and small-scale 
features and spatial variability thereof.  

3. Opportunity to search for potentially significant anomalous features 
such as currently unknown faults, fracture zones, dikes, and anomalous 
lithologic/mineralogic zones.  

4. Opportunity to more directly search for, observe, and sample perched 
water and flow through fractures.  

5. Opportunity to select and collect rock samples of any size and shape 
for testing.  

6. Opportunity to directly demonstrate to the scientific community, the 
public, and regulatory organizations that the CHn unit is a viable 
barrier.  

The specific types of tests that might be conducted have not been formally 
developed or designed. However, some effort has gone into the approach 
described in the Consultation Draft Site Characterization Plan. The U.S.
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Geological Survey and other supporting organizations and contractors have also 
developed subsurface-based testing approaches for the main test level of the 
exploratory shaft facility, which could be applied to CHn unit characterization.  

The Consultation Draft SCP proposed limited direct exploration of the CHn 
through a shaft and drifting approach. The general types of activities proposed 
in that plan were: geologic mapping, sampling of wall rock, pilot borehole, 
hydraulic testing in access shafts/ramps (e.g., radial borehole tests), 
exploratory drilling from underground openings, and hydraulic tests of major 
features intersected by drifts. For more extensive subsurface exploration 
facilities, additional proposed activities included: bulk properties 
experiments such as bulk permeability tests, and percolation and transport 
experiments either in situ or in large block samples (e.g., infiltration tests 
and tracer migration tests). These plans are still applicable for 
characterizing the CHn unit.  

The major objective of a subsurface-based testing program in the CHn would 
be to: 

1. Augment surface-based boreholes to investigate the deep unsaturated 
zone at Yucca Mountain and to confirm analog site studies.  

2. Collect information which cannot be obtained by surface-based or analog 
studies.  

Although no specific testing program has been designed for the CHn unit 
characterization, many testing concepts are known to be feasible and are likely 
candidates. Table 2.3-9 presents a review of tests planned for the ESF (SCP 
Studies 8.3.1.2.2.4 and 8.3.1.2.2.5), which are applicable to CHn 
characterization. Many of these have been planned, designed, analyzed, and in 
some cases prototype tested, in connection with the ESF program.  

In addition to the tests outlined in the SCP for the ESF, other testing 
methods which might be effectively employed in a subsurface-based CHn testing 
program intlude, but are limited to the following: 

o Drift-to-drift geophysical surveys between drifts within the CHn and 
the Topopah Spring units; methods could include electrical, seismic, 
magnetic, radar, etc.  

o Drift-to-drift pneumatic and/or hydraulic and tracer tests in single 
fractures, fracture sets, matrix, and fault or anomalous rock zones.  

o Cross-hole testing between/among holes drilled laterally from drifts 
in the Topopah Spring unit, and drifts in CHn unit.  

o Room tests for large-scale pneumatic, hydraulic, mechanical, 
diffusive, and thermal properties.
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2.4 COMPOSE ALTERNATIVE CHARACTERIZATION STRATEGIES

ASSUMPTIONS AND OVERVIEW 

In developing the list of strategies, a series of steps was defined. These 
steps included definition of the option space, permuted combinations, screened 
combinations, grouped combinations, selected combinations, and development of 
combinations into strategies. To accomplish this process the following 
guidelines were used: 

1. Options should span the space of possibilities.  

2. Options should be substantially different with discriminating features.  

3. Options should be reasonable.  

4. General boundaries of the repository are fixed.  

5. ESF to be integrated with the repository.  

6. 70,000 MTU capacity for the repository.  

7. Costs, environmental impacts, socioeconomic impacts, etc. will not be 
considered, but may be considered in the final steps in the study 
methodology.  

The following terminology will be used in this discussion. The options 
space is defined by axes which represent ways that options may differ, and are 
called factors. The factors may occupy different states, corresponding to 
different characterization program configurations. The list of possible 
combinations of these factors is referred to as a list of combinations, which is 
screened to become a list of access options. The access options are grouped, 
and representative options chosen from the groups. Representative access 
options are consolidated and modified using rationale, to form characterization 
strategies. Strategies may be augmented with other details such as testing 
requirements, provision for special testing underground, and surface-based 
testing (SBT) in addition to the Site Characterization Plan (SCP) SBT program.  
Once the strategies are identified, additional descriptive information such as 
opening size and construction method may be specified, as appropriate, to 
describe the detailed strategies for evaluation.  

Strategies that involve SBT take into account the SCP program plans for 
surface-based investigation of the Calico Hills (CHn) unit, and also: 

1. Expanded scope of surface-based drilling into the CHn.  

2. Surface-based angle-hole drilling.
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3. Outcrop studies near Prow Pass, north of the site area.

4. Drilling into the CHn from the ESF main test level.  

5. Geophysics, either surface-based or with subsurface borehole control, 
in the site area.  

Analysis of underground excavation considerations resulted in 24 access 
options (Figure 2.4-1) which take into account the following: 

1. Possible areas of exploration; north-northeast, south-southeast, west, 
or central.  

2. Location of the initial penetration into the CHn; whether inside or 
substantially outside of the defined exploration block.  

3. The possible need for an extensive facility to support exploration and 
testing.  

4. Whether or not access is combined and integrated with the ESF 
underground openings.  

The factors listed above are depicted on the "option space" diagram, Figure 
2.4-2. The SBT vector on the diagram shows that the SBT strategies were 
considered separately from the excavation options until the SBT and the 
excavation strategies were developed. At that point, strategies combining SBT 
and underground excavations were considered.  

The 24 possible combinations were screened, eliminating outside options 
that require ESF integration. The basis for this resides in the initial 
assumptions that the ESF is to be integrated (i.e., shared openings) with the 
repository, and that the general boundaries of the facility are fixed. If 
outside openings are constructed which may ultimately be connected with the 
repository, then the boundary of the repository may be extended. This was 
judged not to eliminate any options which would have tended maximize test 
utility or waste isolation.  

An additional screening step eliminated inside options that would not be 
integrated with the ESF. These possibilities were based on the idea that a 
shaft or ramp could be constructed inside the exploration block and never 
integrated with either the ESF or the repository openings. A barrier pillar 
would be maintained, and the repository usable area would be reduced. The basis 
for the idea was that waste isolation performance might be enhanced slightly if 
there were no direct connection from the waste emplacement areas, to openings 
within the CHn natural barrier. However, this concept would also require at 
least one additional opening (and possibly two or more) from the surface through 
the repository block. The possible adverse impact of such extra penetrations 
was judged to offset the possible benefit to waste isolation.  

Based on the screening, a matrix of 12 options was developed (Figure 
2.4-3). Combining like attributes, the options (including SBT) were reduced to 
nine strategies. Each strategy includes the basic SCP characterization program,
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Location of Initial Integrate 
CH penetration Extensive, Facility w/ 

General Inside/ Operational ESF U/G 
Area Outside Facility Openings Description ID # 

NE Inside Yes Yes 1 

No 2 

No Yes 3 

No 4 

Outside Yes Yes 5 

No 6 

No Yes 7 

No 8 

South Inside Yes Yes 9 

No 1 0 

No Yes 1 1 

No 1 2 

Outside Yes Yes 1 3 

No 1 4 

No Yes 1 5 

No 1 6 

Central Inside Yes Yes 1 7 

No 1 8 

No Yes 1 9 

No 20 

West Outside Yes Yes 2 1 

No 22 

No Yes 2 3 

No 2 4 

Revised 5/29/90

Figure 2.4-1. Table of 24 possible combinations for configuration of 
underground excavation in the CHn.



Special Te 
(i.e. for 
testing) 
Yes or No

SBT (incl.  
drilling from 
MTL U/G) 

NOTES: 
1) SCP program + 

a) expanded SB 
vertical drilling/testing 

b) SB angle-hole 
drilling 

c) MTL drilling 
d) outcrop studies 

2) SBT has been 
assumed independent 
from U/G excavation, 
but combination of 
excavation and 
additional SBT will be 
considered during 
composition of 
strategies.

•st Area 
"aggressive"

Connect/integrate 
w/ ESF U/G Openings 
Yes or No

Limited vs.  
Extensive, 
Facility

"Operational"

NOTES: 
1) A 2nd access is 
required for scientific 
testing or extensive drifting.  
2) A 2nd access could be 
required for any facility, 
by DOE Orders.

Location of initial 
penetration into 
CHn unit

NE NE 

South South 

Central West 

inside outside

NOTES: 
1) Approx. 12,000 lineal ft.  
of drifting would access all 
targeted features in the CHn.

(wrt boundary of 
exploration block)

Calico Hills Study 
Option Space w/ Possibilities 
Developed from March 14-15 task force meeting 

Revised 5/29/90 

Figure 2.4-2. Factors comprising the option space for surface-based testing and 
underground excavation strategies for CHn characterization.  
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Least Greatest 
Location of Primary Extensive, Integrate Potential Potential Great

CH penetration Operational Facility w/ Impact on Impact on est Least 

General Inside/ Facility ESF U/G Waste Waste Test Test Intermediate 

Area Outside Openings ID # Group(s) Isolation Isolation Utility Utility Grojp 

N E Yes Yes 1 2 X x 
In side__ _ _ __ _ _ 

No Yes 3 3 X 

Yes No 6 1,4 X 
Outside No No 8 1,5 X X 

Yes Yes 9 2 X X South Inside ___ ____ 

No Yes 11 3 X 

Yes No 14 1,4 X 
Outside No No 16 1,5 X X 

Central Yes Yes 17 2 X X 

No Yes 19 3 X 

West Yes No 22 1,4 X 
Outside 

No No 24 1,5 XX

Groups 
1 = outside, no ESF connection 
2 = inside, 2nd access 
3 = inside, no 2nd access 
4 = outside, 2nd access 
5 = outside, no 2nd access

Least potential adverse impact on 
waste isolation'= group 5 

Greatest potential adverse impact on 
waste isolation = group 2 

Greatest test utility = union of groups 2,4 

Least test utility = group 5 
Intermediate (not included in other 

classes) = group 3

Revised 5/29/90 

Figure 2.4-3. Table of 12 screened options for underground excavation in the 
CHn, with grouping and categorization of groups according to 
potential adverse impacts to waste isolation and test utility.  
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and has a reasonable likelihood of providing the needed information for 
characterization of the CHn, although some strategies are more likely to provide 
this information than others.  

DEFINING THE OPTION SPACE FOR UNDERGROUND EXCAVATION 

For stra-egies involving underground excavation, the following were 

developed as the principal factors describing the space of possibilities: 

1. Location of initial penetration into the CHn.  

Penetrations into the CHn may take several forms. A single shaft or 
ramp will be excavated initially. An additional access may be 
constructed to facilitate ventilation and egress. This additional 
access may be constructed in the immediate vicinity of the initial 
access, or may be distant. For this study, the location of the initial 
penetration was judged to be more important than whether or where an 
additional access is constructed. This position simplifies the range 
of options to be considered, and is explained in the following 
paragraphs.  

An additional access could be as simple as a raise bore with diameter 
of a few feet, in the immediate vicinity of the initial CHn 
penetration. The pilot hole drilling and raise boring operations could 
probably be performed dry, and the rockmass damage from excavation 
would be minimal. The impact of such an access on test utility or 
waste isolation, while potentially significant, does not warrant 
explicit consideration in the CHn study, unless it is constructed in a 
different part of the site area (i.e., north, west, central, or south).  

Even if penetrations at more than one location are planned, it has been 
assumed in this study that they would not be constructed concurrently.  
It is expected that after construction of the initial access, and after 
roughly two years of SBT as planned in the SCP, significantly more will 
be known about CHn performance. This information will support 
evaluation of the impacts of a second penetration. Thus at the present 
time, the location of the initial penetration is more important than 
that of an additional access.  

The term penetration refers to the underground opening through the 
upper limit of the CHn, that might become a transport pathway depending 
on prevailing hydrologic conditions, and the performance of other 
barriers, during the postclosure performance period. The location of 
the surface portal for a ramp is considered insignificant relative to 
that of the CHn penetration.  

The possibilities for primary penetration location were determined to 
be: (1) north, south, or central locations inside the exploration
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block; and (2) northeast, west, or southeast locations outside the 
block. The basis for using the exploration block, and the razionale 
for the location possibilities listed above, are discussed further 
below.  

2. Limited versus extensive facility.  

Access to significant features of the CHn unit from underground 
openings in the site area, is chiefly limited by the extent of 
excavation. More extensive drifting within or in the immediate 
vicinity of the repository block, could increase the potential for 
adverse impacts to waste isolation. Alternatively, extensive drifting 
outside the repository block could provide information needed for site 
characterization (possibly in conjunction with surface-based or ESF 
activities), while substantially limiting adverse impacts. To examine 
this trade-off, the extent of drifting in the CHn was included as an 
explicit factor in the study. The number of accesses was not 
considered as an explicit factor as discussed below.  

Mining regulations (e.g., 30 CFR 57) cite mandatory requirements for 
worker health and safety. Application of 30 CFR 57 can have the effect 
of limiting drifting in a single access. For the case of a shaft, 
drifting might be limited to roughly 2,000 feet in any direction 
because of ventilation, egr.ess, and other concerns. For a ramp, the 
length of the access would be on the order of 6,000 to 8,000 feet, 
leaving only a few thousand feet at the objective horizon before access 
was curtailed. A single-access facility would thus be restricted to 
exploration of features within a limited distant of the access.  

The task group considered that scientific testing would be required in 
an underground facility in the CHn. As a minimum, sampling and 
geologic mapping would be conducted throughout the facility.  
Exploratory drilling or drifting would be relied upon to characterize 
local variation in stratigraphy, the extent of a discontinuity, or for 
testing of a hydrologic feature. The simplest hydrologic tests would 
involve borehole stress tests and instrumented monitoring activities.  
The task group was in general agreement that such testing would require 
at least 20 scientific personnel to work underground at the same time, 
and that the facility would be what the engineers referred to as "operational." 

Thus a single access facility would be limited to exploratory 
excavation and drilling, with restrictions on the extent of drifting 
and scope of testing. A second access would be needed to support major 
testing, and would also permit more extensive exploratory drifting, 
regardless of the location of the second access with respect to the 
initial access. An additional access constructed by raise boring or 
comparable methods in the immediate vicinity of the initial access was 
ignored in development of options. However, haulage and service 
requirements on such an access could be determined from the extent of 
drifting that was associated with each option.
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Finally, the relationship of extensive drifting to access locations was 
considered. Targets for extensive drifting within the block were 
identified as: lateral facies transition in the central part of the 
site, Ghost Dance Fault, Solitario Canyon Fault, Drill Hole Wash, and 
bounding structures to the east or southeast. It was determined that 
roughly 12,000 lineal ft of drifting could reach substantially all of 
these features from an inside access, and that a similar scope of 
drifting would be adequate to explore all of the features accessible 
from an outside access. The specific layout for drifting, and the 
locations where features would be intercepted, were not defined.  

3. Connection/integration with the ESF versus no connection/integration 

This factor represents a possible major design feature of the ESF, and 
thus of the repository, and was treated explicitly in the Calico Hills 
study. An access for CHn exploration inside the exploration block 
could be integrated with an ESF shaft or ramp, and would share surface 
facilities as well. In principle, a shaft or ramp for access to the 
CHn could also be constructed inside the exploration block, but with no 
connection to the ESF. This possibility is discussed further in the 
description of screening.  

4. Provision for special area for "aggressive testing." 

Some task group members maintained that flexibility to perform 
large-scale hydrologic or transport experiments in the CHn was an 
important factor. This could be accomplished in either of two ways: 
(1) by providing access to features of interest well outside the 
exploration block (more flexibility); or (2) by providing information 
as the basis for evaluating whether it is reasonable to perform such 
testing within the exploration block. The latter approach was 
implemented in the development of options rather than the former, to 
limit the number of options considered and because the approach to 
"aggressive testing" was judged to be much less important than the 
extent of exploration, for evaluating the test utility of alternative 
strategies.  

The exploration block that is outlined in the map provided as Figure 2.4-4, 
was chosen to define the location aspect of strategies. In general, 
penetrations inside this area have a stronger possibility of lying along 
potential pathways for radionuclide transport than those outside. Penetrations 
more than about 2,000 ft from the exploration block in the unsaturated zone are 
unlikely to lie along such pathways unless the repository is expanded, or there 
is strong lateral diversion between the respository and the water table. The 
exploration block (Figure 2.4-4) was used in lieu of the conceptual repository 
perimeter (SCP Conceptual Design Report) to accommodate limited future 
expansion. A distance of 2,000 ft extends well into or beyond the structures 
which bound the exploration block and may drain diverted or perched groundwater.  
In addition, the boundary of the exploration block is more uniformly closer to 
these bounding structures than the conceptual repository perimeter. In the 
absence of more concrete knowledge of lateral diversion and respository 
expansion, the exploration block boundary was adopted.
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DEFINING THE OPTION SPACE: RATIONALE FOR LOCATION FACTOR

In developing strategies, locations outside of the exploration block were 
considered to be distinct from inside locations, i.e., inside and outside 
penetrations were considered to be separated by at least 2,000 ft. It was 
assumed that the utility of outside locations can be considered in terms of the 
location of the initial penetration (defining what part of the site will be most 
intensively explored early in the site characterization program), and whether 
extensive drifting is incorporated.  

The term test utility is used throughout this discussion to refer 
principally to the location and extent of sampling that is afforded by an option 
or strategy. Options that involve miles of drifting have inherent test utility 
advantages over limited options. In general, the same types of tests would be 
performed in both types of facilities, but the more extensive coverage would 
produce greater test utility. In the extensive options, more testing could be 
located at features of interest noted from exploration. The extent of coverage 
inside versus outside the exploration block could also affect test utility.  

Outside locations were further restricted by considering conditions in the 
CHn that are desirable for exploration and testing. Foremost is the height of 
the basal vitrophyre of the Topopah Spring Member above the water table. This 
should be at least 100 ft to allow for roughly 40 ft of nonwelded Topopah Spring 
Member below the vitrophyre, and roughly 50 ft of capillary fringe. This 
condition was considered by examining the USGS cross sections (Scott and Bonk, 
1984). Cross section D-D' shows that adequate conditions probably do not extend 
beyond Teacup Wash to the northeast. Cross-section B-B' shows that adequate 
conditions are increasingly unlikely to the east of the SE portion of Drill Hole 
Wash. Cross section C-C' shows that adequate conditions are found over a 
relatively large E-W extent, south of the exploration block. Finally, 
cross-section A-A' shows that adequate conditions probably exist under Jet 
Ridge. The water table altitude in borehole USW H-6 on the eastern flank of Jet 
Ridge is less than 1 m higher that in H-5 on Yucca Crest (SCP Figure 3-28).  
Extrapolating conditions about 3,000 ft south of cross-section A-A', conditions 
are probably adequate despite downfaulting.  

The following generalized outside locations were developed: (1) west of the 
exploration block and the Solitario Canyon Fault, under the south-central 
portion of the eastern flank of Jet Ridge; (2) northeast of the block, extending 
to Teacup Wash; and (3) south of the block in a broad area east of the Solitario 
Canyon Fault and under the eastern flank of Yucca Mountain.  

UNDERGROUND EXCAVATION ACCESS POSSIBILITIES: SCREENING 

Given the option space and possibilities, a set of combinations was 
developed and screened. Based on the discussion of factors above, there were 
six possible locations, two possible definitions for extent, and two possible 
states for ESF connection/integration. The resulting 24 combinations are 
indicated in Figure 2.4-1.  

The process of screening the 24 options began with identification of one as 
a baseline case that is understood by the experts and interested parties, and
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which may be used for relative treatment of scoring results in later parts of 
the study. The baseline option for the Calico Hills study was the original 
CDSCP proposal to extend shaft ES-i into the upper part of the unit at the 
Coyote Wash location (northeast, option #3 on Figure 2.4-1). Exploratory 
drilling, limited drifting, mapping, and sampling were conceptually planned.  
H ydrologic testing concepts were proposed, which would be adapted to the 
specific features observed.  

A number of combinations were eliminated by observing that for outside 
options, integration between the ESF and the initial CHn penetration is 
infeasible. This is consistent with the assumptions used to develop options, 
including that the boundaries of the repository are fixed. Various ramp 
accesses to the ESF have been proposed which would include portal more than 
2,000 ft outside the exploration block, but these would not be readily usable 
for outside CHn penetration locations. These screening steps reduced the 24 
options to 18.  

A further simplification resulted from considering only those inside CHn 
options with ESF connection/integration. In principle, a shaft or ramp could be 
constructed inside the exploration block and never connected with ESF/ 
repository openings. A barrier-pillar would be maintained, and the repository 
usable area would be reduced. The basis for the idea is that waste isolation 
performance could be enhanced slightly if there were no direct connection from 
the waste emplacement areas, to openings within the CHn natural barrier.  
However, this concept would also require at least one additional penetration 
(and possibly two or more) from the surface through the repository block. The 
potential adverse impact of such extra penetrations was judged to offset the 
possible benefit to waste isolation. This screening step further reduced the 
number of underground excavation options to 12.  

The grouping process began with a discussion of hypotheses about what would 
be the most important factors in scoring, i.e., how would different options 
score on waste isolation and test utility. The most important of these ideas 
should be tested in the evaluation process, by assessing options that represent 
the range of alternatives. The ideas discussed included: (1) whether 
north/central/south location, inside/outside, and limited/extensive are 
significant choices with respect to waste isolation and test utility; and (2) 
whether the options that appear to provide best waste isolation or best test 
utility are significantly better than medial combinations combining both. To 
identify options which define the alternatives for testing these ideas, seven 
subsets of combinations were formed as noted on Figure 2.4-3. The task group 
then considered which groups are associated with greatest/ least potential 
impacts to waste isolation and test utility. The results are as follows: 

Waste Test 
Isolation Utility

Potential Least 
Adverse 
Impact: 

Greatest

group 5 union of 

groups 2, 4 

group 2 group 5
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The rationale for these assignments is straightforward. Potential adverse 
impacts to waste isolation are least for outside, limited facility options, and 
greatest for inside options involving extensive drifting. Potential adverse 
impacts to test utility are least for options involving extensive drifting, 
especially those inside the exploration block, but also those located outside.  
A check was done to confirm that ignoring the distinction of group 2 as 
producing greatest potential adverse impacts to waste isolation does not fail to 
include any option with potentially high test utility.  

UNDERGROUND EXCAVATION STRATEGIES 

Composition of characterization strategies from options took into account 
the following objectives: (1) limit the number of assessments required of the 
expert panel in the scoring part of the study, (2) choose strategies that 
represent the range of possible options, and (3) consider factors such as 
phasing of different access options, which could not easily have been addressed 
in the foregoing process. The option grouping results were relied upon, and an 
intuitive process was also used to identify representative options from within 
the groups, and to determine whether the strategy list adequately represents the 
trade-off between waste isolation and test utility.  

Several members of the task group produced lists of strategies for 
consideration, and these are compiled in Figure 2.4-5. Discussion of these 
lists developed the following positions: (1) the strategies should be selected 
for clear comparison of possible answers to the questions posed as grouping 
hypotheses; (2) explicit use of phasing to combine access configurations tends 
to reduce the clarity of the comparisons; and (3) definition of access location 
is necessary for the results to be used as ESF design input (i.e., strategies 
which give only a selection of possible alternative access locations have less 
value as design input).  

The discussion resulted in the underground excavation strategies described 
in the list at the end of this section. The rationale for these strategies is 
as follows:

Strategy No. 1 (Outside, southeast, 2 accesses, extended drifting, no ESF 
connection, w/ additional SBT; in addition another facility 
inside, northeast, integrated w/ the ESF) This strategy 
represents a way to achieve high test utility while limiting 
impacts to the rock mass along likely transport pathways. The 
major facility would be located outside the block where 
therewould be relatively fewer constraints on facility design 
(e.g., repository design control) or testing. The facility 
would be designed to support support extensive drifting, and 
testing as appropriate, in the area of the facies transition in 
the CHn. Drifts would be constructed to explore a portion of 
the imbricate normal fault zone, and the southern extension of 
the Ghost Dance Fault. The influence of facies on the 
hydrologic importance of structure would be investigated. A 
SBT program in addition to the SCP program would be conducted, 
including a Prow Pass facility, several angle boreholes, and 
deepening of two planned boreholes (these are discussed in more
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Strategy No. 2 

Strategy No. 3 

Strategy No. 4 

Strategy No. 5

detail for Strategy No. 6). The outside facility could be 
constructed first (although not necessarily) along with the 
incremental SBT. The limited NE facility could then be 
confirmatory, and its design could be based on preliminary 
information from the other facilities and on early results from 
the SCP SBT program. In short, this Strategy would maximize 
information about the CHn unit while limiting direct excavation 
within the exploration block.  

(Inside, 2 accesses in the south, extended drifting, integrated 
w/ the ESF) This strategy maximizes test utility and data 
representativeness, and would also produce the greatest 
potential impacts on waste isolation. Approximately 12,000 
feet of drifting would be supported, to provide access to major 
features including the Solitario Canyon Fault, Ghost Dance 
Fault, Drill Hole Wash, imbricate normal fault zone to the 
east, and the vitric-zeolitic facies transition.  

(Inside, northeast, limited facility, integrated w/ the ESF) 
This is the baseline strategy, corresponding to the CDSCP 
program. It is the most widely known and understood 
configuration for a CHn characterization facility. It can be 
used as the reference basis for relative comparisons among 
strategies, particularly with regard to test utility, and will 
also be used to evaluate whether north versus south location is 
an important factor for limited facilities. This strategy 
would provide access to several major features, including Drill 
Hole Wash, Ghost Dance Fault, and the imbricate normal fault 
zone to the east, while limiting drifting to about 5,000 lineal 
feet.  

(Inside, south, limited facility, integrated w/ the ESF) Some 
of the options under consideration in the ongoing ESF 
alternative configurations study, involve shaft or ramp 
accesses to the ESF in the southern part of the exploration 
block. The unsaturated zone is thicker there, and the Calico 
Hills lithology is mostly vitric, so the waste isolation impact 
may be reduced relative to the baseline Strategy 3. However, 
access to major features would be limited to the Solitario 
Canyon Fault zone in the southern part of the exploration 
block.  

(Inside, 2 accesses in the northeast, extended drifting, 
integrated w/ the ESF) This strategy is similar to No. 2, 
except the accesses would be in the northeast part of the block 
rather than the south. The drifting and testing would be 
virtually the same for No.'s 2 and 5. Trade-off between waste 
isolation and test utility will be evaluated for northeast 
versus south access location. The combination of strategies 2 
and 5 ensures that at least one alternative representing high 
test utility, can be integrated with the ESF accesses wherever 
they are sited.
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Strategy No. 7 

Strategy No. 8

(Outside, southeast, extensive drifting, no ESF connection, wI 
additional SBT) This alternative is similar to No. 1, but 
without the limited facility inside the northeast part of the 
block. This strategy would thus maximize the information on 
both vitric and zeolitic facies, without direct excavation in 
the block. Similar to Strategy 1, the extensive outside 
facility would support exploration and testing as appropriate, 
in an area that includes the facies transition and known 
faulting. This strategy is included in addition to No. 1 to 
examine the relative significance of the limited, inside 
facility to the northeast. The results of evaluating both 
strategies can be considered together to represent the benefits 
of phasing the outside and inside facilities.  

(Outside, southeast, limited facility, no ESF connection, w/ 
additional SBT) Because of the scope and location, this 
alternative would minimize potential adverse impacts to waste 
isolation, and represents the "Least Potential Impact" set 
identified in the grouping process. In addition, this option 
includes the incremental SBT in addition to the SCP program, 
which increases the overall test utility. The excavation would 
explore the-southern extension of the Ghost Dance Fault.

in summary, the strategies discussed above (strategies i through 5, and 
strategies 7 and 8) provide good representation of the groups identified in the 
previous section as having least potential adverse impacts to waste isolation 
and test utility that were identified in the previous section. Strategy 8 
represents least potential adverse impacts to waste isolation (for alternatives 
involving direct excavation in the CHn). Strategy 7 is similar to 8 but 
provides for an extensive outside facility, and thus exchanges aspects 
potentially favorable to waste isolation, for increased test utility. Strategy 
4 represents the intermediate group but retains aspects potentially favorable to 
waste isolation, and is intended to test the importance of north versus south 
location for inside facilities such as the baseline configuration. Strategies 2 
and 5 represent most favorable test utility. Strategy 1 combines aspects 
potentially favorable to both waste isolation and test utility. Access to the 
facies transition is an important test utility attribute for Strategy 1, and 
potential waste isolation impacts associated with being downdip from waste 
emplacement areas would be mitigated because of separation distance and 
intervening structures. The CDSCP strategy for direct excavation in the CHn 
(Strategy 3) is incorporated so that comparison among the strategies can be 
based on a well known configuration, and performance evaluations from the 
literature which use the baseline configuration can be used more directly in the 
assessments for this study.  

The central and west locations for inside and outside facilities, 
respectively, were not included in the strategies list for the following 
reasons. The west location would require extensive development of support 
facilities such as roads and utilities, and was judged unlikely to provide more 
information, nor present different potential impacts to waste isolation, than 
Strategy 1. Central locations were eliminated because although they could 
provide access to the facies transition with a limited facility, and do so
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within the exploration block where test utility is highest, they would tend to 
produce the greatest constraints on repository layout and the ESF. Central 
locations could produce the greatest impact on repository usable area, and were 
judged to be no more favorable than Strategies 1, 3, or 7 with respect to either 
waste isolation or test utility.  

Other assumptions were also developed by the task group. The possibility 
that ramps would be used to access the CHn was discussed, and a position was 
reached that for outside accesses, and probably for inside accesses, shafts 
would involve far less excavation, and there is no obvious difference in waste 
isolation impact or test utility effect. Mining in the CHn would probably be 
done by mechanized miner, which could be transported in a modest shaft. Also, 
some assumption on the plugging/sealing of mined openings is needed to assess 
the postclosure performance implications of the alternative strategies. The 
approach to backfilling, plugging, and sealing is addressed in sections 2.5 and 
2.6.  

The number of penetrations through recognized fault zones, associated with 
each strategy, was discussed both with respect to data representativeness and 
assessment of potential adverse impacts. Accordingly, it was assumed for 
limited excavation strategies 3, 4, and 8, that each targeted structure would be 
penetrated at two different (nearby) locations. Extensive excavation strategies 
2, 5, and 7 would also penetrate each targeted structure at two locations, 
except for the Ghost Dance Fault which would be penetrated at three locations.  
In addition, strategies 1, 7, and 8 would be located outside the block to the 
southeast, where multiple faults are inferred from mapping by Scott and Bonk 
(1984). Accordingly, the extent of fault penetrations is likely to be increased 

by a factor of two, with allowance for the magnitude of the faults which may be 
encountered, and the uncertainty inherent to surface indications of faulting.  

TESTING UNDERGROUND 

Underground excavation access strategies considered above do not limit 
testing to a particular area. The principal objective is exploration, which 
would be accomplished chiefly by mapping, sampling, and exploratory drilling of 
shaft/ramp and drift walls throughout the excavation.  

The extent of exploratory drilling from the underground openings was 
assumed for the purpose of assessing test utility and potential waste isolation 
impact. Drilling would be limited, on average over the entire CHn facility, 
such that all the boreholes drilled from each 100 m of drift would have 
aggregated length sufficient to penetrate the entire CHn (unsaturated) thickness 
at that location.  

The scope of underground testing was discussed by the task group, and for a 
limited facility (up to 5,000 ft of drifting) would include: (1) prelimi- nary, 
dry-drilled coreholes ahead of the penetration to explore rock conditions; (2) 
geologic mapping of all underground openings by photogrammetric means; (3) 
sampling throughout the facility and in the muck-pile for matrix hydrologic 
tests, hydrochemistry studies, etc.; (4) perched water test as required; (5) a 
series of radial boreholes tests conducted from the penetration, involving about 
a total of about 2,000 ft of dry drilling; and (6) testing for hydrologic and
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transport properties of faults, as described in Consultation Draft SCP Section 
8.3.1.2.2.4.6. For extensive facilities (up to 12,000 ft of drifting) it was 
also assumed that two major hydrologic tests would be performed. For the 
purpose of assessing test utility and potential waste isolation impact, these 
tests were assumed to provide information on variation of hydrologic properties 
and processes with scale, validation of models for flow and transport, and 
monitoring of in situ conditions. In this respect, major underground tests in 
the CHn unit would be similar to the bulk permeability and infiltration tests 
planned for the ESF MTL, and the suite of borehole stemming and monitoring tests 
performed for the prototype testing program in G-tunnel on the Nevada Test Site.  

SURFACE-BASED TESTING STRATEGY 

A strategy was developed which would involve SBT, and also drilling from 
the main test level (MTL) of the ESF, in addition to the baseline SCP 
characterization program. No underground excavations would be constructed in 
the CHn, except for a shallow adit into the CHn outcrop near Prow Pass. It was 
the consensus of the task group that the possible waste isolation impact from 
dry drilling, geophysics, and outcrop studies was so insignificant, that a 
single comprehensive surface-based testing strategy should be developed for 
comparison to the other strategies (which involve excavation in the CHn). That 
strategy is discussed below.  

The task group recognized that the feasibility of drilling applications 
such as anale-holes, or drilling from the MTL, is strongly affected by whether 
dry drilling is required, or fluid controls are removed from drilling 
activities. The possibility for two SBT-only strategies, one "dry" and one 
permitting "wet" drilling with mud, air-mist, or alternatives, was considered.  
As pointed out in Section 2.3, the test utility of drillholes is limited 
compared to direct excavation. Test utility would be further reduced by 
contamination of samples and the borehole environment by fluid. Waste isolation 
implications could also be associated with the introduction of large amounts of 
water or other materials into the natural barriers. Accordingly, the "wet" 
SBT-only strategy was rejected.  

The SBT strategy can also be described as a drilling-only strategy, 
combined with a special test facility near Prow Pass. Task group members 
assigned to consider this strategy found that the SCP-basis characterization 
program already contains extensive surface-based, vertical, dry-drilling.  
Angle-hole drilling is called out in the SCP as a possibility in the second 
phase of the systematic drilling program (Study 8.3.1.4.3.1). Angle-hole 
drilling from the surface should be included in the SBT strategy, particularly 
for characterizing the Solitario Canyon Fault, the Ghost Dance Fault, and the 
Drill Hole Wash structure, in the zeolitic and vitric facies. Accordingly, at 
least three such boreholes would be included in strategy 6, located in Solitario 
Canyon, in the vicinity of Drill Hole Wash, and near the Ghost Dance Fault to 
the southeast. In addition, the SBT strategy includes deepening of the planned 
multipurpose boreholes near the exploratory shafts, to the water table.  

Within the ESF, drillholes from the MTL down to the water table are 
included. One such hole would be vertical, located near the exploratory shaft.  
Ancther hole would extend from the MTL west of the Ghost Dance Fault, and
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intersect the fault at depth. Some flexibility as to the location of these 
holes, and possible additional holes of this type, is inferred. Thus the 
strategy could be carried out with any of the possible ESF configurations under 
consideration in the ESF alternatives study.  

The SBT strategy also includes a testing program at an outcrop of the 
tuffaceous beds of the Calico Hills, plus underlying strata, north of the site 
area near the physiographic feature known as Prow Pass. Although the 
lithostratigraphic units comprising the CHn at the site are exposed here, 
lithologic conditions may not be exactly representative of zeolitized CHn in the 
site area. A testing facility would be constructed to support outcrop studies, 
open-cast excavation of structural features, and a shallow adit with a test 
alcove for drilling a pattern of exploratory boreholes and conducting hydrologic 
and transport tests.  

The SBT strategy does not explicitly rely on geophysical methods beyond the 
planned feasibility tests (DOE, 1990) and characterization tests. The use of 
seismic and geoelectric methods to investigate faulting/fracturing and 
alteration/moisture content, respectively, in the CHn is potentially feasible.  
However, such concerns as sensitivity and repeatability of these methods, and 
the validity of correlation between geophysical properties and characterization 
parameters, have not been resolved. Implicit in the SBT strategy, is the effort 
to establish the validity of these methods and apply them using the planned 
boreholes at the site, if appropriate.  

COMBINED SBT AND EXCAVATION IN THE CHn UNIT 

Another application of additional SBT is to augment an excavation strategy 
that does not involve extensive drifting, or drifting within the exploration 
block. Such an application of SBT tends to extend the test utility of the 
excavation strategy, without much increase in potential waste isolation impact.  
Although additional SBT could be added to any excavation strategy, relatively 
little would be gained in this study by combining SBT with strategies 2, 3, or 
5. Strategies 2 and 5 involve extended drifting that will investigate the 
zeolitic facies. Strategy 3 is the baseline strategy, and involves drifting to 
structures within the zeolitic facies.  

SBT could be combined with strategies 1, 4, 7, and 8, consistent with the 
objectives of this study. These involve limited facilities, constructed to the 
south-southeast, either inside or outside the exploration block. By 
incorporating elements of the SBT strategy with strategies 1, 7, and 8, test 
utility is increased because the zeolitic facies would be more intensively 
investigated. These elements include: (1) deepening the multi-purpose 
boreholes; (2) surface-based dry-drilled angle-boreholes to investigate 
structures bounding the exploration block, particularly in the zeolitic facies; 
and (3) construction and operation of a testing facility at the Prow Pass 
outcrop of the CHn. Strategies 7 and 8 remain essentially independent of ESF 
construction, by omission of the angle-holes drilled from the MTL of the ESF.  

The incremental SBT elements were not added to Strategy No. 4, so as not to 
confuse the comparison of strategies 3 and 4 in the scoring process. Also, the 
extra SBT is included in Strategy 8, which is similar to Strategy 4 but involves
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no direct excavation within the block. The additional SBT can, in principle, be 
included in any strategy. For purposes of this study, more insight is to be 
gained by maintaining clear comparisons between north versus south, and inside 
versus outside, than be combining elements in every possible combination.  

DESCRIPTION OF CHANGES IN THIS VERSION (5/29/90) RELATIVE TO THE 4/18/90 VERSION 

The following list summarizes the changes in this version of the 2.4 
interim product for the CHn study, relative to the previous version dated April 
18, 1990. These changes were made prior to the conclusion of expert assessment 
of test accuracy and performance characteristics.  

1. An initial assumption was added to the first subsection, that ESF will 
be integrated with the repository (i.e., shared openings, with ESF 
openings considered permanent items).  

2. The 36 possible access configurations were reduced to 24 by simplifying 
the ESF integration factor.  

3. The 24 possibilities were screened to 12 by eliminating outside options 
with ESF connection, and by eliminating inside options with no ESF 
connection.  

4. Development of the rationale for possible locations was changed, to 
acknowledge possible configurations of multiple accesses, and to 
eliminate the concept of a primary penetration.  

5. The extent of drifting needed to access major features from an inside, 
extensive facility was revised from 10,000 to 12,000 lineal ft.  

6. Elimination of inside options with no ESF connection is discussed in 
the screening description, rather than in the text describing formation 
of strategies.  

7. In the grouping analysis, groups were renumbered in Figure 2.4-3.  

8. Strategies 1, 2, and 5 were changed, and Strategy 7 added in accordance 
with the results of the May 23, 1990, meeting.  

9. Strategy 8 was added to represent least potential impact on waste.  
isolation.  

10. Assumptions on backfilling/plugging/sealing were deferred to Sections 
2.5 and 2.6.  

11. An error in the text was corrected, such that Strategy 4 does not 
include incremental SBT as stated on page 11 of the April 18, 1990, 
report.  

12. Information on number of fault penetrations was provided as the basis 
assumptions for data representativeness and impacts analysis.
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STRATEGIES LIST

The following list of strategies for characterizing the CHn at Yucca 
Mountain will be assessed in the remainder of the study. A brief description of 
each strategy is provided. Further information on each of the strategies, can 
be obtained from the sketches as noted.  

Strategy No. 1 Outside, Southeast, Extended Drifting, No ESF Connection; 
Combined With Additional SBT; Also Combined With Limited 
Facility, Inside, Northeast, Integrated With the ESF (Figure 
2.4-6) 

This strategy requires the construction of an "operational," 
2-access facility, located at least 2,000 ft outside the 
boundary of the repository exploration block to the southeast.  
This facility would have no underground connection to the ESF.  
It would support 12,000 lineal ft of drifting in the CHn, which 
could be distributed over two or more different levels.  
Drifting targets would include the facies transition (explora
tion of the different facies in representative settings) and the 
imbricate normal fault zone east of the block. Based on limited 
available stratigraphic information (see Figure 6-13 of 
Fernandez et al., 1987) there would be ample access to the 
zeolitic facies in this area.  

Additional SBT elements from Strategy 6 are included for 
increased test utility. The proposed test facility at Prow Pass 
would be constructed. At least three surface-based, angle 
drillholes would be drilled "dry," to explore conditions along 
the Solitario Canyon Fault, Ghost Dance Fault, and Drill Hole 
Wash. The Multi-Purpose Boreholes at the Coyote Wash ESF 
location would be deepened to the-water table for additional 
information on the CHn.  

In addition, an underground facility would be constructed in the 
northeast, within the block boundary at or near the Coyote Wash 
site. This facility would be a limited facility similar to the 
CDSCP-proposed, baseline CHn testing facility. It could have 
just one access if permitted by applicable DOE Orders and other 
regulations, otherwise it could have a small-diameter secondary 
access in the immediate vicinity.  

Strategy No. 2 Inside, 2 Accesses, South, Extensive Drifting, Integrated w/ESF 
(Figure 2.4-7) 

Approximately 12,000 linear ft of drifting in the CHn, within 
the boundary of the exploration block, would be supported from 
accesses in the south. These accesses could be shafts, ramps, 
or some combination, and would be integrated with the ESF. The
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underground layout would target the Ghost Dance Fault, the 
Solitario Canyon Fault, the imbricate normal fault zone to the 
east, the Drill Hole Wash structure, and the vitric-zeolitic 
facies change.  

Based on limited available stratigraphic information (see Figure 
6-13 of Fernandez et al., 1987) there would be ample CHn 
thickness to explore the target structures, while maintaining 
mined openings at or above 2,650 feet elevation (at least 70 m 
above the current water table). This specification is adopted 
from the original CDSCP configuration, and is intended to ensure 
that a minimum thickness of the CHn, corresponding to the 
minimum thickness found anywhere beneath the conceptual 
repository, remains unexcavated.  

Strategy No. 3 Inside, NE, Limited Facility, Integrated with ESF (Figure 2.4-8) 

This strategy includes the CDSCP configuration, refined to 
include drifting to the Ghost Dance Fault, the Drill Hole Wash 
structure, and the Imbricate normal fault zone to the east. The 
extent of any single drift from the single access would be 
limited to around 2,000 linear ft. Excavated openings would be 
maintained at or above 2,650 ft elevation to maintain a minimum 
thickness of unexcavated CHn.  

Strategy No. 4 Inside, South, Limited Facility, Integrated with ESF (Figure 
2.4-9) 

A single access would be constructed in the south end of the 
exploratory block and would be connected with the ESF in that 
area. Exploratory drifts would be extended to the Abandoned 
Wash area and to the Solitario Canyon Fault. Each drift would 
be limited to approximately 2,000 linear ft in length.  
Excavated openings would be maintained at or above 2,650 ft 
elevation to maintain a minimum thickness of unexcavated CHn.  

Strategy No. 5 Inside, 2 Accesses, North, Extensive Drifting, Integrated with 
ESF (Figure 2.4-10) 

Approximately 12,000 linear ft of drifting in the CHn, within 
the boundary of the exploration block, would be supported from 
accesses in the north. These accesses could be shafts, ramps, 
or some combination, and would be integrated with the ESF. The 
underground layout would target the Ghost Dance Fault, the 
Solitario Canyon Fault, the imbricate normal fault zone to the 
east, the Drillhole Wash Structure, and the vitric-zeolitic 
facies change. This strategy would be similar to No. 2 in every 
aspect except the access locations and any associated 
differences in the underground layout.
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STRATEGY NO. 1 
OUTSIDE; SE; EXTENDED DRIFTING; NO ESF CONNECTION - ADDITIONAL SBT 

WITH INSIDE, NE, LIMITED FACILITY; INTEGRATED WITH ESF
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-'ale 2.4-6. Sketch depicting CHn characterization Strategy 1.  
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STRATEGY NO. 2 
INSIDE; S; EXTENDED DRIFTING; INTEGRATED WITH ESF

Figure 2.4-7. Sketch depic.ing CHn characterization S-rateg2 
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STRATEGY NO. 3 
INSIDE; NE; LIMITED FACILITY; INTEGRATED WITH ESF

Figure 2.4-8. Sketch depicting CHn characteriza-ion Strategy 3.  
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STRATEGY NO. 4 
INSIDE; S; LIMITED FACILITY; INTEGRATED WITH ESF

OUTLINE

7igure 2.4-9. Sketch depicting CHn characterization Strategy 4.  
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STRATEGY NO. 5 
INSIDE; NE; EXTENDED DRIFTING; INTEGRATED WITH ESF

Im I1

Figure 2.4-10. Sketch depicting CHn characterization Strategy 5.  
2.4-26

I

i I 
i \



Surface-Based Testing (Figure 2.4-11)

The multi-purpose boreholes would be deepened to the water 
table. Three dry, angle-boreholes would be drilled from the 
surface, located in Solitario Canyon, in the vicinity of Drill 
Hole Wash, and to the southeast of the exploration block. The 
target structures would be the Solitario Canyon Fault, the Ghost 
Dance Fault or the Drill Hole Wash structure in the zeolitic 
facies, and the Ghost Dance Fault to the southeast in vitric 
facies. Dry angle-boreholes would be drilled from the MTL of 
the ESF, in proximity to the Ghost Dance Fault, to intersect the 
fault in the zeolitized facies. At least two such boreholes 
would be drilled. Considerable flexibility in the number and 
location of such boreholes is inferred. For example, a pattern 
of boreholes may be drilled into the Ghost Dance Fault from 
single drill room in the NE part of the repository block. In 
addition to the above, a surface-based testing facility would be 
constructed at the Prow, north of the site. This facility would 
include excavation of a small fault, and construction of a 
shallow adit (e.g., depth of 200 ft) to obtain access for 
hydrologic tests possibly involving liquid water flow with 
tracers, and additional drilling into the fault.  

Strategy No. 7 Outside, Southeast, Extended Drifting, No ESF Connection; 
Combined With Additional SBT (Figure 2.4-12) 

This strategy requires the construction of an "operational," 
two-access facility, located at least 2,000 ft outside the 
boundary of the repository exploration block to the southeast.  
This facility would have no underground connection to the ESF.  
It would support 12,000 lineal ft of drifting in the CHn, which 
could be distributed over two or more different levels.  
Drifting targets would include the facies transition (explora
tion of the different facies in representative settings) and the 
imbricate normal fault zone east of the block. Additional SBT 
elements from Strategy 6 are included for increased test 
utility. The proposed test facility at Prow Pass would be 
constructed. At least three surface-based, angle drillholes 
would be drilled "dry," to explore conditions along the 
Solitario Canyon Fault, Ghost Dance Fault, and Drill Hole Wash.  
The multi-purpose boreholes at the Coyote Wash ESF location 
would be deepened to the water table for additional information 
on the CHn. This strategy would be the same as Strategy 1, 
except that no excavation in the CHn would constructed within 
the exploration block.  

Strategy No. 8 Outside, Southeast, Limited Facility, No ESF Connection; 
Combined With Additional SBT (Figure 2.4-13) 

This strategy involves only a limited facility (which may have 
two accesses if required) located at least 2,000 ft outside the 
boundary of the repository exploration block to the southeast.  
This facility would have no underground connection
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STRATEGY NO. 6 
ADDITIONAL SURFACE-BASED TESTING (WITH U/G DRILLING FROM THE ESF MTL)

-+ SB VERTICAL BOREHOL 
>-SB ANGLE BOREHOLE 

)- -U/G ANGLE BOREHOLE

Figure 2.4-11. Sketch depicting CHn characterization Strategy 6.  
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STRATEGY NO. 7 
OUTSIDE; SE; EXTENDED DRIFTING; NO ESF CONNECTION - ADDITIONAL SBT
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F'gure 2.4-12. Sketch depicting CHn characterization Strategy 7.  
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STRATEGY NO. 8 
OUTSIDE; SE; LIMITED FACILITY; NO ESF CONNECTION - ADDITIONAL SBT

Figure 2.4-13. Sketch decicting C~n characterization Strategy 8 
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to the ESF. It would support 5,000 lineal ft of drifting in the 
CHn, which could be distributed over two or more different 
levels. Drifting targets would include southern extension of 
the Ghost Dance Fault. Additional SBT elements from Strategy 6 
are included for increased test utility. The proposed test 
facility at Prow Pass would be constructed. At least three 
surface-based, angle drillholes would be drilled "dry," to 
explore conditions along the Solitario Canyon Fault, Ghost Dance 
Fault, and Drill Hole Wash. The multi-purpose boreholes at the 
Coyote Wash ESF location would- be deepened to the water table 
for additional information on the CHn.
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2.5 ESTABLISH METHODOLOGY FOR COMPARATIVE EVALUATION OF STRATEGIES 

Two methodologies were developed: a value-of-information (VOI) approach, 
and a multiattribute utility analysis (MUA). The VOI analysis was conducted 
during the period from March to approximately October 1990. The MUA commenced 
in October and is concluded by this report. The methodologies were generally 
distinct, except for information developed earlier and used in the MUA, which 
includes: estimated system performance and impacts from characterization, and 
cost/schedule information.
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2.5.1 VALUE-OF-INFORMATION STUDY

This section describes the value-of-information methodology and underlying 
conceptual models. The inputs elicited from the technical and management 
panels, and the analysis of those inputs, is reported in Section 2.6.1.

2.5.1-1



2.5.1.1 Structure of the Value-of-Information (VOI) Study

INTRODUCTION 

This section describes the methodology and model framework for evaluating 
the alternative strategies for testing the Calico Hills (CHn) nonwelded 
hydrogeologic unit. Other parts of this report provide more detailed 
documentation of topics covered in this section. The purpose here is to 
provide an overall description of the approach, model structure, and process 
of conducting the VOI analysis.  

The purpose of characterizing the CHn unit is to reduce uncertainty about 
its performance as a barrier to radionuclide transport. The goal of the CHRBA 
is to identify an appropriate strategy for characterizing the CHn unit based 
on consideration of each strategy's "risks" and "benefits." In the VOI 
portion of the CHRBA, "benefits" refer to the value of the uncertainty 
reduction of each alternative. "Risks," on the other hand, refer to the 
possibility that characterizing the CHn unit will impact its ability to serve 
as a barrier to aqueous transport of radionuclides.  

APPROACH 

The approach to estimating the risks and benefits of the alternative 
testing strategies is based on the concepts and techniques of decision 
analysis. Decision analysis is a formal method for evaluating decision making 
under uncertainty. One of the fundamental concepts of decision analysis is 
"value-of-information." According to basic principles of VOI theory, 
information has value only if it can change decisions.  

A simple example can illustrate the general concepts and techniques. in 
Figure 2.5.1.1-1, the best choice without testing is to "build" the repository 
because its expected costs (40) are lower than the expected costs of the 
"abandon" option (50). However, undesirable outcomes can still occur. There 
is a 30 percent change of a bad outcome due to uncertainty about the true 
state of site performance. More information might resolve this uncertainty.  
Should testing be conducted in this example? 

To answer this question, several judgments are required. One piece of 
information is the range of possible test outcomes and the probability of each 
outccme. In this example, there are two possible test outcomes, "good" or 
"bad," which indicate site performance. However, tests are rarely perfect.  
The test may say "good," when in fact the true state is "bad," or vice versa.  
Sampling error, instrumentation failure, or misinterpretation of data are 
common sources of test error. A reliable way to quantify test accuracy is by 
a distribution of false negatives and false positives. For example, if the 
site were really a "good" site, what is the chance that the test result would 
be "good" (correctly), and what is the chance that the test result would 
incorrectly say "bad" (false negative)? The assessed distribution of false 
negatives and false positives in this example are shown in part A of Figure 
2.5.1.1-2 as the conditional probabilities on the branches for each test 
resu.t.

2.5.1.1-1



EXPECTED 
COST

BUILD/ 
ABANDON

SITE PER
FORMANCE 

Good

COSTS OF EACH PATH

Repository Abandonment 
Impacts Cost

10 

110 

0

0 

0 

50

Figure 2.5.1.1-1. Illustrative decision tree. Expected cost for each alternative appears in 
the ellipse for each branch. "Repository inputs" is a hypothetical measure of cost associated 
with repository construction and performance.
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With the conditional probabilities for test outcomes and the prior 
nrobabilities for the site condition, the posterior or updated probability of 
site condition can be computed. The posterior probability distribution is 
simply the chance that the site is either "good" or "bad," given a test 
result. This can be calculated according to basic principles of probability 
theory (Bayes' Rule). The resulting probabilities are shown in part B of 
Figure 2.5.1.1-2.  

The logic behind a VOI calculation is relatively straightforward. The 
decision at hand is how to conduct characterization, so the tests have 
obviously not been conducted. Test results are hypothetical, but reflect the 
best current estimates of what the results might be. By looking forward at 
the range of possible test results, and whether any results make a difference 
in subsequent decisions, the value of testing can be determined.  

In this example, as Figure 2.5.1.1-3 illustrates, the test has value. If 
the test result is "bad," then the best decision is to abandon rather than 
build, which is the best choice without information. Thus, the decision 
depends on the outcome of the test. The difference between the expected value 
of testing and not testing (40-38=2) represents the value of information in 
this example.  

The reason why the decision changed in this example is due to several 
factors. First, the test is relatively powerful at discriminating between bad 
and good sites. If the test result is "bad," for example, the probability 
that this site is bad is 60 percent, compared to the prior probability of 30 
percent. A second factor is that in the example, the chance of an undesirable 
outcome according to prior probabilities is relatively high, and the 
consequences relatively severe. A third factor is that the costs of the test 
are relatively low. If test costs were more than two units higher in this 
example, testing would have no value. Finally, a necessary but not sufficient 
condition is that once the test is conducted, choices can be made that make 
use cf the new state of information.

Although this example is very simple, it illustrates the basic 
requirements for measuring the value of information for the CHn unit 
characterization alternatives. To implement this approach, the same types of 
questions addressed in the example must be answered: 

1. What are the key decisions to be made? 

2. What are the outcomes of those decisions, what makes them uncertain, 
and how are the outcomes valued? 

3. How does information--in this case, the results of the proposed 
testing strategies--help reduce uncertainty about these outcomes? 

IMPLEMENTATION OF THE METHODOLOGY 

Two panels of experts were assembled to help answer these questions. A 
panel of management experts was convened to identify the major decisions and 
the preferences of the U. S. Department of Enery (DOE) regarding all of the 
possible outcomes. A panel of technical experts in geology, hydrclcgy,
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engineering, and other specialties was convened to determine the uncertain 
outcomes of decisions, identify the sources of uncertainty, and to quantify 
the changes in uncertainty that could result from each testing alternative.  
Expert judgment was elicited according to standard principles and techniques 
of decision analysis.  

Working with the panels, the analysis consisted of five major steps: 

7. identify Decision Strategies.  

2. Identify Objectives and Values.  

3. Develop Model of Uncertain Events and Outcomes.  

4. Assess Inputs for Models.  

5. Assemble Evaluation Model and Conduct Analysis.  

The following sections briefly describe each step.  

Step 1: Identify Decision Strategies 

The purpose of this study was to evaluate alternative testing strategies.  
Thus, a key decision and the focus of our study was whether testing should be 
conducted, and if so, which test strategy. According to VOI principles, 
however, the purpose of testing is to resolve uncertainty so that better 
choices can be made in subsequent decisions. Therefore, to evaluate the 
testing decision, it was necessary to identify downstream decisions that could 
be affected by the results of the tests.  

The downstream decision identified in this study involves a series of 
related decisions about the repository: whether the repository should be 
sited at Yucca Mountain, how waste isolation performance should be allocated 
among natural and engineered barriers, and, ultimately, whether high-level 
waste should be emplaced at the site. These are referred to as long-term 
repository decisions. The two decisions are illustrated in Figure 2.5.1.1-4, 
and briefly described in the following paragraphs.  

Testing Decisions 

As described in Section 2.4, eight testing strategies were developed.  
The strategies are similar in that each alternative represents a collection of 
activities intended to meet the information needs identified in Section 2.2.  
The test strategies differ primarily in two important ways: location of the 

areas explored (e.g., inside the block versus outside the block) and the 
extent of exploration (e.g., limited versus extensive underground explora
tion). It is primarily the location and extent of exploration that determine 

the ability of a test strategy to support conclusions about the spatial and 

temporal generality of specific test results. It is also the location and 
extent of drifting that determine costs and the potential for impacting the 

performance of the CHn unit as a barrier to radionuclide transport.
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Lona-Term Repository Decisions

A detailed evaluation of the long-term decisions was not practicable 
within the scope of this analysis. Instead, this decision was modeled as a 
single decision variable. It represents the key link among the long-term 
recository decisions, and is called the "act as if releases are..." decision.  

Each choice in this decision represents a level of repository 
performance, expressed in terms of radionuclide releases (using the 
performance manual described in Section 2.5.1.2). The choices are intended to 
reflect alternative the DOE positions taken toward repository performance.  
Because repository location, design, and waste emplacement decisions depend 
strongly on waste isolation considerations, the "act as if releases are..." 
decision provides a common basis for the long-term decisions concerning the 
repository. At the same time, the DOE values include more than just 
postclosure performance: cost, timeliness, and other factors are also 
considerations. The "act as if releases are..." variable allows Lhe model to 
balance these factors according to the preferences of DOE policy makers. How 
this was done is described in detail in the value input description (Section 
2.6.1.7).  

For example, consider how the DOE might interpret and act upon new test 
results. Based on that information, the DOE might choose to "act as if" CHn 
unit performance is "poor" (e.g., release levels that are expected to be close 
to or exceed the EPA limits). This might imply either that the repository 
will not be sited at Yucca Mountain, or that extensive engineered barriers 
will be required. Either case also entails consequences. Abandonment, for 
example, may result in high costs for alternative waste disposal methods, 
while reauiring extensive engineered barriers could mean high direct costs and 
long delays in construction. If the site were actually a "very good" site, 
then these investments would be wasted. If the site were in fact "poor," then 
the "right" choices were made and costs minimized.  

On the other hand, the DOE might choose to "act as if" CHn unit 

performance is "very good" (e.g., expected to be several orders of magnitude 
less than the EPA limits). This might imply that less stringent design 
requirements could be used for engineered barriers (e.g., no requirement fcr a 
10,000 year waste package). In this case, the costs could be high if the site 
were actually a "poor" site, because releases could result, leading to 
postclosure health effects. If the site were actually a "good" site as 
predicted, then the right choices were made and the costs minimized.  

In either of these cases, the "act as if releases are..." decision 
variable provides a convenient way to link key decisions concerning the 
repository to outcomes of concern that can be valued. It also provides a link 
between test outcomes and downstream decisions. The optimal choice in this 
decision is selected by the model based on highest expected value, just as it 
was in :he simple illustrative example in the previous section (Figure 
2.5.1.1- 3 ). The optimal choice in this case depends on the same types of 
probabilistic and value inputs as in the illustrative example. These inputs 
are described in Section 2.6.1.
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Step 2: Identify Objectives and Values

The overall goal of the Yucca Mountain Site Characterization Project is 
to build a safe and effective system for long-term disposal of high-level 
radiacý_ive wastes. One means of achieving this is to site, design, and build 
a reposito ry with the objective of meeting the regulatory standards for 
release of radionuclides to the accessible environment. This includes 
releases whicn occur as a result of performance impacts caused by site 
characterization, as well as releases which occur because of baseline 
hydrologic and geologic factors. Thus, an important attribute used for 
valuing outcomes is release to the accessible environment.  

A number of other values are also important. These include the value of 
impacts associated with abandoning a "good" site at various stages of 
construction and use, the value of significant delays in construction and 
licensing, and the value of poor performance of a licensed repository.  
Finally, the direct costs of conducting each test strategy are considered.  

Step 3: Develop Model of Uncertain Events and Outcomes 

In this step, a detailed conceptual model of the uncertain events and 
their relationship was developed through interaction with the technical panel.  
Because of the emphasis of the CHRBA on site performance, the conceptual model 
pertains mostly to estimating releases from the site. The influence diagram 
in Figure 2.5.1.1-5 illustrates the general relationships among model 
variables. Each component of this influence diagram is described in detail in 
Section 2.6.1.  

Step 4: Assess Model Inputs 

The variables used in the model were first carefully and quantitatively 
defined (Section 2.6.1). Numerical values for each variable were then 
assessed from the expert panel and the management team. Elicitation from the 
technical and management panels involved a structured process for obtaining 
each e::-ert' s opinion, uncertainty, and state of information, so as to 
mininize well-known sources of bias, and maximize the interaction and snaring 
of knowledge between experts.  

In any decision or risk analysis, it is vital that sources of risk 
(probability and consequence) be identified and, if relevant, reflected in the 
probabilistic inputs to the evaluation model. To help ensure that the 
anav..sis takes into account the wide range of possible events and extreme 
coutcoes, we use influence diagrams as one tool to help identify variables or 
probacilistic relationships that might result in extreme events. In the 
numerical assessment process, particular emphasis is placed on identifying the 
wors, possible outcomes and their associated likelihoods. As is shown in 
Section 2.6.1, most of the geotechnical inputs assessed had a very wide range 
cf uncertainty. Thus, relatively unlikely events and conditions necessary to 
produce very bad releases are included in the analysis.
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Step 5: Assemble Decision Model and Conduct Analysis

When all necessary judgments were obtained from the panels, each testing 
strategy was evaluated based on the expected value of all of its possible 
outcomes, given that an optimal decision policy is followed in subsequent 
decisions. The strategies, events and outcomes can be represented 
chronologically by a decision tree. The general structure of the decision 
tree constructed for this analysis is illustrated in Figure 2.5.1.i-6. The 
final evaluation of the alternatives was accomplished by "rolling back" this 
tree to determine which decision paths have the best expected outcomes.  

Results of this analysis will indicate a preferred strategy.  
Distributions for all branches of the tree can be generated, and sensitivity 
analysis done on all important inputs. Sensitivity analysis shows how much 
the results change if certain inputs are varied from their assumed values, and 
provides insight into the key determinants of the optimal decision policy.
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2.5.l.2 Conceptual Models for the Value-of-information (VOI) Study 

This section describes concepts used by the Calico Hills Risk/Benefit 
Analysis (CHRBA) to simplify the geotechnical inputs, and to ensure that the 
technical panel members clearly understood the elicitation process. The section 
also addresses which disturbed conditions and disruptive events are considered 
in assessment of the benefits of testing and potentiai impacts to waste 
isolation.  

The S.P (13E, 1988) staies that based on current information, the CHn unit 
will be the primary barrier for demonstrating compliance with the total system 
performance objective, and the pre-waste emplacement groundwater travel time 
(GWTT) objective from 10 CFR 60 (SCP Tables 8.3.5.12-1, 8.3.5.13-8). The 
geotechnicai inputs for the VOI study pertain to total system performance only, 
as prescribed in the plan (YMP/90-3). Reasons for this include: (1) the manner 
in which the U.S. Department of Energy (DOE) will implement the GWTT cbjective 
has not been determined (i.e., whether probabilistic or deterministic, and the 
extent of the disturbed zone); and (2) GWTT is similar to unsaturated zone 
travel time, which is addressed probabilistically in the estimates of total 
system performance.  

AQUEOUS TRANSPORT VERSUS DIRECT AND GASEOUS TRANSPORT 

Radionuclide transport to the accessible environment may be waterborne, 
direct (e.g., volcanic ejection), or gaseous (for certain radionuclides). Total 
system performance assessment as described in the SCP (Section 8.3 .13; DOE, 
1988) will consider each of these modes. The CHRBA considers only the water
borne (aqueous) transport mode, for comparing alternative CHn unit 
characterization strategies.  

Releases are important to the CHRBA for two reasons: (1) identifying the 
reduction of uncertainty about site performance that can be achieved from 
characterization, and (2) describing impacts to waste isolation that are 
associated with characterization.  

Characterizing the CHn unit by any reasonable strategy is unlikely to 
reduce uncertainty associated with direct release scenarios that depend on 
magmatism or human activity in the far future. Gaseous release pathways are 
unlikely to involve the CHn unit, considering that the Topopah Spring Member 
host rock crops out at the site and has more abundant fracture pathways for 
diffosive response to atmospheric transients, than the underlying CHn.  

impacts to the CHn unit from characterization are judged to have no 
significant effect on the nature of direct releases. This is similar to the 
position in SCP Section 8.4.3.3.1.2 that the effects of extrusive magmatic 
activity, exploratory drilling, and resource mining are independent of the 
presence of the site characterization penetrations or effects considered.  
Gaseous releases will be unaffected by CHn unit penetrations or effects that do 
not coincide with potentially significant pathways.



PERFORMANCE MEASURE FOR RELEASES

The measure of releases assessed directly by the CHRBA technical panel, was 
tha: defined by 40 CFR 191 Appendix A, a sum of terms developed for each 
radionuclide. Each term is the ratio of released inventory, divided by the 
activiyv limi: for that radionuclide specified in Table 1 of the regulation.  
The released inventory for each radionuclide is taken as the aggregation of 
every unit of activity present at the measurement point at any time during the 
10,000-yr performance period, although radioactive decay may occur along the 
transport pathway beyond the measurement point during this period.  

The portion of each radionuclide in the released inventory changes with 
time because of radioactive decay. Similarly, the value of the release measure, 
and the composition of the released inventory, depend on what part of the 
release plume is considered. These effects are difficult to asses& for 
snort-lived radionuclides without a computer. However, short-lived nuclides 
including Am-241 comprise a minor fraction of the released inventory at the 
waste form, and the error from not explicitly considering decay is probably less 
than 50 percent. Also, the approach taken to account for mobile species (see 
below) is believed to provide a conservative margin for error with respect to 
mobile elements that could comprise a significant portion of the inventory 
released to the accessible environment at low release levels.  

CONSTITUTIN OF RELEASED INVENTORY 

Recognizing that aqueous transport varies significantly among differen 
radionuclides, the CHRBA developed a description of the composition of the 
released inventory. The repository inventory of various nuclides has been 
tatulaned in various reports (DOE, 1980; Croff and Alexander, 1980). Spent fuel 
was assumed to be the predominant form of waste, by the CHRBA. A comparison of 
the twelve most active radionuclides in spent fuel of different ages, normalized 
by the U.S. Environmental Protection Agency (EPA) limits for each nuclide, is 
presented in Table 2.5.1.2-1 (Kerrisk, 1985).  

The teohnical panel recognized that explicit treatment of the decay and 
retardation of even a few radionuclides was beyond the scope of the CHRBA.  
Mcreover, this type of analysis is published in Sinnock et al. (1987) for 

r ... e.. logic conditions that are applicable to the CHRBA. An assumed 
comoosition for the released inventory is needed to support estimates on 
transport, leading to the approach described below.  

The radioactivity of 1,000-yr spent fuel waste is dominated by Am-241, 
Pu-239, and Pu-240 (Table 2.5.1.2-1). The combined activity of these three 
nuclides, normalized to the respective EPA limits, is roughly 100 times the 
total activity of all the other nuclides present. At 10,000 yr much of the 
Am-241 will decay, and Am-243 becomes important along with other actinides at 
relatively low activity levels including U-234, Pu-242, Th-230, Np-237. The 
combined activity of Am-243, Pu-239, and Pu-240 at 10,000 yr is roughly 20 times 
toe :otal activity of all the other nuclides present.

2.5.1.2-2



Table 2.5.1.2-1. Most abundant radionuclides in spent fuel waste, ratioed to 
the EPA limits at 100; 1,000; and 10,000 years (after Kerrisk, 
1985).

102 years 3 years 104 years 

2 4lAm 3.8 x 104 241Am 9.0 x 103 2 3 9Pu 2.4 x 1C0 
2 3 8 pU 1.1 X 104 2 4 0 Pu 4.8 x 103 2 4 °pu 1.8 x 03 
137Cs 1.0 X 104 2 3 9Pu 3.1 x 103 2 4 3 AM 6.7 x 101 
1 37 Ba 9.8 X 103a 243AM 1.6 X 102 2 3 4U 1.9 X i01 
9 0 qS 6.8 X 103 2 3 4 U 2.0 x 10' 2 42 Pu 1.7 x U0' 
90y 6.8 X 1 0 3b 2 4 2 pU 1.8 X 101 2 3 1Th 1.7 x 101 
2 4 0pu 5.3 x 103 2 3 9Np 1.6 x 101c 2 3 7Np 1.2 x 101 
2 3 9 Pu 3.1 x 103 14C 1.4 x 101 2 3 9Np 6.7c 
2 4 1 pU 1.0 x 103 2 3 7 Np 1.0 x I0' 5 9 Ni 4.8 
244Cm 3.3 x 102 2 3 8 pU 9.7 1 4 C 4.6 
63Ni 3.1 x 102 5 9Ni 5.2 2 3 6 U 3.5 
243AM 1.7 x 102 2 3 8 U 3.2 2 38U 3.2 

Several different approaches to modeling the mobilization of nuclides at 
the waste form have been used. The congruent dissolution model implies 
mobilization of a volume fraction of waste, limited by solubility of the uranium 
dioxide matrix. This has been used as a first order approximation in studies 
such as Sinnock et al. (1987). Kerrisk (1984) developed other approaches based 
on aqueous solubility limits and diffusive behavior of radionuclides, and which 
yielded results similar to congruent dissolution.  

Recent observations reported by Apted et al. (1990) show that soluble 
radionuclides (Tc-99, Cs-137, 1-129, and Sr-90) may be released into solution 
under certain conditions, even if there is no net dissolution of uranium.  
Oxidation of uranium from its tetravalent state tends to disrupt the structure 
of the fuel matrix, providing pathways for release of soluble species. This 
alteration effect has been observed on tests using J-13 water from near Yucca 
Mountain, and has been observed on fuel pellets from rods which have failed 
during reactor service (Forsyth et al., 1990). Of the nuclides identified.by 
Apted et al. which are mobilized, Tc-99 has by far the greatest potential effect 
on the release measure R, because of abundance and long half-life.  

For the CHRBA, the composition of nuclides released at the waste form was 
assumed to be derived from a volume fraction representing congruent dissolution 
and related mechanisms, plus an extra proportion of Tc-99 representing the 
selective leaching that may occur with uranium alteration. The volume fraction 
was assumed to have the composition for 1,060-yr old spent fuel waste calc'lated 
by Sinnock et al. (1987). The proportion of Am-241 in this calculation is lower 

than for the 1,000-yr inventory of Kerrisk (1985), probably because of
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differences in assumed type and age of the waste. The difference is of small 
importance because decay of Am-241 is associated with older waste, and 
corresponds more closely to the 10,000-yr performance period.  

In summary, the release measure for the CHRBA is assumed to be determined 
by release of several radionuclides from the waste form and package, and thne 
disposition of this inventory in the other engineered barriers and the geologic 
setting. The predominant nuclides are assumed to be the most abundant, active 
actinides (Am, Pu) plus an extra proportion of mobile, long-lived actinides and 
fission products (represented by Tc-99). The effect of less abundant ac.inides 
which are retarded more or less than Pu and Am, is relatively small and can 
readily be included in the uncertainty on the contribution of Am and Pu to the 
release measure. Similarly, the effects of soluble nuclides other than Tc-99 
are probably small and can readily be included in the uncertainty on the 
contribution of Tc-99 to the release measure. Other soluble nuclides (e.g., 
Cs-135, Np-237, Sr-90, Ra-226, and C-14; Kerrisk, 1984) typically have 
significantly less activity in the total inventory, much shorter half-life, more 
evidence for retardation, or a combination of these.  

FLOW REGIMES 

Disturbed site conditions are considered in the CHRBA because they 
principally determine: (1) the contribution of the CHn unit to site 
performance, and (2) impacts from characterizing the CHn unit. The structure of 
the decision-aiding methodology devised for the CHRBA calls for a set of 
mutually exclusive, collectively exhaustive conditions to be identified. A 
distinction is made between transport conditions (e.g., fracture versus matrix 
flow), and initiating events (e.g., fault rupture, magmatic intrusion) which may 
alter transoort conditions. Initiating events tend to be probabilisticalyv 
dependent; i.e., tnere is a finite joint probability that more than one such 
event will occur. On the other hand, prevalent transport conditions (e.g., 
fracture flow) are generally exclusive of one another, and form the basis for a 
description of possible future conditions, to the extent that the conditions are 
appropriately defined and prevail throughout the 10,000-yr performance period.  

Hydrologic attenuation and storage characteristics limit the rate of change 
rrom one transport condition (e.g., matrix flow) to another (e.g., fracture 
flow) thus limiting the problem of prevalency among two or more conditions.  
Transport conditions (e.g., fracture flow) may be initiated by various events 
(e.g., climate change, fault rupture) and to an approximation, the likelihoods 
,f such events may be incorporated into estimates of the probabilities that the 
transport conditions will prevail.  

Definitions of hydrologic conditions (flow regimes) developed for the CHRBA 
are as follows: 

Concentrated fracture flow is defined as >1,000 cubic meters/yr Of water 
moving through one or more faults, including associated fracture zones, 
providing pathways through 90 percent or more of the CHn unit. The plan 
area of such zones would be on the order of 5 percent of the repository 
area, requiring an effective flux-concentrating mechanism.
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Distributed fracture flow is defined as >1,000 cubic meters/yr moving 
through fractures distributed over 50 percent or more of the repository 
area, and providing pathways through >90 percent of the CHn unit.  

Fast matrix flow is defined as >1,000 cubic meters/yr moving at average 
velocity of >10 cm/yr along matrix pathways through the CHn unit.  

Slo..w mat__r ficw is defined to include matrix flow and fracture flow 
conditions not described above.  

The 1,000 cubic meters/yr flow rate magnitude is based on a quantity of 
water that if sustained over 10,000 yr could produce releases approaching the 
EPA limits. Using the congruent dissolution assumption described above, Sinnook 
et al. (1987) calculated R=0.32 if 1,500 cubic meters/yr becomes saturated in 
uranium and the associated volume fraction of other nuclides, and transpocrts 
this inventory directly to the accessible environment. Following the 
assumptions given above for constitution of the released inventory, and using a 
flow rate of 1,000 cubic meters/yr, gives an R of about 3/10. This approach is 
conservative because: (1) waste form release mechanisms other than congruent 
dissolution are accounted for; (2) the flow rate corresponds to roughly 0.3 to 
0.01 of the total average flux through the repository area (for total average 
flux of 0.5 to 6 mm/yr); and (3) if the flow rate occurred in the CHn unit, a 
large portion of uncontaminated water would also be involved, further limiting 
releases. In other words, for cumulative releases to be in the range 0.1 < R < 
1.0 would probably require a flow rate well in excess of 1,000 cubic meters/yr 
through the repository and the CHn unit.  

This approach uses defined flow regimes as the exclusive and exhaustve 
basis for considering future conditions in the CHn unit. For the CHREA it was 

assumed that any plausible description of prevalent site transport conditions 
over the next 10,000 yr can be satisfactorily assigned to one of the defined 
flcw regimes.  

FRACTUE FLOW VELOCITY 

The average particle velocities associated with fracture flow as defined 

above, w..t. effective porosity in the range 0.0005 to 0.01, are as follows: 

Concentrated fracture flow average velocity could be 30 cm/yr to 7 m/yr, or 
greater if the flow rate exceeds 1,000 cubic meters/yr or the flow area is 
less than 5 percent of the total repository area.  

Distributed fracture flow average velocity could be 3 cm/yr to 70 cm/yr, or 

areater if the flow rate exceeds 1,000 cubic meters/yr (lower if the 
invoved area is more than 50 percent of the total repository area).  

These velocities are deduced and used in the assessment process as a factor 

affecting retardation, but are not an explicit part of the flow regime 
den-. os.n
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INITIATING EVENTS AND DISTURBED CONDITIONS

Assessments of the probabilities of the flow regimes, site performance, and 
the efficacy of characterization strategies, should encompass a wide range of 
possitie initial conditions, future disturbed conditions, and initiating events.  
The events and conditions to be considered by the CHRBA should also meet several 
constraints: 

a. Initial conditions, future disturbed conditions and initiating events 
should be credible.  

b. Only conditions and events that could significantly alter aqueous 
transport through the CHn unit need be considered.  

c. For assessment of benefits from characterization, disturbed conditions 
need be considered by the CHRBA only if they affect aqueous transport 
through the CHn and can be characterized by a reasonable program.  

d. The effects of any credible initiating even- 3hould be encompassed by 
the set of disturbed conditions, i.e., the p -nomenology of releases 
associated with any initiating event should be consistent with the 
definitions of the set of disturbed conditions.  

Constraint b. limiting conditions and events to those affecting aqueous 
transport is based on the following arguments concerning the other modes of 
release, gaseous and direct.  

impacts from characterization will not significantly affect gaseous 
transport because such pathways do not involve the CHn unit. Gaseous flow paths 
are much more likely to occur between the repository and the surface, than to 
indirectly involve underlying, buried units. The Topopah Spring member host 
rock is more fractured than the CHn unit, and crops out in Solitario Canyon 
adjacent to the repository.  

Impacts from characterization are very unlikely to affect direct releases 
from human intrusion because backfilled/sealed openings will not change the 
frequency and location of exploratory borings, nor change the distribution of 
released radionuclides so as to significantly increase direct releases. (This 
analysis is based on assumptions concerning repository sealing, as discussed in 
Section 2.6.1 of this report.) Impacts to the CHn unit from characterization 
will not significantly affect direct releases from magmatic activity, given that 
no credible mechanism has been identified for back-filled/sealed openings to 
change the likelihood of volcanism at the site, or to act as conduits for magma 
that intersects the repository in a way that transports waste to the surface.  

Therefore, conditions and initiating events which need to be considered by 
the CHRBA for assessing benefits and impacts from characterization, are limited 
to those involving changes to aqueous transport. The CHRBA uses a list of 
events and conditions developed for the impacts discussion in Section 8.4 of the 
SC! (DOE, 1988). The following list is based on the SCP discussion of total 
system performance (Section 8.3.5.13), and on a comprehensive review of 
applicacle concepts (Ross, 1987). For each condition or event the list also 
incl ues analysis of whether the above constraints are met, and where
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appropriate, describes the geotechnical inputs which accommodate the condition 
or event.  

(expected category; reasonably likely, but not currently present) 

1. Climate change could increase flux through the unsaturated zone 
(greenhouse warming with increased summer precipitation, followed by 
long-term cooling with pluvial conditions).  

Analysis: The likelihood of sustained climate change is incorporated 
in the probabilities for the flow regimes. The phenomena that would be 
produced by climate change are consistent with the flow regime 
definitions. The effects of climate change are considered in 
assessments of available inventory, CHn transport, and impacts from 
characterization.  

2. Surface flooding from severe thunderstorms could increase flux through 
saturated fractures, or increase perched water, leading to more rapid 
travel time and promoting flow along sealed excavations or boreholes.  

Analysis: The magnitude of infiltration that could result from surface 
flooding, possibly associated with slightly warmer climatic conditions, 
is incorporated in estimates of the probabilities of the flow regimes.  
The phenomena associated with episodic infiltration over an extended 
period are included in the flow regime definitions. The effects of 
increased infiltration are considered in assessments of available 
inventory, CHn transport, and impacts from characterization.  

3. Geochemical changes as the result of ongoing processes could alter 
hydrologic structure, promoting fracture flow, possibly into sealed 
excavations or boreholes.  

Analysis: Precipitation, solution, or alteration of minerals in 
fractures are important factors controlling the interaction of fracture 
flow with the adjacent matrix. The factor influences both advective 
and retardation processes, and is incorporated in the various 
assessments for fracture flow transport.  

4. Undetected faults or shear zones (wet zones or conduits for flow) 
either above or below the repository which could promote flow along 
sealed excavations or boreholes.  

Analysis: The capability to detect features is an attribute of each 
characterization strategy, and is considered in the test likelihood 
assessments. The phenomena associated with the existence of faults or 
shear zones are included in the flow regime definitions. The effect of 
an undetected feature on backfilling/sealing is considered in the 
impacts assessments.  
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5. An undetected, existing volcanic dike could produce water movement from 
saturated fractures into excavated openings, in excess of that 
predicted.  

Analysis: The capability to detect features is an attribute of each 
characterization strategy, and is considered in the test likelihood 
assessments. The phenomena associated with an adjacent but undetected 
:eature are included in the flow regime definitions. The possibilIty 
of failing to apply sealing measures locally, to address such phenomena 
is considered in the impacts assessments.  

6. Faulty waste emplacement of waste packages could result in damage to 
the packages, or increased exposure to moisture and consequent 
corrosion, leading to increased releases from the engineered barriers.  

Analysis: This initial condition is considered in assessment of the 
available inventory for transport through the CHn unit.  

.Undiscovered boreholes could provide direct pathways for infiltration 
to reach the repository horizon, which could result in increased 
releases from the engineered barriers.  

Analysis: The likelihood that reason=t!e strategies for characterizing 
the CHn unit will detect such feature-. (given a low probability that 
they exist, and have not been detected already) is remote. The 
possibility for localized, direct pathways to the repository horizon is 
considered in assessment of the available inventory for transport. The 
similar condition of "lost" characterization boreholes is considered in 
the impacts assessments.  

8. Undiscovered mineshafts could produce localized infiltration, 
increasing the water in contact with waste, and increasing releases 
from the engineered barriers.  

Analysis: The likelihood that reasonable strategies for characterizing 
the CHn unit will detect such features (given that they have not been 
detected already) is remote. The possibility for localized sources of 
heavy infiltration is considered in assessment of available inventory 
for transport.  

9. Differential response to heating, including diversion of flux to larger 
or newly formed open fractures, possibly increasing the source term and 
hastening transport through the engineered barriers and the host rock.  

Analysis: This condition is considered in assessment of the available 
inventory for transport through the CHn unit.  

I0. Tnelastic response to heating could change the near-field environment, 
accelerating corrosion of the waste packages, increasing releases from 
the engineered barriers.  

Analysis: This condition is considered in assessment of the available 
inventory for transport through the CHn unit.
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1i. Temperature-driven fluid migration in the host rock could increase the 
water contacting waste, and hasten transport through the host rock, 
increasing releases to the CHn unit.  

Analysis: This condition is considered in assessment of the available 
inventory for transport through the CHn unit.  

12. Local mechanical fracturing in the host rock could affect the 
near-fieid environment, increasing releases from the engineered 
barriers.  

Analysis: This initial condition is considered in assessment of the 
available inventory for transport through the CHn unit.  

13. Corrosion processes could lead to failure of many waste packages, and 
colloidal transport in particular, which could increase releases from 
the engineered barriers.  

Analysis: Processes that might lead to widespread failure of waste 
packages are considered in assessments of the available inventory for 
CHn transport. Colloidal transport through the CHn unit is considered 
in the assessments on CHn performance and the impacts of CHn 
characterization.  

14. Chemical reaction of waste packages with the host rock could increase 
uranium solubility, and possibly cause colloidal transport, increasing 
releases from the engineered barriers.  

Analysis: Reaction of the waste package or the waste form with the 
host rock is considered in the assessment of available inventory fcr 
transport through the CHn unit. Colloidal transport is considered in 
the assessments on CHn performance and the impacts of CHn unit 
characterization.  

15. Chemical alteration from repository heating, could result in sealing of 
pores connecting matrix porosity with fractures, thus increasing 
fracture flow in the host rock.  

Analysis: This initial condition is considered in assessment of the 
available inventory for transport through the CHn unit. Fracture flow 
above the CHn unit that could be produced by this condition is 
consistent with the host rock conditions that are associated with the 
defined flow regimes in the CHn unit.  

16. Microbial activity could accelerate waste package failure, or cause 
tiotransport increasing the mobility of actinides along transport 
pathways.  

Analysis: Altered microbial activity along pathways through the CHn 
unit is considered in the impacts assessments. The possibility for 
accelerated waste package corrosion is considered in the assessments on 
available inventory for transport through the CHn unit.
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(unexpected category; low-probability, disruptive conditions)

17. Extreme climate change could increase flux through the repository, 
create perched water, elevate the water table, change the pattern of 
flow in the saturated zone, and create closer saturated-zone discharge 
points.  

Analysis: The likelihood of sustained, extreme climate chanoe is 
inoorporated in the assessments of probabilities of the flow regimes.  
The effects of extreme climate change are incorporated into the 
estimates for available inventory and CHn transport, for each flow 
regime. The phenomena that would be produced by climate change are 
consistent with the flow regime definitions. Saturated zone transport 
is estimated for a general case and not considered for each flow 
regime, thus the influence of low-probability climate conditions is 
considered indirectly.  

10. Stream erosion could erode the Tiva Canyon caprock and change the 
nature of infiltration at the site. If the PTn nonwelded un•t is 
exposed by downcutting of the washes, these features could become 
barriers to lateral flow in the Tiva Canyon member, diverting flux 
downward.  

Analysis: This condition depends on climate change, and is considered 
in assessments for probabilities of the flow regimes, and for available 
inventory associated with each flow regime. The flow phencmena 
associated with this condition are consistent with the definitions of 
the flow regimes.  

19. .ault4ina and seismicity could potentially shear waste packages on 
regions of greater moisture flux, create zones of increased 
conductivity, or create structural changes that cause the water table 
to rise.  

Analysis: Faulting within the repository block, and ground motion from 
far-field rupture, are possible initiating events that are conside red 
in the assessment of probabilities of the flow regimes, available 
inventory, CHn transport, and impacts from characterization. Water 
table rise from structural causes is considered in the assessments on 
CHn transport and saturated zone performance.  

20. Magmatic intrusion into the unsaturated zone could change the 
distribution and magnitude of groundwater flux, change hydrologic 
properties, and change the geochemical properties along transport 
pathways.  

Analysis: This is a low-probability initiating event that is 
considered in the assessments on CHn transport.  

21. Extrusive magmatic activity could be associated with intrusion, and 
result in direct release by ejection of waste packages in a flow of 
extruding magma.
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Analysis: Direct release is not considered by the CHRBA as explained 
in the introductory paragraphs above.  

22. Irrigation in Midway Valley could change the moisture flux, in an area 
near the repository.  

Analysis: Midway Valley is distant and down-gradient from the 
repositorv block and any prospective location for underground 
exploration of the CHn unit. Possible future irrigation of Midway 
Valley is not considered in the CHRBA.  

23. intentional groundwater withdrawal could lower the water table below 
the repository, and increase hydraulic gradients in the saturated zone.  

Analysis: This event would lead to altered future conditions that are 
considered in assessment of CHn transport and saturated zone transport.  
The possible direct release aspect of these conditions is not 
considered by the CHRBA.  

24. Exploratory drilling could intercept waste packages, or penetrate rock 
along pathways for aqueous transport, bringing waste to the surface.  
Boreholes could alsoý create preferential pathways and introduce 
chemical agents that enhance radionuclide transport.  

Analysis: The direct release aspect of this initiating event is not 
considered by the CHRBA for the reasons described in the introductory 
paragraphs above. Similarly, there is a negligible chance that 
site-specific information from a reasonable CHn unit characterizatio: 
program would contribute significantly to the evaluation of effects 
from future drilling.  

25. Resource mining could potentially result in direct releases, introduce 
water to the repository block, create preferential pathways, and 
introduce chemical agents that enhance transport.  

Analysis: The direct release aspect of this initiating even: is not 
considered by the CHRBA. Similarly, there is a negligible chance that 
site-specific information from a reasonable CHn unit characterization 
program would contribute significantly to the evaluation of effects 
from future mining.  

26. Climate control could potentially increase flux through the repository, 
raise the water table, or produce perched water.  

Analysis: The likelihood of climate control is considered in the 
assessments on probabilities of the flow regimes. The effects are the 
same as those for climate change, which are considered in the 
assessments of available inventory and CHn transport.  

27. Surface flooding or impoundments from natural or artificial causes 
could increase groundwater infiltration beneath a wash during a flood, 
or beneath an impoundment.
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Analysis: Surface disturbance is an initiating event for locally 
increased flux, that is considered in the assessments on available 
inventory and CHn unit transport.  

28. Regional change in tectonic regimes could raise or lower the water 
table as discussed for faulting and seismicity, or for extreme climate 
change.  

Analysis: This initiating even: is considered as a cause for water 
table rise, in the assessments on transport through the CHn unit, and 
on saturated zone transport.  

29. Folding, uplift, or subsidence could change the groundwater flux 
through the repository, or change the repository height above the water 
table.  

Analysis: This is a low-probability initiating event that is 
considered in assessments of the probabilities of the flow regimes, 
available inventory, and transport through the CHn unit.  

In addition to the above list, the following additional conditions and events 
were identified by the CHRBA: 

30. Extensive lateral or vertical heterogeneity of the properties or state 
variables in the CHn unit could emerge as additional data are acquired, 
and preclude the objective of providing assurance of the contribution 
of the unit to waste isolation performance.  

Analysis: This initial condition is considered in the test likelihood 
assessments for alternative characterization strategies.  

31. The existence of significant transient flow processes in the CHn unit 
could also preclude the objective of providing assurance of long term 
performance of the unit.  

Analysis: This initial condition is considered in the test likelihood 
assessments for alternative characterization strategies.  

32. Very poor ground conditions in shafts and drifts for CHn unit 
characterization preclude appropriate sealing measures.  

Analysis: This initial condition is considered in the assessments of 
impacts from characterization.  

SUMMARY OF EVENTS AND CONDITIONS 

The foregoing list results from a comprehensive approach for including 
disturbed conditions, initial conditions, and initiating events in the CHRBA.  
Not all the listed items are analyzed by the CHRBA in detail. Rather, many 
low-probability events are considered as contributors to the conditions 
described by higher-level assessments. The contributions of low-probability 
events with hiahlv uncertain consequences, are considered in the assessment
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process. The higher-level approach is used not as a performance assessment, but 
as a methodology to provide a broad base of support to the CHn unit 
characterization decision.  

Also, as stated in the introductory paragraphs above there are constraints 
c. whin'o events and conditions need to be considered. Only those that pertain 
to aqueous transport, and could increase impacts or can be elucidated by a 
r-easonacie CH unit characterization program, need to be considered in the 
CHRBA.  

PROBABIL!STIC MODEL 

A simple approach is used to identify and combine factors contributing to 
aqueous releases from the total system. This was not a 
performance assessment, but was intended to provide levels of detail and 
defensibility appropriate to support a recommendation from the CHRBA.  

The most important factor is transport through the CHn unit, which was 
treateo in more detail than the host rock, saturated zone, or engineered barrier 
system. The following geotechnical inputs were assessed: 

a. Available inventory at the top of the CHn unit, for transport through 
the unit, including contributions from the waste form, waste package, 
other engineered barriers, and the host rock. This variable was 
assessed as a distribution on the release measure, for each flow 
regime.  

b. Transport through the CHn unit. Assessed as a distribution on the 
release measure considered at the water table beneath the site. The 
variable was assessed for three different levels of available 
inventory, for each of the four flow regimes.  

c. am acts to waste isolation. Assessed by the technical panel as a 
distribution on a factor by which the release measure for transport 
_.rcua' the CHn unit would be changed because of the influence of 
cnaracterization activities, backfilling, and sealing. The variable 
was assessed for each flow regime.  

d. Saturated zone transport. Assessed as a distribution on a factor by 
which the release measure for transport through the CHn unit would be 
changed, representing transport through the saturated zone to the 
boundary of the accessible environment. Assessed as single 
distribution that is for any flow regime.  

Coucp rg between available inventory, CHn unit conditions, and impacts is 
accomplS..... usng fIlow regimes as a discrete variable. The CHRBA assumed that 
the ava4'azte inventory, CHn transport, and saturated zone transport will be 
produced by processes that are steady over much of the 10,000-yr performance 
period. For example, the effects of climate change would be included under this 
assumc:-in, but significant releases would be the result of sustained climate 
change. This assumption is supported by two general statements: (i) release 

.els approaching the EPA limits require sustained processes; and (2) engineer-
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ed and natural barriers have strong latency and attenuation aspects that 
substantially lengthen the time scale for major changes in the mode of 
transport. In addition, the assumption makes it more feasible to develop 
estimates of aqueous releases by direct application of expert judgment.  

The assumption of uniform releases is also supported for use in a decision 
model, by interpretation of the 40 CFR 191 preamble which states that the EPA 
limits would produce health effects comparable to those from a related quantity 
of unmined uranium ore. Releases at the level of the EPA limits are estimated 
to produce 0.1 fatality per year over 10,000 years. If transient changes in 
health effects attributable to uranium ore deposits are not expected, then it is 
likely that the EPA comparison assumes that society's perception of these health 
effects is based on uniform expression of the effects through time. Making the 
comparison in the basis for the EPA limits then implies that release processes 
exhibit an important degree of temporal uniformity.
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2.5.2 STRUCTURE OF THE MULTI-ATTRIBUTE UTILITY ANALYSIS (MUA)

This section describes MUA in general, and how the method was applied here.  
The approach and objectives are very different for the value-of-information 
studv and the MUA, as discussed below. Key features of the MUA are summarized 
by the objectives hierarchy (Figure 2.5.2.2-1), and flowcharts showing steps in 
the elizi:a:ion and analysis (Figures 2.5.2.4-1, -2, and -4). Inputs elicited 
from the te hnical and management panels, and analysis of those inputs, are 
reported in Section 2.6.2.
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2.5.2.1 The Problem: The Need to Assess the Several Benefits and Costs of Test 
Strategies 

Presented with the value-of-information model results, both the technical 
and management panels preferred testing in spite of the model results. In 
Section 2.6.1.8 this situation was attributed to either: extreme sensitivitv to 
errors in characterization at low release levels, or the existence of values 
which had nor ceen accounted for in the VOl model. The latter explana.ion was 
identified in the preliminary recommendation of June 30, 1990, which recommends 
the capability for extensive drifting within the repository block (see Appendix 
C). The preliminary recommendation received qualified support from the Nuclear 
Waste Technical Review Board in the July 1990 formal meeting.  

Given that net benefit from testing in the CHn was recognized, and 
important values were not incorporated in the VOI model, the next step was to 
identify those values and develop a decision model to include them. Workshops 
were neld on September 5 and September 17-18, 1990, to identify and define these 
values. Thev involved technical and regulatory specialists as members of the 
CHRBA, and quests who were invited to share their ideas. Discussion included 
the objectives to be addressed by the CHn characterization decision, and the 
appropriate methodology for analyzing them. The result was that an MUA would be 
performed, based on the objectives hierarchy described in the next section.
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2.5.2.2 The Objectives Hierarchy

Figure 2.5.2.2-1 presents the objectives hierarchy that forms the basis for 
the MUA. The main objective is to maximize the appropriateness of the site 
characterization. As indicated in the hierarchy, appropriate site character
ization involves five subobjectives: residual risk scientific confidence, 
phasing potential, service date and cost. These subobjectives include the risks 
and benefits identified in the original NRC Objection #2. The sections below 
discuss each subobjective in turn.  

SCIENTIFIC CONFIDENCE 

The Yucca Mountain Project will develop probability distributions for 
performance measures such as total system performance and groundwater travel 
time, which will be used for license application and management of site 
characterization. The distributions will result from numerical simulation using 
stochastic or iterative sampling techniques to incorporate parameter 
uncertainty. Input parameter distributions will be obtained from various 
sources, including direct elicitation from technical experts. This process 
quantifies confidence by -reating uncertain variables as distributions. Possible 
extreme values for parameters or measures are found in the "tails" of the 
distributions.  

The VOI study (Section 2.5.1) quantified confidence from a 
design-operational perspective. It defined confidence in terms of how likely it 
would be that new data provided by the alternative test strategies would change 
the probability distributions enough to change repository design/construction/ 
operation decisions. The results of the VOI study indicate that the information 
gained would not change those decisions. However, the information gained has 
value beyond whether or not it would change any decision, because it increases 
the understanding of the phenomena involved. As defined fof the MUA, scientific 
confidence has value to the extent that it is reflected in a reduct-ion in the 
dearee to which performance phenomenology or parameter probability distributions 
could change in response to new data. That value of scientific confidence is 
independent of whether or not those changes would result in changed 
design/construction/operation decisions. The value of scientific confidence 
used in the MUA is closely related to the concept of reasonable assurance, and 
can be seen as an index of how likely it is that the repository will perform as 
anticipated, addressing issues that may not necessarily be captured fully by the 
dispersion in the complementary cumulative distribution function (CCDF) over 
release.  

Scientific confidence can be further defined by considering achievements 
that can produce confidence: 

1. Demonstration that sufficient exploration has occurred, based on 
agreement between observations, and prior assessments of flow and 
transport conditions, especially involving fractures and the fracture 
system.  

2. Understanding of hydrologic and geochemical observations in a 
conceptual framework.

2.5.2.2-1



APPROPRIATE SITE CHARACTERIZATION 

NJI 

RE(PSIDULOSR CONFIDENCE PHASING SERVICE (DIRECT COST OF 
(PSCOUE (REASONABLE POTENTIAL DATE CHARACTERI(31I 

• RSK IASSURANCE) ZATION) 
N-.) 

SOF TESTINGI (COMPLETEDI o, 1.....-I DU AT O OF 
REGULATORY DELAY CHARACTERIZATION 

MAXIMIZE CHARACTERIZATION _(UNPLANNED, NEAR- STRATEGY 
AND FAR-TERM (PLANNED, 

FAR-TERM) 

DETECT NEED FOR AND y I 

CHARACTERIZE ALTERNATIVE 
CONCEPTUAL MODELS 

SUPPORT VALUE RELATIONSHIP 

PERFORMANCE PROCESS RELATIONSHIP 
CONFIRMATION 

P 

Figure 2.5.2.2-1. issues/objectives/model hierarchy.



3. Understanding of the effects caused by mining of underground openings.  

4. Understanding of results from tests which have been designed to address 
discrepancies in the conceptual framework and uncertainty of future 
conditions.  

5. Demonstrated ability to predict system response through the repository 
operational phase.  

6. Participation by respected scientific experts in site characterization 
and performance assessment.  

Confidence may also be developed by demonstrating that future conditions 
are unlikely to change in a way that could compromise waste isolation system 
performance. This can be addressed by studying the stability of past conditions; 
the siting guidelines in 10 CFR 60 suggest that stability during the Quaternary 
period is a good indicator of future stability during the postclosure 
performance period.  

The scientific confidence definition is used directly in the objective to 
maximize scientific confidence, and indirectly as a factor contributing to 
unplanned regulatory delay (Figure 2.5.2.4-1). These applications are discussed 
below.  

RESIDUAL RISK 

As shown on Figure 2.5.2.2-1 the residual risk objective has two parts: the 
value of information about risk, and the magnitude of the incremental risk 
associated with characterization. The VOI study produced a result that none of 
:he characterization strategies would provide information that could change 
repository design/construction/operation decisions, so the value of information 
is taken to be zero for the MUA, and VOI does not discriminate among the 
alternatives. The magnitude of incremental risk estimated during the VOi study 
was small, but nonzero, and differences were discerned among the alternative 
strategies. The expected net difference in releases (Tables 2.6.1.6-11 and -12) 
was used in the MUA as the measure of incremental risk. It incorporates 
information about the total system that provides context for estimates of impact 
to the CHn unit.  

PHASIN:G POTENTIAL 

Phasing potential is related to cost, schedule, scientific confidence, and 
c•ntrol of waste isolation impacts. A phased program can be more easily 
trncated while providing for orderly cessation of testing activities. The need 
to do this could arise from cost or schedule concerns. The value of phasing 
ncotent...l for scientific confidence relates to the capability to modify and 
redireo% expioration/testing at discrete junctures in the program which have 
been specifically designed to facilitate changes. A strategy that is phased is 
more caeary capzae of reacting to new information from the site. The value cf
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phasing for limiting impacts to waste isolation is related to the capability to 
curtail activities if there are indications that other, practicable means of 
obtaining the needed information would produce significantly less impact. As 
should be clear from this discussion, phasing potential derives its value from 
the other objectives.  

SERV:CE DATE 

A schedule has been formulated for each strategy (Appendix B) based on 
certain assumptions. Although these assumptions are likely to change based on 
future developments including the outcome of the ESF Alternatives Study, they 
suffice to show that planned delay would not result in any CHn unit character
ization strategy being on the critical path for license application. There is 
the potential for critical delay in the docketing process, however. Requests 
for more information, particularly about site performance or impacts to waste 
isolation, could delay docketing by years depending on which strategy is 
selected. The extensive inside strategies (2 or 5) have the capability to reach 
any part of the repository block with an exploratory drift in significantly less 
time than other strategies.  

Scientific confidence is used as a key input to the regulatory delay 
objective (Figure 2.5.2.4-1). The technical panel used guidance that the 
scientific confidence assessments should not include a regulatory perspective, 
i.e., confidence was assessed by scientists using their own value systems.  
Assuming that the scientists at the NRC have similar value systems, the same 
confidence assessments are used in the regulatory delay analysis with one 
exception: As described in Section 2.6.2.2, for purposes of estimating 
regulatory delay the importance weights for the characterization issues were 
assessed by the regulatory/management panel, which could use past interactions 
with the regulatory agencies as the basis for the assessments.  

Direct cost estimates were developed for each of the eight alternative 
strategies considered. These estimates are broken down according to design, 
construction, testing, decommissioning, etc. The estimates along with the 
underlying assumptions are included in Appendix B. The accuracy of these 
estimates is on the order of 25 percent. The estimates were first prepared in 
June 1990; several estimates were revised in December 1990 to accommodate new 
assumprions based on preliminary results from the ESF Alternatives Study.
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2.5.2.3 General Description of Multiattribute Utility Analysis (MUA) 

2.5.2.3.1 Basic Philosophy 

The methodology used for this evaluation is called multiattribute utility 
analysis (MUA). It is an analytically rigorous method to develop a multi
dimensional scoring function that "scores" alternatives in a way that reflects 
value judgments. A good text that describes the methodology is Decisions with 
Multiple Objectives, by Ralph Keeney and Howard Raiffa (Wiley, 1976).  

While the methodology of MUA includes a complex set of axioms and proofs, 
its basic philosophy is really quite simple. It is difficult for people to make 
consistent, unaided evaluations of complex alternatives that affect more than 
one goal or objective. To help people make those evaluations, the method builds 
a mathematical scoring function, then fits it to evaluation judgments made by 
the evaluators, then applies the scoring function to score the alternatives.  
The key to MUA is oat by using special techniques, the analyst formulates a 
series of judgmeni- to ask the evaluators that are much simpler than comparing 
the actual alternatives. These are called "elicitation questions," because they 
are used to elicit the scoring function from the evaluators. The elicitation 
questions are designed to vary only one or two parameters of the alternatives at 
a time, so each question is manageable, and reveals a single parameter of the 
scoring function. One way to describe this process is "divide and conquer." By 
dividing the evaluation problem into small, simple elements, and handling them 
one at a time, the method can conquer problems of evaluation that are too 
complex for unaided humans to make.  

An important thing to remember about MUA is that it allows quantitative 
value judgments. Usually there are no engineering reference books that contain 
the evaluation coefficients elicited in an MUA. If there were, the evaluators 
would not be needed to answer the elicitation questions. Those coefficients 
represent value judgments and value tradeoffs. The techniques of MUA elicit 
quantitative value judgments, then fit a scoring function to these judgments, 
then apply the scoring function to select the alternative that best fulfills the 
goals and objectives specified in those value judgments.  

2.5.2.3.2 Functional Form of the Multiattribute Utility (MAU) Evaluation 
Function 

Figure 2.5.2.3-1 presents the general form of the MAU evaluation function 
used here. While the equation in the figure includes interaction terms, in fact 
tests were done in the CHRBA to see if those interaction terms were required 
given the attributes and values used in this study, and they were found not to 
be necessary. Therefore whenever a multiattribute function is mentioned in this 
study, it is composed of simple, additive terms such as the first three on the 
right in the figure. The reader is referred to the Keeney and Raiffa text for a 
thorough description of the assumptions required to apply the functional form 
presented here. However, those assumptions can be summarized fairly simply: 

i. You must be able to make. judgments about the relative worth of 
different levels of performance on one attribute, including rating 
different uncertain situations, while keeping the performance on all
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other dimensions fixed, without having to know at what level tne 
performance on other dimensions is kept fixed. This-assumption 
typically holds when performance on the other dimensions is kept 
within reasonable bounds.  

2. You must be able to make value tradeoff judgments between twc 
attributes, again keeping performance on all other attributes fixed, 
without having to know at what levels the performance on other 
dimensions are kept fixed. The same comments apply here as were made 
about the first assumption.  

3. As you evaluate probability distributions over outcomes concerning 
one attribute, you care only about the marginal probability 
distribution for that attribute, not any correlations between 
uncertain outcomes on that attribute and another attribute.  

All three assumptions were tested in the course of the elicitations 
performed in this project. The first two were tested simply by seeing if the 
elicitation questions could be meaningfully posed and answered, with some 
probing questions. The first two assumptions were found to hold. Given that, 
if the third assumption above is violated, a fairly simple multiplicative MAU 
form can be used. However, as mentioned, the third assumption was tested 
where appropriate, and it was-found to hold sufficiently well that the 
additive form could be adopted.  

As shown in Figure 2.5.2.3-1, each additive term of the MAU evaluation 
function has three elements. Working from right to left, or from the inside 
out, the first element is xi, or the direct performance on the ith dimension.  
Examples could be dollars cost, months delay, acres used, etc. The second 
element is ui(xi), a utility function on xi. This function is a von Neumann
Morgenstern utility function, and so is unique only to a positive linear 
transformation. That means that it only contains information about the 
curvature of preferences on xi. For example, if preferences exhibit 
diminishing marginal utility, i.e., you care less about unit increments in x.  
the more of x. you have, then the function will be concave downward. its 
curvature may also represent attitude toward risk, and such things as 
threshold effects. The ki term in the MAU function is the relative imptrzance 
weight of the ith attribute relative to the other attributes.  

The three terms just described form an organizational core for the 
approach. The description of the results of the analysis (Section 2.6.2) 
snows that these general steps were followed: 

I. First, assemble a table of xi values.  
2. Elicit u. functions and use them to convert that x. table into ui 

tables.  
3. Elicit ki values and use them to convert each column in the ui tables 

into a single-number MAU score for each test strategy.  

One way to think of the MAU function in Figure 2.5.2.3-1 is as a way to 
compare apples and oranges. The MAU function allows you to compare alternatives 
that vary on at least two dimensions that are not directly commensurate. The
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MAU function does that by taking apples and transforming them, through the 
ui(x4 ) function and ki, into "utiles." It then does the same thing to oranges.  
Once both are converted to utiles, they are commensurate and can be added up.  

The last example raises a key point about MAU functions: While they do 
provide a means for evaluating multidimensional alternatives, they deliver the 
scores in utiles. That is good enough for ranking the alternatives, since more 
utiles is better than fewer utiles. However, the significance of the difference 
between alternatives is not meaningful expressed in utiles. To answer that type 
of question, the MAU must be used as a transform, transforming multidimensional 
performance vectors onto some single performance measure that is meaningful, 
such as dollars cost. This is done in Section 2.6.2, to under- stand the 
significance of the difference in performance between the first and second 
ranked alternatives evaluated in this study.
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2.5.2.4 Structure of MUA as it is Applied Here

2.5.2.4.1 Overview of the Approach 

This section (2.5.2.4) describes the MUA approach used in this study in 
three steos. First an overview of the entire approach is given, then this is 

broken down into two key elements whcih are described separately in more detail.  

Figure 2.5.2.4-1 is a flowchart for the complete MUA analysis carried out 
on this study. The center third of the figure is essentially the same as the 
objec:ives hierarchy presented earlier. The approach can be summarized as 
simply gathering the data on how all the test strategies perform on the five 

dimensions, or attributes, specified in the objectives hierarchy, then eliciting 
a MAj function on those five dimensions, then seeing how the eight test 
strategies rate. The bottom third of the flowchart describes how some of the 
data were generated. The top third describes how that data were evaluated with 

the MIAU function. To begin with, note from the center third of the figure that 
three of the five dimensions were assessed simply by individuals or taken from 

the VOi study. Almost all of the data-generating effort in this study centered 
on two of the five dimensions: scientific confidence and delay. Scientific 
confidence is such an important and complex topic that its assessment involved 
most of the effort of this study. While we provide a brief overview here, that 

assessment is described in detail in Section 2.5.2.4.3 below. It is outlined in 
the lower left section of Figure 2.5.2.4-1. The following paragraph discusses 
that lower left section.  

T•e scientific confidence assessment began with the identification of 15 
issues of scientific confidence and 12 features investigated by the test 

strategies. The features included physical features such as the Ghost Dance 
Fauit, stratigraphic features such as zeolitic facies, and one methodology 
feature, hydrochemistry. The features and issues are described in more detail 

in Section 2.5.2.5 below. The test strategies were then evaluated in terms of 

how well each one could provide access to each feature. Then the features were 

evaluated in terms of how well each one would increase confidence about a 
carticular issue if accessed. These two sets of judgments were then ccmzined 
using a utility function to evaluate how good a "look" each strategy gives at 

each issue via each feature. The quality of that "look" depends upon both how 

well the strategv accesses the feature and how well that feature informs the 

issue. That utility function was designed to allow the "looks" at an issue 
pro'viled by a test strategy to be summned up over the twelve features. But now 

thr:s required another utility function over the number of such looks. For 

ex.a:nmle, eight looks is not necessarily twice as good as four. In fact, that 

'•ltv function was found to be nonlinear. Finally, an MAU function across the 

fifteen issues was assessed, to calculate a single-number index of scientific 

confidence based on how well a test strategy looks at each of the fifteen 
issues. While that index comes out directly in utiles, the utility functions 

were run backwards to rescale the index as the equivalent number of 
maximum-access strong-increment-in-confidence ("Max-Strong") looks at every one 
of the fifteen issues.
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Note from Figure 2.5.2.4-1 that scientific confidence was assessed twice.  
The first time it was assessed as a "scientific perspective" on scientific 
confidence, from the technical panel. This was meant to capture the actual 
scientific confidence in the scientific community that would result from each 
test strategy. This scientific perspective on scientific confidence is one of 
the five performance dimensions evaluated in the top third of the flowchart.  
That is, there is a direct value for that perspective on scientific confidence.  
The second time scientific confidence was assessed it was for a "regulatory 
perspective." That is, another confidence measure was developed to reflect the 
degree of confidence felt in the regulatory community. That perspective was 
used not as a direct performance dimension, because no direct value was assessed 
for regulatory perspective on scientific confidence. Rather, that perspective 
was used to help rate the test strategies in terms of regulatory delay. The 
judgments of the scientific panel were retained for every step of the second 
assessment except the last, where the multiattribute utility function over the 
fifteen issues was elicited from the regulatory/management panel. This was 
based on a judgment that the key difference between the scientific and 
regulatory perspectives would be the relative importance among the fifteen 
issues. The other judgments in the assessment were most appropriately made by 
the technical panel.  

In rating the test strategies with respect to delay, the regulatory,' 
management panel combined the results of the regulatory perspective on 
scientific confidence with two other considerations: intrusiveness (measured by 
a proxy measure: impacts of testing); and the ability to respond quickly to 
requests for further data, which was largely a function of whether or not the 
strategy included an underground facility in the block. As indicated in Figure 
2.5.2.4-1, the regulatory/management panel judgments regarding regulatory (i.e., 
unplanned) delay were to be combined with the planned delays involved with the 
duration of the test strategy. However, it was found that the test strategies 
were effectively never on the critical path, and so planned durations would have 
no effect on service date.  

With regard to the top third of Figure 2.5.2.4-1, that part of the analysis 
was simply a matter of eliciting the MAU function on the five performance 
dimensions from the regulatory/management panel, then applying it to the data 
tabie, that is, the performance measures on each of the five performance 
dimensions for each of the eight test strategies. The results were then 
subjected to the appropriate contrast and sensitivity analyses before they were 
used to generate conclusions and recommendations. The next section describes 
this process in detail.  

2.5.2.4.2 Five-Attribute MUA 

Figure 2.5.2.4-2 presents a flowchart of the five-attribute MUA. It is 
simply a more detailed blowup of the top part of the overall flowchart presented 
in Figure 2.5.2.4-1. This part of the analysis began with the assembled data 
table, and used the ranges in that table to elicit single-attribute utility 
functions on each of the five attributes. Those utility functions were used in 
turn to convert the data table into a utility table, with the same rows ann 

columns as the data table (five attributes by eight test strategies), only this
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time the cells were filled with utility values instead of direct performance 
measures. Then the relative importance weights were elicited from the 
regulatory/management panel, and used to collapse the five-utility performance 
vector for each test strategy down to a single-number index of overall 
desirability.  

:n fact, as indicated in Figure 2.5.2.4-2, three sets of importance weights 
were generated. The regulatory/management panel members were elicited twice.  
Once w-t-h the Panel members representing their best estimates of the appropriate 
DOE value judgments, and the second time with them representing a non-DOE 
regulatory perspective. A third perspective was generated by taking only the 
tradeoffs between scientific confidence and residual risk from the regulatory 
elicitation, and effectively zeroing the importance weights for cost, delay and 
phasing potential. The second and third perspectives were elicited to put 
bounds on a sensitivity analysis over importance weights.  

The three value perspectives resulted in three MAU index tables. Each 
table provides one'set of ratings of the eight test strategies for each of six 
or seven respondents, and an additional set of ratings averaged over the 
respondents. The three tables provided the basis for the sensitivity analyses, 
designed to assess the robustness of the results. Those analyses included 
sensitivity of the results to: 

1. The different value perspectives themselves.  

2. Two extreme sets of scientific confidence ratings.  

3. increased difference in residual risk among the eight strategies.  

Finally, the results were converted into contrast analyses, measuring the 
significance of the differences between the first- and second-ranked test 
strategies. The direct results, sensitivity analyses and contrast analyses 
were then used as a basis for the conclusions and recommendations.  

2.3.2.4.3 Scientific Confidence MUA 

:he previous section described the application of MUA to the 
five-attribute evaluation, which could be considered a reasonably classic 
application of MUA. This section describes a more unusual application. To 
begin with, we should define what we mean by scientific confidence: the 
conr..e.ce the decision makers have that the results will no: change in the 
fare of plausible new data. That is, this is not a measure that is captured 

yv the dispersion in the complementary cumulative distribution function (ccdf) 
cver releases. Almost any such ccdf-based measure is apt to carry with it an 

essentiallv conditional nature. That is, the results are conditional on the 
correctness of the models used to generate the ccdf. The concept of
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scientific confidence used here is based on the degree of understanding of the 
processes or behavior involved. As one example, an actuarial study on life 
expectancy would be apt to have high scientific confidence, independent of the 
dispersions in its probabilistic predictions. That is, we would expect its 
predictions to be relatively solid, and not apt to change with newly 
discc-vered data next month. Predictions of repository performance may not be 
that "solid." Accordingly, this special measure of scientific confidence may 
be an lmno_•:... attribute for evaluating and comparing the eight tes
strategies.  

The main reason this study is an unusual application of MUA is the 
structure, outlined earlier, of test strategies accessing features, which in 
turn increase our confidence in particular issues. This structure is 
illustrated in Figure 2.5.2.4-3, which presents how one test strategy "looks" 
at one issue. As indicated, it "looks" at the issue twelve times, once for 
each feature. The thicknesses of the top arrows represent how well the test 

strategy accesses each feature. While there are four levels to the measure of 
this link, only three happen to occur in the test-strategy-i - Issue-i pair 
presented in the figure. The thicknesses of the bottom arrows represent how 
well the feature informs us about the issue, or provides an increase 4n 

confidence about that issue. Here again, though there are three levels to the 
measure of this link, only two happen to occur with this particular 
strategy-issue pair. With this structure, then, there are several steps to 
evaluate scientific confidence: 

1. Identify the features and issues.  

2. Evaluate the levels of strategy-to-feature links and feature-to-issue 
links.  

3. Evaluate how each link pair compares with other link pairs.  

4. Sum over twelve features to count up how well each strategy looks at 
each issue.  

5. Evaluate the different levels of how well each strategy looks at each 
issue; and evaluate the set of 15 confidences each strategy delivers, 

one for each issue, in terms of a one-number index.  

These steps involve five different evaluation functions, three of them 
utilitv functions.  

Figure 2.5.2.4-4 presents a flowchart for the scientific confidence 
asse....ent part of the analysis, the part represented by the lower left 

section of Figure 2.5.2.4-1, the overall flowchart. Figure 2.5.2.4-4 is 

essentially a detailed blow-up of the lower left section of the overall 
flowchart. The scientific confidence flowchart begins with the identification 
of the features and issues, then the assessment of the levels of the two types 
of links just discussed. This results in two tables, one an 
8-strategy-by-12-feature table of a 4-level scale of how well each strategy 
accesses each feature. The other table is a 15-issue-by-12-feature table of a 

3-level scale of how well each feature increases confidence in each issue.  

Th ese two scales, one 3-level and one 4-level, result in 12 possible
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combinations of "looks" a strategy can provide at an issue. That calls for a 
utility function to evaluate each of the 12 types of "looks." That utility 
function was scaled in terms of the equivalent fraction of the best look, 
provided by a maximum level of access to a feature that provides a strong 
level of increase in confidence on the issue. That is the "equivalent 
max-strong look" measure abbreviated max-strong or EMSL. Applying that 
utility function results in eight tables, one for each test strategy, with 
each table `3 issues by 12 features. Each cell has an EMSL ratr n of how well 
that feature looks at that issue.  

The logic of the EMSL index is that it can be appropriately summed over 
the 12 features to provide an index of how well a strategy looks at an issue, 
in total. Summing over features results in an 8 strategy by 15 issue table, 
where each cell is an EMSL index for each strategy-issue pair. Because of the 
summing, the EMSLs can now range from about 3 to about 9, instead of the 
fracti•oal numbers resulting from a single-feature look at an issue. But 
scientific confidence may not be linear in EMSL. After all, it would seem 
reasonable that the first look would tell you more than the eighth one would.  
Therefore a utility function over EMSL was elicited. Because a utility 
function was elicited from each respondent separately, this step produced 6 
tables, 1 for each respondent, where each table is 8 strategies by 1- issues, 
and each cell is now the respondent's utility for the corresponding EMSL.  

All that remained was to elicit a MAU function from each respondent that 
combines the utilities on EMSL for each of the 15 issues into one index of 
scientific confidence. That involved eliciting the relative importance of the 
15 issues. This last set of 6 MAU functions (one for each respondent) 
resulted in a 6-respondent by 8-strategy table, where each cell has the index 
of scientific confidence by that respondent for that strategy. While that 
index is in utiLes, directly, the utility function was inverted or run 
backward to convert it into the equivalent number of max-strong looks at every 
one of the 15 issues. That is, suppose a test strategy delivers EMSL numbers 
of 4, 5, 8, 3, 7, 9, 6. ..... 5, 8, 4, 7 over the 15 issues. The utility 
function can be used to evaluate that mix of EMSLs, and calculate that it has 
the same utility as a set of EMSLs that looks like 4, 4, 4, 4, 4, 4, 4, 

.4, 4, 4, 4. In that case, the overall index of scientific confidence 
would be 4. The 6-respondent by 8-strategy table in fact has a seventh row, 
the average rating of the respondents. That average was used as a base case 
for the rest of the analysis. The ratings of the individual responden: with 
tne highest root sum square error from the base case was selected as one 
sensitivity analysis. The individual respondent with the highest root sum 
squared error from the first respondent was also the second farthest from the 
base case, and so was a logical choice for a second sensitivity analysis.
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2.5.2.5 Evaluation Attributes

This section describes the way that the objectives were implemented in the 
MUA. This consists mostly of definitions for attributes, features, issues, etc.  
that were first developed in a document: "Narrative on Objectives for 
Multi-Attribute Utility Analysis of Alternative Strategies for Characterizing 
the Calico Hills Unit at Yucca Mountain" dated December 7, 1990. This document 
was produced as the starting point for deliberations by the technical panel on 
December 12 through 14, 1990. This section is organized around the objectives 
in the hierarchy of Figure 2.5.2.2-1.  

The test strategies evaluated by the MUA are numbered 1 through 8, and are 
described in section 2.4. These strategies are not exhaustive, but represent 
the range of possible choices for major attributes, including surface-based 
versus underground, inside versus outside the repository block, and limited 
versus extensive excavation.  

As indicated in the objectives hierarchy in Figure 2.5.2.2-1, the highest 
level objective is "Appropriate Site Characterization." That objective included 
the quality of the characterization itself, its impact on waste isolation, and 
programmatic aspects of the CHn characterization decision. Specifically, again 
as specified in the objectives hierarchy, "Appropriate Site Characterization" 
has five subobjectives: 

1. Maximize scientific confidence.  

2. Minimize residual risk.  

3. Maximize phasing potential.  

4. Minimize expected delay in service date.  

5. Minimize direct costs of characterization.  

The following sections consider each of these subobjectives in turn.  

MAXIMIZE SCIENTIFIC CONFIDENCE 

The eight CHn unit characterization strategies are scored against a set of 
characterization issues. However, a somewhat more complicated, disaggregated 
approach is taken to avoid direct correlation of issues and strategies.  
Strategies are broken down according to which site characteristics would be 
investigated, and the degree of characterization (Table 2.5.2.5-1). The site 
characteristics are correlated to the confidence issues (Tables 2.5.2.5-2, -3, 
and -4). This information is then converted and adjusted using assessed scales 
and utiiitv functions to relate strategies to issues directly. The issues are 
then weighted, checked for preference dependence, and an aggregated confidence 
score is calculated for each strategy. The next sections discuss features and 
issues, in turn.
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Table 2.5.2.5-1. Correlation of major site features/characteristics, with the 
designated strategies used in the CHRBA.

Site features explored/ Alternative strategies 
characteristics 
investigated 1 2 3 4 5 6 7 8 

A. Ghost Dance fault 

B. Drill Hole wash 

C. Solitario Canyon fault 

D. Abandoned Wash fault 

E. Imbricate normal fault 
zone (east) 

F. Unknown features (incl.  
PW, dikes, orebodies, etc.) 

G. Vitric facies 

H. Zeolitic facies 

I. CHn facies transition 

J. Permeability contrasts/ 
capillary barriers 

K. Site hydrochemisty 

L. Similar rock conditions 
outside the block _

Nomenclature 
ý'4 = Strategy incorporates an approach that is the maximum reasonable 

(e.g., extensive drifting, as defined, for study of facies).  

44 = Feature is directly investigated but to limited extent in the block 

(e.g., limited excavation of Ghost Dance fault, only in the north).  

= Feature is investigated by analogy or limited technique (e.g., 

borehole investigation of faults).  
= Strategy offers no benefit over baseline SCP program (e.g., limited 

outside excavation to the north, for study of Abandoned Wash fault).
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Table 2.5.2.5-2. Correlation of features (A through L) from Table 2.5.2.5-i, 
with the issues identified in the narrative on maxirmizing 
characterization. (page 1 of 2)

Issue from narrative for Site characteristics from Table 1 
maximizing characterization 
(section 5.2.5.1.1.1) A B C D E F G H I J K L 

Collect sufficient data to stat
istically characterize unit to 
standards of discipline (MC-1) 

Flexibility: access to features 
where data can be collected to 
react :o observations (MC-2) 

Access features important for 
in situ, active testing of trans
port (MC-3) 

Characterize physical boundaries 
of CHn barrier, as boundary 
conditions for modeling (MC-4)

Nomenclature 
The influence of this feature/characteristic on the particular 

aspect of confidence is: 

= Strong, investigation of this feature significantly increases 

confidence in the issue (e.g., access to Ghost Dance fault 

is important for in situ transport testing).  
T ntermediate, investigating this feature provides some increase 

of confidence in the issue (e.g., access to the Abandoned Wash 

fault may provide only limited benefit to transport testing.  

= Weak, this feature has negligible influence on confidence in the 

issue
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Table 2.5.2.5-2. Correlation of features (A through L) from Table 2.5.2.5-i, 
wi-h the issues iaentified in the narrative on maximizina 
cnaracterization. (page 2 of 2)

FCategory from narrative on Site characteristics from Table 1 
on alternative conceptual 
models (section 5.2.5.2.1.1.2) A B 1CD E IF IG IF. I L 

Detect and cnaracterize non- I 
systematic spatial variability 
(ACM-1) 

Detect/cnaracterize fracture,/ i 
matrix system response (ACM-2) 

Flow: detect/characterize system 
response of faults, and 
fractures directly influenced 
zv faults (e.g., to episodic 
recharge, lateral flow, etc.) 

I(ACM-3) 

iDeect/cnaraczerize structural 
or lithoiooco feazures that I 
could cause lateral flow 
unoer existing or future 
conditions (ACM-4) 

'Oetect/characterize structural I 
I and lithologic features, and/or 

cnemical and physical processes 
causing lower retardation than 
expected, under existing or 
future conditions (ACM-5) 

Detect/characterize Quaternary I 

water tabie instabiilty (ACM-•) L ,___ 

IDetect/characterize in permanent 
rock/structural cnaracteristics 
due to natural causes, i.e., 
tectonic and climatic cnanges I 

ACM-7) 

IDetect/characterize ootential 
cnanges in physical properties, 
geocnemistry, and mineralogy 
of Chn due to repository heat 
and stress effects, and impacts 
from characterization (ACM-8) 

Nomnclature 
The influence of this feature on the aspect of confidence is: 

= Strong, if this feature is investigated, confidence will be 
significantly increased (e.g., investigation of the Ghost Dance 
fault for issue ACM-3 on fault system response).  

= Intermediate, investigating this feature may improve confidence 
(e.g., investigation of Drill Hole wash, for issue ACM-3).  

= Weak, this feature has negligible influence (e.g., investigation 
of Drill Hole wasn, for issue ACM-6 on Quaternary water table 
stability).
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Correlation of issues from narrative on support of performance 
confirmation, with major features from Table 2.i.2.5-1.

Issue from narrative for Site characteristics from Table 1 
capability to support perfor
mance confirmation A B C D E F G H I J K L 

Access to features appropriate 
for long-term testing that can 
be extended through operations: 
active experiments to study 
natural processes and man
caused changes to the site 
(SPC-2) 

Access to baseline data where 
man-caused changes may occur: 
passive monitoring of direct 
effects of repository char., 
construction, and operation 
(SPC-2) 

Access to features where 
testing may be requested 
by other parties in the 
future (SPC-3) 

Nomenclature 
The influence of this feature on the aspect of confidence is: 

= Strong, if this feature is investigated, then confidence in 
this issue is significantly increased (e.g., investigation of 
Ghost Dance fault would facilitate long-term testing).  
= Intermediate, investigating this feature may improve con
fidence (e.g., investigation of Drill Hole wash could provide 
some benefit in terms of access for long-term testing).  

= Weak, this feature has negligible influence (e.g., investiga
tion of the Solitario Canyon fault may provide no significant 
information where changes are likely to occur through 
operations).



FEATURES OF THE SITE

Major features and characteristics of the CHn unit are identified in the 
first column of Table 2.5.2.5-1. The nature of these "features" varies--some 
are faults, some are major trends, one is "unknown," several are distributed 
throughout the block, and one is outside. More generally, each feature is an 
opportunity to collect information, and can be investigated to a greater or 
lesser extent depending on the design of a test strategy.  

The list includes features which bound the repository block: imbricate normal 
fault zone east of the block, Solitario Canyon fault, Ghost Dance fault, 
Abandoned Wash structure, and Drill Hole Wash. Confidence could depend on the 
number, location, and quality of subsurface accesses to these features. The 
relationship between testing strategies and block-bounding features required 
assumptions on whether strategies would penetrate a specific feature inside or 
outside the repository block. It is assumed, for example, that the Abandoned 
Wash structure lies partially within the conceptual repository block plus the 
2,000-ft buffer defined in Section 2.4, and would be partially penetrated by 
Strategy 4.  

Unknown features in the repository block are defined to include possible 
perched water, basaltic dikes, previously unrecognized faults, unexpected shafts 
or unknown cavities, lenses, and unexpected discontinuities. Perched water may 
be the most likely of these, and would be addressed more effectively by 
strategies which explore areas where perched water is likely to exist.  

The vitric, zeolitic, and transition facies were included as site features 
because they are associated with major trends in physical, hydrologic, 
aeocaemical, and engineering properties. The facies are broadly defined in 
terms of properties but are specific to particular areas within the site.  

Permeability contrasts/capillary barriers were included as features which 
control the gross characteristics of the flow field, and may be vertical, 
horizontal, or 3-dimensional features. They need not be associated with a 
particular facies or structure.  

nvdrochemistry as a feature is thought to be observable to some degree 
thrcuahout the CHn. Thus, preference would be given to strategies that can best 
provide sufficient samples to characterize the variability of water chemistry.  

Similar rock conditions outside the block is a feature that favors 
strategies that provide outside access where aggressive testing could be 
performed. Such testing might be prohibited inside the block because of impact 
associated with the scale and duration, or the fluids/materials required. These 
outsioe testing areas would not necessarily be outside the control area.  

STA-TIS7iA7 CHARACTERIZATION 

Fifteen issues of scientific confidence were identified. They can be 
groued into three catergories by objective:
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1. Maximize characterization.

2. Discriminate among alternative conceptual models.  

3. Support performance confirmation.  

STA IS77CAL CHARACTERIZATION 

One way to develop confidence is to collect sufficient data so that 
statistical moments or other descriptors of spatial variability for structural 
and state variables are comparable to those for other sites where a desired 
level of understanding has been achieved. Agreement between predicted and 
measured variance can indicate sufficiency of a sampling program. The CHn unit 
is known to exhibit significant variability and this approach would likely 
require more extensive sampling than a more conceptual, inferential approach to 
confidence. One step in statistical characterization involves identifying 
trends in the variability of site properties and conditions. Faults, boundina 
structures, and facies conditions are possible sources of such trends, and may 
be expressed differently across the site area. Structures down-gradient from 
waste emplacement areas are emphasized.  

There are significant differences among alternative strategies with respect 
to the support of statistical characterization. Excavation can provide 
information on the context of samples, and the scale of variability, that is not 
available from boreholes. Excavations inside the block, in conjunction with a 
systematic drilling program, are likely to provide significantly better support 
for statistical characterization than alternatives. Assuming conservativeiv 
that there is significant variability of properties and conditions in the CHn 
unit, then extensive excavation of the repository block would maximize 
confidence among the strategies considered.  

FLEXIEILITY 

Scientific confidence is defined as the stability of current understanding 
with respect to perturbation by information acquired in the future (see Section 
2.5.2.2). Capability to explain the preponderance of observations within a 
conceptual framework has been identified as a way to achieve confidence.  
Flexibility may be very important because of the many sources from which 
information will be forthcoming. For example, the surface-based drilling 
program will sample the CHn unit at distributed locations, and may generate 
results that conflict with current understanding. Flexibility describes the 
capability of the CHn characterization strategy to effectively investigate such 
results within programmatic constraints.  

Tn order to evaluate the influence of specific site features on the 
objective to maintain flexibility, it is appropriate to consider which features 
of the site are likely to produce anomalous data, such that changes to the 
strategy may be desirable. Features situated down-gradient along flow paths 
from waste emplacement areas may be especially important. Bounding features may 
also be important because although they may not lie directly downgradLent, they
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are proximal to potential pathways and may be conduits for recharge flow that 
could affect pathways. Features which are potentially rapid pathways, or for 
which the flow capacity is a significant proportion of the total flow through 
waste emplacement areas, may also be important for flexibility. Flexibility to 
investigate the Ghost Dance fault may be important because there will likely be 
many orservations of this feature both in the CHn unit and in overlying strata, 
and it is likely that new testing and exploration concepts will be developed as 
a result.  

ACCESS FOR IN SITU TRANSPORT TESTING 

Confidence in characterization of transport processes will include mode of 
transport (solute, colloidal, microbial), geochemical processes (sorption, 
precipitation) and hydrodynamic processes (dispersion, matrix diffusion, 
filtration). in addition coupled processes have been postulated whereby 
hydrologic structure is altered by ongoing dissolution or precipitation, or by 
geochemical effects of a repository. In situ testing, using boreholes or 
excavations for access, is needed to achieve confidence in retardation models 
and predictions.  

investigation of transport is closely linked to the conceptual model of 
flow conditions, to define flpow paths. For example, understanding of colloidal 
and microbial transport, and matrix diffusion, may be less important if it is 
known that matrix flow will prevail for the next 10,000 yr. Filtration, 
dispersion, and precipitation also have different implications depending on 
prevailing flow conditions.  

irect measurement of retardation behavior in situ will provide needed 
confidence in addition to laboratory studies. Laboratory results using samples 
from the site are typically used to parameterize numerical simulations, which 
are validated by in situ testing at various scales. Transport phenomenology 
tends to be complex, so there is much uncertainty regarding the applicability of 
numerical simulations. Laboratory studies are important for understanding the 
phenomenology and for quantifying input parameters for numerical simulation.  
However, there is a relatively poor "track record" among research programs for 
predicting the results of large-scale transport tests in situ, so it is 
desirable to explore features where such testing would be useful.  

D:SCUSSION OF GROUNDWATER TRAVEL TIME (GWTT) 

The performance measure for GWTT is the pre-waste emplacement GWTT defined 
In 10 CFR 60. As discussed in the SCP (Section 8.3.5.12) there are technical 

and institutional uncertainties associated with GWTT. Scientific uncertainty is 
considered here, and arises from: (1) validity of conceptual models of 
grcundwater flow; and (2) uncertainty of the spatial distribution of site 
conditions. identification of the fastest pathway should consider retardation 
and other transport processes because the pathway definition pertains to 
radionuclide travel.  

GW:: is not directly observable and must be inferred or calculated. The 
SC7 strategy for GWTT assessment relies on hydrologic site investigations to 
: f an ap~r~op r4ate conceptual model for the flow system. Given a
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conceptual model, systematic sampling and statistical characterization of 
fine-scale variability will be used to develop input parameter distributions, 
which are used by a simulator to produce a distribution for travel time. For 
both distributed flow in a rock mass, and concentrated flow in fault zones, the 
magrnitude of the total average flux, and the distribution of flux are important 
de:erminants of GWTT.  

An imoortant noint is that although matrix flow may prevail at present, 
there is scme chance that natural tracer and bomb-pulse tracer studies will 
indicate limited but recent groundwater penetration to depth along certain 
pathways. Isotopic data will be collected from surface-based boreholes 
distributed across the site area, and specific subsurface studies may be needed 
to understand these observations.  

Confidence in GWTT will depend on several factors: (1) confidence in 
characterization of the current groundwater flow system, and transpor: data used 
to identify the fastest pathway; (2) characterization of spatial variability of 
relevant site conditions; and (3) facility to explain isotopic data from 
surface-based boreholes within the repository block.  

DISCRIMINATE AMONG ALTERNATIVE CONCEPTUAL MODELS (ACM'S) 

This discussion is based on the ACM tables from the SCP, specifically those 
for unsaturated hydrology (Table 8.3.1.2-2a), geochemistry (Table 8.3.1.3-2), 

and rock characteristics (Table 8.3.1.4-2). The ACM's were developed in 
several public meetings held in Las Vegas as a result of comments received 
on the CDSCP. The tables summarize both "current" understandinq and 
alt-rnative views, and are valued as a thorough treatment of uncertainty at 
the planning stage of site characterization.  

The MUA cannot account independently for each ACM entry from the tables 
because the large number of expert judgments required would not be justified.  
instead, the table entries have been screened using the criteria below, and 
categorized. Any of the following criteria could be used to identify entries 
which do not pertain to the MUA: (1) entry does not apply to the unsaturated 
zone (UZ); (2) entry has no significant relation to the CHn unit; (3) entry 
describes a concern that does not discriminate among alternative strategies; (4) 
entry is satisfactorily contained in the issues describing maximize 
characterization; or (5) entry describes a concern that is addressed by the SCP 
baseline program, and for which none of the alternative strategies makes a 
significant contribution. Any of the following criteria could be used to 
identify entries which pertain to the MUA: (1) entry explicitly mentions the CHn 
unit; (2) entry pertains to characterization of spatial variability of CHn unit 
geometry, properties, or state variables; (3) entry pertains to permanence of 
conditions in the CHn unit; or (4) entry pertains to stability of the water 
table at the site.  

The aoal of the following discussion is to develop a few categories of 
similar ACM's, and yet capture the appropriate sensitivity of the CHn 
characterization decision to ACM's in general.
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ALTERNATIVE HYDROLOGIC MODELS

The categories summarizing the SCP hydrology ACM table are: extreme spatial 
variability, fracture/matrix system response, characteristics that cause lateral 
fow, Quaternarv instability of the water table, impermanent fracture system 
cnaracteristics, flow processes cannot be modeled reliably, and hydrochemical 
processes which cannot be modeled reliably.  

Variability of the CHn unit may differ from the current understanding, it 
lateral or vertical heterogeneity precludes description of the interval that has 
been defined as CHn, as a coherent unit.  

Fracture/matrix system response refers to the mobility of water under 
present and future conditions. Water may move longitudinally within fractures 
even at low values of matrix saturation. The fracture system may act to produce 
moisture thermodynamic equilibrium conditions over a large area, or moisture 
potential may vary significantly over short distances. Bounding features around 
the repository block may act as barriers to flow, or transmit lateral inflow or 
outflow.  

Fractures may contain suffIcient moisture that gaseous transport is 
ineffective. Pneumatic or moisture potential may fluctuate, for example because 
of barometric effects. The fracture system may be comprised of fractures that 
are predominantly open, or are sealed by mineralization. Moisture may be stored 
in the rock matrix as partitioned phases, or as uncoupled processes involving 
capillarity, adsorption, water vapor, and water of hydration. Under certain 
conditions, release of water of hydration could significantly affect local 
pathways and flux values.  

Under episodic recharge, flow in fractures and faults may be transient 
non-enuilibrium flow, or rapidly imbibed into the bounding rock matrix. Net 
rechnara may be effectively zero because of upward diffusion of heat and 
migration of water vapor. Faults may be conduits for flow everywhere, or they 
may be barriers to flow in nonwelded tuff at all matrix saturations.  
The fracture/matrix system response issue is partitioned into fracture and 
matrix: system flow unrelated to faults and faulting and fault-related fracture 
and ma.ri.< system response. These issues were isolated because testing 
strategies may discriminate differently as faults and fractures may appear at 
different locations. This issue addresses barriers to lateral flow in the 
Calico Hills, as distinguished from MC-4, where bounding faults may inhibit flow 
i4n the CHn.  

Characteristics which may cause lateral flow include permeability contrasts 
and Capi4llary barriers. Downdip flow, as well as lateral flow not necessarily 
down-dip, may occur under spatially or temporally variable conditions. Perched 
water or ccnfining beds may be temporarily present, or exist in a quasi-steady 
state.  

Water table may be too dynamic or erratic in space or time to be classified 
as a continuously connected surface. Moisture in the unsaturated zone may have 
resulted from capillary fringe activity, and/or may be the remnant of past 
stands c the water table. The capillary fringe may be restricted to a few 

s lo the upper contact of the CHn m.et-ers as cve the present water table, or extend to h p e t "
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unit. Present water table is believed to have no significant fluctuation in the 
Quaternary. it is assumed that additional characterization would provide 
assurrance that evidence of water table fluctuation is not in the geologic 
record.  

impermanent fracture characteristics may be driven by tectonic or thermal 
regimes. in addition, volcanism, igneous intrusion, uplift, or subsidence could 
significantly change fracture system characteristics. Coupling with the 
saturated zone may mean the unsaturated zone is undefinable over short time 
scales. Fracture apertures may be controlled by the orientation and magnitude 
of principal stresses, thus making possible significant changes in flux 
distribution at the site.  

Modeling of flow processes may apply the equivalent porous media concept, 
possibly defining a representative elementary volume (REV). Alternatively, 
explicit modeling of fractures may be needed, or fracture flow may be dynamic 
ant not described by simple models. The dynamic state of the fracture/matrix 
system might preclude defining simultaneous values of flux and moisture content.  
Local thermodynamic equilibrium may be assumed for localized regions through the 
fracture/matrix system, or alternatively, equilibrium may be nowhere established 
such that capillary theory does not apply. Flow model inapplicability may be 
deduced from field-scale observations, or from smaller-scale, laboratory tests.  

Hydrochemical modeling may rely on pore water chemical and isotopic 
composition to indicate pore water source and transport mechanisms.  
Alternatively, chemical and isotopic composition may vary in a way that is 
nondiagnostic.  

ALTER.NAT:VE GEOCHEMICAL MODELS 

The categories summarizing the geochemistry ACM table are: characteristics 
that reduce retardation, colloidal/microbial processes, impermanent minera
logical characteristics, and transport processes that cannot be modeled 
appropriately.  

Chemical retardation may be bypassed by flow field characteristics, parti
cularlv rapid flow along fractures, or other pathway effects that yield a high 
ratio of flow rate to surface area. Colloidal or microbial processes, including 
pseudo-colloidal transport, may bypass the effectiveness of retardation by 
sorption processes. Precipitation may be ineffective because of under
saturation, or unfavorable conditions for nucleation.  

Physical retardation mechanisms may also be bypassed by rapid flow, or by 
restriction of flow communication between fractures and adjoining matrix, as 
with mineral precipitation. Data on physical retardation may not be obtainable 
by experimentation.  

Retardation processes in the natural setting may be too complex to model 
reliablv. Local thermal equilibrium may not be established thus limiting the 
effectiveness of available numerical models. Needed thermodynamic data for 
equilibrium calculations may not be available. Modeling of sorption may be a 
function of more than the parameters of substrate, water chemistry, and sorbate 
concentration. Solubility/precipitation relationships may not be modeled
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reliably. Secondary mineralogy along transport pathways may not be szable and 
predictable, or may be controlled by local conditions which are too complex to 
model reliably. Mineralogy along pathways may be metastable, with kinetics that 
are too slow, and rock-water interactions that are too complex to predict 
temporal changes over the performance period.  

ALTERNATIVE CONCEPTUAL MODELS OF ROCK CHARACTERISTICS 

The categories summarizing the rock charateristics ACM table are: charac
teristics that reduce retardation, extreme spatial variability, fracture/ matrix 
system response, and impermanent fracture system characteristics.  

Retardation may be reduced by fracture coatings, consisting of secondary 
minerals, that reduce chemical or physical retardation, or both.  

First-order variability in the characteristics of layered tuffs 7rav be 
related to volcanic and volcaniclastic processes, or alternatively, no 
systematic change occurs in these units. Variation of rock properties may be 
modeled using geostatistics, or alternatively, variability may exceed the 
predictive power of the method based on the available support data. Rock 
characteristics may be homogeneous in the CHn unit. Statistical techniques 
other than geostatistics may be better suited. Mineralogical alteration may be 
random, such that it cannot be mappea.  

The fracture/matrix system response depends on fracture system characteris
tics. Fractures may be closed or nonconnected, or alternatively, fractures may 
be ocen, connected, or both. Faults and fracture are thought to increase in 
abundance to the south, but alternatively, they may be distributed differently 
in such a way that there is no current knowledge of significant features within 
the repository block.  

Impermanent fracture system characteristics may be caused by fracture 
aperture response to changes in ambient stress. The repository block may 
contain faults and/or fractures that produce localized failure throughout the 
rock mass as a result of excavation- or thermally-induced stresses.  

The influence of major features/characteristics of the site on confidence 
with respect to each of the ACM categories identified, is indicated in Table 3.  
The scoring is based on both the need to evaluate the viability of the ACM, and 
the need to provide data as a basis for assessing its impact on site 
performance.  

M~XIM:ZE THE BENEFIT OF SITE CHARACTERIZATION TO PERFORMANCE CONFIRMATION 

Performance confirmation requirements are specified in 10 CFR 60, which 
also includes requirements for testing facilities to be made available for use 
by the NRC. Performance confirmation involves testing of engineered and natural 
barrier performance from the beguining of site characterization through 
permanent closure. Testing will ensure that natural barriers are functioning as 
"intend and anticipated," and should "include in situ monitoring, laboratory
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and field testing, and in situ experiments", and should not adversely affect the 
ability of the natural elements of the repository to meet performance 
objectives." The program will collect baseline data and investigate variances 
from the baseline.  

Selection of performance confirmation testing areas (either borehole or 
drift access) significantly outside the repository block could be of little 
value because such areas are not part of the natural barriers. Additional 
objectives which may be relevant are: that the performance confirmation program 
should provide "baseline information and analysis of that information on those 
parameters and natural processes pertaining to the geologic setting that may be 
changed by site characterization, construction, and operational activities"; and 
the program should ensure that geotechnical and design parameters are confirmed.  
"As a minimum, measurements shall be made of rock deformations and displacement, 
changes in rock stress and strain, rate and location of water inflow into 
subsurface areas, changes in groundwater conditions, rock pore water pressures 
including those along fractures and joints, and the thermal and thermomechanical 
response of the rock mass as a result of development and operations of the 
geologic repository." 

Long-term continuation of in situ tests begun during site characterization, 
to investigate the efficacy of models for long-duration processes, could also be 
part of the performance program. Issues pertaining to performance confirmation 
are summarized in Table 2.5.2.5-4, which relates the issues to major site 
features/characteristics identified in Table 2.5.2.5-1.  

MINIMIZE RESIDUAL RISK 

impacts from characterization on the performance of CHn unit were nct 
assessed for the MUA study, but were taken from the geotechnical inputs to the 
"0i1 study. The expected difference in releases (Table 2.6.1.6-11) and the 
eXpected relative impact (Table 2.6.1.6-12) were considered by the MUA.  

The EPA total-system standard (40 CFR 191) was devised to ensure that 
"disposal I compliance with the containment requirements is projected to cause 

no more than 1,000 premature cancer deaths over the entire 10,000-yr period from 
disposal of all existing high-level wastes and most of the wastes yet to be 
produced by currently operating reactors." The average mortality associated 
with such performance is taken to be one cancer death every 10 yr (from the 
preamble to 40CFRl9l). This conversion is used to convert the incremental risk 
from the technical inputs to the VOI study, into expected fatalities for 
consideration in the MUA.  

Although impacts appear to be insignificant, MUA weighting of assessed 
impacts for this objective may incorporate conservatism. Thus although the most 
invasive strategy is expected to increase the expected transport through the CHn 
unit by abouo 13 percent, this could be weighted as disproportionately adverse 
compared to strategies with smaller relative impact. The rationale could be: 
(1) extreme sensitivity to the "safety margin" between predicted performance 
distributions and the regulatory release limits; or (2) sensitivity to relative 
impact (independent of the magnitude of absolute release) on the CHn barrier.  
The latter rationale could be based on the philosophy that any barrier (such as
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the CHn unit) should be treated as the only barrier for the purpose of assessing 
the risks and benefits of characterization. Such an approach does not appear to 
be required by the regulations (e.g., 40 CFR 191) and would distort both the 
benefits and the risks associated with characterizing/designing barriers.  

MAXIMIZE PHASING POTENTIAL 

A phased strategy would be sufficiently flexible to modify sccpe and 
direction of characterization, while having a limited number of required 
decision points. Each decision in a phased approach would be based on current 
assessment of site performance, and some judgement as to whether licensing might 
require additional data. Phasing decisions would likely be based on broad 
ccnsensus, and could therefore be expensive and time consuming.  

Many different strategies could be composed using the degrees of freedom 
developed by the CHRBA. Explicitly phased alternatives were avoided because of 
the difficulty of defining the criteria by which a phasing decision would be 
made in the future. Although explicitly phased strategies have not been 
developed in the CHRBA, strategies 1 through 8 were composed so that there are 
several combinations that could be conducted in sequence (see Section 
2.6.2.3.1).  

Extensive strategies hale the greatest potential for phasing, because they 
include more possible junctures for decision making. Strategies relying heavily 
on characterization outside the repository block are likely to have low phasing
potential.  

MINIMIZE DELAY IN SERVICE DATE 

The duration of the alternative strategies range from 3.5 to 6 years, but 
each strategy has been scheduled in a way that is consistent with major program 
milestones (Appendix B). Planned delay would not delay these milestones, and 
CHn cýharacerization is currently not on the critical path fcr license 
application.  

If characterization is viewed as inadequate there is a possibility that the 
NRC would request additional information before docketing the license 
application. It is also possible that the NRC would accept an application 
continqent on completion of additional characterization. These types of 
unplanned delays are lumped together as nominally pre-docketing regulatory 
delays. It was assumed that any unplanned regulatory delay would be on the 
critical path for docketing.  

MINIMIZE DIRECT COST 

Projected total cost figures (as of 1990, non-escalated, Appendix B) range 
over about $200 million, with Strategies 6 and I defining the low and high end 
members, respectively. These cost estimates include design, environmental 
surveys, construction, testing, and decommissioning. Testing costs range from 
"$18 mi!iorn to $58.5 million, which is generally about one-third of the total
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cost with the exception of Strategy 6, which is surface-based, for which testing 
cost would be about two-thirds of the total. Total cost for CHn characteri
zation would require increases in the annual Yucca Mountain Project budget of 
between 1.4% (Strategy 6) and 7.4% percent (Strategy 1) over projected levels 
during implementation. Most strategies would require increases of about 5%.  

Of particular interest is the potential for "spikes" where the CHn 
characterizaticn cost might impose a relatively large burden on the annual 
project budget. Strategies 1, 7, and 8 each show years where costs approach 10% 
of the total annual budget, mostly because of early construction costs. it may 
prove difficult to acquire sufficient funding to process large construction 
contracts, so strategies which would require a series of smaller acquisitions 
could prove more viable.  

2.5.2.5.2. Responsiveness to regulatory perspective 

ACCEPTABILITY OF IMPACT ASSESSMENTS 

Treatment given to the impacts on waste isolation is an important reason 
why the public, or a regulatory agency other than the DOE, would reject the 
recommendation of this analysis. This possibility is directly related to the 
estimated level of relative or incremental impact for the recommended strategy.  
A regulatory perspective might produce a strongly nonlinear value function for 
waste isolation impact.  

if rejection occurs, the YMP could incur costs because of: (1) delay in 
establishing ESF requirements; (2) low level of detail in ESF requirements; or 
(3) high likelihood of major changes to ESF requirements in the future. in 
simolest terms, the principal impact of rejection would be delay.  

POTENTIAL TO SUPPORT SCIENTIFIC CONFIDENCE 

The Site Characterization Analysis (SCA) includes comments on the adequacy 
of the CHn characterization program included in the Site Characterization Plan 
(NRC, 1989). The SCP includes a baseline program of surface-based drilling, 
well testing, and borehole monitoring in the CHn unit, in addition to other 
surface-based hydrologic investigations and testing in the ESF. Plans for 
further CHn characterization were deferred pending this risk/benefit analysis.  
Specific SCA comments on the baseline program include the following: 

1. Hypotheses pertaining to fracture vs. matrix flow in the CHn unit, and 
the uniformity of zeolitized CHn facies, are not called out in the 
hypothesis testing tables which are part of the description of planned 
testing (Comment 12).  

2. The CHn program as described in the SCP is inadequate for the stated 
primary barrier to radionuclide migration. Specifically, planned 
measures do not appear sufficient to understand the effects of 
fractures and faults on flow paths and travel times, and the conditions
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under which fracture flow may occur (Comment 16). Sole reliance on 
vertical boreholes will not adequately test an important hypothesis: 
that flow in the CHn is predominantly vertical through the matrix 
(although some lateral flow may occur at interfaces in the vitric).  

7he NRC staff requests a hypothesis testing approach, and testina plans 
that are adequate to "provide a high degree of confidence in the effectiveness 
and iimitations" of the CHn as a barrier.  

Other needs should also be considered. Testing and exploration methods 
should be selected from a range that includes modern techniques, using a 
selection process that can be readily conveyed to reviewers. The i-portance of 
the range of alternatives considered is emphasized in the original objection.  

Flexibility for additional exploration and testing should be adequate at 
least for compliance with 10 CFR 60.74. Capability to support additional 
exploration or testing reduces the possibility of bias in the results of the 
characterization program.  

The consequences of selecting a strategy with poor potential to support 
scientific confidence, are probably less severe than if impacts assessments are 
not accepted. Even if the DOE were to proceed with a strategy that did not 
satisfy scientific confidence concerns, the possibility for other, future 
testing would remain.  

ACCEPTABILITY OF RISK VERSUS BENEFIT COMPARISONS 

Acceptance of risk/benefit comparisons by the regulatory community is 
needed for the CHRBA to be used as the basis for characterization plans.  
Acceptance depends partly on the nature of this multi-attribute analysis (MUA), 
i.e., whether it incorporates appropriate objectives, whether it can be easily 
understood, and whether the background information and analysis methods are 
appropriate. These attributes of the analysis will not discriminate among 
strategies if the MUA is designed so as not to favor any outcome.  

APPROACH FOR ADDRESSING THE REGULATORY PERSPECTIVE 

Responsiveness is addressed by using two sets of value functions for 
appropriate site characterization. One set reflects the preferences of the 
Profect management/regulatory panel for DOE decision-making, and the other set 
represents the same panel's estimation of a regulatory perspective. Each of the 
eigh. strategies is scored twice, once with each set of value functions.
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2.6 IMPLEMENT COMPARATIVE METHODOLOGY AND FORMULATE RECOMMENDATION 

This section describes and analyzes inputs to the VOI analysis and the MUA, 
and summarizes the results from each effort. The VOI analysis and MUA are 
discussed separately.
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2.6.1 DESCRIPTION AND ANALYSIS OF INPUTS TO VOI STUDY

As discussed in Section 2.5.1, the VOI study required technical, cost, and 
value inputs. The technical inputs were elicited from the CHRBA technical 
panel, and are described in Sections 2.6.1.1 through 2.6.1.6. Cost estimates 
for the alternative strategies are presented in Appendix B. Value inputs were 
obtained from a management panel convened in June, 1990, and are described in 
Section 2.6.1.7. VOT model results and analysis of sensitivity to the inputs 
are presented in Section 2.6.1.8.  

The sections which describe the technical inputs (2.6.1.1 through 2.6.1.6) 
include reviews of publications and concepts which are important to the topic, 
and are intended to describe the state of knowledge of the technical panel at 
the time of response elicitation. The conceptual basis for the technical inputs 
is described in Section 2.5.1.2, and includes simplifying definitions that were 
used to make input elicitation and decision analysis tractable.
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2.6.l.1 Prior Probabilities of Flow Regimes

A large part of the testing is aimed at determining various hydrological, 
geochemical and other properties of the CHn unit, extrapolated over the next 
10,000 years. The interactions between all of these variables is extremely 
complex, and was discussed in great detail with the expert panel. In order to 
assess the impacts of these factors, however, the conditions had to be 
represented as a finite number of possible site conditions or flow regimes.  
Using influence diagram techniques, the most important factors affecting the 
performance of the site were identified and related to each other.  

Assessment of the complementary probabilities of discrete flow regimes 
supports the Bayesian approach taken in the value-of-information decision model.  
The estimates are "prior" because they reflect the present state of knowledge 
prior to CHn testing. Derivation and definition of the four flow regimes: slow 
matrix (SM), fast matrix (FM), concentrated fracture (CF), and distributed 
fracture (DF) flow, are presented in Section 2.5.1.2 of this report. These 
regimes serve as the possible states of a discrete variable used in the decision 
analysis to couple dependent states of other variables such as radionuclide 
inventory available for transport, and transport through the CHn unit.  

The prior probability values presented are the result of arithmetic 
averaging of the responses from individual experts. Responses typically varied 
over a range, but all values fell within what the group considered a reasonable 
range of agreement. The panel agreed that an arithmetic average was the best 
representation of the group's judgment. These numbers were coded into the 
decision model, as complementary branch probabilities on the tree depicted in 
Ficure 2.5.1.1-2.  

CLIMATE CHANGE 

Ci~ma:e change is considered necessary for flow conditions at the si:e to 
vary significantly from present conditions. This is especially true if altered 
conditions are to be prevalent over the next 10,000 yr. Each assessment of flow 
regiime probability incorporates the likelihood of climate change implicitly.  
Thus the technical panel used an operant, though unspecified, concept for the 

likelihood and magnitude of future climate change. This section on flow regime 
probabilities is the only explicit treatment of the probability for climate 
change, in the CHRBA. (Accuracy of climate predictions is addressed for test 
likelihood functions, Section 2.6.1.2.) 

There is relatively high probability of mildly altered climate over the 
next 10,00 yr, and smaller probability of a major, sustained change that could 
switcn tne flow regime. The questions for flow regime probabilities are: will 
the prevalent change over the next 10,000 yr be warmer or cooler, and will the 
change be of sufficient magnitude, and happen soon enough to alter the dominant 
flow reime?
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Significant uncertainty attends climate change questions. Some warming 
will probably result from greenhouse gases, but the duration and magnitude of 
this effect are uncertain, and will depend on future anthropogenic release of 
combustion gases. Long-term average temperature has apparently been slightly 
warmer in recent geologic time, as indicated by deep-sea cores (Imbrie et a!., 
1984). Warmer conditions would increase evaporation at the site, but could 
increase monsoonal activity (i.e., seasonal showers). intense rainfall events 
have been postulated as important sources of recharge, as for example, in the 
simulation by Czarnecki and Waddell (1984). Also, during more than six years of 
borehole infiltration monitoring at the site, some of the most important data 
have been associated with relatively large precipitation events.  

Orbital data tend to match long term trends in climatic indicators, and 
projection of these (Milankovitch) models predicts gradual cooling in the next 
few thousand years. If these theoretical models are adequate, then a new 
glacial age may be expected within the next 10,000 yr (Spaulding, 1985a). The 
current average rate of cooling predicted from orbital models has been estimated 
to be as much as 0.020 C/yr (Berger, 1980).  

Fossil assemblages have been used to develop estimates for average temper
atures in the vicinity of the Nevada Test Site during the late Quaternary 
(Spaulding, 1985a). The results show correspondence to long-term Milankovitch 
variations, and indicate that average temperature reached a minimum around 
18,000 yr BP. Midden studies from the area indicate that conditions at 800 to 
900 m elevation during this period were exceptionally dry (Spaulding, 1985b).  
Following this minimum, the fossil evidence indicates a temperate transition 
period. After about 9,400 yr BP the plant assemblages resembled the present 
community.  

in support of the ice-age desert model, a study based on climate simulation 
shows that long-term average precipitation could have been less than at present, 
averaged over a large area (Spaulding and Graumlich, 1986). *In addition, 
large-scale weather patterns could have shifted, and the southern Great Basin 
region including Yucca Mountain may have been in the "rain shadow" of the Sierra 
Nevada. That study also suggests that the transition to present conditions 
(from 12 to 8 kyr BP) was marked by increased average precipitation and net 
infiltration relative to present conditions. Fossil assemblages indicate that 
sumnmer monsoonal activity may have been important during the transition period 
(Spaulding and Graumlich, 1986)ý 

In sumimary, the evidence suggests gradual cooling will occur over the next 
few thousand years, except for anthropogenic effects which are difficult to 
predict. Cooling could produce conditions similar to the early Holocene, which 
would involve monsoonal activity and increased precipitation and infiltration 
relative to the present. Ultimately, an ice age can be expected from the 
crbital models to begin roughly 10,000 yr hence. During an ice age, there is 
reason to expect that ice-age desert conditions would exist at Yucca Mountain, 
with the potential for reduced precipitation and infiltration relative to modern 
conditions.  

Current models of the greenhouse warming effect are somewhat contentious.  
Majcr uncertainties include future emissions of greenhouse gases, the role of 
the oceans in storing such gases and heat, and the albedo effect of increased
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cloud cover. The warming trend has been identified, but the magn.itude, exten, 
and duration are uncertain.  

The information described above was used in the SCP (Section 8.3.5.13) to 
develop a working concept for climate variation: warming over the next few 
hundred years, with increased summer showers and thunderstorm activinv, followed 
by gradual cooling over the next 10,000 yr. This concept was generally adhered 
to in ohe assessments for the CHRBA.  

PROBABILITY OF FAST MATRIX (FM) FLOW 

As a prevailing condition, FM flow is more likely in the vitric than 
zeolitic facies because the requisite, relatively high hydraulic conductivity 
(i.e. > 10 cm/yr) is more likely there. If FM flow is to become the prevailing 
flow regime at the site (defined by the conceptual repository design; SNL, 1987) 
which includes both vitric and zeolitic CHn tuff, then conditions in the vitric 
tuff would need to favor this flow regime.  

A natural flux concentrating mechanism would be required for fast matrix 
flow. This is because a relatively high flux, on the order of 15 mm/yr or more, 
is required to support an average velocity of 10 cm/yr with typical porosity.  
This level of flux may be reasonable for areas with greater recharge such as 
Rainier Mesa (Russell, 1987), but is not consistent with current views of Yucca 
Mountain (Montazer and Wilson, 1984). If associated with the current hydrologic 
regime, such a flux would be localized either because of concentrated surface 
infiltration, or lateral diversion in the subsurface. The probability of FM 
flow then depends partially on the existence of a stratigraphic or structura.  
feature capable of flux concentration.  

The CHRBA team determined that rapid matrix flow is very unlikely at 
partial saturation. Nonlinear relative permeability vs. moisture content 
behavior is more restrictive than velocity increase implied by Darcy's law. The 
simple model for velocity increase with effective porosity decrease, has no 
observational basis and may be impossible because of pathway effects.  

The FM flow regime would involve matrix flow at or close to full 
saturation. Saturation affords opportunity for fracture flow, i.e., if 
fractures are present then fast matrix flow is less likely. The situation of 
flux concentration, possible perched water, and absence of transmissible 
fractures is considered somewhat unlikely. Accordingly, the prior probability 
of FM flow as the prevailing regime over 10,000 yr is estimated to be 0.06 
(Table 2.6.1.1-1), which is smaller than other flow regimes which involve 
climate change. The basis for this result varied among the experts, but to an 
approximation, uncertainty was attributed equally to climate change and 
hydrologic structure (i.e., flux concentrating mechanism, absence of fractures).
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PROBABILITY OF CONCENTRATED FRACTURE (CF) FLOW

Observations from excavated tunnels and borings indicate that Rainier Mesa 
is presently under CF flow conditions (Thordarson, 1965; Russell, 1987). The 
average recharge flux at Rainier Mesa appears to exceed the bulk saturated 
conductivity of the zeclitized portion of the Indian Trail formation, so water 
moves downward along saturated fractures, shear zones, and other features. The 
expression :f a pre-eruptive topographic basin apparently acts as a flux 
concentrating mechanism.  

Flow intercepted by the Rainier Mesa tunnels has both steady and episodic 
components. Episodic flow has been large just after excavation, with seasonal 
fluctuation, and increases after precipitation events. Sustained flow from at 
least one tunnel has exceeded 1,000 cubic meters/yr (Russell, 1987).  

These observations establish conditions under which CF flow can occur. it 
should be noted, however, that the Rainier Mesa tunnels are more than 500 m 
higher in elevation, receive around 50 percent more precipitation, and have 
average surface temperature that is about 4' C lower, than the crest cf Yucca 
Mountain.  

Concentrated fracture flow conditions could occur at Yucca Mountain as a 
result of episodic recharge along direct fault/fracture pathways from the 
surface, or because of attenuated flow along longer pathways involving flux 
concentration at diversion horizons.  

The sealing technical basis report (Fernandez et al., 1987) quantifies 
scenarios for episodic flow along faults or fracture zones, which if extended to 
the site area, result in flow rates through the unsaturated zone which exceed 
1,000 cubic meters/yr. However, it is likely that the magnitude and frequency 
of infiltration events assumed in that work could only be the result of altered, 
ccooeriwetter climate conditions.  

Lateral diversion may occur because of permeability contrasts or capillary 
barrier effects. The basal vitrophyre of the Topopah Spring member is a 
possitle diversion horizon because the upper portion is altered, and fractures 
cutting the glassy layer appear to be sealed by alteration. Alternatively, the 
zeciitized CHn tuff may be of such low conductivity; i.e., such an effective 
confining layer (if relatively unfractured), that flux is substantially limited 
under a unit potential gradient. Neither of these effects is evident from 
ocservaotons of the CHn unit in existing boreholes.
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Table 2.6.1.1-1. Estimated prior probabilities of flow regimes (to prevail over 
10,000 yr).  

Slow Matrix (SM) Flow 0.69 

Fast Matrix (FM) Flow 0.06 

Concentrated Fracture (CF) Flow 0.11 

Distributed Fracture (DF) Flow 0.14 

Thus, the probability of prevailing CF flow conditions over the next 10,000 
yr depends on the likelihood of cooler/wetter climate conditions, .and the 
probability that existing hydrologic structure supports either lateral 
diversion, or downward flow along faults or fracture zones. Some type of flux 
concentration, either above or within the CHn unit, is necessary to produce CF 
flow conditions. The probability of prevailing CF flow conditions was estimated 
by the CHRBA to be 0.11 (Table 2.6.1.1-1). To an approximation, uncertainty as 
to the probability of CF flow conditions is attributed in similar measure to 
climatic and structural considerations.  

PROBABILITY OF DISTRIBUTED FRACTURE (DF) FLOW 

By definition, fracture flow would extend through at least 90 percent of 
the unit thickness, over roughly 50 percent or more of the site area.  
Dis:ributed flow could result from uniform infiltration, or extensive dispersion 
of flux above or within the CHn unit. it is likely that DF flow conditions do 
not presently exist at the site, because indications of perched water or 
sustained fracture flow have not been observed in existing boreholes. (inflow 
of drilling fluid from fractures has been commonly observed.) if so, then 
cc leriwetter climate conditions are probably necessary to support future DF 
flow conditions.  

Much of the discussion of DF flow conditions pertains tc changes in matrix 
saturation, and fracture-matrix interaction, that would be associated with the 
onset of a DF flow regime. If local saturation of the rock matrix adjacent to 
fracture flow paths through the CHn unit is required by the physics of flow, 
then a large quantity of water would be stored in the CHn unit before DF flow 
conditions could prevail. This implies that a transition to DF flow conditions 
would take hundreds or thousands of years under altered infiltration conditions.  

Given the relatively high hydraulic conductivity throughout much of the CHn 
un::, widespread matrix saturation would not be sustained without extremely 
large recharge flux. The natural tendency is for free drainage. Unsaturated 
steady state conditions should be determined by the relative conductivity of the 
rrock matrix, and the net flux acting under potential gradients. Under 
atmainable flux conditions, the likely result is unsaturated matrix conditions 
throuchcum :he rock mass.
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Distributed fracture flow conditions may be more plausible as a transient 
response to episodic recharge repeated over a long time. This boundary 
condition would reduce the requirement for saturation of the rock matrix 
adjacent to fracture pathways, to support fracture flow. Another mechanism that 
would permit fracture flow is chemical precipitation along the fracture walls, 
sealing off the exposed matrix pore structure. The source and kinetics for such 
mineralization are not well understood, but calcic fracture filling is observed 
in a few drill cores from portions of the CHn unit.  

The probability of prevailing DF flow conditions depends on climate change, 
and on the existence of structural and hydraulic-conditions. Existence of DF 
flow conditions would imply lack of a diversion horizon, which is antithetical 
to the structural conditions needed for FM or CF flow conditions. Chemical 
precipitation and transient response have been identified as mechanisms which 
could support DF flow, even if extensive matrix saturation is unrealizable. The 
probability of DF flow conditions was estimated by the CHRBA to be 0.14 (Table 
2.6.1.1-1), which is attributable similar measure to climate and structural 
considerations.  

PROBABILITY OF SLOW MATRIX (SM) FLOW 

This is believed to be the current flow regime in the CHn unit at the site.  
The probability of SM conditions is complementary to the other flow regimes, and 
is estimated to be 0.69 (Table 2.6.1.1-1). Without climate change, current 
conditions are very likely to prevail over the next 10,000 yr. Because the 
other flow regime probabilities depend on the likelihood of climate change, and 
the set of flow regime is designed to be exhaustive of hydrologic conditions in 
the CHn, then t- an approximation, the SM probability describes the procability 
that climate change will not be sufficient to result in one of the other flow 
regimes.
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2.6.1.2 Test Likelihood Functions

This category of assessments addresses the "accuracy" of each alternative 
strategy, for identifying the flow regime that will prevail over the next 10,000 
yr, based on information from site characterization. Using the Bayesian 
aoproach the definition of "accuracy" is complicated, as discussed below.  
Several assumptions used in assessing test likelihood, and the level of detail 
used for description of the strategies, are also discussed.  

This section consists of two parts: (I) a series of short sections which 
summarize issues and information relevant to test likelihood functions; and (2) 
description of the test likelihood assessments for each alternative strategv.  
Explanations that are common to multiple strategies are presented in the short 
sections for brevity.  

LEVEL OF DETAIL USED TO DESCRIBE STRATEGIES 

The strategy descriptions (see Section 2.4) are conceptual and do not 
include specific test configurations or locations. Features to be explored are 
identified, and an estimate for the extent of drifting required is provided.  
Limited and extensive underground facilities are defined, and example testing 
programs based on the SCP, are defined for both. During construction several 
mapping and sampling investigations would be undertaken. Hydraulic interfaces 
would be tested during construction where subsequent access is difficult.  
Perched water would be controlled and tested. Underground hydraulic testing s 
major hydraulic features, and hydrologic/geochemical experiments requiring 
substantial investment in preparation and experimentation, are planned but not 
specified. These tests need not be performed during construction, and can be 
designed when additional data are available from exploratory activities 
including exploratory drilling from the surface and underground.  

"TEST ACCURACY" 

As discussed in Section 2.5, the panel was asked a series of questions for 
each strategy, of the form: "Given that flow regime X will prevail, what is the 
probability that the strategy will correctly give this answer, and what are the 
complementary probabilities that each of the other flow regimes will be 
incorrectly identified?" For-each strategy, the results consist of a 4x4 matrix 
cf probabilities (Table 2.6.1.2-1). These figures cannot be rigorously combined 
to form a single scalar measure of "accuracy" because the assessments are 
conditional. At various points during the CHRBA a simple index of accuracy was 
produced by forming the sum of terms consisting of the probability of correctly 
identifying each flow regime, weighted by the estimated prior probability of the 
flow regime. The index was helpful in presenting the test likelihood functions, 
but does not capture the information on false outcomes that is part of each 4x4 
matrix. This section will describe the rationale for each full matrix. A 
value-cf-information model (described in section 2.5) uses the matrices to 
evaiuate whether results from characterization could affect future repository 
decisiozs.
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:able 2.6.1.2-1. Test likelihood surmmary-averages (page 1 of 2)

Spreadsheet for Recording Expert Assessments 
of Test Accuracy for each Calico Hills Testing Strategy 

Averages over all Experts 

Testing Strategy #1: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result = _: 

"SLOW MATRIX" 0.73 0.17 0.15 0.12 
"FAST MATRIX" 0.09 0.58 0.09 0.11 
"CONC. FRACT." 0.07 0.11 0.62 0.16 
"DIST. FRACT." 0.12 0.15 0.16 0.61 

Testing Strategy #2: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result =): ) :__ __ _......  
"SLOW MATRIX" 0.81 0.14 0.12 0.12 
"FAST MATRIX" 0.06 0.64 0.07 0.08 
"CONC. FRACT." 0.06 0.09 0.71 0.09 
"DIST. FRACT 0.06 0,13 0.10 0.71 

Testing Strategy #3: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result = ): p I 
"SLOW MATRIX" 0.67 0.27 0.20 0.17 
"FAST MATRIX" 0.09 0.45 0.08 0 12 
"CONC. FRACT." 0.13 0.11 0.59 0.18 
"DIST FRACT." 0.12 0.17 0.14 0.54 

Testing Strategy #4: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT !DIST FRACT.  

P( Test Result = 
_: 

"SLOW MATRIX" 0.67 0.26 0.26 0.25 
"FAST MATRIX" 0.10 0.48 0.11 0.13 
"CONC. FRACT." 0.13 0.10 0.51 0.14 
"DIST. FRACT." 0.11 0.16 0.13 049
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-aze 2.6. :.2-1. Test likelihood summriary-averages (page 2 of 2)

Testing Strategy #5:

Flow Actual Conditions:
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST FRACT.  

P( Test Result = ): 
"SLOW MATRIX" 0.81 0.14 0.12 0.12 
"FAST MATRIX" 0.06 0.64 0.07 08 
"CONC FRACT. 0.06 0.09 0.71 009 
"DIST FRACT." 0.06 0.13 0.10 

Testing Strategy #6: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result =): : 
"SLOW MATRIX' 0.55 0.25 0.22 0,21 
"FAST MATRIX" 0.14 0.39 0.10 0.12 
"CONC. FRACT." 0.15 0.15 0.48 0.22 
"DIST. FRACT." 0.17 0.22 0.21 0.45 

Testing Strategy #7: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result=): .  
"SLOW MATRIX" 0.65 0.18 0.15 0 15 
"FAST MATRIX" 0.08 0.52 0.09 0.12 
"tONC. FRACT." 0.14 0.13 0.58 0.18 
"DIST. FRACT." 0.14 0.17 0.19 056 

Testing Strategy #8: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONG. FRACT. DIST. FRACT.  

P( Test Result z): ____ __ __ ___ 
"SLOW MATRIX 0.59 0.22 0.19 0 19 
"FAST MATRIX" 0.11 0.43 0.10 0.11 
"CONC. FRACT." 0.14 0.16 0.53 023 "D;ST FRACT." 0.17 0.20 0.19 0 48



LEVELS OF PROBABILITY

Probability information provided by the technical Panel is primarily based 
cn judgment. During the assessment process frequent references were made to a 
simole framework for probability levels. if a strategy cannot distinguish among 
four alternatirves, the test has no value and each test likelihood value is 2.25.  
If a strategy can discern that one outcome is as likely as the sum of other 
possibilities, then the test would be regarded as poor, and the test likelihood 
for --an outcome s0.5.  

A good strategy for characterizing- the CHn unit at Yucca Mountain stnil has 
limited accuracy because future hydrologic conditions depend on future climate.  
Additionai excavation or in situ testing would not be expected to compensate for 
uncertain climate conditions, and the largest conditional probability of correct 
results obtained for any strategy is about 0.8. During the assessment process 
it was noted that a small difference in probability of correct results 
represents more testing effort at the hiaher end of the range (e.g., P > 0.6) 
then the lower end (e.g., P < 0.4).  

DATA INTERPRETATION ASPECT OF TEST LIKEL:HOOD 

The technical panel recognized that different determinations can be made 
from site data depending on orientation to the Yucca Mountain project. Eacn 
member of the technical panel was asked how he would interpret the informa-_ion 
like>v to result from each strategy. Panelists were permitted to consider 
positions they could be forced to take at regulatory proceedings in response to 
challenges. The most common form of challenge was expected to be the 
adversarial demand to explain every observation from the Yucca Mountain site.  
The effect of this definition for test likelihood is to discriminate against 
strategies which did not afford the flexibility to i-vestigate anomalous 
observations in the repository block. in general, such strategies rely on 
surface-based testing, or excavation outside the repository block.  

MATRIX VERSUS FRACTURE FLOW 

A maj or distinction among the flow regimes is whether matrix or fracture 
floW w-ll predominate. Two influence diagrams were developed as tools to help 
structure the assessment of test likelihood functions. Figure 2.6.1.2-1 is a 
detect-'on logic for matrix flow, and Figure 2.6.1.2-2 is for fracture flow. The 
fracture flow diagram differs mainly with the addition of factors accounting for 
the cresence of structural conditions that cause perching or diversion of 
groundwater.  

The cane! members disagreed as to whether fracture flow is more likely in 
the zeolitic facies, or where there are many faults, as in the vitric facies at 
the ouern part of the site area. Zeclitic material probably has lower matrix 
hydraulic conductivity, and somewhat greater mechanical strength to support open 
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fractures. To the extent that the existence of fractures is sufficien: for 
fracture flow, then the CF and DF flow regimes may be more important in the 
vitric facies. Because of the disagreement, the assessments show that 
strategies which are intended to explore both facies are likely to produce more 
accurate results.  

VITRIC VERSUS ZEOLIT!C NONWEIDED TUFF 

Matrix properties for vitric and zeolitic tuff are important because they 
affect flux concentration, and the effective velocity of matrix flow. Ranges 
for saturated hydraulic conductivity of these facies are listed in the SCP 
(e.g., Table 3-26, Section 8.3.5.12), and present very different possibilities 
for flow conditions. For 30 percent porosity, conductivity of 10-7 m/sec is 
required for flow velocity of 10 cm/yr. All the SCP tabular values for matrix 
conductivity of the zeolitic facies are smaller than this, and all of the values 
for the vltric facies are larger.  

Strength properties also differ for vitric and zeolitic facies. SC? 
Chapter 2 lists unconfined compressive strength for both facies, but the vitric 
values are taken from tests on the mTn thermal/mechanical unit. Actual 
measurements on vitric tuff from Rainier Mesa are available, and indicate 
strength of 7 to 30 MPa for zeolitic (Ege et al., 1980), and roughly 2 to 7 MPa 
for vitric nonwelded tuff (Harris-West, written communication).  

These important properties are strongly correlated with alteration, and 
thus location within the repository block. With insufficient matrix 
conductivity, there is virtually no way that FM flow conditions can exist in the 
northern part of the block. Similarly, with strength of a few MPa there is 
little chance for hydraulically significant fractures in the southern part of 
the block. If excavation is limited to one portion or the other, then surface
based boreholes would be relied upon to characterize flow conditions in the 
cther part. This means reduced accuracy for correctly identifying FM, DF, and 
possibly CT flow conditions. Certain types of incorrect results may become more 
or less likely also.  

DISTRIBUTED VERSUS CONCENTRATED FLOW PROCESSES 

Another major distinction among the flow regimes is whether flow through 
the Cin unit is spatially distributed (in plan) or concentrated along distinct 
pathways. Concentrated pathways could be difficult to find, whereas conditions 
fcr distributed flow are more widespread. Thus a strategy involving only 
limited exploration may have a good chance of detecting DF or SM flow 
ccnditions, and an extensive strategy may have some advantage for detecting 
conditi:ns for naturally concentrated FM or CF flow.  

Two exceptions are noted. Naturally concentrated flow requires a concentra
Ling mechanism that acts over a large area and may thus be discovered. The 
planned characterization program (including surface-based drilling) is suited 
fcr detecting permeability contrasts and capillary barriers, especially if they 
are stratigraphically controlled. There was lack of consensus in the technical 
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panel as to how effective the exploration for strata and interfaces that could 
serve as diversion horizons, would be for evaluating the likelihood for FM or CF 
flow conditions in the event of cooler/wetter climate conditions. Another 
exception is that distributed flow conditions could be restricted to a 
particular facies or part of the site area. In this case a limited excavation 
could be effective, but only in the appropriate location. The technical panel 
made limited use of the notion of "area explored" in relation to plan area 
affected by particular flow conditions, as an indicator of test likelihood for 
certain conditions.  

Lateral diversion and perching could occur differently in the vitric and 
zecliic tuffs. Altered zeolitic material appears to be massive witnh low 
conductivity, so the unit may act as a confining bed and divert excess recharge 
to fracture pathways. The vitric facies is relatively unaltered and retains the 
original depositional features such as bedding. Zeolitization is an overprint 
on depositional textures and is believed to produce a more homogeneous 
lithology. Depositional features of the vitric facies may cause flux 
concentration or produce complex flow pathways.  

REPRESENTATIVENESS 

This is an important concept in the CHRBA as well as throughout the site 
characterization program (discussed in SCP Section 8.4.2). A representative 
program explores the range of conditions and processes which may exist at the 
site. Facies differences and the variation in thickness of the CHn unit 
(including lower Topopah Spring, and upper Prow Pass members) define a range of 
liohnlogic conditions. Bounding features (Solitario Canyon fault, Drill Hcle 
Wash, imbricate normal fault zone) and the Ghost Dance fault define a range of 
structural conditions. The frequency of fracturing and faulting is likely to 
vary significantly between the known faults and the central ibock area.  
variation of rock properties and fracturing may impact representative
ness of the characterization program if extensive ground support is needed in 
excavations, thus limiting the nature and extent of data gathering activities.  

The scale of heterogeneity of rock characteristics and state variables are 
also important in test likelihood assessments. Hydrologic transport behavior 
may be controlled by the connectivity of regions of material with extremal 
properties. Quantitative description of variability at different scales can be 
used to evaluate the potential for predominant flow or transport through 
connected regions with anomalous properties.  

:he technical panel also identified hydrologic conditions overlying the CHn 
unit as a potential effect on data representativeness. Surface infiltration is 
create: where runoff flows and snow collects, and at transitions in the gradient 
of wasnes above the repository. Percolation flux may be greater in down-dip 
areas than highland areas. Unsaturated flow through the block may be controlled 
by faults, particularly where they offset confining or attenuating beds.  
Discersion in the thick Topopah Springs member may affect the distribution of 
flu:: toop the CHn unit.
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inference will be required to apply the results from characterization, to 
analysis of compliance with quantitative performance criteria. No alternative 
strategy is certain to determine the fastest transport pathway. An extensive 
e.cavaton strategy might remove one part in 100,000 of the CHn unit within the 
repcsicory block, and a limited strategy 3 parts in a million. Borehcie 
exploration of the block would be the same for both. From the similari:y of 
tnese statistics it is apparent that the rationale for extrapolating results is 
more important than the extent of the data.  

DETECTING CONDITIONS FOR SLOW MATRIX (SM) FLOW 

Matrix flow at <10 cm/yr velocity is consistent with the current conceptual 
model for flow conditions at the site (Montazer and Wilson, 1984). Unsaturated, 
matrix-dominated flow conditions are observed throughout many of the tunnels at 
Rainier Mesa, even though recharge is much greater than at Yucca Mountain. The 
technical panel was highly confident that SM flow conditions currently prevail 
at the site.  

Matrix flow is very likely to be observed in the vitric facies of the CHn 
unit, where the saturated matrix conductivity greatly exceeds estimates for 
recharge flux. This flow is likely to be slow; i.e., < 10 cm/yr, because the 
relative conductivity is expected to be greatly reduced at in situ saturation 
conditions. Matrix flow conditions are more likely where downward flux is 
relatively small such as beneath a diversion horizon, or if lateral diversion is 
not a factor, beneath portions of the site where there is less snow accu=ua:ion 
and infiltration of runoff.  

If SM is to be the prevailing flow regime, it should be relatively easy : 
demonstrate to the extent that matrix flow conditions are observed. Surface
based boreholes can provide reliable information for correct prediction of SM 
flow conditions. However, some observations may seem to be in conflict with SM 
flow conditions, for example, a seep could be observed in a borehole.  
Additional exploration could be needed to evaluate the extent of potential 
pathways represented by the seep. Strategies with extensive excavation have 

more flexibility to investigate anomalous results within the constraints of time 
and boudge available, and thus are more "accurate." 

DETECTING CONDITIONS FOR FAST MATRIX (FM) FLOW 

FM flow conditions are very unlikely in the zeolitic facies, which does not 
have sufficient hydraulic conductivity. This statement is consistent with 
results from the limited core test data on the CHn unit (all of which are for 
zecliotc facies), and is consistent with the measurements from zeolitic tuff at 
Rainier Mesa. As defined, FM flow is somewhat less likely in the thickest area 
of the CHn unit, which includes a portion of the Prow Pass lithologic unit that 
may be partially welded and fractured.
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A natural flux concentrating mechanism is required for future conditions to 
meet criteria for FM flow. As discussed previously, there was disagreement 
among panelists as to whether indications of such a mechanism can be reliably 
detected and interpreted. This uncertainty tends to lower the test likelihood 
of crreot results for all strategies, and increases the chance of incorrectly 
concluding SM flow.  

Fast matrix pathways would probably be localized, either because of a fault 
or irregular unit contact, or because of flow "fingering" in an otherwise 
homogeneous unit. The majority of observations during site characterization 
will likely be of SM flow conditions. If the pathway for FM flow is not 
detected, then a likely error would be to conclude SM instead of FM flow 
conditions.  

Both underground and surface-based investigations can be used to evaluate 
whether FM flow is possible, by sampling matrix properties and their spatial 
variability. It will be more difficult to determine whether flux diversion and 
connected regions with requisite properties would produce FM flow under altered 
climate conditions.  

DETECTING CONDITIONS FOR CONCENTRATED FRACTURE (CF) FLOW 

Hydrologic testing in the host rock, from vertical boreholes, and from 
shallow excavations near the surface, are focused on detecting CF flow 
conditions. Thus there may be some tendency to err toward this outcome.  
Detecting a CF flow pathway could be very difficult, especially under current SM 
flcw conditions. Surface-based boreholes would be of little value for 
detecting, sampling, and testing fracture pathways.  

I 

A natural flux concentrating mechanism is needed for CF flow. As discussed 
previously, the panelists disagree with respect to whether indications of 
fracture flow and lateral diversion in the can be reliably detected and 
interpreted.  

Faults will need to be explored and tested as conduits for flcw and 
transport. Capability for in situ testing, and the number and location of fault 
cenetra- tions, are important factors for discriminating the strategies.  
Solitario Canyon fault, Abandoned Wash, and Drill Hole Wash are expected to have 
signnficant infiltration at the surface, and are potential CF flow channels 
itrrurh the CHn unit. However, these channels would not necessarily conduct 
water that had been in contact with waste, because they will be separated from 
waste emplacement areas by design.  

DE:TEMNG C T•O..... S FOR DISTRIBUTED FRACTURE (DF) FLOW 

DF flow is more likely in the zeolitic facies where matrix conductivity is 

lower and fractures may be more abundant depending on mechanical properties. A 

pcrnion of the Prow Pass member included in the CHn hydrologic unit does not 
ccmprise 92 percent of the CHn thickness, thus although fractured, it would not 
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be sufficient to produce DF flow conditions as defined.

The DF flow regime would involve pathways distributed over a large area, 
which could be relatively straightforward to sample. To conclude DF flow, 
widespread evidence of fracture flow in the Quaternary would be needed.  
Sampling, mineralogy, and isotopic analysis will be relied upon for this 
purpose. The size, condition, context, and spatial distribution of samples is 
likely to vary significantly among the strategies considered.  

PROCESS FOR ASSESSING TEST LIKELIHCOD 

Test likelihood was assessed at several workshops, using a large panel that 
included mining engineers and a drilling engineer to address the feasibility of 
basic approaches such as slant drilling and mechanized mining.  

The panel was asked to estimate the likelihood of each possible test 
outcome given an actual site condition and a particular testing strategy 
alternative. During the assessment process, the experts were reminded of many 
possible sources of test error, and encouraged to discuss their reasoning.  
Discussion was continued until after a group judgment consensus was reached.  

There are essentially three ways in which testing could provide incorrect 
results. First, the tests may not accurately reveal the conditions in the area 
being tested, due to lack of sufficient samples, systematic error, or 
misinterpretation. Secondly, the tests may correctly identify current 
conditions in the tested location, but the wrong conclusions could be drawn 
about the entire CHn unit (representativeness of testing). Thirdly, even if 
current CHn unit conditions are correctly characterized, the conditions may 
change over the next 10,000 years such that the predominant condition is not the 
one predicted. In general, strategies involving testing inside the block are 
eypected to provide better test accuracy.  

Probability estimates from the experts were averaged to obtain the base 
case test likelihood functions, presented in Section 2.6.1. Individual 
JzJgements varied from these averages, but the group nearly always agreed that 
the averages were a reasonable summary. Optimistic and pessimistic cases were 
calculated wherein the highest (or lowest) probability estimates were used, and 
the remaining probability was spread over the other possible test results in 
proportion to the original average. Summaries of these aggregated values for 
all testing strategies are given in Tables 2.6.1.2-2 and 2.6.1.2-3.  

TEST LIKELIHOOD FOR STRATEGY 1 (Extensive excavation outside and SE of the 
site; limited facility inside the block to the 
NE; surface-based drilling into fault zones; 
Prow Pass test facility).  

Likelioo d values for correct answers lie between those for strategies 2 
(or 5) and 3, which is a straightforward result. Strategy I would provide less
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Table 2.6.1.2-2. Test likelihood sumrmary-optimist (page I of 2).

Spreadsheet for Recording Expert Assessments 
of Test Accuracy for each Calico Hills Testina Strateav

Optimistic View of Experts 

Testing Strategy #1: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result = ): 
"SLOW MATRIX" 0.80 0.08 0.09 0.09 
"FAST MATRIX" 0.07 0.80 0.06 0.08 
"CONC. FRACT." 0.05 0.05 0.75 0.12 
"DIST. FRACT." 009 0.07 0.10 0.70 

Testing Strategy #2: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result =): " _ 

"SLOW MATRIX* 0.90 0.12 0.08 0.08 
"FAST MATRIX" 0.03 0.70 0.05 0.06 
"CONCG FRACT" 0.03 0.07 0.80 0.06 "DIST. FRACT 0.03 0.11 0.07 0.80 

Testing Strategy #3: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result : ): 
"SLOW MATRIX' 0.75 0.22 0.17 0.15 
"FAST MATRIX" 0.07 0.55 0.06 0.10 
"CONC. FRACT. 1 0.09 0.09 0.65 0.15 
"DIST. FRACT." 0.09 0.14 0.12 0.60 

Testing Strategy #4: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test R esu lt = ): ....  
"SLOW MATRIX" 0.70 0.20 0.21 0.20 
"FAST MATRIX" 0.09 0.60 0.09 0.10 
"CONC. FRACT." 0.11 0.08 0.60 0.11 
"DIST. FRACT." 0.10 0.12 0.10 0.60
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Table 2.6.1.2-2. Test likelihood surmary-optimrist (page 2 of 2).

Testing Strategy #5:

Flow Actual Conditions: _ 

Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST FRACT 
P( Test Result = ): 
"SLOW MATRIX" 0.90 0.12 0.08 0.08 
"FAST MATRIX" 0.03 0.70 0.05 0.06 
"CONC. FRACT." 0.03 0.07 0.80 0.06 
"DIST. FRACT." 0.03 0.11 0,07 0.80 

Testing Strategy #6: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result =): 
"SLOW MATRIX" 0.60 0.20 0.17 0.19 
"FAST MATRIX" 0.12 0.50 0.08 0.11 
"CONC, FRACT." 0.13 0.12 0.60 020 
"DIST. FRACT." 0.15 0.18 0.16 0.50 

Testing Strategy #7: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT

P( Test Result =T: "_ _ _ _ __ _ _ 

"SLOW MATRIX" 0.70 0.15 0.12 0.12 
"FAST MATRIX" 0.07 0.60 0.07 0.09 
"CONC. FRACT." 0.11 0.11 0.65 0.14 
"DIST. FRACT." 0.12 0.14 0.15 0.65 

Testing Strategy #8: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result =): , _ _ _ _ FT,,,,,S 
"SLOW MATRIX" 0.65 0.19 0.14 0.16 
"FAST MATRIX" 0.09 0.50 0.07 0.09 
"CONC. FRACT." 0.12 0.14 0.65 0.20 
"DIS7 FRACT." 0.14 0.17 0.14 0.55
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Table 2.6.1.2-3. Test likelihood suirinary-Pessimist (page 1 of 2).

Spreadsheet for Recording Expert Assessments 
of Test Accuracy for each Calico Hills Testing Strategy

Pessimistic View of Experts 

Testing Strategy #1: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST FRACT 

P( Test Result = ): 
"SLOW MATRIX" 0.60 0.19 0.19 0.15 
"FAST MATRIX" 0.13 0.50 0.11 0.14 
"CONG. FRAT." 0.10 0.13 0.50 0.21 
"DIST FRACT." 0.17 0.18 0.20 0.50 

Testing Strategy #2: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result) =): 
"SLOW MATRIX" 0.65 0.20 0.16 0.16 
"FAST MATRIX" 0.12 0.50 0.10 0.11 
"CONC. FRACT." 0.12 0.12 0.60 0.13 
"DIST. FRACT." 0.12 0.18 0.14 0.60 

Testing Strategy #3: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result = ): ___ 

"SLOW MATRIX" 0.55 0.32 0.27 0.22 
"FAST MATRIX" 0.12 0.35 0.10 0.15 
"CONC. FRACT." 0.17 0.13 0.45 0.23 
"DIST. FRACT." 0.16 0.20 0.18 0.40 

Testing Strategy #4: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST FRACT.  

P( Test Result =__: 
"SLOW MATRIX" 0.55 0.30 0.42 0.34 
"FAST MATRIX" 0.14 0.40 0.18 0.17 
"CONC. FRACT." 0.17 0.12 0.20 0.19 
"01ST. FRACT." 0.14 0.18 0.20 0.30
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Table 2.6.1.2-3. Test likelihood surrarv-pessimist (page 2 of 2).

Testing Strategy #5:

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. IDIST FRACT.  

P( Test Result =): 
"SLOW MATRIX" 0.65 0.20 0.16 0.16 
"FAST MATRIX" 0.12 0.50 010 0.11 "CONC. FRACT." 0.12 0.12 0.60 0.13 
"DIST. FRACT." 0.12 0.18 0.14 0.60 

Testing Strategy #6: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT, DIST. FRACT.  

P( Test Result =): ._.  
"SLOW MATRIX" 0.50 0.30 0.25 0 25 
"FAST MATRIX" 0.15 0.25 0.11 0.14 
"CONC. FRACT." 0.16 0.18 0.40 0.26 
"0IST. FRACT." 0.19 0.27 0.23 0.35 

Testing Strategy #7: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result ): _, ____- ____ _ - _ _ _...._ __" 
"SLOW MATRIX" 0.50 0.23 0.18 0.17 
"FAST MATRIX" 0.11 0.40 0.11 0.13 
"CONC. FRACT." 0.19 0.16 0.50 0.20 
"DIST. FRACT.' 0.20 0.21 0.22 0,50 

Testing Strategy #8: 

Flow Actual Conditions: 
Conditions SLOW MATRIX FAST MATRIX CONC. FRACT. DIST. FRACT.  

P( Test Result =): _ _ _ _ _ _ _ _ _ _ _ _ __......  

"SLOW MATRIX" 0.50 0.27 0.24 0.21 
"FAST MATRIX" 0.13 0.30 0.12 0.13 
"CONC. FRACT." 0.17 0.19 0.40 0.26 
"0IST FRACT." 0.20 0.24 0.24 0.40
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representative data than 2 or 5, but would provide more than strategy 3 because 
of the added outside excavation. The angled boreholes and Prow Pass test 
facility had only a small affect on these assessments.  

The errors considered most likely with strategy 1 are related to the 
capability to: (1) correctly identify FM flow conditions; (2) discriminate CF 
and DF flow; and (3) discriminate SM flow and CF flow. The FM flow regime would 
be more difficult to identify correctly based on underground testing in the 
zeolitic facies or outside the block. It is possible that there will be many 
observations of matrix conductivity sufficient for FM flow, and that FM may be 
predicted incorrectly, instead of SM or fracture flow. The ability to 
discriminate between similar flow regimes depends on identifying signiirn_ 
flux concentrating mechanisms using information collected mostly from boreholes 
or from outside the block.  

The benefit of an extensive excavation southeast of the site, relative to 

the limited facility inside the block to the northeast, is more pronounced for 

FM and CF flow conditions because these conditions can be studied in the vitric 
facies, where conditions may be relatively heavily faulted. Data from the 
extensive SE facility may not be considered representative of site conditions, 
particularly if observations include localized pathways, and/or locally heavy 
recharge.  

In summary, Strategy 1 in conjunction with the SCP program would produce 
reliable information on matrix properties, and useful information on faulting in 

both vitric and zeolitic facies. Accuracy would be good, but less than for 

extensive excavation inside the block, particularly for fracture flow (CF and 
DF) conditions. Strategy 1 would rely on surface-based boreholes for correctly 

predicting SM flow conditions. Strategy 1 was developed as a way to maximize 
information collected from outside the block, in conjunction with limited 
e.cavazion inside the block. The problem with this approach is the 
representativeness of data which must be extrapolated to evaluate whether 
fracture flow and lateral diversion will be important inside- the block.  

TES? LIKELIHCOD FOR STRATEGY 2 (Extensive excavation inside the block, with 
access from the southern part of the block) 

This strategy along with number 5, was judged to have significantly higher 

likeli.coi of producing correct results, than any other strategy considered.  
Averaged among panelists, the probability of correctly identifying SM flow 

conditions was 0.81. This is the maximum accuracy estimated for any strategy, 
mostly because of uncertainty as to the magnitude and timing of future climate 

change, and pessimism as to how characterization results would be interpreted in 

regulatory proceedings. The complementary residuum of 0.19 was regarded by some 

panelists as a reasonable rough estimate for the likelihood of an erroneous 
prediction of significant climate change to wetter conditions.  

The probability correctly identifying each of the fracture flow regimes was 

about 0.7, which is higher than for other strategies because of extensive 
drifting and exposure of fault zones. This level of accuracy is significantly 

sower than for SM flow because of uncertainty as to lateral diversion and the 

distribution and connectivity of fracture pathways, in addition to inter-
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pretation and future climate. The panel judged that FM flow would be 
significantly more difficult to correctly identify than other flow conditions.  
As discussed previously, this is because of difficulty in identifying both a 
flux concentrating mechanism, and connected pathways that are sufficiently 
transmissive.  

Probabilities for incorrect conclusions are rather uniformly distributed 
among the possible errors, with some exceptions. FM flow conditions are judged 
to be difficult to identify, and the probability of incorrectly concluding FM 
flow conditions is relatively low. There is believed to be a slightly lower 
chance of erring toward CF flow conditions because of extensive opportunities to 
observe and test potential diversion horizons and fault/fault zone pathways 
within the repository block. The panel judged that for FM, CF, or DF flow 
conditions the likelihood of erring toward SM conditions was slightly higher 
than other possible errors. If only matrix flow conditions are observed in 
situ, a bias could develop because of the extensive nature of the strategy, and 
because the strategy will deliberately explore several locations where adverse 
conditions are anticipated.  

In summary, Strategy 2 (or 5) is most accurate because of data 
representativeness, but maximum probability of obtaining correct results is 
limited by exogenous factors. Different types of errors are possible, but the 
probabilities are somewhat smaller and more uniformly distributed among possible 
errors, compared to other strategies.  

TEST LIKELIHOOD FOR STRATEGY 3 (Limited excavation inside, and in the northern 
part of the block) 

This strategy is closest to the baseline Exploratory Shaft Facility program 
described in the SCP. Excavation would be limited to the zeolitic facies. Slow 
matrix (SM) flow conditions could be evaluated with reasonable accuracy, 
comparable to an extensive excavation outside the block (such as Strategy 7).  
However, the panel estimated roughly a 50 percent chance of obtaining correct 
results for each of the other flow conditions. This is because surface-based 
borehoies would be relied upon for characterizing much of the site (discussed 
above).  

Because of data representativeness there woun! be low likelihood of 
correctlv concluding FM flow conditions. In addition, the probability of erring 
toward FM fiow would be relatively low. FM conclusions would be based on 
borehole data from the southern part of the block.  

The extent of fault exploration would be limited, and fault zones in the 
vitric facies would not be observed underground. Excavation intercepts with the 
Ghcst Dance fault would be few, and located relatively close together in the 
zeclitic facies. Boreholes would be relied upon for information on fault/fault 
zone conditions in the south, but boreholes are intrinsically limited for 
fracture fault characterization (see SCP Section 8.4.2.1.5). Consequently there 
could be a tendency to apply results from the zeolitic to the vitric facies.  

The estimated probability of correctly identifying DF flow conditions is 
low, mainly because the DF regime would be areally extensive by definition, but 
the excavation would be limited in area and inventory of features sampled. In 
sumumary, Strategy 3 would be relatively likely to produce a correct result about 
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SM flow conditions, but not about conditions that require extrapclaoion of 
results from the north to other parts of the block.  

TEST LIKELIHOOD FOR STRATEGY 4 (Limited excavation inside, and in the southern 
part of the block) 

This s:ra:egy was considered least representative of those involving 
excavaton rinside the repository block. Like Strategy 3, the probability of 

...ret 4en`i • 7no SM flow conditions would be relatively high, but 
prcbability :f obtaining a correct result for any other flow condition is 
similar to that for Strategy 8. This is because the Ghost Dance fault and other 
down-gradient features are not accessed underground, and because excavatiorn 
would be limited to vitric tuff (above discussion of vitric vs. zeo. oio 
properties). The probability of incorrectly concluding SM flow conditions is 
much greater than for the other possible errors, because virtually all the 
observed conditions and behavior will be of that type. To an approximation, the 
other types of error are equally likely. In summary, Strategy 4 would be likely 
to produce a correct result about SM flow conditions, but for conditions that 
require investigation of fault/fracture behavior, Strategy 4 would be no better 
than Strategy 8 which is located outside the block.  

TEST LIKEL:HOOý FOR STRATEGY 5 (Extensive excavation inside the block, with 
access from the northern part of the block) 

The difference between Strategies 2 and 5 is limited to the location within 
the block, from which access to the CHn unit is constructed. The technical 
panel could find no significant difference in test likelihood resulting from 
this variation. Regardless of the facies or structure exposed in access ramps 
or shafts, the structures targeted for exploration would be the same. The 
capability to drill exploratory boreholes from the underground excavation tends 
tc o.v.ate any test likelihood advantage from shaft/ramp location. Accordingly, 
the same test likelihood assessments were used for both Strategies 2 and o.  

TEST L:KELIHOCD FIR STRATEGY 6 (Expanded surface-based testing, including a 

Prow Pass test facility, and angle-hole drilling 
from the main test level of the ESF) 

The crobabilities for reaching correct conclusions from Strategy 6 are 
judged to be lower than for any other strategy. Even for SM flow conditions, 
the est:ia:ed probabilitv of correct results is sliahtly better than 50 percent.  
This assessment incorporates comments by the U.S. Nuclear Regulatory Commission 
(NRC) staff regarding the adequacy of approaches limited to surface-based 
testing, for CHn unit characterization (NRC, 1989; e.g., Comment 16). Strategy 
s J-isded; to be a relatively small increment on the baseline SCP program to 

witoh the NRC comments apply.  

Seotion 8.4.2.1.5 describes a general scheme that would have to be used to 
aoo§:p:zs: results from outside the block, or from limited locations inside the 
-ook, to :ne region of the rock mass responsible for repository performance.  

The variabiity of a set of rock characteristics which is measured throughout 
tne bloc., would be used to infer the variability of a property that has limited 
mesureme.t support. Strategy 6 would require inference of complex 
characteristics and scale relationships, from borehole sampling, geophysics, and 

floW measure-ents. Mechanistic models relating inferred and measured Qronerties 
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could be required, depending on the complexity of the inferred characteristics.  

Such a scheme has not been demonstrated at Yucca Mountain and has found 
limited application in other projects. Uncertainty as to its viability is a 
principal reason why the technical panel judged the Prow Pass test facility to 
have limited effect on test likelihood. Another reason is that while testing at 
Prow Pass could be used to investigate transport phenomena and validate motels, 
the results might not be useful for evaluating alternative interpretations of 
hyodro•gic state information collected from surface-based testing at Yucca 
Mountain.  

Conservative interpretation could lead to incorrectly interpreting SM as 
CF, particularly because the ESF test program is oriented toward underground 
observation and testing of faults and fractures at the main test level. If a 
dripping fracture were observed in a borehole, without the capability for 
underground excavation in the CHn unit, the result could be erroneous 
interpretation of DE flow conditions.  

interpretation of FM flow conditions could be difficult with Strategy 6.  
The technical panel judged that structural properties of the rock mass (e.g., 
porosity, conductivity) might not be sufficient to detect FM flow conditions, 
and that correlation of structural and state variables (moisture potential) may 
be required. The correlation would be difficult to obtain from borehoies, 
particularly if FM flow conditions exist in small portion of the rock mass.  
Accordingly, the probabilities that FM flow conditions would be identified 
correctly and incorrectly are lower than for other flow conditions.  

A small CF flow pathway could be difficult to sample directly, but the 
condiitons for CF flow are judged to be significantly easier to interpret than 
FM flow conditions, using surface-based boreholes. Distributed fracture flow 
would be difficult to characterize because of limitations on borehole data. in 
summary, the probabilities for correct results from Strategy 6 are uniformly low 
with the exception of SM flow conditions which are slightly easier to interpren, 
and FM flow conditions which are difficult to identify.  

TEST LfKEL:HOOD FOR STRATEGY 7 (Extensive excavation outside and SE cf tnhe 
site; surface-based drilling into fault zones; 
Prow Pass test facility) 

The probability of Strategy 7 correctly identifying SM flow conditions 
approaches that for limited, inside excavation (Strategy 3 or 4). Probabilities 
for other correct results meet or exceed those for limited, inside excavations.  
ltrategy 7 may provide useful information from a range of structural and 
iLithccgic conditions, including the vitric-zeolitic facies transition if it can 
be accessed in the unsaturated zone.  

hne issue of representativeness is comparable to that for limited, inside 
srn-egias. Test results from the outside excavation must be extrapolated over 
a lateral distance to the repository block, that is comparable to the distance 
between noothern and southern locations within the block.
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Strategy 7 would involve an extensive underground excavation underl•ing a 
physiographically low-lying area, which may be associated with locally increased 
recharge. A portion of the excavation would be located in the imbricate normal 
fault zone, and depending on whether the faults and associated fractures are 
open, fracture flow may be common. This is represented by slightly increased 
probability that DF flow conditions may be identified incorrectly. Otherwise 
the probabilities for incorrect results are similar to Strategy 8.  

In summary, test likelihood for Strategy 7 is intermediate between Strategy 
8 and Strategy I, as would be expected. Test likelihood for Strategy 7 compares 
to the inside, limited excavation strategies 3 and 4 but much more effort is 
involved.  

TEST LIKELIHOOD FOR STRATEGY 8 (Limited excavation outside and SE of the site; 
surface-based drilling into fault zones; Prow 
Pass test facility) 

The technical panel was in general agreement that a limited excavation 
outside the repository block offers little benefit with respect to test 
likelihood. For SM flow conditions the accuracy of Strategy 8 is only slightly 
better than that associated with surface-based testing.  

The technical panel was uncertain as to the significance of fracturing that 
would be observed in the limited excavation of Strategy 8. On one hand the low 
strength of the vitric facies implies no open fractures, but the frequency of 
faults suggests that fractures may be abundant. If fracture flow phenomena were 
observed, they would probably be extrapolated to the repository block. Because 
of this uncertainty the probabilities of errors from Strategy 8 are distributed 
among the possible errors, except for erroneous interpretation of FM flow which 
is considered more unlikely because FM flow conditions are difficult to 
identify.  

in summary, representativeness of data from a limited, outside excavation 
is expected to provide only slight improvement in test likelihood, over the 
surface-based testing components of Strategy 8 (which are shared with strategies 
1, 6 and 7).  

DISCUSSION OF TEST LIKELIHOOD ASSESSMENTS 

The test likelihood assessments presented in Tables 2.6.1.2-1 through -3 
represent a large number of discrete probabilities. A number of observations 
may be drawn from inspecting any one of these tables. There are large, probably 
significant differences among the strategies with respect to the likelihood of 
producing correct results. This is evident from Figure 2.6.1.2-3, which plots 
the probabilities of correctly identifying each flow regime, for the eight 
strategies. These probabilities originate from the main diagonal of each 4 by 4 
matrix in Table 2.6.1.2-1.  

Strategy 2 or 5 is viewed as most likely to yield correct results.  
trateg 6 mostly involves surface-based drilling and testing, and is judged by 

the technical panel to have relatively poor potential for accuracy. The 
procsed Prow Pass test facility is part of Strategy 6, but contributed little 
to one low likelihood of correct results.
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An "average test accuracy" index was generated for graphical presentation 
of this fact, in several presentations of the CHRBA. The index is calculated 
for each strategy, from the estimated probability of correctly identifying each 
flow regime. The probabilities for each flow regime are weighted by the prior 
probabilities for that regime (Section 2.6.1.1). Note that the "average test 
accuracy" index does not address possible false outcomes, and the weights do not 
account for performance implications of the flow regimes. Thus while it has been 
useful in presentations, from a methodological perspective the index is flawed 
and is not discussed further here.  

Using test likelihood estimates and prior probability estimates for the 
flow regimes (Section 2.6.1.1) it is possible to compute the probabilities that 
each strategy would produce particular results. This computation is plotted in 
Figure 2.6.1.2-4 for Strategy 2 (highest probability of correct results along 
with Strategy 5) and Strategy 6 (lowest probability of correct results).  
Strategy 2 is more likely to produce the "SM" result, but the probability is 
still less than the prior value of 0.69.  

The benefit of an accurate strategy is emphasized by Figures 2.6.1.2-5 and 
-6. These figures represent the flow regime probabilities as they are updated 
from the prior values to the posterior values, because of testing. Posterior 
probabilities are conditional on a particular outcome of testing, which is 
chosen as SM flow conditions for Figure 2.6.1.2-5 and DF flow conditions for 
Figure 2.6.1.2-6. The posterior probability for a particular outcome is 
computed from the normalized sum of probabilities for obtaining the outcome 
(both true and false) for each flow regime weighted by the prior probability of
that regime. The weighted sum is normalized by the prior probability of the 
particular outcome.  

From Figure 2.6.1.2-5 it is clear that if the "SM" result is obtained, the 
probability of being wrong is more than twice as great for Strategy 6, than 
Strategy 2. Similarly, the complementary probabilities that one of tne otner 
regimes is the true condition, are more than twice as great for Strategy 6. if
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