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The ease of characterization of a site or host rock is directly related to the degree
of confidence we place on our ability to find and characterize the key geosphere
properties. The easier a site is to characterize, generally the more favorable the
site will be (given it is acceptably safe) because we have greater confidence that all
potentially unfavorable features will be found.

This report presents a method which has been developed to objectively evaluate
the explorability, or ease of characterization, of a particular site or host rock. This
method is based on two basic premises. First, it is assumed that the hydrogeologic
characteristics of features which may provide a potential conduit (or pathway) for
any released radionuclides to travel from the repository to the biosphere are the
key parameters affecting long-term safety assessments. Second, it is assumed that
our ability to detect these features can be used as a measure of the ease of
exploration of the host rock or geographic area under investigation. The ease of
characterization may be used as a distinguishing factor in site and host rock
compansons.

In order to illustrate the potential applicability of the developed method, we have
applied the approach to the Lower Freshwater Molasse (USM) and Opalinus Clay
(OPA). In so doing, we have generated possible representative conceptual models
of the key hydrogeologic features for both these host rocks.

In the example application of the methodology to the representative USM and OPA
geospheres, we have defined the types of exploration methods most likely to be
used to detect the hydrogeologic features anticipated to be encountered. In addi
tion, we have estimated the likelihood of the exploration tools being able to detect
the features of interest, given that the features are intersected by the chosen
exploration tool.

Based on the assumed conceptual models and feature parameter distributions, we
have determined the likelihood of preferential pathways existing between the
repository and the biosphere. We have also determined the number of preferential
pathways likely to exist in the different exploration volumes.

Although the input distributions used in the explorability study presented in this
report are hypothetical, the results generated are not dissimilar from what one
would intuitively expect. The probability of pathways existing in the OPA is
calculated to be very low, and the probability of detecting these pathways at early
stages of the exploration is also low, unless significant vertical offsets occur along
the normal faults. The probability of pathways existing in the USM is also
determined to be low (although higher than in the OPA), and the probability of
detecting these pathways is high. A big difference is that, if a feature is detected
from underground in the OPA, it should be relatively easy to determine if it is a
preferential pathway, while if a feature is intersected in the USM underground
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exploration phase, it may be quite difficult to determine if it is a preferential
pathway because it will be difficult to determine the length of the feature.

In the analysis of exploration programs described in this report, we have made
several assumptions. The most crucial assumptions include:

• The definition of which features are potentially critical in safety assessments.

• Simplifying the geometric shape of the potentially critical features.

• The geometric and hydraulic property distributions of the potentially critical
features.

• The spatial variability of the hydraulic properties within the potentially critical
features.

• The likelihood of detecting and characterizing features given they have been
intersected.

All these assumptions should be readdressed at the end of each phase of the
exploration program. Additional analyses could be performed using the
methodology presented in this report to evaluate the importance of some of the
above assumptions (i.e., we could vary the parameter distributions and see what
effect they have on the predicted outcome).

In our effort to evaluate the ease of characterization of the OPA and USM, we
have developed a quantitative method for determining the explorability of a
particular host rock with emphasis on the ability to detect and characterize critical
features from a long-term geosphere performance perspective. The applicability
of this method has been demonstrated by application to representative OPA and
USM geospheres. This has proven to be very useful in affirming our intuitions
about the relative performance of the OPA and USM geospheres, as well as the
ease of characterization of these two geospheres to confirm the expected
performance.
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ZUSAMMENFASSUNG 

Die Charakterisierbarkeit eines Deponiestandortes oder einer Endlagerformation 
steht in direkter Beziehung zur Wahrscheinlichkeit, Schlüsseleigenschaften der 
Geosphãre charakterisieren und prãferentielle Fliesswege korrekt identifizieren zu 
kõnnen. Für einen Standort, für den ein Sicherheitsnachweis geleistet werden kann, 
gi1t: je einfacher seine Charakterisierung, desto qualifizierter ist der Standort. Dies 
steht damit im Zusammenhang, dass für einen auf einfache Weise 
charakterisierbaren Standort die Wahrscheinlichkeit grõsser ist, kritische F1iesswege 
(Kurzschlüsse) korrekt zu identifizieren. 

Dieser Bericht stellt eine Methodik vor, die es erlaubt, die Explorierbarkeit eines 
Deponiestandortes oder einer Endlagerformation für radioaktive Abfãlle objektiv 
und quantitativ zu beurteilen. Die Methode basiert auf zwei Grundannahmen. 
Erstens wird angenommen, dass das Auftreten und die hydrogeologischen 
Eigenschaften von prãferentiellen Fliesswegen Schlüsselparameter für den 
Transport von Radionukliden von einem Endlager zur Biosphãre darstellen; 
zweitens wird vorausgesetzt, dass unsere Fãhigkeit, solche prãferentiellen 
F1iesswege zu loka1isieren, ein Mass für die Explorierbarkeit einer 
Endlagerformation oder eines Endlagergebietes darstellen. Die Explorierbarkeit 
kann somit als Mass für einen qualitativen Vergleich von Standorten und 
Endlagerformationen herangezogen werden. 

Die im vorliegenden Bericht hergeleitete und beschriebene Methodik wird anhand 
zweier Fallbeispiele (untere Süsswassermolasse, USM, und Opalinuston, OPA) 
illustriert. Für diese Illustration werden in diesem Bericht mõ,gliche konzeptuelle 
Modelle der prãferentiellen Fliesswege beider Endlagergesteine entwickelt. 
Anschliessend werden Explorationsmethoden definiert, welche in zukünftigen 
mehrphasigen Untersuchungsprogrammen für die Lokalisierung prãferentieller 
Fliesswege eingesetzt werden kõnnen. Unter der Annahme, dass die ausgewãh1ten 
U ntersuchungsmethoden in Gebieten eingesetzt werden, in welchen prãferentielle 
F1iesswege vorkommen, sind schliesslich die Wahrscheinlichkeiten abgeschãtzt 
worden, die prãferentiellen Fliesswege zu lokalisieren. 

Basierend auf den angenommenen konzeptuellen Modellen und den 
Parameterverteilungen (Verteilungstyp, Mittelwert, Standardabweichung) der 
prãferentiellen Fliesswege wurden die Wahrscheinlichkeiten bestimmt, dass solche 
prãferentiellen Fliesswege zwischen dem Endlager und der Biosphãre existieren. 
Zudem wurde die Anzahl prãferentieller Fliesswege in verschiedenen 
Explorationsgebieten unterschiedlicher Grõsse berechnet. 

Obwohl die Input-Verteilungen, welche in vor1iegender exemplarischer 
Explorationsstudie verwendet wurden, hypothetisch sind, ergeben sich quantitative 
Simulationsresu1tate, die den intuitiv erwarteten sehr ãhnlich sind. Die berechnete 
Wahrschein1ichkeit der Existenz prãferentieller F1iesswege im OPA ist sehr gering. 
Die Wahrscheinlichkeit, dass solche Fliesswege in frühen Explorationsphasen 
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entdeckt werden, ist ebenfalls gering, solange der vertikale Versatz ent1ang 
angenommener steilstehender Stõrungen klein ist. Die Wahrscheinlichkeit der 
Existenz von praferentiellen Fliesswegen in der USM ist ebenfalls gering, jedoch 
hõher als im OPA. Hingegen ist die Wahrscheinlichkeit, diese Fliesswege zu 
entdecken, aufgrund der durchgeführten Rechnungen gross. Ein Unterschied in den 
beiden Endlagerformationen besteht darin, dass bei praferentiellen Fliesswegen, 
welche untertage im OP A angefahren werden, mit relativ grosser Sicherheit 
entschieden werden kann, ob es sich um eine Verbindung zur Biosphare handelt 
(als Biosphare wird hier der nachst1iegende Aquifer betrachtet, Distanz ca. 30 m). 
Dies ist im Falle der USM kaum mõglich, weil die Ausdehnung der praferentiellen 
Fliesswege in der USM (und die Distanz zur Biosphare) viel grõsser und damit 
schwerer abzuschatzen ist. 

In der durchgeführten Analyse von Untersuchungsprogrammen wurden 
verschiedene Annahmen getroffen. Die wichtigsten betreffen: 

- die Definitionen von praferentiellen Fliesswegen, welche sicherheitstechnisch 
mõglicherweise kritisch sind 

- eine Vereinfachung der Geometrie solcher praferentiellen Fliesswege 

- die Verteilung der geometrischen und hydraulischen Eigenschaften dieser 
praferentiellen Fliesswege 

- die raumliche Variabilitat der hydraulischen Eigenschaften innerhalb der 
praferentiellen Fliesswege 

- die Wahrscheinlichkeit, praferentielle Fliesswege zu entdecken und zu 
charakterisieren 

An diese Annahmen sollten am Ende jeder zukünftigen Explorationsphase neu 
beurteilt werden. Mit zusãtzlichen Rechnungen der vor1iegenden Art kõnnte die 
relative Wichtigkeit der verschiedenen obigen Annahmen evaluiert werden 
(Sensitivitatsstudien verschiedener Parameterverteilungen im Hinblick auf den 
berechneten Erfolg eines Untersuchungsprogrammes). 
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RESUMÉ 

La facilité de caractérisation d'un site ou d'une roche d'accueil est directement liée 
au degré de confiance que nous plaçons dans notre capacité à reconnaître les 
propriétés majeures de la géosphère. Plus la détermination des caractéristiques 
d'un site est aisée, meilleures seront ses capacités de confinement (en supposant 
l'acceptabilité des critères de sûreté). Dans ce cas le degré de confiance que nous 
possédons est élevé, impliquant que toutes les structures potentiellement 
défavorables seront découvertes. 

Ce rapport présente une méthode qui a été développée pour évaluer objectivement 
l'explorabilité, c'est-à-dire la facilité de caractérisation d'un site ou d'une roche 
d'accueil particulière. Cette méthode repose sur deux hypothèses de base. 
Premièrement, il est supposé que les caractéristiques hydrogéologiques des 
structures susceptibles de devenir des cheminements préférentiels, pour tous les 
radionucléides relâchés, sont les propriétés déterminantes affectant l'évaluation 
d'une sûreté à long terme. Deuxièmement, nous supposons que notre capacité à 
détecter ces structures peut être utilisée comme mesure pour quantifier le degré 
de facilité d'exploration d'une roche d'accueil ou d'une zone investiguée. La facilité 
de caractérisation peut être appliquée comme facteur de sélection lors de 
comparaisons de divers sites et roches d'accueil. 

Dans le but d'illustrer le potentiel de la méthode développée, celle-ci a été 
appliquée à la molasse d'eau douce inférieure (USM) et à l'argile à Opalines 
(OPA). A l'aide de cette approche, plusieurs modèles conceptuels potentiels -
représentants les structures hydrogéologiques majeures - de ces deux roches 
d'accueil ont été élaborés. 

Lors de l'étude des géosphères USM et OP A, nous avons défini les types de 
méthodes d'exploration les mieux adaptés pour la détection des structures 
hydrogéologiques susceptibles d'être rencontrées. De plus, la probabilité de la 
capacité de détection des structures d'intérêt par les outils d'investigatio~ a été 
estimée, sachant que ces structures sont intersectées par les outils d'exploration 
choisis. 

A partir des modèles conceptuels chojsis et des distributions supposées des 
paramètres, la probabilité de l'existence de cheminements préférentiels du dépôt 
vers la biosphère a été estimée. Le nombre de cheminements préférentiels censés 
exister dans les différents volumes explorés a également été évalué. 

Malgré le caractère hypothétique des distributions utilisées lors de l'étude 
d'explorabilité, les résultats obtenus sont conformes aux espérances intuitives. La 
valeur estimée de la probabilité d'existence de cheminements dans l'OP A est très 
faible. Lors des phases d'exploration préliminaires la probabilité de détection de 
ces cheminements est également faible, à moins que des rejets verticaux significatifs 
se soient produits le long de failles normales. La valeur estimée de la probabilité 
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de l'existence de cheminements dans l'USM est également faible (bien que 
supérieure à celle de l'OP A), par contre la probabilité de détection de ces 
cheminements est forte. L'OP A se distingue de l'USM au niveau de l'identification 
des cheminements préférentiels. En effet, lors de la détection d'une structure dans 
l'OP A, son identification en tant que cheminement préférentiel devrait être 
relativement aisée. Par contre, dans l'USM à partir de l'intersection d'une structure 
lors de la phase exploratoire, il sera relativement difficile de déterminer s'il s'agit 
d'un cheminement préférentiel. Car l'évaluation de la longueur de la structure n'est 
pratiquement pas possible. 

Dans l'analyse des différents programmes d'exploration, plusieurs hypothèses ont 
été effectuées dont les plus importantes sont les suivantes: 

- La définition de structures potentiellement critiques lors de l'évaluation de la 
sûreté. 

- Simplification de la forme géométrique des structures potentiellement 
critiques. 

- Les distributions des propriétés géométriques et hydrauliques des structures 
potentiellement critiques. 

- La variabilité spatiale des propriétés hydrauliques à l'intérieur des structures 
potentiellement critiques. 

- La probabilité de détecter et de caractériser des structures sachant qu'elles 
ont été intersectées. 

Toutes ces hypothèses devraient être réévaluées à la fin de chaque phase du 
programme d'exploration. Des analyses supplémentaires pourraient être effectuées 
à partir de la méthodologie présentée, dans le but d'évaluer une partie des 
hypothèses mentionnées ci-dessus (i.e., une analyse de sensibilité des paramètres 
des distributions permettrait une étude de la variabilité des résultats prédits par le 
modèle). 

A partir de l'évaluation de la facilité de caractérisation de l'OP A et de l'USM, 
nous avons développé une méthode quantitative pour la détermination de 
l'explorabilité d'une roche d'accueil donnée. Cette approche se distingue par sa 
capacité de prendre en compte la détection et la caractérisation de structures 
critiques du point de vue du comportement à long terme de la géosphère. A l'aide 
de géosphères représentatives de l'USM et l'OPA, l'applicabilité de la méthode a 
été démontrée. Nos intuitions relatives au fonctionnement respectifs des géosphères 
USM et OPA, ainsi qu'à leur facilité de caractérisation ont été confirmées. 
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1 INTRODUCTION

- 1 -

For several years, NAGRA has been investigating the feasibility of storing long-lived
radioactive wastes in sedimentary host rocks. A preliminary evaluation of the
different sedimentary host-rock options (NAGRA, 1988) indicated that two host
rocks, the Opalinus Clay (OPA) and the Lower Freshwater Molasse (USM), are
potentially suitable at three areas in northern Switzerland, as illustrated in
Figure 1.1. These areas are north of the Laegern and in the Zurich Weinland area
for the OPA, and east of the Limmat River for the USM.

The principal criteria used in this initial screening performed by NAGRA and
presented in NAGRA (1988) included:

1. Depth of the host rock;
2. Quality and thickness of the host rock;

3. Tectonic conditions and predictability of the geologic structures;
4. Seismicity and neotectonic conditions; and
5. Hydrogeologic conditions and their predictability.

Numerous factors influence the decision regarding which host rock and area should
be the focus of the first characterization efforts. In comparing/contrasting different
areas or host rocks, we must consider various factors potentially contributing to the
development of a repository, including:

• Regulatory requirements

• Safety analysis
• operational safety
• long-term safety

• Constructability
• Socio-political criteria

• proximity to borders and population centers

• Explorability

• Time

• Cost

• Risk

Several of these factors are necessarily linked. For example, the safety analyses
may be driven by certain regulatory requirements. Also, it is clear that the cost of
developing a repository (from regional investigations through site evaluation, site
selection, licensing, and construction) is dependent on the effort required to explore
the site to a sufficient level of certainty that a robust safety case can be made. The
ease or certainty with which a site can be characterized is termed explorability.
Explorability can be used as a distinguishing criterion in the selection process
between different host rocks or different sites. This report focuses on a possible
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OPALlNUS CLAY
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LOWER FRESHWATER MOLASSE (USM)

7 USM west of the Limmat

8 USM east of theLimmot

Figure 1.1 Potential Siting Regions within the Opalinus Clay and Lower
Freshwater Molasse (Regions 4, 5, and 8 have been proposed by
NAGRA for further investigation) (NAGRA, 1988)
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methodology to evaluate the explorability of different host rocks, and provides an
example application of the method to the USM and OPA.

1.1 Repository Development Strate2.,Y

Several steps are required in the development of a license application for a waste
repository. A flow chart illustrating the key components of such a strategy is
presented in Figure 1.2. Imbedded within the overall repository development
strategy is the exploration strategy. It is worthwhile to walk through the individual
components of the repository development strategy to depict their interrelationship.

The repository development strategy defines the overall framework for the
evaluation of long-term safety issues identified by performance assessment. Major
components of this strategy consist of (i) identifying scenarios and conceptual
models, and quantifying critical threshold values for the key parameters affecting
long-term safety, (ii) allocating the overall safety performance of the repository
system to specific geosphere and engineered barrier compartments, (iii) identifying
the key questions to be resolved in each phase, and (iv) designing a phased field
investigation program to resolve these questions.

The prior geologicjhydrogeologic data base consists of initial estimates of the
scenario(s), conceptual model(s), and parameter(s) affecting the long-term safety
of the host rock or site. These data are either directly measured values or are
derived from indirect information, modeling, or expert judgment. These data are
updated during the course of the field investigations.

Safety analyses are used to predict the suitability of the host rock or site. The
suitability is generally defined with respect to the expected ability of the host rock
or site to meet certain performance objectives. A key performance objective is to
limit the release of radionuclides to the biosphere. In addition, prior to defining
the host rock or site suitability, the safety analyses are used to determine the
relative and absolute importance of the conceptual models and parameters and to
identify the key issues which must be resolved during the site investigation.

Initial safety assessments for the OPA and USM are described in NAGRA (1988)
and HUGI AND ZUIDEMA (in press). The uncertainty in the initial safety assess
ments is very broad and reflects the uncertainty in scenarios and conceptual models,
as well as parameters used in the scenarios or conceptual models. The aim of the
characterization efforts is to minimize the uncertainty in the scenarios, models, and
parameters in order that the safety assessments may be more certain. To prove that
a particular host rock or site provides sufficient safety with sufficient certainty
requires an exploration strategy that focuses on detecting conditions that could
result in performance objectives not being met. Such a strategy will reduce the
uncertainty that the site or host rock fails to meet certain long-term safety
objectives.
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At the time of the Interim Report (NAGRA, 1988), NAGRA'S philosophy was to use
conservative conceptual models and estimates of parameter values in evaluating the
long-term safety of generic sites in the OPA and USM. When evaluating the
potential suitability of a host rock, this approach is appropriate.

Eventually, NAGRA must demonstrate with a certain degree of confidence that the
host rock and site selected meet applicable safety standards. That is, it must be
shown that the site is suitable for the isolation of radioactive wastes from the
biosphere. In so doing, little weight can be given to parameters and models that
are not verifiable. If we cannot confirm a parameter value or conceptual model,
then we may have to use conservative estimates. NAGRA must rely on parameters
and models that are robust and verifiable. The aim of the site investigations is to
move away from conservative assumptions to more directly observable and
verifiable parameter values and conceptual models. Where uncertainty exists about
the site, it is generally more appropriate to quantify the effect of that uncertainty
on the predicted safety of the disposal system. When the uncertainty is quantified
it allows the decision makers the opportunity to understand what is known and not
known about the site so they can make informed choices among alternate sites or
host rocks and decisions about exploration.

The investigation program defines the exploration phases and tools or methods
most applicable for addressing the key questions raised as a result of the safety
analyses. The success of the investigation program relates to the degree to which
the key questions are answered and the level of confidence in the models and
parameters used in the safety analyses.

The ability of a particular exploration strategy to detect potentially fatal flaws may
be used as a factor in selecting the host rock and area for characterization. No
matter what geologic or hydrogeologic characteristic of the rock mass affects the
predicted safety, if that property cannot be detected and characterized, only very
conservative assumptions can be made. It is acknowledged that this may be
appropriate at early phases of the exploration. However, as the site charac
terization proceeds, we should be able to increase our confidence by being assured
that key elements affecting the predicted safety can be detected and evaluated.

The ease of characterization or explorability of a site or host rock also plays a large
role in the site-selection decision at the early stages of the selection process. The
ease of characterization relates to the ability to reduce the current uncertainties in
those scenarios, models, and parameters which most affect the existing uncertainty
in the safety assessments. The site characterization strategies focus on those
scenarios, models, and parameters that are not only uncertain but that also are most
influential in controlling the uncertainty in the predicted safety. Scenarios, models,
and parameters which are either certain or have little impact on the overall safety
analysis are of lesser importance in the design and evaluation of different
exploration strategies.
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Because explorability is potentially a key distinguishing criterion between different
host rocks or different geographic areas, it is desirable to have a method for
objectively evaluating this factor. Explorability is directly related to the ease of
characterization or the degree of confidence we place on our ability to identify and
characterize the key geosphere properties affecting the long-term safety of the site.
This report details the development of an approach that may be used to quantify
the relative success of different exploration strategies. Success is defined as the
ability of the exploration program to detect and characterize key hydrogeologic
features which are expected to have a significant impact on the predicted long-term
safety. This approach is described in Section 2.0. A demonstration of this approach
applied to example USM and OPA exploration programs is also described.

The methodology developed to evaluate explorability may be used not only as a
differentiating factor in site/host rock evaluations, but also as an aid in developing
site characterization programs. The methodology may be used to compare the
ability of different exploration strategies to detect and characterize the key
scenarios, models, and parameters. For a given cost, the best strategy is the one
that identifies and adequately characterizes the key aspects of the geosphere that
affect site performance. While the methodology could be used to optimize the
exploration strategy, this has not been the objective of the present study.

Section 2 presents the key safety-related issues and the allocation of the geosphere
barrier function, as well as the general phasing of the exploration strategy.
Section 3 presents the methodology developed during this study for evaluating
different exploration strategies. Section 4 summarizes the relevant exploration
methods that are generally applied in site characterization studies. Sections 5 and
6 then discuss an example application of the developed methodology to the OPA
and USM, respectively. This example application is for illustrative purposes only,
as we expect the conceptual models and actual exploration methods to be updated
as more information is gathered.

1.2 Back2l"ound Information

The development and application of the methodology to evaluate the explorability
of the OPA and USM host rock options have been a joint effort by NAGRA and
several contractors. The primary work has been performed by Golder Associates
(U.K.) Ltd. and Golder Associates, Inc., and is represented in five NAGRA internal
reports corresponding to separate tasks. Executive summaries of each of these
reports are included in Appendix 11.

Task 1: Methodology for Evaluation of Exploration Strategies
ROBERDS AND DERSHOWITZ (1990)

This report describes the general approach for evaluating alternative
exploration programs for sedimentary host rocks being considered by
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NAGRA for high-level radioactive waste disposal in Switzerland. This
report also illustrates a simple example application of the methodology.
The developed methodology uses an exploration program and geosphere
simulator, SandMan, which is a modified version of Golder's FracMan
code (GEIER ET AL., 1990). The methodology focuses on determining
the probability of existence of preferential pathways (the "targets") by
various exploration methods (the "detectors").

Task 2: Assessment of Exploration Methods
BLACK (1990)

This report identifies the full range of geological, geophysical, and
hydrogeological exploration tools commonly used in site investigations
to detect and evaluate the hydrogeologic characteristics of importance
in safety assessments. Each of the exploration methods is evaluated with
respect to its ability to detect and characterize the target features of
interest. This report concludes by assessing the probability of detecting
target features as a function of the feature properties.

Task 3: Conceptual Models for the Lower Freshwater Molasse and Opalinus
Clay
DERSHOWITZ AND BURK (1990)

This report presents possible conceptual hydrogeologic models of the
USM and OPA. The conceptual models incorporate those sedimentary
and tectonic features believed to have the potential to form preferential
ground-water flow pathways. This report also presents estimated
distributions of the geometric and hydrogeologic properties of the
important features, induding intensity (or spacing), horizontal extent,
vertical extent, orientation, thickness, and hydraulic conductivity, based
on presently available data.

Task 4: Evaluation of Exploration Strategies for the Lower Freshwater Molasse
and Opalinus Clay
DERSHOWITZ, BLACK, AND ROBERDS (1991)

This report presents an example application of the methodology
described in the Task 1 report to the USM and OPA, using the example
exploration methods described in the Task 2 report and the possible
conceptual hydrogeologic models and parameter distributions described
in the Task 3 report. In this report, the results generated using
representative exploration programs are described in terms of the
probability that preferential ground-water flow pathways exist in the
OPA and USM geospheres and the probability that these pathways can (
be intersected and subsequently detected.
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Task 5: Sensitivity Calculations for Exploration Program Success
ROBERDS AND DERSHOWITZ (1992)

This report presents some simple hypothetical geospheres and
exploration programs to evaluate the sensitivity of the derived
results (probability of intersection, probability of detection,
and probability of success) to variations in the input
parameters. This report was produced to address some
questions raised by external peer reviewers of earlier drafts of
the present NTB 91-15 as well as the Task 1 to 4 internal
reports.

Support to the present study to evaluate the explorability of the OPA and USM was
provided by the Bern University Geological Institute. This support consisted of
identifying the key structural and lithologic elements of the OPA and USM geo
spheres that should be the focus of the investigation programs. A significant effort
was devoted to defining the geometric characteristics of the USM sedimentological
features (KELLER, PLAIT, AND MAITER, 1989).

Additionally, hydraulic tests performed in the sedimentary strata of northern
Switzerland were re-examined by COLENCO AG to determine the correlation of the
individual tests with sedimentological fades types identified in KELLER ET AL.

(1990). This work included determining hydraulic conductivity histograms for each
feature type included in the OPA and USM conceptual models.

The work described in this report was a multi-disciplinary and multi-organization
effort. Numerous discussions were held among the various participants to reach a
workable consensus of the approach and required input distributions. The success
of the project would not have been realized without the active participation of
NAGRA'S Nuclear Technology, Geology, and Field Operations Departments.



NAGRA NTB 91-15 - 9 -

2 BASIC CONCEPTS AND ASSUMPTIONS

In evaluating different exploration strategies for characterizing the OPA and USM,

we must first ask ourselves what is most crucial in affecting the potential suitability
of the site. Clearly, the initial focus of the investigation program should be the
most important parameters, processes, and events, because they have the greatest
effect on the predicted long-term safety. It is also desirable that key or critical
feature(s) (from a long-term performance perspective) be discovered as soon as
possible in the investigation process, in order that gojno-go decisions can be made
in a timely fashion with a considerable degree of confidence that the correct
decision is made.

The role of performance assessment in driving the investigation program is
discussed in Section 2.1. The different roles of the separate geosphere
compartments are presented in Section 2.2. The key geosphere properties which
are the focus of the exploration program are presented in Section 2.3. The overall
phasing of the site exploration strategy is presented in Section 2.4. The key
questions to be addressed during site exploration are presented in Section 2.5.

2.1 Role of Performance Assessment in Guidin2 Site Exploration

In general, long-term performance assessments are used as the basis for guiding the
site exploration program. Performance assessments of the entire repository system,
as well as the individual subsystem components (in particular the geosphere) are
used to identify the key models and parameters affecting the predicted safety of the
site. The key models and parameters are those that have a large impact on the
predicted safety (i.e., are sensitive) and are uncertain. By further characterization,
the aim is to reduce the uncertainty in the models and parameters and, by so doing,
reduce the uncertainty in the predicted performance.

The overall objective of the site investigations is to obtain site-specific data that will
be used to evaluate the long-term safety of the site. While several other factors go
into the final site-selection process, it is the characteristics of the geosphere that
control the long-term performance and which are the focus of the site investigations.
Therefore, in developing appropriate exploration strategies for the OPA and USM,
we concentrate on the safety-related data requirements.

2.2 Performance Allocation to Geosphere Compartments

As indicated in Figure 2.1, the major hydrogeological contributions of the geosphere
to long-term repository safety consist of (1) limiting the water flow through the
repository, (2) radionuclide retention, and (3) dilution. However, due to limitations
in the availability of reliable data, it will not be possible to take credit in safety
assessment of all factors possibly contributing to safety throughout the geosphere.
Instead, safety performance must be allocated primarily to those geosphere compart
ments for which highest performance is required. The highest performance is
required from the geosphere compartment limiting the water flow through the
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repository and acting as the primary radionuclide retardation barrier. In the OPA,
the primary radionuclide retention barrier is identical with the near repository
geosphere, while in the USM, due to the expected higher permeability of flow paths
and less favorable retention properties, the radionuclide retention barrier extends
considerably beyond the near repository geosphere to the distant geosphere.

Numerous geosphere characteristics affect the long-term safety of a repository.
These include:

o Ground-water flux into and out of the repository
• Radionuclide solubility
• Radionuclide retardation
• Travel path(s) from the repository to the biosphere
• Darcy velocity along likely travel path(s)
• Interstitial velocity along likely travel path(s)
• Unretarded and retarded radionuclide travel times along likely travel

path(s) from the repository to the biosphere

The first three items control the radionuclide release rate from the repository to the
geosphere. The repository release rate combined with the remaining four items
controls the radionuclide release rate from the geosphere to the biosphere, and
hence the expected dose. Radionuclide solubility and retardation are geochemical
parameters. All the other characteristics listed above are hydrogeologic properties
that must be derived from directly observable or inferable properties, including:

• Number or frequency of pathways from the repository to the
biosphere

• Hydraulic properties (hydraulic conductivity or transmissivity) along
the pathways

Cross-sectional area of pathways

• Hydraulic gradient along pathways

• Pathway length from the repository to the biosphere

• Transport properties (porosity, matrix diffusion, retardation,
dispersion) along pathways

The aim of the investigation strategy is to quantify each of the above properties.
During each phase of the investigation, we start with a prior best estimate of each
of these properties. We also have conservative bounding values which may be used
in safety assessments in the absence of direct observations.
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Figure 2.1 Geosphere Performance Allocation
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The geosphere compartment requiring detailed characterization to determine the
relevant flow and transport characteristics of the most likely pathways for
radionuclide transport (also termed preferentialpathways) consists of an area in the
host rock immediately adjacent to the repository. The size of these areas depends
on the expected magnitude and direction of the ground-water flow through the
repository, which at present are based on preliminary performance assessments
described in NAGRA (1988). For the OPA, the predominant flow direction is
considered to be oriented vertically; therefore, the area of interest is immediately
above and below the repository, and only a small area away from the repository
itself needs to be characterized. For the USM, the predominant flow direction
could be oriented vertically or horizontally, depending on the orientation and
hydraulic properties of the permeable features and the direction and magnitude of
the hydraulic gradient; therefore, the area of interest is both above and below the
repository as well as laterally away from the repository. Although the lateral
distance of interest is from the repository to the biosphere, for practical purposes
we limit ourselves to a lateral distance of 5 km.

Preferential pathways are permeable zones that intersect the repository and are
likely conduits for radionuclide transport away from the repository. Preferential
pathways consist of permeable features that connect to provide a continuous
pathway from the repository. We call these pathways "preferential" to reflect the
fact that water flux and solute transport occur preferentially along these pathways
due to their hydraulic properties. The permeable features are geologic elements
that may be either lithologic or tectonic in origin. Examples of lithologic permeable
features include meander belts and crevasse splays in the USM or sand lentic1es in
the OPA. Examples of tectonic permeable features include faults or fracture zones
in the OPA and USM.

2.3 Key Geosphere Properties

The key parameter affecting the predicted long-term safety of potential repository
sites in the OPA and USM is considered to be the total volumetric flux through the
repository after closure. The total volumetric flux controls the release rate from the
repository (assuming the release is solubility controlled) and it affects the velocities
and travel times of unretarded radionuclides through the geosphere. The
volumetric flux that is considered to be critical from a safety analysis perspective
is 10-5 m3/s (HUGI AND ZUIDEMA, in press). Values greater than this might still
lead to sufficiently low release rates if other favorable factors exist (e.g., high matrix
diffusion, high radionuclide retardation, long pathways from the repository to the
biosphere, etc.), but 10-5 m3/s provides a useful cut-off for planning purposes.

The total volumetric flux is controlled by (1) the average hydraulic gradient across
the repository along the pathways; (2) the size of the pathways (area if a 3-d
pathway, or width if a 2-d pathway); (3) the hydraulic properties along the pathway
(hydraulic conductivity if a 3-d pathway or transmissivity if a 2-d pathway); and
(4) the frequency or number of pathways which intersect the repository. The size
and hydraulic properties of the pathways can be combined by simple multiplication
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into a single parameter termed conductance (units of m3/s), which defines the
effective water-transmitting ability of the pathway.

Starting with the critical total volumetric flux, Qc (10-5 m3/s), for each host rock, it
is possible to determine the critical total conductance summed along all pathways
by dividing Qc by the best estimate of average hydraulic gradient. Since the critical
pathways in the OPA are generally vertical, we use the vertical gradient across the
OPA. Because the critical pathways in the USM can be either vertical or horizon
tal, we must consider both vertical and horizontal gradients. Using best estimates
for the number of likely pathways that could cumulatively yield a total conductance
equal to or greater than the total critical conductance, we calculate a critical
conductance along each pathway. In order to assure ourselves of identifying all
potential preferential pathways, we add a safety factor of 10 to the individual path
way critical conductance value. Finally, in order to limit the number of features
which need to be considered, we define a critical feature conductance based on the
critical pathway conductance and a conservative estimate of the number of features
required to form a pathway. The critical conductance values are summarized in
Table 2.1.

Table 2.1 Summary of Critical Conductance Values for OPA and USM Conceptual
Models

OPA USM-v USM-h

Critical total volumetric flux' (m3/s) 10-5 10-5 10-5

Best-estimate hydraulic gradient' (m/m) 1.0 0.1 0.01

Critical total conductance" (m3/s) 10-5 10-4 10-3

Critical pathway conductance.' (m3/s) 10-6 10-5 10-4

Critical feature conductance' (m3/s) 10-7 10-6 10-5

1 Derived from safety analysis (HUGI AND ZUIDEMA, in press; NTB 88-43).

2 Determined from modeling results presented in NAGRA (1988, NTB 88-25).

3 Determined from the critical total flux and best estimate hydraulic gradients.

4 Determined from the critical total conductance and a safety factor of 10.
Generally, a very low number of pathways exists (see Sections 6 and 7).

5 Determined from the critical pathway conductance, one assumed feature per
pathway, and a conservatism factor of 10. Generally, only one feature exists per
pathway, with the exception of combined crevasse splay-meander belt pathways
or crevasse splay-fault pathways described in Section 7.
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It is worthwhile to identify those parameters that are relied on in making the safety
case. If importance is placed on a particular parameter, then that value must be
measured and verifiable. In the USM safety case presented in NAGRA (1988),
reliance is placed on the long travel distance to the biosphere (greater than 5 km),
a relatively low hydraulic gradient and a moderate hydraulic conductivity of the
interconnected sand channels. In the OPA safety case, reliance is placed on a very
small average hydraulic conductivity and relatively large retardation potential.
Sensitivity analyses on these and other parameters have been presented in HUGI
AND ZUIDEMA (in press). These analyses can be used to define the "degree" to
which each parameter is relied upon. If desired, a "threshold value" for each
parameter that is relied on could also be defined.

The developed exploration strategy focuses on the existence and properties of
"preferential pathways" connecting the repository to the biosphere (or to a more
permeable aquifer, which in turn is connected to the biosphere). We have
concentrated on "preferential pathways" because (i) these pathways are of a very
great importance from a safety-analysis perspective; (ii) the uncertainty in the
existence and properties of these pathways at the present stage of the investigation
is quite high; and (iii) we feel the uncertainties associated with "preferential
pathways" are reducible. It is important to remember, however, that other factors
are also important and need to be evaluated during the site investigations. These
other factors are listed below for the OPA and the USM. Not all of the OPA
factors appear under the USM due to the presumed lower permeability of the OPA
clay.

OPA FACTORS USM FACTORS

• Retardation potential • Retardation potential
• Constructability • Constructability
• Long-time scenarios • Long-time scenarios
• Disturbed zone effect
• Thermal effects
• Gas generation
• Shaft sealing

2.4 General Phasin2 of Site Exploration StrateKY

The general site exploration strategy consists of several different phases. NAGRA
has delineated four phases in the overall exploration program. These phases consist
of the following:

• Phase 0: Desk and analog studies
• Phase 1: Regional investigations
• Phase 2: Site investigations from the surface
• Phase 3: Site investigations from underground
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NAGRA has used this phasing for designing all exploration strategies. The rationale
behind staging the exploration process is to maintain flexibility, to incorporate
learning, to focus the exploration on smaller and smaller areas, to reduce the risk
of identifying a poor site and increase the chance of identifying a good site, to allow
the opportunity for the public and regulatory authorities to interact in the decision
making process, and to evaluate the suitability of the site (conduct a
Standortnachweis). The exploration phases and types of exploration tools that may
be used in the different phases are discussed below. This list is not intended to be
exhaustive, but is meant to illustrate the types of activities generally undertaken at
different phases of site investigation.

The exploration strategy progresses from general regional or area-scale investi
gations to very detailed repository or near-field scale studies from underground rock
laboratories. Within NAGRA'S site investigation program, four exploration phases
have been delineated. Phase 0 consists primarily of desk studies which include liter
ature review, analysis or re-analysis of existing data, and analog studies of similar
rock types. The Phase 0 investigations for the OPA and USM have been reported
in the Sediment Study Intermediate Report (NAGRA, 1988). The principal objective
of the Phase 0 investigations is to identify potential "first priority" host rock(s) and
potential "firstpriority" area(s) within each host rock that appear promising for field
characterization. The Phase 0 studies generally encompass areas of several
thousand square kilometers. Phase 0 studies are generally not site-specific (unless
exploration has taken place in the area for some other purpose), nor are they host
rock-specific. As a result, Phase 0 investigations do not, in and of themselves, assist
in defining the likelihood of pathways existing in the host rock and geographic area
of interest.

Phase 1 investigations generally consist of preliminary surface-based field investiga
tions, including surface seismics and a limited number of boreholes. The primary
aim of the Phase 1 investigations is to determine the suitability of the "first priority"
host rock/area selected at the end of Phase O. Based on the limited observations
available, it may not be possible to confirm the adequacy of the host rock/area
investigated. However, if potentially unfavorable features are identified, it may
provide a basis for abandoning the area (and perhaps the host rock). An additional
goal of the Phase 1 investigations is to identify potentially favorable "first priority"
site(s) within the area for more detailed investigations. The Phase 1 investigations
generally encompass areas of several hundred square kilometers (i.e., about 10%
of the regional studies performed in Phase 0). An additional aim of the Phase 1
investigations is to find those features which may combine to form preferential path
ways. Once the features are located, it is important to characterize the key safety
related properties of these features to determine if they are critical (i.e., of suffi
cient lateral extent, width, transmissivity, and frequency to provide a hydraulic
connection between the repository and the biosphere).

The aim of Phase 2 investigations is to locate features deemed critical from a waste
isolation perspective during Phase 1. The objective of these investigations is
twofold: to characterize these features, and to find the features so that they can be



NAGRA NTB 91-15 - 16 -

avoided in the Phase 3 investigations at the location of the potential repository site.
If it is not possible to locate the critical features with a degree of confidence using
surface-based exploration methods, and if we believe a priori there is a high
probability that pathways may exist in a particular area, then there will be a
considerable risk of continuing the exploration underground to Phase 3.

Phase 2 investigations consist of detailed site investigations from the surface. These
investigations generally consist of additional boreholes drilled at a much closer
spacing than is possible in Phase 1. As a result of the closer spacing, cross-hole
geophysical and hydraulic testing may be possible in: Phase 2. The ultimate aim of
the Phase 2 investigations is to acquire sufficient information to demonstrate if the
site chosen could adequately meet certain minimum safety standards with some
degree of certainty. This is accomplished by determining the likely existence of
critical features and the key hydrogeologic characteristics of those features which
are found. Based on this demonstration, it is determined if it is worthwhile to
continue with the investigations from underground or whether the site should be
abandoned. The Phase 2 investigations generally encompass areas of several tens
of square kilometers (i.e., about 10% of the area studies performed in Phase 1).

Phase 3 investigations consist of detailed site investigations from underground. The
Phase 3 investigations are conducted from the shaft and underground openings.
Some of the conceptual models developed during earlier phases of the investigation
process can only be validated underground. For some host rocks, a considerable
amount of uncertainty will remain prior to Phase 3 investigations, while for other
geologic settings, most of the uncertainty will be reduced during Phase 2, and the
Phase 3 investigations will simply serve to confirm the Phase 2 findings. The
principal aim of the Phase 3 investigations is to confirm that the selected site will
meet the requisite safety standards with a very high degree of certainty. The
Phase 3 investigations generally encompass an area slightly greater than the
± 1 km2 area of the repository alone, i.e., about 10% of the site-specific studies
performed in Phase 2.

As the investigations proceed from desk studies (Phase 0) to surface-based explora
tion (Phases 1 and 2) to subsurface-based exploration (Phase 3), our level of confi
dence in the parameter values and conceptual models should increase. It is to be
expected that, for some models and parameters, a significant increase in certainty
will occur at an early phase in the investigation program. However, for other
models and parameters, it is possible that little increase in certainty occurs until we
are underground (i.e., Phase 3). Given that safety assessments must be performed
at different stages before going underground (most importantly, within the frame
work of the Standortnachweis), it is clear that we may have to make conservative
assumptions for those parameters/models which are not measurable with a high
degree of certainty from the surface in order to generate a robust safety argument.
Of course, the effects of uncertainty on the predicted safety should be directly
evaluated to determine the key contributors to the uncertainty in the predictions.
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2.5 Key Hydr02eoloa:ic Issues to be Addressed

One measure in evaluating the success of an investigation program is related to the
ability of the program to identify and characterize preferential pathways from the
repository to the biosphere. Other issues affecting site or host rock suitability exist.
These include the geometry and depth of the host rock; the existence and extent of
aquifers within, above, and below the host rock; the existence of raw materials such
as coal, oil, gas, or geothermal resources; and long-time geologic scenarios. This
report focuses on the key hydrogeologic issues affecting long-term safety
assessments.

The key issues are slightly different for the OPA and USM. They are also slightly
different depending on whether the preferential pathways are primarily vertical or
horizontal. The key OPA hydrogeologic issues are summarized in Table 2.2. The
corresponding key issues for the USM are indicated in Table 2.3. Also shown in
these tables are the different investigation methods that may be applied during the
various exploration phases to address the issues. Additionally, Tables 2.4 and 2.5
summarize the types of investigations which may be applied to address these issues.
These issues are discussed briefly below.

Key Issue 1: What are the local vertical and horizontal hydraulic gradients?

While it is clear that the vertical and horizontal hydraulic gradients across the host
rock are important in determining the volumetric flux through the repository, in the
present context the uncertainty in the gradients takes on slightly greater meaning.
Of particular concern in the OPA and, to a lesser extent, in the USM, is whether
or not measured hydraulic potentials are available and even representative of the
present-day hydraulic flow regime. It is quite possible that measured potentials in
the clay or marl environments of interest are strongly affected by chemical, thermal,
or mechanical effects, Le., that the measured values do not represent hydraulic
responses but some complex coupled phenomenon. The ability to discern the "true"
hydraulic potential gradient will therefore be an important issue that should be
resolved at an early stage of the investigation program.
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Table 2.2 OPA Key Hydrogeologic Issues

Phase 0 Phase 1 Phase 2 Phase 3

Key Hydrogeologic Issue Exist-
Cross-

Labor- Surface 2-d Bore- 3-d Bore- hole Shaft/
ing Analog atory Mapping Seismics holes Seismics holes geophy galleries

Data sics

• Regional flow regime · • • ·
• OPA lithology · . • 0 • . •
• Fault intensity · 0 0 . • . • •
• Fault existence · 0 0 . • . • •
• Fault transmissivity 0 . • • •
• Fault continuity 0 0 • ·
• Fault retardation/ • •matrix diffusion

• Fault avoidance · • • •
Note: Size of bullet corresponds to relative importance.

Table 2.3 USM Key Hydrogeologic Issues

Phase 0 Phase 1 Phase 2 Phase 3

Key Hydrogeologic Issue Exist- Labora- Surface 2-d Bore- 3-d Bore- Cross-hole Shaft/ing Analog tory Mapping Seis- holes Seis- holes geophysics galleriesData mics mics

Regional hydraulic • •gradient · ·
Regional structure · 0 · · • · · •
Regional lithology · 0 • . • · •
Fault intensity 0 0 · 0 • · • •
Sand/mad content · · · • . • · •
Fault existence · · · · • · • •
Sand channel/layer • • • • •existence · · ·
Fault transmissivity · • • •
Sand channel/layer • •transmissivity · •
Sand channel/layer •continuity e 0 0 ·
Sand channel/layer • •retardation

Sand channel/layer
avoidance · · •

Note: Size of bullet corresponds to relative importance.



Table 2.4 Expected Contributions from Technical Areas to Address Key Questions: OPA

KEY ISSUE GEOLOGY GEOPHYSICS HYDROLOGY HYDROCHEMISTRY

1. Nature of OPA flow regime Surface mapping Evaluate heads in over-/underlying aquifers. Pore water squeezing to determine
hydrochemistry of OPA.

Evaluate pressures in OPA. Chemistry of over-/underlying
"aquifers."

2. Intensity of fault(s) in Surface mapping. 2-d seismics
region(s) of interest Identify tectonic areas with likely

vertical discontinuities.

3. Existence of fault(s) in Determine thickness/elevation 3-d seismics to define areas of
region(s) of interest variability of OPA. faulting with > 20 m vertical

Calibration with seismics. displacement.

4. Transmissivity of fault(s) in Determine swelling properties as Test ability to drill/test in angled boreholes. Evaluate self-healing mechanisms in
area(s) of interest an indirect indicator of self- Analog studies of OPAoutcrop and tunnel OPA clay.

healing ability of the OPA. exposure. Transmissivity in over-/underlying Geochemistry of fluids within faults
aquifers. Testing in angled/sub-horizontal versus over-/underlying "aquifers."
boreholes.

5. Continuity of fault(s) in Preferred orientation of major Cross-hole geophysics (1 utility Testing in angled/sub-horizontal boreholes
area(s) of interest discontinuities. given expected low contrast in

geophysical properties of faults
versus ground mass)

6. Retardation potential of Geologic characteristics of flow Hydrologic characteristics of flow system Geochemical characteristics of flow
fault(s) in area(s) of system. system
interest

7. Potential to avoid fault(s) Geologic mapping of Geophysical exploration
in area(s) of interest underground drifts. between drifts (1)
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Table 2.5 Expected Contributions from Technical Areas to Address Key Questions: USM

KEY ISSUE GEOLOGY GEOPHYSICS HYDROLOGY HYDROCHEMISTRY

1. Regional vertical/horizontal Evaluate heads in over-/underlying Chemistry in over-/underlying
gradients aquifers aquifers

2. Sand/marl content in Analog study coupled with Region 2-d seismics if analog study is
region(s) of interest geophysics. successful.

3. Existence of sand channels/ Analog studies of surface outcrop. 3-d seismics.
layers in area(s) of interest Calibration with seismics.

4. Conductance of sand Determine width of channels using Determine width of channels by Determine transmissivity variability
channels/layers in area(s) geologic correlations or analog cross-hole geophysics. within channels. Attempt to "see"
of interest studies. lateral hydraulic boundaries.

5. Continuity of sand Determine channel length using Determine length of sand channels by Attempt to "see" hydraulic boundaries. Geochemistry in different sand
channels/layers in area(s) geologic correlations or analog cross-hole geophysics (1) Cross-hole tests to confirm connection channels.
of interest studies. (not to confirm no connection).

Between tunnel geophysics to Detailed hydraulic characterization of
Map channel geometry from determine channel geometry away channels intersecting drift.
underground. from drifts (1)

6. Retardation potential of Geologic characteristics of flow Hydrologic characteristics of flow Geochemical characteristics of
sand channels/layers in system. system. flow system.
area(s) of interest

7. Potential to avoid sand Geologic mapping of underground Geophysical exploration between Long-term monitoring of inflows from
channels/layers in area(s) drifts. drifts(1) conductive channels which intersect the
of interest drifts.
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In addition to clarifying the hydraulic responses, knowledge of the gradient direction
is important in defining the most likely pathway direction. For the OPA, we
consider the most likely pathways will be subvertical faults or major fractures
between the repository and the over- or underlying thin permeable layers. How
ever, for the USM, both vertical and horizontal pathways are possible. It is very
difficult to state a priori that one orientation is more likely than another because it
depends on the vertical and horizontal gradients as well as the relative magnitude
of the vertical and horizontal conductance along the principal pathways. In the case
of the USM, if the horizontal flux through sand channels/layers/overbank deposits
is sufficiently greater than the vertical flux through faults or major fractures, the
emphasis of the investigation program should be on the horizontal pathways. Since
we are unsure at present if the most likely pathways in the USM are horizontal or
vertical, key questions related to both pathway orientations must be considered at
this time.

In addition to the hydraulic gradient affecting the orientation of the pathways, it
also affects the size of the area (or volume of rock) which must be characterized.
The volume of rock requiring characterization in the case of the OPA encompasses
the thickness of the OPA and an area bordered by the outer boundary of the
repository, plus some safety margin. This is a direct result of the fact that only
vertical pathways through the OPA are considered to be viable pathways. In the
case of the USM, as the pathways may be either vertical or horizontal, we must
consider an area extending some 5 km away from the repository. This 5 km is an
arbitrary figure at present and simply represents the distance used in safety analysis
of the USM. It essentially implies that sufficient safety exists within a 5 km radius
of the site as long as no major conduits are present in this radius, and that there is
no need to characterize the host rock beyond this 5 km boundary.

Since we must characterize a 5 km radius around the repository for the USM, we
may ask whether we need to consider the entire circle (an area of ± 80 km/) or
whether we can limit the area requiring characterization to some subset of this area.
If we had no prior information, we would have to characterize the entire circle.
However, we do have some prior information and some ground-water modeling
with which to make an initial estimate of the horizontal flow direction. Depending
on the site location, the gradient uncertainty may be anywhere from ± 90° (i.e., an
area of ± 40 knr') to ± 45° (i.e., an area of ± 20 knr'). Some emphasis must be
given in the Phase 1 exploration programs applied to the USM for better
delineation of the present-day horizontal hydraulic gradient direction in the site
investigation area. We must also bear in mind that the flow direction might be at
some angle to the gradient, due to anisotropy within the sedimentary facies of the
USM.

The above paragraphs focus on the present-day hydraulic gradient direction and
magnitude. Of concern in repository safety analysis is not only the existing
ground-water flow regime, but also the stability of the flow regime over the next
IOS years. That is to say, 'even if we were fairly certain of the present-day flow
direction (± 20°, say), we may have to characterize a larger slice of the circle than
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10 krrr', due to our uncertainty in the future horizontal gradient direction. Unless
the uncertainty in the future gradient direction is assessed, we may be left with
having to characterize the entire 80 km2 around the potential repository location.

To a certain extent, as discussed above, some Phase 0 investigations have addressed
the question of the present-day vertical and horizontal hydraulic gradients.
However, considerable uncertainty exists on the gradients in the vicinity of possible
repository siting areas, as well as potential non-hydraulic responses within the host
rock. These issues should be addressed early in the Phase 1 investigations.

Key Issue 2: Can we identify areas with a low probability for features which may
comprise preferential pathways?

Based on analyses reported in the Sediment Study Intermediate Report (NAGRA,
1988), we have some prior concept of what constitutes a key feature and a
preferential pathway for the OPA and USM, as follows:

HOST STRATA KEy PATHWAYS KEy FEATURES

OPA • Subvertical discontinuities • Faults
• Major fractures

USM • Subvertical discontinuities • Faults
• Horizontal sand layers • Major fractures

• Sand channels (meander belts
or splay channels)

• Sand layers (crevasse splays)
• Sand overbank deposits

At an early stage of the exploration program, it is desirable to be able to screen the
region of interest to somewhat smaller areas for more detailed investigation. It
would therefore be useful to have some method to indicate the likelihood that the
chosen area for detailed characterization contains few features which could poten
tially make the site unsuitable. We cannot remotely detect the hydraulic properties
of the host rock in the areas of potential interest, but, using geophysics, we may be
able to discern large lithologic heterogeneities or structural discontinuities. For
example, we may infer that the likelihood of subvertical faults or major fractures
within the OPA and USM may be greater along the margins of the southern exten
sion of the Rhine Graben below the Molasse Basin. As a result, areas within some
distance to this margin (assuming it can be defined with some certainty) should be
avoided. Similarly, surface seismics may be able to detect faults with greater than
20 m (in the OPA) or 50 m (in the USM) vertical displacement (BLACK, 1990).
These areas should also be avoided. Surface geophysics (some of which presently
exist) may also be able to distinguish between areas of high and low sand content
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in the USM. If so, we would clearly prefer to focus our detailed characterization
in the low-sand-content areas, as these would probably have a lower likelihood of
containing large sand channels which could act as preferential pathways.

Delineating suitable areas within the regions of interest is primarily an objective of
investigations carried out in Phase O. These Phase 0 investigations, even though
they may be uncertain and somewhat subjective, allow us to identify areas that are
relatively more suitable for detailed characterization to be carried out in Phase 1.
The purpose of the Phase 1 investigations is then to confirm if these first-priority
investigation area(s) meet minimum requirements to warrant continued
investigation. If they do not, then of course that area should be abandoned and
perhaps even the appropriateness of the chosen host rock should be re-evaluated.

Key Issue 3: Do features which could form part or all of a preferential pathway
exist in the area of interest?

Once the area(s) and host rockts) of interest have been identified, the exploration
program should focus on the likely existence of features which could form
preferential pathways. As noted above, these features include faults and major
fractures for the OPA, and faults, major fractures, and sand deposits in the USM.

These features may be identified by surface geophysics (with the probability of
detection being a function of the magnitude of the geophysical contrast), or by bore
holes (with the probability of detection being controlled by the probability of inter
section). The ability of different exploration strategies to identify the existence of
features in the area(s) of interest is evaluated for example exploration programs
applied to synthetic OPA and USM geospheres in Sections 5 and 6.

If features do not exist, then preferential pathways do not exist and the area would
certainly be safe from a hydrogeologic and long-term safety perspective. However,
we expect that features will be encountered in the Phase 1 investigations. The aim
is then to characterize the geometric, hydrogeologic, and transport properties of
these features (as discussed in Key Issues 4, 5, and 6) and the frequency of these
features (as discussed in Key Issue 7).

Key Issue 4: Are the features which could form part or all of a preferential
pathway transmissive?

Assuming potentially important features are identified in Phase 1 investigations, the
hydraulic properties of these features must be quantified. This means determining
the hydraulic conductivity of 3-D features and the transmissivity of 2-D features.
This can only be accomplished if the features are directly intersected, either by
boreholes from the surface (Phases 1 and 2), or from underground (Phase 3). It
will be very difficult to determine hydraulic properties of features which are not
directly intersected. For vertical or subvertical features, angled or subhorizontal
drilling may be required to increase the likelihood of intersection.
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Determining the hydraulic conductivity or transmissivity of features may require a
large number of direct observations, especially in cases where the features are
highly heterogeneous with a relatively small correlation distance. In such instances,
the extrapolatability of anyone particular test result will be limited and numerous
observations may be necessary to determine the effective water-transmitting ability
of the feature.

Key Issue 5: Are the features which could form part or all of a preferential
pathway continuous?

Even though features exist and may be found to be transmissive, they may be of
little consequence from a safety analysis perspective unless they are continuous to
the biosphere or connect to other features that connect to the biosphere.
Determining the hydraulic continuity of transmissive features is a difficult task.
Single-hole hydraulic tests stress a relatively small volume of the host rock (tens of
meters to at most 100 m; see Section 5), with the actual value being a function of
the hydraulic properties of the feature and the duration of the test. For features
in the USM, these distances are clearly not sufficient to determine the lateral
continuity of horizontal features (sand channels or layers) given their large lateral
extent. In the case of the OPA, given that we can hydraulically test the subvertical
features, it may be possible to discern the lateral extent of these features if the
transmissivities are sufficient.

Although determining the hydraulic continuity of features intersected may be a
difficult task, it may be possible, using cross-hole geophysics or geologic inference
(e.g., analog studies), to estimate the likely geologic continuity of the feature.
While geologic and hydrogeologic continuity may not be equivalent, there may be
sufficient correlation to assume that a feature that is geologically continuous is also
hydraulically continuous, even though the feature may be heterogeneous.

One of the goals of the present study is to compare the ability of different
conceivable exploration strategies to detect the key properties (hydraulic and
geometric) of the features which could comprise preferential pathways. It is
important to know the degree to which surface/subsurface-based exploration
strategies will be able to detect the properties and features of interest.

Key Issue 6: Do the features which could form part or all of a preferential
pathway have a potential for retardation and/or matrix diffusion?

If we encounter features that are transmissive and continuous (i.e., are preferential
pathways) in our investigation area, it will then be important to define the transport
characteristics along these pathways. Even if features are continuous and
transmissive, they may not be significant from a safety perspective if they have
sufficient retardation/matrix diffusion.
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It is very difficult to determine directly the in-situ transport characteristics of
hydrogeologic features unless we perform cross-hole tracer tests. These tests can
best be performed from underground test facilities, although care must be exercised
to avoid the disturbed zone around the drifts. One can use analog studies, but the
extrapolation of such results to the area and host rock of interest requires some
caution.

Laboratory tests on core may be used at an early phase of the exploration program
to provide an indication of the nuclide retention capability of the host rock.
Unfortunately, laboratory tests generally do not test a sufficient scale to be
representative of the expected in-situ behavior, nor is it possible to sample and test
discontinuities. In addition, the geochemical environment in the laboratory must
be closely monitored to assure that it is analogous to the in-situ conditions. As a
result of the above, laboratory sorption experiments, while useful, cannot be used
as a substitute for in-situ tests which can best be performed from underground
(Phase 3).

The issue of determining the transport properties of the features of interest is not
a component of the explorability study presented below.

Key Issue 7: Can the features which could form part or all of a preferential
pathway be avoided?

Even if features are known to exist and are transmissive, continuous, and have a low
potential for retardation/matrix diffusion, they are again of little consequence to the
long-term safety of the site if they can be avoided. Avoidance may consist of
placing or orienting the repository in such a way as to miss the key features (and
preferential pathways) entirely, or designing the repository in such a way as to
minimize any contact between the waste and these features (for example, by placing
a bentonite plug where these features intersect the repository).

The ability to avoid features that may be part of pathways will depend on (i) the
frequency of these features in the area of interest, (ii) our ability to identify that
the feature is part of a preferential pathway, and (iii) the thickness and lateral
extent of the host rock. Avoidance may be only partially verifiable, even when we
are underground (i.e., in Phase 3), because even though features which directly
intersect the repository should be directly observable from underground, it may still
be difficult to determine the continuity of the features and therefore the extent to
which they comprise preferential pathways.
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3 METHODOLOGY FOR EVALUATING EXPLORATION PROGRAM
SUCCESS

3.1 Objectives

Preliminary performance assessments for both host rocks under consideration by
NAGRA have revealed that preferential water pathways are the key hydrogeologic
features controlling the long-term safety of a repository sited in the OPA or USM.
The overall objective of any exploration program developed for these host rocks is
therefore to find and characterize those preferential pathways which may be
unfavorable from a long-term safety perspective. The overall objective of this study
is to evaluate the effectiveness of an example representative exploration program
in finding and characterizing those preferential pathways that may exist in a
particular host rock or geographic area. The explorability is directly related to the
ease of characterization of a particular host rock or area. Given that a site is
acceptably safe, the easier it is to characterize, generally the more favorable the site
will be, because we have a greater confidence that all potentially unfavorable
features will be identified.

Explorability of a particular host rock or area may also be used as a criterion to
distinguish between different host rocks or geographic areas. This results from the
direct correlation among (a) the degree of uncertainty in characterization, (b) the
degree of uncertainty in the predictability of long-term safety for the host rock or
area, and (c) the degree of uncertainty in the suitability of the host rock or area for
a potential repository. If a significant uncertainty remains after each phase of the
investigation, then proceeding to subsequent phases will contain a certain risk that
unacceptable features or pathways may exist but are unknown. Associated with that
risk are certain costs that may be quantifiable.

An additional objective of evaluating the explorability of different host rocks and
geographic areas is that it provides a systematic and quantifiable means of
(i) determining those factors which control the design and development of an
exploration program, and (ii) defining the expected results at the end of each of the
different exploration phases. The methodology presented below may be used to
compare different exploration strategies or evaluate the relative benefits of different
components of the overall exploration program (i.e., boreholes versus surface
seismics or angled versus vertical boreholes).

It bears remembering that the effectiveness of any developed exploration strategy
depends on our ability to determine the existence and properties of preferential
pathways that appear to be critical, from a hydraulic perspective, to the long-term
safety of the site or host rock. We do not consider other aspects that will also
affect the selection of the appropriate host rock and geographic area, including,
among others, constructability (geo-engineering) issues, socio-political issues, cost,
long-term transport characteristics, and sealing issues. We focus on the principal
geosphere-related performance issue, because we want to focus the geosphere inves
tigations. The explorability/ ease of characterization issue relates to those scenarios,
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models, features, and parameters which are (1) uncertain, (2) important to the long
term safety of the site, and (3) whose uncertainty is expected to be reduced during
the site-characterization process.

Several issues must be addressed in quantifying the ability of a particular
exploration program to detect and characterize preferential pathways. First, a
methodology must be developed that can be readily and straightforwardly applied
to different exploration methods and different types of preferential pathways. The
approach, which is described in detail below, uses multiple realizations of synthetic
geospheres. This accounts for the uncertainty in the geosphere properties on the
uncertainty that preferential pathways exist. These synthetic geospheres are then
implemented with different exploration methods to evaluate the likelihood that the
preferential pathways can be detected and characterized. A successful exploration
program is one that has a high reliability in detecting the presence of preferential
pathways, given that they exist in the volume of interest; or similarly a high
probability that no preferential pathways exist if none are detected. Different
quantitative measures of success can be postulated, as is discussed below.

Once the methodology of testing the effectiveness or success of different exploration
strategies has been developed, we must define the appropriate hydrogeologic
conceptual models. Given that the focus of the exploration program is on identify
ing preferential pathways, constructing the conceptual model consists of defining
the hydrogeologic features that may combine to form pathways. The prior best
estimate geometric and hydrogeologic characteristics of the features must also be
defined, because it is these characteristics that control the likelihood that pathways
exist. Because these characteristics are uncertain at early stages of the investigation,
they are assigned a representative probability distribution. These distributions are
quite subjective at early stages of the investigation, because they are based primarily
on analog studies or literature surveys.

Based on prior conceptual model( s) and prior estimates of feature properties and
their uncertainty, we can determine the likelihood of preferential pathways existing
from the repository to the biosphere using the synthetic geospheres. We can also
determine the total flux through the repository for each realization and the
uncertainty on this value over all realizations. We could directly determine by
simulation the most important (i.e., sensitive) feature properties controlling the
summed flux through the repository, and hence the long-term predicted safety of the
host rock. Such an approach would also allow different feature property distri
butions to be studied, so that theoretically we could evaluate the posteriori effect
of reducing parameter uncertainty (as a result of characterization efforts) on the
likelihood that preferential pathways would exist in the volume of interest.
However, such analyses were not performed in the present study because the focus
of this study is on the effectiveness of different example exploration strategies in
characterizing the existence of preferential pathways, not on the geosphere
parameters controlling the likelihood that the preferential pathways exist.
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In addition to defining the conceptual model(s), we must also design representative
exploration program(s). These consist of the different exploration tools that could
be used to characterize the geometric and hydrogeologic properties of the features
of interest. Each exploration tool has some ability to characterize the key feature
properties. This ability is a function of the resolution of the tool, the physical
properties of the features the tool is trying to detect, and the contrast between the
physical properties of the features versus the remaining portion of the rock mass.
The effectiveness of each tool to detect the features and characterize the features,
once detected, is again somewhat subjective and is based on experience with similar
exploration tools in similar geologic environments.

Once we have developed the methodology for evaluating the explorability of the
different host rocks, defined the geometric and hydrogeologic property distributions
of the key hydrogeologic features of the conceptual models, and identified the
different exploration tools and their ability to detect the geometric and hydro
geologic properties of the features of interest, we are in a position to apply the
approach. Example results of this application to representative exploration
programs in the OPA and USM are presented in Sections 5 and 6, respectively. We
need to bear in mind that the conceptual models, parameter distributions, and
exploration tool effectiveness used in the OPA and USM applications are
conservative best estimates based on our current understanding. However, these
best estimates are also uncertain. As exploration proceeds, this uncertainty will be
reduced, which will cause a corresponding reduction in the uncertainty of the
success of the different applied exploration strategies. It is also important to
remember that the success is evaluated with respect to the selected exploration
tools. If we choose the wrong tools, then we may have only little success.

3.2 General Approach

The general approach for evaluating the success of different exploration programs
(and therefore the explorability of the different host rock options) consists of using
synthetically generated geospheres to determine the likelihood of detecting
preferential pathways.

We use preferential pathways as a surrogate measure of the important site charac
teristics which are the focus of the exploration strategy. The strategy developed
should address, and, it is hoped, aim to minimize, the safety-related uncertainties.
These uncertainties are driven by the uncertainty in the existence of pathways for
radionuclides to travel from the repository to the biosphere. Unfortunately, it is not
possible to directly or unambiguously determine whether or not a pathway exists
without an excessive amount of exploration, which may jeopardize the integrity of
the site. Therefore we must always rely on our ability to detect features which may
form a preferential pathway and combine this with some assessment of the proba
bility that it does form a pathway. It is the goal of site exploration first to deter
mine if such features exist and then to determine if they are sufficiently extensive
to create pathways (either by themselves or in combination with other intersected
features). In order to determine the likelihood that features exist, we must have
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some confidence that the chosen exploration methods can detect the features. The
methodology described in this chapter (and applied in Sections 5 and 6) has the
objective of determining the likelihood of detecting and characterizing features and
pathways, if they exist. The greater the likelihood of detecting the features or
pathways if they exist, the easier the explorability of the area or host rock will be.
If we cannot detect features or pathways which we know or infer to exist, then it
will be very difficult to develop a safety case for that area or host rock.

The overall approach consists of the following steps, which are applied to each
phase of the exploration program:

1. Define possible conceptual models, including hydrogeologic features which may
combine to form pathways.

2. Define the geometric and hydrogeologic properties of the critical features and
their uncertainty.

3. Using the geometric and hydrogeologic property distributions, generate a
number of synthetic geospheres consisting of randomly located critical features
within the ground mass.

4. Determine the probability that the critical features, either individually or in
combination, form preferential pathways from the repository to the biosphere.

5. Define a representative investigation program consisting of various exploration
tools (e.g., surface geophysics, angled or vertical boreholes, underground adits,
etc.).

6. Determine the probability the exploration tools will intersect the critical
features and pathways within each generated synthetic geosphere.

7. Define the probability of detecting critical features and characterizing their
properties, given that the exploration tools intersect the features.

8. Determine the probability of detecting preferential pathways based on the
probability the critical features combine to form pathways, the probability that
the exploration tools will intersect the features, and the probability of detecting
and characterizing features, given they have been intersected.

9. Compare the probability of detecting and characterizing preferential pathways
with the probability that pathway(s) exist to determine the success of the
exploration strategy.

These steps are schematically depicted in Figure 3.1 and are discussed in more
detail in the following section. One could repeat steps 5 to 9 for different
exploration strategies in order to evaluate the sensitivity of the exploration success



NAGRA NTB 91-15

TASK 3

Develop Geologic Conceptual
Models and Parameters

, r

Assess Parameters of
Conceptual Model Features

and their Uncertainty

,

- 30 -

TASK 4

Develop Phased Exploration
Strategies to be Evaluated

I

TASK 2

Catalog Exploration Tools
and

their Geometric Coverage

Assess Abilityof Exploration
Toolsto Decrease Feature

Parameter Uncertainty
(Probability of Detection and

Determination given
Intersection)

Determine
Intersection of
Features by

Exploration Tools

r , ~

oIImplement Conceptual Models, Exploration TOOls,1
~ and Exploration Strateaies
""5
E

Ci5
~ Determine Current
~ Preferential Pathway
~ Uncertainty

Cl)

Prior Preferential Pathway Uncertainty
Probability of Intersection by Exploration Strategies

Probabilities of Detection Given Intersection

Determine
Effectiveness of

Exploration Strategies

-

Figure 3.1 Exploration Strategy Evaluation Approach (DERSHOWITZ ET AL.,

1991)



NAGRA NTB 91-15 - 31 -

to the type of tools used in the investigation program. Additionally, one could
repeat steps 2 to 9 for different geometric and hydrogeologic property distributions
to evaluate the importance of different parameters on the success of the designed
exploration program. Also, the effect of learning from one exploration phase to
another can be analyzed by updating the parameter distributions.

3.3 Detailed Description of Individual Steps of Developed Approach

The first step is to define the conceptual model(s) that are believed to be most
representative of the geology and hydrogeology of the host rocks and geographic
areas to be investigated. The conceptual models are comprised of all features
which have some likelihood of being sufficiently transmissive and continuous to
form part or all of a preferential pathway. Several conceptual models may be
possible at early stages of the investigation when, for completeness, numerous
potential water-bearing features may be included. The features incorporated in the
conceptual models may be lithologic (i.e., crevasse channels, meander belts, crevasse
splays, or sand overbank deposits in the USM and silt lenses or carbonate banks in
the OPA) , or tectonic (i.e., faults, joints, or fracture zones) in origin. While in
principle all water-bearing features could be included in the conceptual model, in
practice only the subset of features that are sufficiently transmissive potentially to
form a preferential pathway are incorporated in the model.

The second step is to define the prior estimates for the geometric and hydro
geologic properties of the critical features to be included in the SYnthetic geosphere.
This involves defining the best-estimate means, standard deviations, and distribution
shapes of the length, width, thickness, orientation, frequency (or spacing), and
hydraulic conductivity (transmissivity, if a 2-D feature). At early phases of the
exploration program, the geometric and hydrogeologic characteristics of the features
may be very uncertain. This uncertainty should be reflected in relatively broad
parameter distributions. One of the aims of site exploration is to reduce the
uncertainty on the feature property distributions. This essentially implies updating
the prior parameter distributions based on the observations made. Given that only
a limited number of observations are possible in the real world, a considerable
degree of subjectivity will still exist regarding updating the feature property
distributions at the end of each phase of the investigation program. The problem
of how to update the prior estimates of parameter distributions is an issue that,
although not the focus of this study, is important and is discussed further in the
conclusions/ recommendations.

The third step consists of using a synthetic geosphere simulator to generate a
number of possible geosphere realizations. Each geosphere consists of randomly
located features which mayor may not be correlated with one another in space.
The feature intensity is defined for 2-D features as the cumulative surface area of
all similar features divided by the entire investigation volume, and for 3-D features
as the cumulative volume of all similar features divided by the entire investigation
volume. The geosphere simulator employed in this study is SandMan, which is a
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modified version of the FracMan code developed by Golder Associates. A brief
synopsis describing the application of SandMan is presented in Section 3.4.

It bears noting that the use of synthetic geospheres in the analysis of site
characterization studies is not new. The oil industry has used synthetic realizations
of oil reservoirs for a number of years to address various exploration and
production issues (see, for example, HALDORSEN AND CHANG (1986), LASSETER
ET AL. (1986), HALDORSEN AND MAcDoNALD (1987) and KNuTSON ET AL.
(1991». Synthetic geospheres have also been used in nuclear waste studies to
determine the important parameters controlling predicted site performance
(ANDREWS ET AL., 1987 and PLUM ET AL., 1988). Numerous studies have used
synthetic geospheres to model flow and transport in heterogeneous porous and
fractured media, including PECK ET AL. (1988), ABABOU ET AL. (1988), TOMPSON
ET AL. (1987), and TSANG AND TSANG (1989), to name a few.

The fourth step is to determine the likelihood that the features included in the
synthetic geosphere are sufficiently continuous and conductive to connect the
repository with the biosphere, either singly or in combination with other features.
This essentially defines the likelihood that preferential pathways exist, and the total
conductance of all pathways that intersect the repository. The method employed
to determine the likely existence of preferential pathways is to locate planes repre
senting the faces of the repository in the center of the synthetic geosphere and deter
mine those features which intersect those planes. These features are traced to deter
mine the likelihood they extend to the biosphere. The conductance of these
features is calculated to determine whether they are sufficiently conductive to be
considered preferential pathways. If the conductive features intersecting the
repository are not long enough to be pathways, then we determine the likelihood
that these features intersect other features which could provide communication with
the biosphere. We only need to follow the most conductive pathway from the
repository to the biosphere. The important result of this step is the determination
of the number of preferential pathways, the number and type of features which
make up the preferential pathways, and the total conductance of all the pathways.

The fifth step consists of defining a representative exploration program to apply to
the synthetic geosphere. Various strategies could be evaluated. These may consist
of different exploration tools (surface geophysics, boreholes, shafts, and under
ground galleries), different numbers of boreholes, different borehole orientations
(vertical versus inclined), and different testing types (single-hole versus cross-hole).
The exploration programs may also differ depending on whether the philosophy is
to locate and characterize the flow and transport properties (geometric and hydro
geologic) of all features, or to locate and avoid the features that may be critical.
In the early stages of the investigation, we may try to focus the strategy on
characterizing all the intersected features to determine whether they are critical to
repository performance (i.e., if the features are long enough and conductive enough
to form preferential pathways). If preferential pathways are discovered, then a
positive safety case could only be made if the features are sufficiently widely spaced
to be avoided. Therefore, if conductive features are discovered during the initial
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investigations, subsequent investigation phases may attempt to identify and avoid
those features which may be critical.

Once the representative investigation program has been chosen, the sixth step is to
determine the probability that exploration tools will intersect the critical features
within the synthetic geospheres. Knowing the geometry of the exploration tools and
given the geometry (length, width, thickness, and spacing) of the features within the
synthetic geosphere, the simulation code SandMan will be used to determine the
intersection probability.

Simply determining the likelihood of intersection of the exploration tool with the
features of interest is not sufficient. Just because the feature is intersected does not
necessarily mean it will be detected or properly characterized. One can envision
cases where features are intersected but not detected; for example, insufficient
contrast in geophysical properties, or insufficient feature size for surface geophysics
to detect features, or skin-type effects masking the ability to perceive the hydraulic
properties of features intersected by boreholes. It is also possible to detect
apparent features even though they do not exist (false detection). The probability
of detection given intersection and the probability of false detection require
subjective judgment. The aim of the seventh step is to develop this subjective input.
At present, this subjectivity is based on the experience of those familiar with the
exploration tools (the "detectors") and the features which are the focus of the
exploration strategy (the "targets"). However, little quantitative experience is
available with which to define the likelihood of detection. Additional studies in
Phase 0 are foreseen to assist in developing improved estimates of detection
probability. It may also be possible to update the probability of detection after
some of the initial area-specific and host rock-specific explorations. As in the case
of our prior assumption on critical feature property distributions, the assumed
detection probabilities should be updated as the characterization effort proceeds.
We must have a means of assuring ourselves that the exploration strategy chosen
can locate and detect the features of interest and can characterize the safety-related
properties of these features.

By combining the probability that (a) critical features combine to form preferential
pathways, (b) selected exploration tools will intersect the critical features,
(c) intersected features are detected, and (d) features not intersected are detected
(false detection), it is possible to determine the probability of detecting preferential
pathways given those pathways exist in the synthetic geosphere. Comparing the
probability of detecting and properly characterizing pathways with the probability
that pathways exist in the synthetic geosphere provides a measure of the success of
each particular exploration tool and the exploration strategy as a whole. It is clearly
beneficial to have a low probability of pathway existence and a high probability of
pathway detection. Such an approach could be used to address the most optimum
exploration methods for identifying the different types of pathways.
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3.4 Description of the Use of SandMan

Identifying and determining the key geometric and hydrogeologic characteristics of
the preferential pathways is the primary function of site characterization. In order
to have some means of evaluating the effectiveness of different site characterization
strategies, we have developed a methodology in the explorability study performed
by Golder Associates to determine the ability of different exploration strategies to
detect preferential pathways. The developed methodology utilizes synthetic fields
which incorporate those features believed to be of sufficient size and conductance
to potentially form preferential pathways. The code used to develop the synthetic
geosphere is called SandMan, a modified version of the FracMan code developed
by GEIER ET AL. (1990).

The developed approach is designed to evaluate (1) the uncertainty in the existence
of key features which may combine to form preferential pathways, and (2) the
ability to reduce the uncertainty in the characteristics of the features. The second
component relates to the explorability of the site. These two aspects correspond to
determining the likelihood that preferential pathways exist and then determining the
likelihood of detecting the features and pathways which do exist. Comparing the
likelihood of existence with the likelihood of detection provides a measure of the
success of the different exploration programs. Success is then comprised of trying
to find regions where the probability of pathway existence is lower than other
regions and then demonstrating that the identified site was in fact better (or
adequate) to a sufficiently high level of certainty.

Likelihood of Pathway Existence

Preferential pathways are combinations of one or more features that are conductive
enough to allow a significant flux of water and extensive enough to connect the
repository to the biosphere (or some surrogate of the biosphere). The likelihood
of a pathway existing is then a function of the intensity or frequency of features
existing in the area of interest, the conductance of these features, and their size.
Each of these feature properties is observable to varying levels of confidence by
exploration. This variability can be represented by a probability density function
(PDF), as illustrated in Figure 3.2.

Conductance is used to define the water-transmitting ability of the features. It
combines the hydraulic conductivity and the cross-sectional area of the feature and
has units of m3Is. Each feature type has a certain conductance distribution which
may be represented by a PDF, as illustrated in Figure 3.2. The conductance distri
bution represented in Figure 3.2 corresponds to the variability between features; it
does not represent the spatial variability within a single feature, which is generally
a function of the scale of the observation with respect to the size of the feature, nor
does it represent measurement uncertainty. In most instances it is not possible to
directly observe the effective conductance of features because the scale of the test
is much smaller than the extent of the features and there is sufficient heterogeneity
within the feature for the observed "point" property not to be representative of the
average property. The feature conductance PDF will generally be log normally
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distributed. Given that it represents the effective (or average) conductance, it will
have a tighter distribution (i.e., less variance) than the point property distribution.

From safety analyses, a conservative conductance threshold limit of 10-6, 10-5
, and

10-4 m3/s is defined for pathways caused by OPA faults, USM faults, and USM
meander belts or crevasse splays. The different threshold conductances are the
result of different hydraulic gradients being operative for each of the conceptual
models. To limit the number of features required in each SandMan realization of
a synthetic geosphere, a critical feature is defined conservatively as one having a
conductance one tenth that of a preferential pathway. In the example shown in
Figure 3.2, about 50% of all features are critical and about 25% of all features
could potentially be pathways if they intersected the repository and were of
sufficient extent to connect the repository with the biosphere. The likelihood of a
feature intersecting the repository is primarily a function of the feature intensity:
the higher the intensity, the more likely it is that at least one feature will intersect'
the repository. With SandMan, the number of features that intersect the repository
can be determined directly. These features have been termed pathway initiation
features to indicate that, for a feature to be a pathway, it must first intersect with
the repository. Since the feature intensity and the geometric properties of the
features are uncertain, the likelihood of a given feature intersecting the repository
will also be uncertain. In order to determine the number of features likely to
intersect the repository, one must use a synthetic geosphere simulator such as
SandMan. (Note: For simple feature geometries, analytical solutions are available
to determine the probability of intersection. Complex geometries require numerical
simulations, such as SandMan.) The intersection likelihood may be presented
simply as the likelihood that one or more features will intersect the repository, or
it may be represented by the average number of features that intersect the
repository. The likelihood is determined by making multiple realizations of the
synthetic geosphere and determining, for each realization, the number of features
that intersect the repository. If, for example, there are 100 realizations and in 80
realizations no features intersect the repository, in 12 realizations one feature
intersects the repository, in 6 realizations two features intersect the repository, and
in 2 realizations three features intersect the repository, then the average number of
pathway initiation features is 0.3 and the likelihood of having one or more pathway
initiation features is 0.2 (or 20%).

Finally, for a feature to be a pathway it must be long enough to extend from the
repository to the biosphere. Alternatively, the pathway initiation feature must
intersect with other features which allow for hydraulic communication between the
repository and the biosphere. Most of the features of interest in evaluating the
sediment exploration programs are large enough that a large fraction of the features
which do intersect the repository will also intersect the biosphere. In the example
shown in Figure 3.2, 25% of all the features are large enough to be preferential
pathways. Only USM crevasse splays are generally not extensive enough to extend
the 5 km from the repository to the biosphere. However, there is a fairly high
probability that crevasse splays which intersect the repository connect either with
meander belts or faults. As a result, a significant fraction of the crevasse splay
pathway initiation features will also comprise part of a pathway.
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Based on the feature property PDFS, it is possible to determine the likelihood that
a feature is or could be part of a preferential pathway. For example, if we consider
that 25% of all features of a given type have sufficient conductance to be preferen
tial pathways, 25% of all features are large enough to be preferential pathways, and
there is a 20% likelihood of at least one feature intersecting the repository, then
there would be a 1.25% chance of at least one preferential pathway existing, given
all the property distributions are independent and uncorrelated (Figure 3.2). To
determine the average number of likely preferential pathways, we would need to
consider the average number of pathway initiation features. Given the average
number of pathway initiation features in the above example is 0.3, then the average
number of preferential pathways would be 0.01875.

The results of the probability of pathway existence could be presented in several
different ways. We could simply present the probability of there being one or more
preferential pathways in any realization. While this approach is useful and very
straightforward to apply, it bears noting that one preferential pathway does not
make a site unacceptable from a safety analysis perspective because we must also
consider such factors as release from the engineered barrier, retardation along the
pathways, dilution in aquifers, etc. Alternatively, we could present the average
number of preferential pathways determined for all realizations. Given the highly
skewed nature of the pathway distribution (i.e., many realizations with no pathways
and only a few realizations with one or more pathways), the average number of
pathways should not be confused with the most likely number of pathways. A third
way to present the pathway probability is to show the entire probability distribution
as either a histogram or a cumulative distribution function (COF). Such a presenta
tion would also apply to the likelihood of a pathway initiation feature. Presenting
the results in all three formats provides useful insights and comparison possibilities.

Likelihood of 'Detecting Pathways

The overall aim of the exploration program is to detect and characterize preferen
tial pathways. Evaluating the ability of a particular exploration strategy to detect
and characterize pathways requires several steps, namely: (1) determining the
likelihood the exploration tool will intersect features, (2) determining the likelihood
that features intersected will be detected, and (3) determining the likelihood that
features make up a pathway. Steps (1) and (2) can be combined to yield the proba
bility of detecting features or the average number of features detected. Steps (1),
(2), and (3) can be combined to yield the probability of detecting pathways or the
average number of pathways detected. The probability of detecting features (or,
alternatively, the average number of features detected) can be compared to the
probability of features existing (or the average number of existing features).
Likewise, the probability of detecting pathways (or the average number of pathways
detected) can be compared to the probability of pathways existing (or the average
number of existing pathways). Any of these comparisons of existence versus
detection could be used to measure the success of the exploration program.
Clearly, the greater the ratio of detection to existence, the more likely it is that the
relevant safety-affecting features or pathways are found and the more confident we
are they can be avoided as we search for appropriate areas to investigate further.
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The likelihood of features being intersected by different exploration tools is deter
mined by imbedding a geometric approximation of each exploration tool into each
SandMan realization. The number of features intersected by the exploration tool
can then be determined directly. The geometry of the exploration tools (the
detectors) may be either three-dimensional, as in the case of surface 3-D seismics,
two-dimensional, as in the case of surface 2-D seismics, cross-hole geophysics, or
cross-hole hydraulics, or one-dimensional, as in the case of boreholes, shafts, and
drifts. The likelihood of intersection will then be a function of the frequency and
geometry of the detectors, as well as the frequency and geometry of the features.
For subvertical faults, for example, the likelihood of subvertical boreholes
intersecting the faults will be very low, while the likelihood of subhorizontal
boreholes intersecting these faults will be significantly greater.

The likelihood that features intersected by the exploration tool will be detected is
determined from the resolution of the exploration tools (see Section 4.0). The
likelihood of detecting features is a combined function of the likelihood of inter
section and the likelihood of detection given intersection. For some exploration
tools, even though there is a high probability of intersection, there may be a low
probability of detection because the probability of detection given intersection is
low. This would be the case of surface 3-D seismics. Similarly, although there is
a high probability of detection given intersection for boreholes, there may be a low
probability of detection if the boreholes are not angled sufficiently to intersect
features which are oriented subvertically (e.g., faults in the USM and OPA).
However, boreholes drilled in the USM will intersect many crevasse splay and
meander belt features, and virtually all of these features will also be detected.

Although it is clear when a feature has been detected, it may not be possible to
determine the feature's geometric and hydraulic properties. Therefore it may not
be possible directly to determine the likelihood that the detected feature is critical
or is part of a preferential pathway. In some cases, it may be possible to determine
the lateral extent of a feature (e.g., faults in the OPA or USM or meander belts in
the USM using surface 3-D seismics). In other cases, the transmissivity of the
feature can be determined using surface- or underground-based boreholes.
However, it is not possible to determine the hydraulic properties using surface
geophysics, nor is it generally possible to determine the lateral extent using
borehole hydraulic tests.

The likelihood of detecting a pathway can be determined indirectly by using the
likelihood of detecting a feature and prior estimates of the likelihood that a feature
is part of a pathway. This implies that the probability of detecting a pathway is a
function of the probability that the pathway exists. This seems reasonable because
the probability of intersecting and detecting features is a function of the number of
features which exist.

Exploration Program Success

Several alternative definitions of success could be used to define the ability of the
exploration program to intersect and detect preferential pathways. A successful
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exploration program is one that has a good chance of intersecting and detecting a
significant portion of the features and preferential pathways likely to exist in a
particular volume of the geosphere. One means of representing this success could
be as a ratio of detection to existence probabilities, with a ratio of 1.0 being the
maximum. For example, if an average of 0.015 pathways exists per realization
(i.e., 15 pathways exist for every 1000 realizations of the synthetic geosphere), and
0.003 pathways are detected per realization, then the exploration program has only
a 20% chance of finding pathways, given existence. While this might be acceptable
for Phase 1 investigations, a much greater success ratio for Phase 2 investigations
would be desirable prior to investing the large sums of money associated with
underground exploration in Phase 3. As the exploration phases advance from
surface-based reconnaissance to shafts and underground adits, we expect the ratio
to increase because a greater percentage of the features and pathways within the
volumes of interest is detected.

An alternative definition of success of a particular exploration program may be
defined as the probability that adequate information will be obtained by the
exploration to confirm either the absence or the presence of critical pathways at the
repository site, given that they have or have not been detected. This may be
compared to a minimum confidence level that defines "confirmation." A particular
site would be potentially unacceptable at the conclusion of a given exploration
phase either due to lack of confidence about the absence of pathways or due to
confirmed presence of critical pathways. In the latter case, a site could still be
acceptable if it can be confirmed that existing critical pathways can be avoided
(i.e., the repository and primary retardation barrier be placed between critical
pathways). On the other hand, a site would be "acceptable" if it confirms the
absence of critical pathways at the site. This definition of "success" was postulated
by ROBERDS AND DERSHOWITZ (1990) in the Task 1 report which is briefly
summarized in Appendix II.
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4 EVALUATION OF EXPLORATION METHODS

4.1 Introduction

The two factors affecting the success of any particular exploration program applied
to a particular host rock or geographic area are (1) the probability that preferential
pathways exist, and (2) the probability that preferential pathways can be detected
and characterized with respect to critical parameters. The probability that pathways
can be detected and characterized is a function of (1) the probability that pathways
are intersected by the exploration program, and (2) the probability that pathways
can be detected given they have been intersected. The probability of intersection
is a function of the detector geometry of the exploration tool (a line in the case of
a borehole, a plane in the case of cross-hole hydraulic or geophysic methods or 2-D
surface seismics, or a cube in the case of 3-D seismics) and the geometry of the
features which make up the pathway(s). The probability that features can be
detected given they are intersected is a function of the size of the feature and of its
physical property contrast with the ground mass (Figure 4.1). The physical property
contrast may relate to either some geophysical property (e.g., seismic velocity), or
hydraulic property (e.g., transmissivity). Clearly, the smaller the feature, or the
smaller the property contrast between the feature and the ground mass, the less
likely it is that the feature will be detected. In order to evaluate the success of the
exploration method, we must define the size and contrast required for detection.
In the early stages of the investigation, the assessment of detection probabilities is
based on (1) the physical properties of the host rock and test characteristics, such
as test type, test duration, etc.; (2) experience gained from analog studies in similar
host rocks; and (3) expert opinion.

It bears noting that the investigation program developed to characterize the site has
aims in addition to those related to detecting and characterizing critical features
which might form preferential pathways. One additional aim relates to defining the
geology and hydrogeology in sufficient detail to confirm the hydrogeologic concep
tual model of the area and site and to determine the likely flow path directions and
gradients. It will also be important to define the characteristics of the host rock
(ground mass and flow paths) affecting the transport of radionuclides in the
geosphere. This will include porosity, retardation, matrix diffusion, and dispersivity.
Additionally, the geomechanical and geochemical characteristics in the vicinity of
the potential repository will affect both the short-term (i.e., constructability) and
long-term predicted safety of the site.

The exploration methods generally available for characterization studies may be
broadly categorized into geological, geophysical,hydrochemical, and hydrogeological
methods. These methods could be applied to the areas or host rocks of potential
interest to NAGRA for repository siting or in nearby regions where the rock types
of interest are more accessible or have already been drilled or tunneled (i.e., analog
or Phase 0 studies). While analog studies certainly have their place in the overall
exploration strategy (because the greater accessibility allows for the development
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of a more complete conceptual picture of the geology/hydrogeology of the rock
mass), they are not the focus of the site-specific exploration program.

4.2 Geolo&ical Field Studies

Geological field studies may include:

• surficial geologic mapping

• core analysis
lithology
sedimentology
tectonics
water flow systems

• geologic mapping of shafts and underground facilities

Geological studies of surface exposures in the area(s) of interest are primarily for
sedimentologic and tectonic characterization. In the areas of interest, the potential
repository host rocks normally do not crop out; therefore, they can only be studied
at the surface as part of the analog studies. The core analysis of water flow systems
essentially relates to the identification and characterization (at the decimeter scale)
of the water-conducting features (i.e., the potential critical features).

The main use of the geological investigation methods is to identify the appropriate
geologic conceptual model. This includes identifying those features which need to
be regarded as the targets of the exploration, as well as the relevant geometric
properties of these features. As the exploration program proceeds, the aim of the
geological investigations is to confirm (or update/revise) the prior conceptual
model, and to decrease the uncertainty in the geometry of the features. In general,
determining the thickness of subhorizontal features from vertical outcrop exposures
and vertical boreholes should be straightforward. However, determining the width
and length of such features from surface observations can be very difficult if they
are larger than the dimensions of the surface exposure. Additionally, if the features
are spaced relatively closely and/or are randomly oriented, determining their areal
dimensions from borehole observations will also be difficult, given that evaluating
the correlation from borehole to borehole will not be straightforward. While
difficulties will exist in underground-opening-based geologic observations (notably
the lack of a full rock face exposure due to lining requirements, the inability to
clean the rock exposed, the smearing. of the rock due to the tunneling operation,
etc.), the observations available will aid in determining the probability of existence,
as well as the frequency and thickness of the intersected features. Unfortunately,
the underground geologic investigations will also yield little insight into the areal
dimensions of large features.

The limitations and constraints we must place on surficial geologic mapping include
the size and physical condition (e.g., weathering) of the visible outcrop. The
constraints we must place on the utility of core analysis include (a) the size/
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representativeness of the core recovered, (b) the orientation of the borehole relative
to the intersected features, and (c) drilling damage. The constraints we must place
on the utility of shaft/underground drift mapping include (a) the necessity for lining,
(b) the size and orientation of the drift, and (c) excavation damage.

4.3 Geophysical Studies

Geophysical studies may include:

• surface-based
potential methods
electromagnetic methods
Refraction/reflection seismic methods

• borehole-based
petrophysical logs
structural logs
borehole seismics
borehole radar or seismic tomography

• underground opening-based
geo-electrics
refraction/reflection seismics
cross-hole radar or seismic tomography

Geophysical investigations are generally most effective in determining the geometry
of the host rock and, to a lesser extent, the features within the host rock and the
adjacent strata. Geophysical observations may be used to verify the geometry
inferred from geological investigations, as well as to focus subsequent investigations
toward or away from certain features of interest.

Geophysical investigations play a key role in site-characterization studies because
they comprise the only direct remote sensing method available. Geophysical
methods define the geological environment in terms of physical properties (density,
resistivity, etc.). Since there is no direct relationship between determined
geophysical properties and hydraulic properties, the geophysical methods cannot be
used directly for hydrogeological characterization. However, there is generally a
strong positive correlation between rock strength properties and seismic velocities,
thus allowing 2-D and 3-D seismics to be used for qualitative lithologic correlation.

The controlling factor in the applicability of surface seismic methods is whether the
technique has sufficient resolution combined with penetration to perceive the target
features. The maximum resolution of seismic reflection methods, given the depths
of interest in the OPA and USM, is estimated to be around 10 m (BLACK, 1990).
Faults will only be identifiable by clear displacement of reasonably continuously
identifiable marker horizons within either the host rock or the adjacent over- or
underlying strata. If one or more well-defined marker horizons exist in, above, or
below the host rock, it is generally possible to detect faults with sufficient vertical
offset. Such marker beds are normally present in the OPA. In the USM, however,
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the lateral correlation of the sedimentary layers is not as distinct, thus making it
more difficult to detect vertical fault offsets in the USM. Clearly, if the features of
interest are either thin or frequent, surface geophysics will not be able to detect
their presence, unless (as could be the case in meander belts in the USM) the
individual features are stacked to form a thick unit.

Based on these constraints, the most applicable methods for identifying geometry
appear to be 3-D reflection seismics for surface-based investigations and seismic and
radar cross-hole tomography for borehole-based and underground-opening-based
investigations. Petrophysical and structural logs will be run routinely to provide
(1) confirmation of direct geologic observations when core is available, (2) an
indication of lithologic and structural conditions in sections where core is not
available, and (3) physical properties of the logged section. Since the borehole
sections with poor core recovery are often of greatest interest, borehole geophysical
logs will provide one of the few "pictures" of these sections.

4.4 Hydrochernical Studies

The hydrochemical studies may include determining the pore water geochemistry
from cores and analyzingwater samples taken from water-conducting features inter
sected by boreholes and the underground facilities. Hydrochemical investigations
are an important component of all site-characterization programs, since they
provide an indication of the general ground-water flow directions. In addition,
hydrochemistry is important for evaluating the geochemical environment in the
vicinity of the repository, which affects radionuclide solubility and retardation.
Although the importance of hydrochemistry in the overall characterization plan is
acknowledged, it is not the focus of this study, as it does not significantly affect our
ability to detect critical features or preferential pathways directly.

4.5 Hydroa:eolo2ical Studies

The hydrogeological studies are generally based on investigations performed from
or between boreholes. All hydraulic testing, except for large-scale ventilation or
water-balance studies, is borehole-based, even when testing from underground
facilities. The different types of hydraulic tests include:

• single borehole hydraulic tests
pulse or pressurized slug tests
slug tests
constant flow tests
constant head tests
combined flow/recovery tests
fluid logging (e.g., spinner flow meter, packer flow meter, heat
pulse flow meter, electrical conductivity, temperature logs)

• tracer tests
point dilution
injection/withdrawal

• multiple borehole (or multiple zone) hydraulic tests
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constant flow
periodic flow
long-term head monitoring
directional permeability

The overall aim of the hydraulic testing program is to identify and characterize the
permeable features. Since it is virtually impossible to detect features not directly
intersected, identifying the permeable features requires that they be intersected by
boreholes. Even when directly intersected, there is some likelihood that features
will not be detected because of near-well damage. Characterizing the permeable
features includes defining the water-transmitting ability (i.e., hydraulic conductivity)
as well as the size (thickness and lateral extent) of the features detected. Also,
many of the tests aim to define the in-situ hydraulic pressure or head in order to
determine the likely hydraulic gradients and ground-water flow directions and rates.
In addition to the above tests to identify the hydraulic characteristics, other tests
could be identified which focus on the transport characteristics (e.g., porosity, matrix
diffusion, and retardation) of the rock mass.

The principal constraints affecting the above test methods for determining the
hydraulic characteristics of the permeable features in the vicinity of the borehole
include (a) the duration of the test, (b) borehole damage (i.e., skin) effects, (c) the
sensitivity of the measurement equipment, (d) pre-test borehole disturbances, and
(e) the size of the test interval. Other constraints on our ability to determine the
hydraulic characteristics awayfrom the borehole include: (a) heterogeneities within
the intersected features, (b) the geometry of the intersected features, (c) the geo
metry of the flow regime around the borehole (non-cylindrical flow), and (d) leak
age from or to the surrounding rock mass. These items are addressed below.

Several different methods could be employed to determine the lateral extent of the
rock volume tested using different hydraulic tests, as well as the maximum distance
at which hydraulic boundaries would be discernible based on single-hole tests.
Theoretical studies of composite reservoirs (reservoirs containing two concentric
rings of either different hydraulic conductivity or storativity or both) indicate that
the change in hydraulic properties occurs at a radius (R) of

where K is the hydraulic conductivity, Ss is the specific storage and t is the time at
which the derivative of the pressures observed in the production/injection well
deviates from the normal response. Assuming a lO-daytotal test duration, and that
approximately half a log cycle in time is required to be confident that the pressure
derivative has deviated from the normal response, t would correspond to 3.16 days.
Thus, for given hydraulic conductivities, we could determine the maximum
observable radius of a changed hydraulic property:
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HYDRAULIC CONDUCTIVITY MAxIMUM RADIUS DISCERNIBLE FOR A 10-DAY TEST (m)

Specific Storage
m/s

10-5 m" 10-6 m"

10-11 1.2 3.7
10-10 3.7 11.7
10-9 11.7 37
10-8 37 117
10-7 117 370
10-6 370 1170

Preferential pathways are assumed to have hydraulic conductivities on the order of
10-8 m/s for the OPA and 10-7 ta]« for the USM vertical pathways (assuming fault
thicknesses of about 0.1 m for each), and about 10-7 m/s for USM horizontal path
ways (assuming meander belts on the order of 1 m thick). These values assume a
feature width equivalent to the width of the repository (860 m). It bears noting that
these conductivity values are applicable for the features themselves, and do not
relate to measured values within test intervals. Given that test interval lengths may
be 100 or more times greater than the feature thicknesses, the actual observed
conductivities within the test intervals would be 100 times less.

The above values assume that the aquifer tested is 2-dimensional, homogeneous,
and isotropic, with no leakage from over- or underlying strata, and that the well is
located in the center of the permeable zone (Le., that the boundary is located equi
distant from the well in all directions). BlACK (1990) has presented results
assuming the flow regime is J-dimensional instead of 2-dimensional. The ability to
detect boundaries, assuming leakage occurs across the over- or underlying matrix,
is illustrated in Figure 4.2. As expected, increasing the leakage by increasing the
matrix hydraulic conductivity has the effect of decreasing the maximum distance
that boundaries would be detectable. The "total penetrated distance" of Figure 4.2
corresponds to the distance that one percent of the magnitude of the source signal
would travel at the end of the 10 day test. The "effective interpretable distance" is
the distance from the borehole source for which a boundary could be detected,
which is assumed to correspond to the time it takes a signal to travel out to the
boundary and back to the borehole and be discernible for at least one-half of a log
cycle of time (BLACK, 1990). One conclusion easily drawn from the analyses
performed to date is that, even under the most optimum conditions, the ability to
uniquely and unambiguously determine the existence of, and lateral distance to,
hydraulic boundaries from a single-well hydraulic test is extremely limited.

In practice, of course, conditions will rarely be favorable enough to allow such
optimism. In particular, the heterogeneity of the hydraulic properties within the
feature of interest may make it difficult to distinguish the actual onset of a deviation
from a "normal" pressure or flow response, thus making it difficult to determine if
a boundary has been reached. Additionally, equipment sensitivity, uncertainty in
aquifer storativity, the possible existence of skin regions around the borehole, and
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pre-test borehole pressure history effects could all affect the pressure or flow
response, making boundary identification problematic. Also, boundaries are rarely,
if ever, circular or straight, so the above theoretical evaluations must be treated
with some caution and skepticism. It also bears noting that even if a boundary is
detected (by a deviation from a normal pressure or flow response), it may be
difficult to tell if it is a linear or a radial boundary, i.e., whether the feature is really
of limited extent or not.

In addition to being used to determine the size of the feature intersected (although
of somewhat limited use because of the uncertainties described above), the second
primary goal of hydraulic tests is to quantify the water-transmitting ability of the
intersected features. The parameter desired for safety analysis is the average or
mean hydraulic conductivity of the feature(s) between the repository and the
biosphere. Unfortunately, the measured parameter from single-hole hydraulic tests
is a point property -- perhaps representing the average water-transmitting ability
over a scale something less than the maximum discernible boundary distances.
Given that the features of interest are considerably larger than the averaging
volume stressed during the hydraulic tests, the average property of the features
cannot be determined directly. Using some knowledge of the expected hydraulic
conductivity distribution of a feature, we could estimate the likelihood that, for a
given observed conductivity, the actual average conductivity of the feature would be
greater than some specified minimum (Figure 4.3). However, this assumes we know
the actual transmissivity distribution of all the features, which we don't. It also
depends on the type and degree of spatial heterogeneity within the feature. For
example, if transmissivities range over three or four orders of magnitude within a
feature and a lower transmissivity section of the feature is intersected and tested,
it would be extremely difficult to ascertain the average transmissivity of the feature.

The importance of spatial variability is a function of the correlation scale of the
transmissivitywithin the feature. The correlation scale is expected to be dependent
on the size of the averaging volume used. For example, laboratory core permea
bility values may be correlated over scales of decimeters to meters, while in-situ
borehole tests may be correlated over scales of tens to hundreds of meters or more.
In addition to the correlation scale increasing with increasing tested volume, the
uncertainty (as defined by the variance of the distribution) decreases with increasing
tested volume. If the correlation length is large (say, close to the distance from the
repository to the biosphere), then making only one measurement would suffice to
define the representative water-transmitting ability of the feature. If, however, the
correlation length is small, then many observations (e.g., a lot of boreholes inter
secting the same feature) may be required to determine the average transmissivity
adequately. Of course, if many features are intersected and tested, we may be able
reasonably to determine the appropriate average hydraulic properties based on the
individual observations and some conceptual model describing the distribution of
the hydrostratigraphic units.

In summary, single- or multi-hole hydraulic testing has three important objectives
in any site investigation strategy: (i) to determine the water-transmitting ability of
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the key features that could provide hydraulic communication between the repository
and the biosphere; (ii) to determine the lateral extent of the feature; and (iii) to
define the hydraulic potential which controls the direction and magnitude of the
hydraulic gradient across the repository and between the repository and the
biosphere.

Care must be taken in the use of point (e.g., several meters to tens of meters)
properties to extrapolate to feature-wide characteristics. Various assumptions can
be made, including that the point property is the feature average property, or the
arithmetic, geometric, or harmonic mean of the individually observed point
properties represents the feature average property. Determining the lateral extent
of all but the smallest features will be difficult, if not impossible.
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5 EXAMPLE APPLICATION OF REPRESENTATIVE EXPLORATION
METHODOLOGY TO THE OPALlNUS CLAY (OPAl

The methodology presented in Section 3 is used in conjunction with a representative
conceptual model of the OPA and an example exploration program to illustrate the
potential utility of the method in assessing site explorability. The application
described below is representative of the relative usefulness of the method, although
the absolute values are quite uncertain at the present stage of site investigations.

5.1 Opalinus Clay Conceptual Model

In general, the Opalinus Clay (OPA) is a relatively homogeneous, well-consolidated
claystone (shale), approximately 100 m thick, overlain and underlain by a sequence
of limestone, shale, and sandstone layers (Figure 5.1). The OPA is relatively
continuous over the area of interest, as illustrated in the cross-section presented in
Figure 5.2. Several distinct layers can be identified within the OPA (Figure 5.3).
The discontinuous sand lenses/Ienticles and carbonate banks common in the upper
layers are imbedded in a predominantly clay matrix. As a result, the average
hydraulic properties of these layers are dominated by the low-permeability matrix.

Figure 5.4 illustrates the two conceptual models of flow systems in the OPA used in
the Sediment Study Interim Report (NAGRA, 1988). The fracture model accounts
for relatively closely-spaced discontinuities observed in surface outcrops of the OPA.
Although it is unclear to what depth these surface phenomena extend or what the
hydraulic and transport characteristics of these fractures are, it was conservatively
assumed in the safety assessments performed that a fracture network exists through
the OPA. The fault model considered the less frequent tectonically disturbed zones,
which were conservatively assumed to be spaced every 100 m. In both models,
advective transport was presumed to dominate in the discontinuity and matrix diffu
sion was assumed to occur into the porous clay matrix. In both cases, the radio
nuclide flux from the OPA was assumed to be input directly to the gravel aquifers
of the Rhine, where the water was produced from water supply wells (HUGI AND
ZUIDEMA, in press). No migration time or retardation was considered for the
horizontal travel path within the thin over- or underlying sedimentary layers
(Murchisonae beds or the Arietenkalk). The Murchisonae beds are of variable
thickness in the areas of interest. Therefore, the pathway orientation of concern
was vertical, with a length of about 50 m from the repository in the OPA to the
over- or underlying layers. NAGRA (1988) does not consider the additional safety
afforded by the low-permeability strata of the Lower Malm (Middle and Lower
Oxfordien), the upper Dogger above the OPA, and the Lias and Keuper below the
OPA. The present application of the exploration methodology also does not focus
on the potential additional safety afforded by the shale and anhydrite layers above
and below the OPA. As the intervening permeable layers may provide for horizontal
hydraulic pathways to the accessible environment, the characterization strategy, as
well as the volume of rock requiring characterization, for the conceptual model
would be substantially different from that proposed below for the OPA alone.
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The general conceptual model of the OPA used in the evaluation of example
exploration strategies consists of three different types of features imbedded in the
clay matrix (Figure 5.5). The OPA is treated as two distinct layers, with the
uppermost layer having some likelihood of containing thin, discontinuous sand
lentic1es, sandstone nodules, or carbonate banks, and both layers containing
individual fractures or major fault zones. These features have some probability of
being "critical" from a safety perspective if they are sufficiently extensive and
transmissive to provide a hydraulic communication (preferential pathway) between
the repository and the adjacent aquifers. The pathway may either be a single
feature or a combination of interconnected features. Considering the prior
distributions of sizes, orientation, and transmissivity of the above features, it has
been determined that only subvertical faults provide a likely credible pathway in the
OPA. Sand lenticles and sandstone nodules are generally too thin and have insuffi
cient transmissivity to be deemed critical. Individual fractures, although potentially
numerous, are also not transmissive enough to be critical. As a result of the above,
we concentrate solely on the existence and detection probabilities of major faults
in the OPA, as these are apparently the most important features affecting a site's
suitability for a repository in the OPA.

The relevant characteristics of transmissive faults affecting the likelihood that a
preferential pathway exists include:

• Intensity (or frequency)
• Size
• Shape
• Orientation
• Transmissivity

In addition to these properties, we must also consider the spatial disposition or
degree of auto-correlation between individual faults. In the current example, we
have assumed the spatial distribution to be random, i.e., there is no auto
correlation. The importance of auto-correlation in faulted reservoirs is discussed
in BRAND AND HALnoRsEN (1988).

Table 5.1 presents the best-estimate values for these parameters, as well as their
uncertainty. Three different fault sets have been delineated for the OPA. Two sets
contain subvertical normal faults of different orientation, while the third set consists
of subhorizontal thrust faults. Fault intensities and lengths were derived from
surface traces presented in NAGRA (1988, Figures 7.5, 7.8, 7.11, and 7.13). The
vertical extent of the faults is assumed to be sufficient to cut the OPA completely.

The intensity of faults appropriate for use in a synthetically generated geosphere is
determined by taking the number of faults times the average fault area and dividing
by the total volume. Alternatively, one could take the total fault trace length and
divide by the total cross-sectional area. Using the average fault lengths and
intensities presented in Table 5.1, one can determine that the average number of
normal faults (fault sets A and B) is on the order of one for the 20 km2
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investigation area and the average number of thrust faults (fault set C) is also about
one in this same area.

The fault transmissivity distribution used a geometric mean value equivalent to the
maximum best-guess transmissivity used in NAGRA (1988), i.e., 10-9 m2/s. There is
considerable uncertainty in this value, given the possibility that any disturbance
through a clay such as the OPA might be expected to be self-sealing and therefore
have no enhanced water conductance.

The size of the OPA conceptual model considered relevant for the Phase 1 investi
gations is 20 km2 (4.5 km x 4.5 km). This size is chosen somewhat arbitrarily as
being roughly one tenth of the size of the two possible areas identified in NAGRA
(1988), while also being large enough to allow some flexibility in actual repository
siting. This area is smaller than the approximately 300 km2 to be investigated
initially with 2-D seismics in 1991-92 to identify potential faults cutting the OPA.

The Phase 1 we consider is a detailed Phase 1 that follows a reconnaissance
Phase la that may be used to identify potential areas with less likelihood of major
faults.

It is assumed at the end of Phase 1 investigations that the area of detailed
characterization from the surface in Phase 2 can be cut in about half (i.e., about
3 km x 3 km). Given that the most relevant preferential pathways in the OPA are
vertical, the actual area requiring subsurface characterization in Phase 3 is only
slightly larger than the perimeter area of the repository (860 m x 860 m). We have
considered an area of 2 km2 (1.4 km x 1.4 km).

5.2 Likelihood of OPA Preferential Pathways

Using as input the geometric properties of the potentially critical features identified
in Section 5.1, the code SandMan (GEIER ET AL., 1990) has been used to generate
763 realizations of the distribution of faults within the OPA geosphere. Although
the input distributions to SandMan are specified in Table 5.1, the actual
distributions generated in the multiple realizations may be slightly different. Given
the large number of realizations, this inconsistency should be minimal.

The volume of the geosphere considered in our analyses is 2 krrr' (20 km2 x 100 m)
for Phase 1 investigations, 1 km" (10 km2 x 100 m) for Phase 2 investigations, and
0.2 km" (2 km2 x 100 m) for Phase 3 investigations. We have always used a 100 m
thick OPA and therefore do not consider the additional safety afforded by the
aquitards overlying and underlying the OPA. An example realization of the OPA

geosphere is illustrated in Figure 5.6. In this realization, it is clear that two features
exist within the 2 krrr' Phase 1 exploration volume.

Several interesting results emerge from the generation of the OPA synthetic
geospheres. Because of the uncertainties in the geometric and hydrogeologic
properties of the key features imbedded in the OPA conceptual model, a range of
possible geospheres may result. The likelihood of each geosphere occurring can be
presented either as probability distributions (which may be illustrated as histograms
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Table 5.1 OPA Fault Characteristics

- 59 -

UNITS DISTRIBUTION 5% 95% MEAN STANDARD
DEVIATION

Fault Set A

lntenslty' m" Gamma 0.00 2.95E-04 1.30E-04 1.00E-04

Horizontal Extent m Normal 200 10275 4500 3500

Vertical Extenf m Normal 100 100 100 0

Orientation (Pole Azimuth) degree Normal 177.3 302.7 240 38

Orientation (Pole Dip) degree Normal 3.5 36.5 20 10

Transmissivity log (m2js) LogNormal3 -10.0 -8.0 -9.0 0.61

Fault Set B

lntenslty' m' Gamma 2.9E-Q5 6.25E-Q5 4.60E-Q5 1.00E-Q5

Horizontal Extent m Normal 200 4940 2300 1600

Vertical Extenf m Normal 100 100 100 0

Orientation (Pole Azimuth) degree Normal 17 149 83 40

Orientation (Pole Dip) degree Normal -13 53 20 20

Transmissivity log (m2js) LogNormal3 -10.0 -8.0 -9.0 0.61

Fault Set C
Intensity' rn" Gamma 3.9E-05 3.69E-Q4 2.04E-04 1.00E-04

Horizontal Extent m Normal 200 11537.5 3700 4750

Vertical Extenf m Normal 100 100 100 100

Orientation (Pole Azimuth) degree Normal 333.5 366.5 350 10

Orientation (Pole Dip) degree Normal 53.5 86.5 70 10

Transmissivity log (m2js) LogNormal3 -10.0 -8.0 -9.0 0.61

1 Intensity is defined as the sum of the areas of all faults divided by the total

volume of the geosphere.

2 Because the vertical extent of the OPA geosphere is 100 m, the vertical extent

of the faults within this geosphere is also 100 m.

3 Statistics of lognormal distribution are log., values.
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Figure 5.6 Example Realization of the Opalinus Clay Geosphere (DERSHOWITZ

ET AL., 1991)
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or cumulative probability distribution functions) or as a mean value and a standard
deviation. The latter approach implies a functional form of the output, for example,
a normal distribution which may not be appropriate. These results are presented
in tabular form in Table 5.2 and in graphical form in Figure 5.7, and are discussed
in the following paragraphs.

Table 5.2 Representative Existence Probabilities of OPA Fault Preferential
Pathways

Average number of faults in 2 krrr' (Phase 1)

Average number of faults in 1 krrr' (Phase 2)

Average number of faults in 0.2 knr' (Phase 3)

Average number of faults intersecting repository (860 x 860 m)

Percent of faults with transmissivity x length > critical feature
conductance (10-7 m3/s)

Percent of faults with transmissivity x length> preferential
pathway conductance (10-6 m3Is)

Average number of preferential pathways

Mean conductance of all preferential pathways (nr'Is)

2.26

0.64a

0.029a

92.2%

44.5%

5.7 X 10-6

a These values consider the reduction in fault intensity following the Phase 1
investigations as a result of the assumed avoidance of those faults detected by 3-D
seismics in Phase 1. These values have been derived by additional realizations
performed by DERSHOWITZ ET AL. (1991).

Number of faults in exploration volume

Initially, a total of 763 SandMan realizations of the OPA geosphere were simulated
by Golder Associates (DERSHOWITZ ET AL., 1991). In 80 realizations, there are no
faults in the 20 km2 Phase 1 investigation area, 1 fault exists in 189 realizations, and
there are 2 faults in 238 realizations, 3 to 5 faults in 237 realizations, 6 to 10 faults
in 18 realizations, and 11 to 25 faults in 1 realization. The average number of faults
in the Phase 1 investigation area is estimated to be 2.26. The number of faults is
controlled by the fault intensity and the size (cross-sectional area) of each fault in
the volume of interest.

Subsequent simulations were performed to more precisely define the ratio of the
number of faults existing in the different exploration volumes to the number
intersecting the repository (and thus potentially forming pathways if of sufficient
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length and conductance). These results indicate the ratio decreasing from 33.3 to
22.5 to 8.2 from Phase 1 to Phase 3 (DERSHOWITZ, 1991).

In the GPA, the average number of faults likely to intersect a potential repository
with a cross-sectional area of 860 m x 860 m is estimated to be 0.029. This
corresponds to the number of features potentially forming pathways, i.e., a feature
must at least intersect the repository before it has any likelihood of being a
pathway.

Percentage of features with conductance greater than or equal to the threshold for
critical features or preferential pathways

The faults that potentially intersect the repository mayor may not be preferential
pathways, depending on the conductance of the faults and the likelihood they
extend from the repository through the OPA to the over- or underlying strata.
Given the expected size of the faults, it is assumed that, if one exists, it extends
through the entire OPA. The conductance distribution of the features intersecting
the repository can be determined by multiplying the transmissivity distribution times
the average trace length of the fault intersection with the repository. (Note: The
real flow length may be somewhat greater than the trace length, due to convergent/
divergent flow.) Given that the transmissivity distribution is log normal, the
conductance distribution is also log normal. The mean of the log of the conduc
tance distribution is -6.06 (log m3/s) with a standard deviation of 0.59. Based on
this distribution, 92.2% of all faults have conductances greater than the threshold
for critical features and 44.5% have conductances greater than the threshold for
preferential pathways.

Number and types of preferential pathways

Combining the probability distribution for the number of faults intersecting a
860 x 860 m repository in the OPA and the probability that a fault is sufficiently
conductive to be a preferential pathway, we determine that the probability of a
preferential pathway in the OPA is 0.037, i.e., that one in every 27 realizations
contains a fault preferential pathway. In 735 of the 763 realizations, there are no
fault preferential pathways; in 27 realizations, there is 1 preferential pathway; and
in 1 realization, there are 2 preferential pathways.

Following the Phase 1 investigations, we consider that some faults will be detected
using 3-D seismics. Phase 2 and Phase 3 explorations are assumed to take place in
regions where faults were not detected in Phase 1. Therefore, the fault existence
probability and the likelihood of faults intersecting the repository and potentially
forming preferential pathways is reduced. This "learning" has been simulated by
reducing the fault intensity in Phase 2 and Phase 3 by the probability that we can
correctly detect faults in Phase 1 (DERSHOWITZ, ET AL., 1991). In the reduced
fault intensity realizations, the probability of a fault intersecting the repository is
0.029 and the possibility of a preferential pathway existing is 0.013.
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Of those realizations with preferential pathways, the total conductance per
realization averages 5.7E-06 m3Is. As there is generally only one preferential
pathway in those realizations with preferential pathways, the average conductance
along each preferential pathway is also 5.7E-06 m3Is.

5.3 Representative OPA Exploration ProlUam

The target features of the OPA exploration strategy are subvertical faults which may
penetrate the OPA and therefore potentially form a preferential pathway. There are
two conflicting goals in developing an exploration program: (1) avoid intersecting
faults with the site, but (2) characterize the properties of the faults to decrease the
uncertainty of the safety assessments. Therefore, at early stages of the investigation,
the goal is to detect the potential pathway-forming faults in order to characterize
their hydrogeologic and geometric properties, while, at later stages of the program,
the aim is to detect faults so that they may be avoided in siting the repository. The
primary means of detecting these faults will be surface 3-D seismics, geologic and
hydrogeologic observations made from vertical or angled boreholes, cross-hole
hydraulics and/or seismics, and observations made from underground exploratory
drifts (Figure 5.8).

In order to illustrate the potential applicability of the exploration strategies
evaluation method, we have developed a representative exploration program. The
Phase 1 investigations of the OPA are assumed to consist of regional 3-D seismics
over the entire 20 km2 area, one vertical borehole located randomly, and one bore
hole angled 450 to the vertical located near any fault tentatively detected by the 3-D
seismics. The 3-D seismics will intersect a large rock volume, but will only detect
faults if sufficient offset of over-lunderlyjng marker beds occurs. The vertical
borehole represents the borehole drilled prior to performing the surface geophysics,
and is used to calibrate the geophysical observations. The angled borehole is
located within 50 m of the assumed fault location in the OPA and is assumed to be
oriented perpendicular to the strike of the fault.

The Phase 2 OPA investigations are assumed to consist of four boreholes angled 450

to the vertical in areas where faults are not expected. Areas of low fault intensity
are assumed to be identifiable based on the results of the Phase 1 3-D seismic
campaign. The investigation area for this phase is 10 km2

•

Phase 3 OPA investigations are assumed to consist of drifts constructed around the
perimeter of the potential repository (860 x 860 m). It is assumed that geologic,
geophysical, and hydraulic observations are made from within the drifts.

5.4 Probability of Detectinl: OPA Faults Given Intersection

The probability that OPA faults are detected by any of the above exploration
methods is a function of the probability that the faults are intersected (see

;Section 5.5) and the probability that they can be detected given they are intersected.
The probability of detection given intersection is a function of the orientation of the
fault relative to the intersector (whether a vertical borehole or a-horizontal drift)
and the magnitude of vertical fault offset. The conditional probabilities of OPA
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fault detection using 3-D seismics, core logging, and drift mapping are illustrated in
Figures 5.9a through 5.9c. These figures also illustrate the expected values of fault
orientation and fault offset presented in Section 5.1. The probability of detection
given intersection may be determined by multiplying the conditional probabilities
illustrated in Figure 5.9 by the probability density functions for fault orientation and
fault offset. These results are tabulated in Table 5.3.

Table 5.3 Probability of OPA Fault Detection Given Intersection

FIGURE EXPLORATION CONTROL STANDARD PROBABILITY OF DETECTION

MEAN
No. METHOD PARAMETER DEVIATION Mean Standard Deviation

Positive Detection

5.9a 3-D seismics Offset (m) 75 25 60% 12%

5.9b Core logging Orientation e) 45 45 95% 0%

5.9c Drift mapping Orientation e) 89 15 100% 0%

The main factor affecting the probability of fault detection using core logging
techniques is the angle at which the fault intersects the core. When the fault is
parallel to the core, core recovery will be poor and detection difficult. Faults that
are perpendicular to the core may be confused with bedding joints or drilling
induced breaks in the core. The ability to detect faults using 3-D seismics requires
recognition of the displacement of "marker horizons." The resolvable limit of 3-D
seismics is about 10 m, based on the minimum wavelength at the depths of interest
(BLACK, 1990).

The probability of falsely detecting faults (i.e., identifying a fault which does not
exist) by any exploration method is a function of the degree of homogeneity of the
rock mass and the thickness of individual stratigraphic layers, i.e., the ability to
confidently delineate the marker beds. If the rock mass is very homogeneous and/
or if the thickness of individual layers is relatively small, there will be an increased
probability of falsely identifying faults. For 3-D seismics,we assume a uniform false
detection probability of 5%. When observations are made from underground drifts,
we assume that faults can be precisely identified, i.e., there are no false detections.

5.5 Probability of Intersectin2 OPA Faults

Each of the exploration programs defined in Section 5.3 has been implemented in
each of the synthetic geospheres generated by SandMan. From these simulations,
it is possible to determine the probability of intersecting the faults. The results are
graphically displayed in Figure 5.10 for Phase 1 surface 3-D seismics, the Phase 2
angled boreholes located in an area of low fault probability, and the Phase 3 peri
meter drifts. The average number of faults intersected and the ratio of intersected
to existing faults at the different exploration phases are indicated in Table 5.4.



NAGRA NTB91-15

1 vertical borehole located randomIy;
1-45

0
borehole located to penetrate a

suspected fault; surface geophysics

- 66-

OPA Opalinus Clay

__--.-4500m-

4-45
0

boreholes located in areas where
faults are not expected to occur

860 x 860 m perimeter drift in an area
where faults are not expected to occur

.~_-3000m

_1400m

Figure 5.8 Representative Opalinus Clay Exploration Program (DERSHOWITZ
ET AL., 1991)
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As defined, there is a high possibility (essentially 1.0) that surface 3-D seismics
intersect all of the faults in the 20 km2 study area (compare Figures 5.10 and 5.7a).
Although all faults are intersected with a closely spaced 3-D seismic campaign, only
60% are believed to be correctly detected (BLACK, 1990).

Table 5.4 Average Number of OPA Faults Intersected

RATIO OF INTERSECTED/ExISTING
NUMBER OF FAULTS NUMBER OF FEATURES IN

PHASE EXPLORATION TOOL INTERSECTED CORRESPONDING EXPLORATION
VOLUME

MEAN MEAN

1 Surface seismics 2.26 1.0

1 1 Angled Borehole 0.53 0.24

2 4 Angled Boreholes 0.018 0.028

3 Perimeter drifts 0.085 0.37

Even though the angled borehole in the Phase 1 program is located only 50 m away
from an assumed fault location, it has only about a 50/50 chance of intersecting this
fault. This is a result of the 60% probability that surface 3-D seismics will correctly
detect faults which are intersected, as well as the difficulty in defining the dip of the
fault. Even this 53% probability of Intersection must be treated with some
optimism, as it assumes a certain fault offset distribution and the geophysical detec
tion probability function. Given that we are trying to intersect faults at the depth
of the OPA (about 500 m beneath the surface), accurately orienting the borehole
to maximize the probability of intersection may also be difficult.

It is clear from Figure 5.10 that one carefully placed angled borehole greatly
increases the probability of intersecting a fault over what can be expected with four
randomly placed angled boreholes in areas believed to have a low fault probability.
Only about 2.8% of the existing faults within the 1 km" Phase 2 exploration volume
are intersected by the four randomly located angled boreholes.

As expected, the Phase 3 perimeter drifts intersect all of the faults which would be
expected to intersect the repository (compare Figures 5.10 and 5.7b).

5.6 Probability of Detectina: OPA Faults

Combining the probability of OPA fault detection given intersection (Table 5.3) and
the probability of intersection (Figure 5.10) for each of the different phases of the
exploration program, it is possible to determine the probability of detecting faults
given that faults exist in the exploration volumes considered. These results are
tabulated in Table 5.5. It is also possible to determine the probability of detecting
faults which do not exist. From these values, it is possible to determine the
probability of not detecting faults which do or do not exist. Because OPA faults
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Figure 5.10 Probability of Intersecting OPA Faults with Different Exploration
Tools (AFfER DERSHOWITZ ET AL., 1991)
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may be considered preferential pathways, the probability of detecting OPA fault
preferential pathways is also indicated in Table 5.5.

From these results, it is possible to determine the probability that preferential
pathways do or do not exist, given some were detected by the exploration program,
and the probability that preferential pathways do or do not exist, given none were
detected by the exploration program. These results are also presented in Table 5.5.

Table 5.5 Probability of Detecting OPA Preferential Pathways

P[B1+IF1+] 1 P[B1+IFo]2 P[B1+]3 P'[F1+IB1+]4 P'[F1+ IBo] 5

Phase 1
• Surface 3-D seismics 0.138 0.050 0.053 0.093 0.033
• 1 angled borehole

Phase 2
• 4 angled boreholes 0.0003 0.050 0.048 0.0003 0.038

Phase 3
• Perimeter drift 0.0046 0.000 0.0002 1.0 0.036

1 Probability of detecting one or more pathways given one or more pathways exist
(equal to 1 minus the probability of detecting no pathways given one or more
pathways exist).

2 Probability of detecting one or more pathways given none exist (false detection).

3 Probability of detecting one or more pathways.

4 Probability of one or more pathways existing given one or more pathways have
been detected (equal to 1 minus the probability of no pathways existing given
one or more pathways have been detected).

5 Probability of one or more pathways existing given none have been detected
(equal to 1 minus the probability of no pathways existing given no pathways have
been detected).

The probability of detecting pathways using 3-D seismics in Phase 1 is not very high,
even though the probability of intersecting faults is 1.0, because (a) the probability
of detecting faults that have been intersected is 0.60, and (b) the probability the
detected faults are pathways is 0.45. The four angled boreholes in Phase 2 have a
very low probability of intersecting preferential pathways.
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6 EXAMPLE APPLICATION OF REPRESENTATIVE EXPLORATION
METHODOLOGY TO THE LOWER FRESHWATER MOLASSE
(USM)

The methodology presented in Section 3 is used in conjunction with a representative
conceptual model of the USM and an example exploration program to illustrate the
potential utility of the method in assessing site explorability. The application
described below is representative of the relative usefulness of the method, although
the absolute values are quite uncertain at the present stage of site investigation.

6.1 Lower Freshwater Molasse Conceptual Model

The Lower Freshwater Molasse (USM) is a fluvial sedimentary lithostratigrahic unit
consisting of an interbedded marl-shale matrix, siltstone overbank, and flood
deposits and sandstone paleochannels. The total thickness of the USM is about
1000 m in the area of interest. The USM is overlain by the Upper Marine Molasse
(OMM) and underlain by the Malm in eastern Switzerland (Figure 6.1).

Figure 6.2 illustrates the three conceptual models of the USM used in the Sediment
Study Interim Report (NAGRA, 1988). The "interconnected sandstone features"
model consisted of a limited network of sandstone features (consisting of both
sandstone layers deposited as overbank deposits and sandstone channels) from the
repository to the more permeable layers over- or underlying the USM or the
biosphere (assumed to be 5 km from the repository). It was assumed that only 5%
of the sandstone features are linked with one another.

The "isolated sandstone features" model consisted of sandstone layers and channels
that do not form a linked system, due to alterations of the meandering river course
during sedimentation, but are always separated from one another by marly-clayey
zones. This implies that the horizontal migration pathway consists of two parts:
transport through the sandstone features and through the marly-clayey zones. It was
assumed that 5% of the total 5 km horizontal flow path was occupied by the marl.

The "disturbed zone" model considered that, after a certain horizontal migration
distance, the flow pathway intersects a vertical discontinuity, providing direct
hydraulic communication to more permeable layers (and eventually the biosphere).
The vertical transport distance to the over- junderlying more permeable layers for
the "disturbed zone" model was considered to be 500 m. For the portion of the flow
in the porous sandstone layers, advective jdispersive transport was considered. For
the marly/ clayey portions, advective flow was assumed to occur in a fracture
network with matrix diffusion into the clay.

A recent review of available geologic information on the USM of eastern and central
Switzerland has been undertaken by KELLER ET AL. (1990). Their study consisted
of analysis of quarries, well logs, and surface seismics to develop sedimentological
facies descriptions of the principal lithologic units in the USM.
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The general conceptual model of the USM developed from this research and used
in the present evaluation of exploration strategies consists of six different types of
features imbedded in the marly-clayey matrix (Figure 6.3). These features are
meander belts, crevasse channels, crevasse splays, overbank sands and levee
deposits, major fault zones, and multiple fracture networks.

It has been determined that, in general, the fine sands and silts of the overbank and
levee deposits are not sufficiently transmissive to be considered critical features in
the context of defining preferential pathways. In addition, the fracture networks,
although potentially numerous in the marl, are not considered to be transmissive
enough to provide sufficient conductance to be critical. Crevasse channels are
considered to have similar hydraulic characteristics as meander belts. As crevasse
channels are volumetrically much less prevalent than meander belts and because
they are always correlated with one another (i.e., the source of the crevasse channel
is the meander belt channel), these two feature types are lumped together for
purposes of the investigation strategy evaluation. As a result, we concentrate on the
existence and detection probabilities of meander belts, crevasse splays, and faults
in the USM.

The relevant characteristics of the features which control the likelihood that a
preferential pathway exists include:

• Intensity
• Size
• Shape
• Orientation
• Transmissivity (or hydraulic conductivity)

In addition to the above properties, the spatial distribution or auto correlation of
the sand bodies may also have a significant impact on the interconnectedness, as
discussed by CLEMENTSEN ET AL. (1990).

Table 6.1 presents the best-estimate values, as well as their uncertainty. The best
estimate total sand content of the USM is considered to be 30% (KELLER ET AL.,
1990). Of this, approximately 20% is considered to be in the form of meander
belts, and the remaining 80% crevasse splays. Meander belts are, for all practical
purposes, considered to be larger than the Phase 1 investigation area (10 x 10 km).
The Phase 1 thickness and width variability of meander belts was determined by
KELLER ET AL. (1990). The width is based on an assumed empirical relationship
of width to thickness. Crevasse splays are considered to be essentially circular
features with assumed mean widths and lengths of about 3 km. The orientation of
meander belts is approximately NE-SW, following the perceived regional drainage
direction described in NAGRA (1988). The hydraulic conductivity distribution of
meander belts is assumed to be log normal, with a geometric mean of 10-7 m/so
This value is based on observed laboratory and DST results which have been
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Table 6.1 USM Feature Characteristics

UNITS DISTRIBUTION 5% 95% MEAN
STANDARD
DEVIATION

Fault Set A
Intensity m" Gamma 0.00 3.15E-05 1.50E-05 1.00E-05
Horizontal Extent m Normal 6950 63050 35000 17000
Vertical Extent m Normal 935 1265 1100 100
Orientation (Pole Azimuth) degree Normal -23 43 10 20
Orientation (Pole Dip) degree Normal -3.3 3.3 0 2
Transmissivity log (m2js) LogNormal1 -9.0 -7.0 -8.0 0.61

Fault Set B
Intensity m" Gamma 1.5E-06 3.45E-05 1.80E-05 1.00E-05
Horizontal Extent m Normal 9600 62400 36000 16000
Vertical Extent m Normal 935 1265 1100 100
Orientation (Pole Azimuth) degree Normal 267 333 300 20
Orientation (Pole Dip) degree Normal -3.3 3.3 0 2
Transmissivity log (m2js) LogNormal1 -9.0 -7.0 -8.0 0.61

Fault Set C
Intensity m" Gamma 2.2E-05 5.55E-05 3.90E-05 1.00E-05
Horizontal Extent m Normal 0 29150 11000 11000
Vertical Extent m Normal 935 1265 1100 100
Orientation (Pole Azimuth) degree Normal 117 183 160 20
Orientation (Pole Dip) degree Normal -3.3 3.3 0 2
Transmissivity log (M2/s) LogNormal 1 -9.0 -7.0 -8.0 0.61

Meander Belts
Volume Percent Gamma 3% 9% 6% 2%
Intensity m" Gamma 0.004 0.020 0.012 0.005
Length m Normal 9350 12650 11000 1000
Width m Normal 197 1303 750 335
Thickness m Normal 2.0 7.0 4.5 1.5
Orientation (Pole Azimuth) degree Normal 0.45 89.55 45 27
Orientation (Pole Dip) degree Normal 89.835 90.165 90 0.1
Transmissivity log (m2/s) LogNormal 1 -7.4 -5.3 -6.35 0.61
Hydraulic Conductivity log (rn/s) LogNormal 1 -8.0 -6.0 -7.0 0.61

Crevasse Splays
Volume Percent Gamma 16% 32% 24% 5%
Intensity m" Gamma 0.11 0.21 0.16 0.03
Equivalent Radius m Normal 510 2490 1500 600
Aspect Ratio Uniform 0.90 1.10 1 0.07
Thickness m Normal 0.18 2.82 1.5 0.8
Orientation (Pole Azimuth) degree Normal 0.45 89.55 45 27
Orientation (Pole Dip) degree Normal 89.835 90.165 90 0.1
Transmissivity log (m2/s) LogNormal 1 -8.9 -6.8 -7.86 0.64
Hydraulic Conductivity log (rn/s) LogNormal 1 -9.0 -7.0 -8.0 0.61

1 Statistics of lognormal distribution are loglO values.

2 Normal distribution truncated for values less than O.
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increased by a factor of four to account for the expected increase due to subvertical
features cutting the sandstone (after GRETENER, 1989). The hydraulic conductivity
of crevasse splays is assumed to be one order of magnitude less than meander belts,
based on the fact that these consist of finer-grained sands.

Several factors affect the current uncertainty regarding the prior parameter
distributions used in the SandMan simulations. The direct observation of relevant
geometric, geologic, and hydrogeologic parameters in the USM is limited to some
surface exposures and a few oil, gas, or NAGRA boreholes which have intersected
the USM. Some attempt has been made by KELLER ET AL. (1990) to distinguish the
geometric and geologic properties of the different sandstone elements of the USM.

COLENCO has reviewed the available hydrogeologic data for the USM. The values
reported above are conservative (e.g., err on the high side). For example, the
hydraulic conductivity values are based on combining the statistical distributions of
laboratory and in-situ tests. Because the laboratory tests are on more permeable
sections of the USM, they may be biased to the high side. Also, the Gretener factor
may only be applicable in tectonically disturbed zones along fold axes. Although
the hydraulic conductivity values may be on the high side, they are useful in
illustrating the application of the developed explorability methodology.

The intensity of faults which cut the USM was derived from surface traces presented
in NAGRA (1988, Figure 5.51). Three fault sets have been identified. All three sets
are essentially vertical, with the difference being primarily the orientation. Using
the average fault lengths and intensities (total fault length divided by total area),
one can determine that the probability of encountering a fault in the USM is on the
order of 0.6 for the 100 km2 Phase 1 investigation area.

The mean fault transmissivity of the USM faults is assumed to be equivalent to the
maximum best-guess transmissivity used in NAGRA (1988), i.e., 10-8 m2/s. This is
a factor of 10 greater than the OPA fault transmissivity, reflecting the potential that
faults in the USM may be propped by sand and are therefore less likely to seal
completely. This assumption may be questioned given that 70% of the USM is not
sand but silt, mad, and clay. However, the assumed fault transmissivity does not
affect the illustration of the applicability of the explorability methodology.

The size of the USM conceptual model considered relevant for the Phase 1 inves
tigations is 100 km2 (10 km x 10 km), i.e., roughly 10% of the area identified as
potentially suitable in NAGRA (1988). Considering the horizontal flow direction is
completely uncertain and may extend 5 km in each direction, this corresponds to
the total region requiring characterization. After the Phase 1 investigations, it is
assumed that the horizontal gradient will be definable to within 450 of the actual
or true value. As such, the area requiring characterization in Phase 2 will be about
one fourth of the area in Phase 1, or 25 km2 (5 km x 5 km). The area of interest
in Phase 3 is 2 km2 (1.4 km x 1.4 km), which is slightly larger than the repository.
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6.2 Likelihood of USM Preferential Pathways

Using as input the geometric properties of the potentially critical features identified
in Section 6.1, the code SandMan has been used to generate 1587 realizations of
faults, 753 realizations of meander belts, and 184 realizations of crevasse splays in
the USM geosphere. The volume of the geosphere considered is 100 krrr'
(100 km2 x 1 km) for Phase 1 investigations, 25 km" (25 km2 x 1 km) for Phase 2
investigations, and 2 krrr' (2 km2 x 1 km) for Phase 3 investigations.
Example Sandlvlanrealizations of the USM geosphere are schematically illustrated
in Figure 6.4. It is clear that a large number of meander belts and crevasse splays
can exist in a given exploration volume. The likely existence of key features in the
different synthetic geospheres is tabulated in Table 6.2, illustrated in Figure 6.5,and
discussed in the following paragraphs.

Number of features in exploration volume

The mean number of faults, meander belts, and crevasse splays in a 100 krrr'
exploration volume determined by SandMan are estimated to be 1.26, 194, and
1626, respectively. As the exploration program focuses on smaller volumes in
Phase 2 and Phase 3, the number of features within the exploration volume
decreases (see Table 6.2). The number of faults, meander belts, and crevasse splays
likely to intersect------a--potential repository (860 x 860 x 35 m) in the USM is
determined by SandMan to be 0.095, 0.88, and 5.0, respectively.

Figure 6.5 illustrates the probability distributions for the number of faults, meander
belts, and crevasse splays likely to (a) exist in the Phase 1 exploration volumes,
(b) intersect a randomly located repository, and (c) be preferential pathways in the
USM. It is clear that a large number of meander belts and crevasse splays may
intersect a repository in the USM. These values correspond to the number of fea
tures that may potentially form pathways. The likelihood that these pathway initi
ation features are actually pathways is a function of the conductance of the portion
of these features which intersect the repository, as well as the length of the features.

Percentage of features with conductance greater than or equal to the threshold for
critical features or preferential pathways

The faults, meander belts, and crevasse splays that potentially intersect the reposi
tory mayor may not be preferential pathways, depending on. the conductance of
these features and the likelihood they extend from the repository through the USM
to the over- or underlying strata (in the case of faults) or to a 5 km assumed
biosphere discharge (in the case of meander belts and crevasse splays). Given the
expected faults and meander belts that may intersect the repository are significantly
larger than the distance to the assumed biosphere, all faults and meander belts with
sufficient conductance which intersect the repository are assumed to be preferential
pathways. Given the assumed prior crevasse splay size (mean diameter 3.0 km;
standard deviation 1.22 km), only 4.8% of the crevasse splays are likely to connect
the repository directly with a 5 km biosphere. However, there is a likelihood that
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Table 6.2 Representative Existence Probabilities ofUSM Features and Preferential
Pathways

USM Faults

Average number in 100 krrr' 1.26

Average number in 25 knr' 0.562

Average number in 4 krrr' 0.214

Average number in 2 km" 0.152

Average number intersecting repository (860 x 860 m) 0.095

% with conductance > 10-6 m3Is 93.5%

% with conductance > 10-5 m3Is 45.4%

Average number of preferential pathways 0.043

Average conductance of all pathways (rrr'Is) 5.9 x 10-5

Meander Belts

Average number in 100 knr' 194

Average number in 25 krrr' 143

Average number in 4 km" 16.2a

Average number in 2 knr' 14.6a

Average number intersecting repository (860 x 35 m) 0.88a

% with conductance> 10-5 m3/s 98.2%

% with conductance> 10-4 m3/s 75.1%

Average number of preferential pathways 0.66a

Average conductance of all pathways (m"Is) 3.3 x 10-3

Crevasse Splays

Average number in 100 km" 1626

Average number in 25 krrr' 636

Average number in 4 knr' 176a

Average number in 2 krrr' 130a

Average number intersecting repository (860 x 35 m) 5.0a

% with conductance > 10-5 m3/s 53.9%

% with conductance> 10-4 m3/s 7.1%

% with conductance> 10-4 m3/s and size ~ 5 km 0.34%

Average number of preferential pathways 0.017a

Average conductance of all pathways (m3Is) 2.4 x 10-4

a These values consider a reduction in sand content following the Phase 2a investigations. These
valueshavebeen derivedfrom additionalSandManrealizationspresented in DERSHOWITZ (1991).
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crevasse splays intersect other crevasse splays or meander belts or faults which then
connect to the biosphere. The likelihood of intersecting meander belts is expected
to be quite high, given that the source of the crevasse splay sands is the meander
belt alluvial system. The likelihood of a crevasse splay intersecting a fault has been
determined to be about 0.26, based on the likelihood of faults intersecting different
size exploration areas.

The conductance of the features intersecting the repository can be determined by
multiplying the hydraulic conductivity (or transmissivity) distribution times the
average cross-sectional area (or trace length) of the intersection of the feature with
the repository. (Note: The real flow area (or length) may be somewhat greater
than the intersected area (or length), due to convergent/divergent flow in the
feature.) Such analyses Yield the results shown in Table 6.3.

Table 6.3 Feature Conductance in the USM

Conductance Thresholds Feature Conductance

Feature
Critical Preferential Mean Standard
Feature Pathway Mean

(Log10) Deviation
(m3Js)

m3Js (Log10)

Faults 10-6 10-5 -5.06 0.60 2.3 x 10-5

Meander belts 10-5 10-4 -3.52 0.61 8.1 x 10-4

Crevasse splays 10-5 10-4 -4.89 0.60 3.4 x 10-5

Given the 4.8% probability that crevasse splays extend to the biosphere, the actual
probability of a crevasse splay preferential pathway, given one intersects the
repository, is only 0.34% (4.8% x 7.1%). However, given the high probability of
faults intersecting crevasse splays, the probability of a combined crevasse splay plus
fault pathway is quite high (81%) (DERSHOWITZ ET AL., 1991).

Number and type of preferential pathways

Several different types of preferential pathways exist in the USM. Fault pathways
and meander belt pathways are sufficiently long to be pathways by themselves.
Crevasse splays generally require a connection to either a fault or a meander belt
or another crevasse splay to be a pathway.

Combining the probability distribution for the number of features intersecting a
randomly located repository in the USM with the probabilities these features are
sufficiently long and conductive to be preferential pathways, we determine that the
probability of at least one preferential pathway in the USM is 4.2% for faults, 49.7%
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for meander belts, 1.1% for crevasse splays, and 19.4% for combined faults and
crevasse splays. An average of 0.043 fault preferential pathways exists in the USM.
An average of 0.66 meander belt pathways exists. An average of 0.017 crevasse
splay pathways exists. An average of 0.24 crevasse and fault combined preferential
pathways exists.

The above statistical distributions assume the repository is located randomly in
space. If the faults, meander belts, and crevasse splays can be detected, then it may
be possible to locate the repository in areas with a lower probability that features
would be intersected. However, given the large number of meander belts and
crevasse splays, completely avoiding these features is not possible. To account for
learning, we have considered the second set of boreholes in Phase 2b to be placed
in an area with a 30% reduction in sand content. It is assumed that this area could
be identified by the Phase 1 3-D seismic campaign and the initial set of ten
boreholes drilled in Phase la. It is further assumed that the Phase 3 investigations
also take place in the same reduced sand content area.

The total conductance for each pathway type is presented in Table 6.2. As there
is generally only one preferential pathway in those realizations containing
preferential pathways, the average conductance along each preferential pathway is
the same as the total for those realizations.

6.3 Representative USM Exploration ProlUam

The target features of the USM exploration strategy are subvertical faults, sub
horizontal meander belts, and subhorizontal crevasse splays. The primary means
of detecting these features will be surface 3-D seismics, geologic, geophysical, and
hydrogeologic observations made from subvertical boreholes, and observations made
from underground exploratory drifts (Figure 6.6).

The Phase 1 investigations of the USM are assumed to consist of regional 3-D
seismics over the entire 100 km2 area and four vertical boreholes located in the four
quadrants of the 10 km x 10 km area. In comparison to the OPA, where the
principal pathway is considered to be subvertical faults and an angled borehole is
prescribed to try to characterize the properties of the fault, no angled boreholes are
foreseen for the USM. This is primarily a result of the perceived importance
associated with the horizontal meander belts, given their relatively high probability
of existence. The 3-D seismics will allow the detection of subvertical faults if
sufficient offset occurs and there is a large enough seismic velocity contrast that
individual marker beds can be identified.

Phase 2 investigations of the USM are assumed to consist of two parts. Phase 2a is
assumed to consist of 10 vertical boreholes drilled uniformly over a 25 km2 area.
The aim of these boreholes, in conjunction with the Phase 1 surface seismics, is to
locate possible areas with a lower sand content and therefore a lower probability
of meander belts occurring. It is assumed that these observations will allow us to
locate an area of 4 km2 (2 km x 2 km) with an average sand content 30% less than
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in the initial USM conceptual model (i.e., a mean sand content of 21% versus the
prior best estimate of 30%). In this area, 10 additional vertical boreholes are
assumed for a Phase 2b exploration program. The use of 10 vertical boreholes in
the Phase 2a and 2b investigations is for illustration purposes. We have not tried
to optimize this number, nor is this number based on any prior assessments.

Phase 3 USM investigations are assumed to consist of drifts constructed around the
perimeter of the potential repository (860 x 860 m). As in the case of the OPA, it
is assumed that geologic, geophysical, and hydraulic observations are made from
within the drifts.

6.4 Probability of Detecting USM Features Given· Intersection

The probability that USM faults, meander belts, and crevasse splays are detected
by any of the above exploration methods is a function of the probability that the
features are intersected (which will be determined by SandMan in Section 6.5) and
the probability they can be detected given they are intersected.

The probability of detection given intersection of meander belts and crevasse splays
is a function of geometric and physical contrast factors, including (1) the thickness
of the intersected sand units, and (2) the sand content. The conditional
probabilities of detection of meander belts and crevasse splays using 3-D seismics,
borehole observations, and drift mapping are illustrated in Figure 6.7a through 6.7c,
respectively. Also illustrated on these figures are the expected range of thickness
for the USM features in the region of interest.

The conditional probabilities of detecting faults in the USM are similar to those
presented in Figures 5.9a through 5.9c for the OPA. The actual probability of
detecting USM faults will be dependent on these conditional probabilities and the
actual orientation and offsets expected for USM faults.

The probability of falsely detecting meander belts or crevasse splays is
predominantly a function of the degree of homogeneity and thickness of the
individual sand units of the USM. Assumed false detection probabilities have been
fixed at 5% for core logging, 5% for 3-D seismics, and 0% for drift mapping.

All intersected and detected meander belts and faults in the USM conceptual model
are assumed to be sufficiently continuous to extend from the repository to the
biosphere (whether horizontally in the case of the meander belts or vertically to
over- or underlying aquifers in the case of the faults). While this assumption should
be tested during the initial phases of the site investigation program, it is also
apparent that we need to have some means of evaluating the size of crevasse splays.
This essentially implies determining whether the prior assumed crevasse-splay size
distribution is correct or not. The crevasse-splay size can potentially be determined
using surface 3-D seismics, single-hole hydraulic tests, and cross-hole hydraulic and
geophysical investigations. The probability of accurately detecting the crevasse-splay
size for the above exploration methods is conditioned by the size of the crevasse
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Figure 6.6 Representative USM Exploration Program
(DERSHOWITZ ET AL., 1991)
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splays. The assumed conditional probabilities for determining crevasse-splay size
are illustrated in Figures 6.8a through 6.8c.

The probability of detection given intersection may be determined by multiplying
the conditional probabilities illustrated in Figure 6.7 by the probability density
functions (Table 6.1) for the sandstone layer thickness (for meander belts and
crevasse splays) and orientation and offset (for faults).

The probability of detecting the crevasse-splay size can be determined by
multiplying the conditional probabilities illustrated in Figure 6.8 by probability
density functions of crevasse-splay size. These results are tabulated in Table 6.4.
It is apparent that 3-D seismics, although useful in detecting faults, are not able to
detect meander belts or crevasse splays. Meander belts are more easily detected
than crevasse splays, due to their greater thickness.

Table 6.4 Probability of USM Feature Detection Given Intersection

Probability of

Figure Exploration Control Standard Detection
Mean

No. Method Parameter Deviation Standard
Mean

Deviation

Faults: Positive Detection

5.9a 3-D seismics Offset (m) 75 25 60% 12%

5.9b Core logging Orientation CO) 89 2 95% 0%

5.9c Drift mapping Orientation CO) 89 2 100% 0%

Meander Belts: Positive Detection

6.7a 3-D seismics Feature thickness (m) 4.5 1.5 2% 1%

6.7b Core logging Feature thickness (m) 3.5 1.5 91% 19%

6.7c Drift mapping Feature thickness (m) 3.5 1.5 91% 19%

Crevasse Splays: Positive Detection

6.7a 3-D seismics Feature Thickness (m) 1.5 0.8 0% 0%

6.7b Core logging Thickness (m) 1.5 0.8 36% 23%

6.7c Drift mapping Thickness (m) 1.5 0.8 36% 23%
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6.5 Probability of Intersectin2 USM Features

Each of the exploration programs defined in Section 6.3 has been implemented in
each of the synthetic geospheres generated by SandMan. From these simulations,
it is possible to determine the probability of intersecting the features of interest.
Table 6.5 summarizes the average number of features intersected by the different
exploration methods.

Table 6.5: Average Number of USM Features Intersected

RATIO OF INTERSECTED/ExISTING

PHASE EXPLORATION TOOL
AVERAGE NUMBER OF NUMBER OF FEATURES IN

FEATURES INTERSECTED CORRESPONDING EXPLORATION
VOLUME

USM Faults

1 Surface seismics 1.26 1.0

1 Boreholes 0.002 0.0016

2a Boreholes 0.002 0.0036

2b Boreholes 0.002 0.0093

3 Perimeter drifts 0.097 0.64

USM Meander Belts

1 Surface seismics 194 1.0

1 Boreholes 10.2 0.053

2a Boreholes 14.8 0.138

2b Boreholes 12.4 1.0

3 Perimeter drifts 1.02 0.093

USM Crevasse Splays

1 Surface seismics 1626 1.0

1 Boreholes NO NO

2a Boreholes NO NO

2b Boreholes NO NO

3 Perimeter drifts 5.74 0.044

ND Exact values are not possible to determine from DERSHOWITZ ET AL.(1991)
due to the bin sizes used.
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(BLAcK, 1990)
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Figure 6.9 illustrates the probability of intersecting USM faults using Phase 1 3-D
seismics, the four Phase 1 boreholes, Phase 2a and 2b boreholes, and Phase 3 peri
meter drifts. As expected, 3-D surface seismics intersect all of the existing faults
within the Phase 1 exploration volume, while vertical boreholes have a very low
probability of intersecting the subvertical faults. Perimeter drifts intersect all of the
faults within the repository region.

Figure 6.10 illustrates the number of meander belts intersected by 3-D seismics, the
four Phase 1 boreholes, the ten Phase 2a boreholes, the ten Phase 2b boreholes,
and the perimeter drifts. The number of meander belts intersected in Phase 2b is
lower than in Phase 2a, due to the 30% lower sand content used in these realiza
tions. The perimeter drifts intersect a relatively small number of the total number
of meander belts, but those that are intercepted would be the same as those which
would also intersect the repository.

Figure 6.11 illustrates the number of crevasse splays intersected by 3-D seismics, the
four Phase 1 boreholes, the ten Phase 2a boreholes, the ten Phase 2b boreholes,
and the perimeter drifts. There are clearly a very large number of crevasse splay
sands intersected.

Given the borehole spacings employed (roughly 1.5 km for the 10 boreholes located
uniformly in the 5 km x 5 km Phase 2a area, and about 630 m for the 10 boreholes
located uniformly in the 2 km x 2 km Phase 2b area), cross-hole hydraulic or
geophysical observations will not provide any useful information for locating faults,
meander belts, or crevasse splays in the USM. If a few closer-spaced (say,
100-200 m) boreholes are used in the areas of greatest interest, then they may allow
more positive correlation of geophysical (and therefore hopefully geological and
hydrogeological) features between boreholes.

6.6 Probability of Detectina: USM Features

Combining the probabilities of USM feature detection given intersection (Table 6.4)
with the probabilities of feature intersection (Figures 6.9, 6.10, and 6.11 for USM
faults, meander belts, and crevasse splays, respectively) for each of the different
phases of the exploration program, it is possible to determine the probability of
detecting each feature type given that feature exists in the exploration volumes
considered. Similarly, we can also determine the probability of detecting features
which do not exist (i.e., false detection). From the above, it is also possible to
determine the probability of not detecting features which either do or do not exist.
The above results are tabulated in Table 6.6.

From the above results, it is possible to determine the probability that preferential
pathways do or do not exist, given some were detected by the exploration program.
In addition, the probability that preferential pathways do or do not exist, given none
were detected by the exploration program, can also be assessed. These results are
also presented in Table 6.6.
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Figure 6.9 Probability of Intersecting USM Faults
(AFfER DERSHOWITZ ET AL., 1991)
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USM Meander Belts
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Table 6.6 Probability of Detecting USM Features and Preferential Pathways

P[BH IFHf P[BH IFo] 2 P[BH ]3 P'[FH IBH ]4 P'[F H IBo]5

USM Faults

Phase 1 (100 km")
• Surface 3-D seismics 0.053 0.05 0.05 0.044 0.042
• 4 vertical boreholes
Phase 2a (25 km2

)

• 10 vertical boreholes 0.0002 0.05 0.048 0.0001 0.044
Phase 2b (4 km2

)

• 10 vertical boreholes
Phase 3 (2 krn")
• Perimeter drift 0.027 0.00 0.0011 1.0 0.041

USM Meander Belts

Phase 1 (100 km")
• Surface 3-D seismics 0.57 0.05 0.31 0.92 0.31
• 4 vertical boreholes
Phase 2a (25 krn")
• 10 vertical boreholes 0.64 0.05 0.35 0.93 0.27
Phase 2b (4 km2

)

• 10 vertical boreholes
Phase 3 (2 km~

• Perimeter drift 0.02 0.00 0.009 1.0 0.493

USM Crevasse Splays

Phase 1 (100 km")
• Surface 3-D seismics 0.88 0.050 0.059 0.17 0.001
• 4 vertical boreholes

,

Phase 2a (25 krn")
.10 vertical boreholes 0.88 0.050 0.059 0.17 0.001
Phase 2b (4 km~

• 10 vertical boreholes
Phase 3 (2 km~ ...-:,'

• Perimeter drift 0.002 0.00 0.00 1.0 0.011

1 Probability of detecting one or more pathways given one or more pathways exist
(equal to 1 minus the probability of detecting no pathways given one or more
pathways exist).

2 Probability of detecting one or more pathways given none exist (false detection).

3 Probability of detecting one or more pathways.

4 Probability of one or more pathways existing given one or more pathways have
been detected (equal to 1 minus the probability of no pathways existing given one
or more pathways have been detected).

5 Probability of one or more pathways existing given none have been detected
(equal to 1 minus the probability of no pathways existing given no pathways have
been detected).
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The ability to characterize the important parameters of the relevant features which
affect the long-term geosphere safety assessments may be used as a distinguishing
factor in site and host rock comparisons. The ease of characterization is directly
related to the degree of confidence we place on our ability to find and characterize
the key geosphere properties. The easier a site is to characterize, generally the
more favorable the site will be (given it is acceptably safe) because we have greater
confidence that all potentially unfavorable features will be found.

A method has been developed to objectively evaluate the explorability, or ease of
characterization, of a particular site or host rock. This method is based on two
basic premises. First, it is assumed that the hydrogeologic characteristics of features
which may provide a potential conduit (or pathway) for any released radionuclides
to travel from the repository to the biosphere are the key parameters affecting long
term safety assessments. Second, it is assumed that our ability to detect these
features can be used as a measure of the ease of exploration of the host rock or
geographic area under investigation. It bears noting that other criteria could, and
in fact probably will, be used to distinguish between the explorability of different
sites. We focus on one surrogate measure of safety to illustrate the potential
applicability of the method.

In order to illustrate the potential applicability of the developed method, we have
applied the approach to the USM and OPA. In so doing, we have generated possible
conceptual models of the key hydrogeologic features for both these host rocks.
These conceptual models incorporate the features that we presently feel are most
critical to determining the overall safety of the repository in these host rocks.
These conceptual models were constructed in order that the methodology could be
tested. Although the conceptual models are realistic, additional information
currently being gathered could change them considerably, so they should be treated
as being only exemplary of the expected conditions at this point in time.

In the example application of the methodology to the representative USM and OPA
geospheres, we had to define the types of exploration methods most likely to be
used to detect the hydrogeologic features anticipated to be encountered. In addi
tion, we had to estimate the likelihood of the exploration tools being able to detect
the features of interest, given that the features are intersected by the chosen
exploration tool. At the present phase of investigation, it is not possible to
definitively to quantify the likely exploration methods to be employed (e.g., number
of boreholes or kilometers of seismic lines or size of underground drifts) or the
probability that a particular method can detect features. We have therefore used
example exploration programs to illustrate the potential applicability of the
methodology, although we anticipate that these programs will be revised as more
information is acquired.

The overall objective of the example explorability study illustrated in this report is
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to evaluate the relative effectiveness of representative exploration programs
designed for the OPA and USM in intersecting, detecting, and characterizing those
features which may make up preferential pathways. The effectiveness of the
exploration program may be defined as the ability to identify the presence of key
features compared to the likelihood that the key features exist. The likelihood of
existence is based on a prior subjective evaluation of the geometric properties of
the features known or inferred to exist in the host rock. These prior guesses may
be updated as the exploration program progresses. The results presented in Section
5.0 and 6.0 are examples to illustrate the utility of the methodology.

The general approach for evaluating the success of different exploration programs
(and therefore the explorability of the different host rock options) consists of using
synthetically generated geospheres to determine the likelihood of detecting
preferential pathways. We use preferential pathways as a surrogate measure of the
important site characteristics which are the focus of the exploration strategy. It is
not possible directly or unambiguously to determine the likelihood of a preferential
pathway existing without an excessive amount of exploration. Therefore, we must
rely on our ability to detect features which may form a preferential pathway and
combine this with some assessment of the probability that it does form a pathway.
The methodology described in this report has the objective of determining the
likelihood of detecting features and pathways. The greater the likelihood of
detecting the features, the easier the explorability of the area or host rock will be.

This report defines best-estimate illustrative prior conceptual models generated
based on the data available to date, which include the key features that are believed
to make up the preferential pathways in the OPA and USM. The report also defines
the prior geometric and hydrogeologic parameter distributions for each of the key
features. The appropriate conceptual models and feature parameters are uncertain
at the present stage of the OPA and USM host rock investigations. These
uncertainties are incorporated within the conceptual model by making a large
number of realizations of the possible geospheres using a synthetic geosphere
generator, SandMan. We have evaluated only one set of feature parameter distri
butions for both the OPA and USM. As the parameter distributions and conceptual
models are themselves uncertain, the impact of these uncertainties should be
evaluated before placing a lot of emphasis on the actual predicted results.

Based on the assumed prior conceptual models and feature parameter distributions,
we have determined the likelihood of preferential pathways existing between the
repository and the biosphere. We have also determined the number of preferential
pathways likely to exist in the different exploration volumes. These results are
summarized in Table 7.1. Even though a relatively large number of features may
exist within the exploration volumes of interest, the number of pathways is a very
small subset of this total. The probability of meander belt pathways existing is
significantly greater than the probability that fault pathways exist. It bears noting
that these results are used to illustrate the applicability of the method and may not
represent the actual distributions.
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Table 7.1 Comparison of Preferential Pathway Existence and Detection

I PHASE I EXPLORATION TOOL I P[F1+] 1 I P[B1+]2 I
OPA Faults

1 3-D Seismics 0.036 0.053
2 4 Angled boreholes 0.036 0.048

3 Perimeter drift 0.036 0.0002

USM Faults

1 3-D Seismics 0.042 0.050
2b 10 Vertical boreholes 0.042 0.048

3 Perimeter drift 0.042 0.001

USM Meander Belts

1 3-D Seismics 0.498 0.31
2b 10 Vertical boreholes 0.498 0.35
3 Perimeter drift 0.498 0.009

USM Crevasse Splays

1 3-D Seismics 0.011 0.059
2b 10 Vertical boreholes 0.011 0.059

3 Perimeter drift 0.011 0.00

1 Probability of preferential pathway existence

2 Probability of preferential pathway detection

The use of synthetic geospheres allows us to determine the effectiveness of a given
exploration strategy for a given conceptual model and given feature parameters. It
does not address the reverse problem of whether the given exploration strategy can
be used to definitively determine the parameters and conceptual model. We will
make certain observations, but these will generally be fairly limited until we are
underground and test in the repository area itself. From the limited observations
made from the surface, it may not be possible to define a unique conceptual model
or the parameter distribution.
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The ability to update the prior estimates of feature parameters is a key role of the
exploration strategy. How to update the prior estimates is not so clear, especially
for those properties which are difficult to observe directly. For example, once a
number of boreholes have been drilled into the USM (the initial four postulated in
Phase 1 or the additional ten in Phase 2a), we should be able to define the overall
sand content and the vertical distribution and thickness of meander belts and
crevasse splays, but we will have little additional information (with the possible
exception of what 3-D seismics could reveal) with which to define the width and
length of these features. If the width and length of these features are important
(which they are if the average transmissivity of the features is as high as assumed
in the prior estimate), it may be difficult to reduce the uncertainty in the prior
predicted long-term safety.

We have also defined representative exploration programs for characterizing the
features expected to be encountered in the OPA and USM. These programs consist
of 3-D seismics (Phase 1), vertical and angled boreholes drilled from the surface
(Phases 1 and 2), and perimeter drifts around the outside of the repository
(Phase 3). The ability of these programs to intersect and detect the key features
of interest is also summarized in Table 7.1. Although 3-D seismics intersect
virtually all of the features of interest, it has difficulty in detecting individual
meander belts and crevasse splays.

The success of the exploration program generally can be determined by comparing
the likelihood that features are detected to the likelihood that the features exist and
the likelihood that the features are preferential pathways. If a large number of
features exist and only a small fraction are detected, the exploration program may
still be considered successful if the likelihood of a preferential pathway existing is
also low. Conversely, if the likelihood of a pathway existing is high, then a high
ratio of features existing should be detected for the exploration program to be
successful.

Although the input distributions used in the explorability study presented in this
report are hypothetical, the results are not dissimilar from what one would
intuitively expect. The probability of pathways existing in the OPA is very low, and
the probability of detecting these pathways at early stages of the exploration is also
low, unless significant vertical offsets occur along the normal faults. The probability
of pathways existing in the USM is low (although higher than in the OPA), and the
probability of detecting these pathways is high. A big difference is that, if a feature
is detected from underground in the OPA, it should be relatively easy to determine
if it is a preferential pathway, while if a feature is intersected in the USM under
ground exploration phase, it may be quite difficult to determine if it is a preferential
pathway because it will be difficult to determine the length of the feature. With the
exception of 3-D seismics and cross-hole hydraulic or geophysical tests, all obser
vations made of critical features are measurements of point properties. For single
hole hydraulic tests, the transmissivity observed may be representative of an average
property over some meters to tens of meters around the borehole, but certainly
does not correspond to the average property of the feature. Similarly, it is generally
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not possible to observe the extent of the permeable features directly. Given rela
tively extensive features, it is not possible to determine their size or whether they
extend to the assumed biosphere boundaries. Therefore, we must generally assume
that they do extend to the biosphere. In this case, the average water-transmitting
ability of the feature becomes even more significant.

Determining the average transmissivity of 2-dimensional features or the average
hydraulic conductivity of 3-dimensional features requires some knowledge of the
spatial variability of these properties within the feature. If enough observation
points existed, we would be able to determine the average properties using standard
geostatistical techniques (e.g., kriging). However, we will generally lack sufficient
information to perform such analyses, with the possible exception of USM meander
belts and crevasse splays. As many meander belts and crevasse splays are inter
sected by each borehole, a significant amount of hydraulic test data should be avail
able to determine the hydraulic conductivity distribution. While the distribution will
be definable (including the mean and variance), the spatial correlation structure will
not be determinable from such single-hole observations made in different sand
bodies. Without knowing the spatial structure, we will be unable to determine
which mean property (arithmetic, geometric, or harmonic) most closely represents
the average property. In sum, the point property hydraulic tests made from bore
holes may be difficult to extrapolate to the property of interest for repository safety
assessments. This will not be the case when testing those features which intersect
the perimeter drifts around the outside of the repository, because when testing from
underground, the relevant water-transmitting property is observed directly.

7.2 Exploration "Success"

The "success" of an exploration program as used in the explorability assessments
presented herein is a separate issue from the suitability of the site or host rock for
development as a repository. It is possible to have successful exploration programs
and suitable or unsuitable sites as well as unsuccessful exploration programs and
suitable or unsuitable sites (Figure 7.1).

An exploration program is successful if sufficient information is obtained to confirm
either the absence or presence of preferential pathways existing. Confirmation may
be defined with respect to some specified threshold or confidence level. This is
directly related to the probability of detecting pathways compared to the probability
that pathways exist. This use of the term "success" is illustrated in Appendix II.

A site or host rock is suitable for development as a repository if it can be
convincingly demonstrated that the site or host rock meets or exceeds required long
term safety objectives. (Note: Many other requirements aside from the long-term
safety of the site or host rock are necessary prior to selecting or developing
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Site Suitability

Yes No

• Abandon site

• Go to next phase of • Avoid pathways
exploration

• Emphasize other
components of waste
disposal system

• Discontinue exploration • Discontinue exploration

• Continue exploration with • Continue exploration with
increased risk increased risk

Figure 7.1 Possible Decisions for Different Degrees of Exploration Program
Success and Site Suitability
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a site as a repository. Some factors, including socio-political, economic, and
operational safety, are not affected by the host rock, nor can they be evaluated by
site exploration programs. Other factors, notably the presence of natural resources
which maybe the subject of future exploitation, can be evaluated by exploration.)

It is clearly possible to have a successful exploration program and an unsuitable site
if the exploration program detects a preferential pathway with a high degree of
confidence. However, the simple existence of a preferential pathway does not
necessarily imply the site or host rock should be abandoned, as it may be possible
to either avoid the detected pathway or to build a safety case that places greater
reliance on other components of the disposal system (for example, the engineered
barriers such as the waste package or backfill).

When we have a successful exploration phase and a suitable site, then there is a low
probability of pathways existing and the exploration program (a) has a good chance
of finding those that do exist, and (b) has a good chance of not finding pathways if
they do not exist. In such cases, we would probably decide to continue the
exploration into the subsequent phases with a relatively low risk of discovering
preferential pathways at. a later time.

Given an unsuccessful exploration program, we may choose several options,
including «1) abandoning the site or host rock, even though there is a high
probability that no preferential pathways exist, (2) continuing exploration, even
though there is a high probability that preferential pathways do exist, or
(3) continuing with exploration to confirm the presence or absence of preferential
pathways. Ifwe decide to continue exploration, even though the previous phase was
unsuccessful, we do so with some risk (and associated costs) that preferential
pathways may be discovered.

7.3 Considerations in Interpretation of Results

In the analysis of exploration programs described in this report, we have made
several assumptions. The most crucial assumptions affecting the reliabilityfutility
of the results discussed include:

• The definition of which features are potentially critical in safety assessments.

• Simplifying the geometric shape of the potentially critical features.

• The geometric and hydraulic property distributions of the potentially critical
features.

• The spatial variability of the hydraulic properties within the potentially critical
features.

• The likelihood of detecting and characterizing features given they have been
intersected.
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All of these assumptions should be readdressed at the end of each phase of the
exploration program (see Figure 1.2). Some confidence can be gained by additional
analog studies in areas where the potential host rocks are better exposed.
Additional analyses could be performed using the methodology presented in this
report to evaluate the importance of some of the above assumptions (i.e., we could
vary the parameter distributions and see what effect they have on the predicted
outcome).

It bears re-emphasizing at this juncture that we have used a conservative definition
of what constitutes a critical feature and a preferential pathway in our assessment
of exploration program success. The conductance threshold we have used for a
preferential pathway is a factor of ten less than the total conductance determined
to be important from safety analyses. In addition, the important total conductance
has been derived using conservative estimates of the hydraulic gradients and a
conservative value for the important total flux (10-5 m3Is) derived from safety
analyses presented in HUGI AND ZUIDEMA (in press). Still additional conservatism
is added in our definition of the means and standard deviations of the features'
geologic, geometric, and hydrogeologic property distributions.

The conceptual models and feature parameter distributions used in the present
analysis are based on conservative best estimates of experts. It would be useful to
validate these prior estimates by using techniques such as formalized probability
encoding. Sensitivity analyses could also be performed to evaluate the importance
of uncertain parameter distributions on the explorability or ease of characterization.

The implementation of learning has been introduced in an approximate fashion in
this study. In the OPA, we have assumed that a certain percentage of the faults are
identifiable using Phase 13-D seismics, and that areas that are likely not to contain
faults are the focus of Phase 2 and Phase 3 exploration. In the USM, we have
assumed that low sand content areas can be identified using 3-D seismics (Phase 1)
and an initial array of ten boreholes (Phase 2a), and that these areas are the focus
of the Phase 2b and Phase 3 exploration. While we assume this learning is possible,
it will be necessary to verify that the exploration methods can in fact locate faults
or areas of low sand percentage to the extent considered. The learning
incorporated in this study is for illustration purposes. Learning or updating the
probability of detection given intersection also will be a key component of the
exploration strategy. Iterating between site characterization and safety assessment
will allow us to refine the key components of the conceptual model and parameter
distributions as exploration proceeds (see Figure 1.2).

This study makes no attempt to optimize the exploration program in terms of either
the number or distribution of boreholes. The developed methodology is readily
suited to evaluating the effect of alternative exploration strategies on our ability to
detect and characterize key geosphere performance properties of the features of
interest.
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7.4 Conclusions
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In our effort to evaluate the ease of characterization of the OPA and USM, we
have developed a quantitative method for determining the explorability of a particu
lar host rock with emphasis on the ability to detect and characterize critical features
from a long-term geosphere performance perspective. The applicability of this
method has been demonstrated by application to representative OPA and USM
geospheres. This has proven to be very useful in affirming our intuitions about the
relative performance of the OPA and USM geospheres, as well as the ease of
characterization of these two geospheres to confirm the expected performance. In
conclusion we make the following observations:

1. For exploration program evaluation a performance measure is required. An
ideal measure for a repository system would be some combination of the
predicted level of safety and the confidence in this prediction. This is too
complex for the procedures involved in the present evaluations. Accordingly,
a surrogate, simpler performance measure is required.

2. A surrogate performance measure important to the long-term isolation of
HLW was defined by NAGRA safety analysts. This performance measure was
related to the conductance of permeable pathways between the repository and
the biosphere. These conductive pathways were termed "preferential
pathways."

3. The hydrogeologic features believed to be the key contributors to performance
were identified by NAGRA staff geologists.

4. An approach to define the likelihood of existence of "preferential pathways"
based on stochastic realizations of synthetic geospheres was developed by
Golder.

5. The FracMan code (developed by Golder Associates) was modified to allow
alternate 2-D feature shapes such as meander channels. The revised code is
called SandMan.

6. The geometric and hydrogeologic characteristics of key hydrogeologic features
believed likely to combine to form "preferential pathways"were defined by
NAGRA staff geologists taking into account advice from external sedimentology
experts. Reaching a technical consensus on the key input data is a crucial part
of the explorability study.

7. Example stochastic realizations of the OPA and USM geosphere were
developed.

8. The spatial extent and geometry of alternative exploration tools and the
likelihood of detecting features and their properties given different exploration
tools were defined by NAGRA staff geologists.



NAGRA NTB 91-15 - 106 -

9. Using example stochastic realizations generated using SandMan, the likelihood
of key features intersecting the repository as well as the likelihood of key
features being (a) extensive enough and (b) transmissive enough to form
"preferential pathways" was determined.

10. This work has revealed the advantages and difficulties associated with the
statistical approach to quantifying probabilities of successful exploration. The
application performed is more of an illustration of these advantages and
disadvantages. In particular geologic input data are crucial. Results to date
allow, however, broad conclusions on OPA/USM to be drawn which provide a
useful confirmation of intuitive understanding:

a. The near-repository (ca. 100 m) geosphere IS sufficient to build a
credible safety analysis.

b. The chance of avoiding critical features is high due to their low intensity.

c. Critical features may be detected early in the investigation program using
3-D seismics if sufficient vertical offset and seismicvelocity contrast exist.

d. The near-repository geosphere can only be characterized from
underground. Therefore a highrisk exists until underground exploration
begins. If a feature is detected in underground testing, it is generally
easy to determine if it is a preferential pathway.

e. Initial exploration methods should focus on identifying areas with low
fault intensity.

a. The near-repository geosphere is insufficient to build a credible safety
case. Therefore, the distant (ea. 1000 m) geosphere must also be
characterized.

b. The chance of avoiding meander belt features is low due to their high
intensity.

c. Critical meander belt features are difficult to locate using 3-D seismics.

d. Underground testing will not resolve the issue of whether or not a
"preferential pathway" exists due to the difficulty in determining the
lateral extent of permeable meander belts.

e. Initial exploration efforts should focus on locating areas of high marl /Iow
sand contents.
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7.5 Applicability of Explorability Methodolol:Y

Within this study, we have developed a method for evaluating the effectiveness of
different exploration strategies used in the hydrogeologic characterization of
potential host-rock geospheres. We have also demonstrated the utility of the
method by applying it to example geospheres and exploration programs
representative of the GPA and USM. On the basis of this demonstration, we may
make some tentative conclusions regarding the potential applicability of the method.
These conclusions are enumerated below:

1. The method allows a well-structured, systematic way of focusing the
discussions concerning safety assessment needs (i.e., identifying the key
features and properties driving the overall performance) on the one hand, and
exploration methods (Le. identifying the range of applicability of different
exploration tools to intersect and detect the features of interest) on the other.
This dialogue proved useful during the course of the explorability study.

2. In practice, applying the methodology is straightforward. However, generating
realistic input parameters is extremely difficult and always questionable.
There is quite simply very limited information on the geometrical properties
of the features of interest (in particular, frequency and lateral extent) and the
"goodness" of the different exploration tools (defined as a probability of
detection given intersection). Therefore, the input values are highly subjective,
which always decreases one's confidence in the absolute value of the results.

3. While the absolute importance of the results may be questioned, there is some
value to be gained in using the method in a relative sense. In.particular, one
could examine the relative utility of different exploration methods applied to
the same geosphere. Alternatively, one could vary the pdfs of some of the
geometrical properties to determine which properties control the likelihood
of preferential pathway existence.

4. Simply running a number of realization of one set of pdfs which correspond
to one conceptual model is adequate for demonstration purposes, but it is
difficult to place a lot of reliance on the absolute result without examining the
impact of the assumptions (i.e., performing some sensitivity analyses).

5. While the method developed can be used to calculate the probability of
intersecting and detecting features which affect the performance of the site,
it cannot define what constitutes an acceptable detection probability for which
the site should either be abandoned or deemed to be suitable and therefore
a candidate for further investigation. The acceptable probabilities require
management input because it is they who must weigh the risks and benefits of
continued investigation or abandonment. The method developed and
demonstrated is only a tool to assist the managers in this decision process.
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6. A similar study has been recently performed for the V.S. DOE by some
decision analysts. They also defined criteria such as the probability of
detection.(ornon-detection) givenexistence (or non-existence) to determine (a)
the "accuracy" of a test, and (b) the "expected value" of test information. They
did not use synthetic geospheres, but relied solely on expert judgement. This
work is reported in MATTSON ET AL (1991).
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APPENDIX I

GLOSSARY

Conditional probability: Probability that an event will occur or a value will apply,
given that another event or value occurs.

Conductance: The flux rate of a hydrologic unit for a unit gradient. Equivalent to
the product of hydraulic conductivity and flow cross-section of porous media, and
the product of transmissivity and flow width for fractured media. The units of
conductance are m3

/ s.

Critical features: Hydrologic features with conductance sufficiently high as to have
the potential to form part of a preferential pathway.

Exploration strategy: The combination of geological, geophysical, and hydrological
site characterization activities planned to decrease the uncertainty about conditions
at specific locations.

Learning: The process of revising exploration strategies to incorporate information
learned from previous phases.

Phased exploration: An exploration strategy in which exploration activities are
divided into phases such that the information gained in one phase can be used to
assist in the design of subsequent exploration phases.

Preferential pathways: Hydrologic pathways with conductance significantly higher
than the rock mass, with the potential to provide connection between a repository .
and the biosphere.

Threshold conductance: The minimum conductance values for preferential pathways
and critical features.
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EXECUTIVE SUMMARY:
TASK 1: METHODOLOGY FOR EVALUATION OF

EXPLORATION STRATEGIES
(W. Roberds and W. Dershowitz)

The purpose of this project is to develop and apply a methodology for definitively
evaluating various alternative exploration programs for potential sites in the
Opalinus Clay (OPA) and in the Lower Freshwater Molasse (USM) being
considered by NAGRA for nuclear waste repository development.

The purpose of Task 1 was to develop and illustrate the application of this
methodology. The methodology focuses on the determination of the probability of
inferring existing unacceptable preferential pathways by various exploration tools
as a function of the characteristics of such "targets" and "detectors." The actual
application of this methodology to evaluate specific exploration programs for
specific sites is outside the scope of this task. Such an application requires the
results of subsequent Tasks 2 and 3, and is the focus of Task 4. However, in Task
1, the application of the methodology was demonstrated by example, using
hypothetical target and detector characteristics.

The methodology developed in the Task 1 report is designed to facilitate evaluation
of alternative site exploration programs for high level nuclear waste (HLW)
repository siting studies in media currently being considered by Nagra in
Switzerland. These media include the OPA and the USM. The methodology is
based upon the concepts of Bayesian probabilistic decision theory. This
methodology allows comparison of exploration programs by, comparison of the
ability of the exploration programs to reduce uncertainty regarding the performance
of sites as HLW repositories. Exploration programs are compared quantitatively
in terms of their "Probability of Success".

In this methodology, the probability of success has been defined as the probability
that adequate information will be obtained by the exploration program to confirm
either the absence or the presence of unacceptable preferential pathways at the site.
On this basis, decisions can be made regarding subsequent repository development
(i.e., to either construct the repository or to abandon the site) with a very low
probability that a disqualifying pathway exists which might be found at a later date
(e.g., during construction after significant costs had been incurred) or which might
never be found, leading to unacceptable long-term performance.

SIA if P"[FoIA]~ Pc or PII[F
1+ lA] ~ Pc

where

S IA is success of exploration program A

Pll[F1+ [A], PII[FoIA] are the updated ("posterior") probabilities, based on the
observed results of exploration program A, that any unacceptable preferential
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pathways either do or, do not exist, respectively

Pc is the minimum confidence level that defines "confirmation" (e.g., 0.95).

It should be noted that exploration program success could be defined in other ways.
For example, exploration program success could alternatively be defined in terms
of determining the overall conductance of the site (considering the presence and
conductance of all possible preferential pathways) to a specific level of accuracy,
i.e., reducing the uncertainty to a specific level. These are outside the scope of this
study, however.

In this study, the absence or presence of "preferential pathways" is used as a
surrogate measure of repository performance. Preferential pathways are defined as
geologic features which hydrologically connect the repository to nearby aquifers to
such a degree and with a high enough conductance that long-term performance will
be unacceptable and cannot be mitigated. Dependent on the specific site, these
unacceptable preferential pathways might consist of a combination of inter
connected geologic features (e.g., sand channels, fractures, faults). Because of the
large scale involved, it will generally not be feasible to positively detect such
pathways during exploration even if they exist. Instead, it will only be possible to
detect individual geologic features and determine their characteristics or to detect
their hydrologic impacts by various exploration programs, from which the presence
of unacceptable preferential pathways might be inferred. However, because of the
inherent limitations of any exploration program:

• Only some of the existing geologic features or impacts will be intersected
by the exploration program and of these fewer still may be detected (i.e.,
false negative results)

• Some geologic features or behaviours indicative of a pathway may be
detected although a pathway does not exist (i.e., false positive results)

• Characteristics of detected geologic features will be determined with
imperfect reliability.

From this information, it will be necessary to infer the likelihoods of unacceptable
preferential pathways either existing or not existing at a site. For a site to be
considered acceptable for further development, the probability of no unacceptable
preferential pathways at the site must be sufficiently high at the end of exploration
to justify the large subsequent investment associated with construction, whichwould
be lost if an unacceptable preferential pathway is discovered during or after
construction and the site abandoned.

Hence, the goal of the exploration program is to "confirm" either the presence or
absence of unacceptable preferential pathways at the site of interest in order to
make a decision as to whether or not to develop that site further. However, as
previously noted, it will generally not be possible to provide absolute confirmation,
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only a sufficiently high updated probability, of the presence or absence of
unacceptable preferential pathways at that site based on the results of any
exploration program. The updated probability of the absence (or presence) of
unacceptable preferential pathways can be determined as a function of the
following:

• The prior probability of the presence (or absence) of at least one or more
unacceptable preferential pathways at the site

• The probability of inferring existing unacceptable preferential pathways

• The probability of falsely inferring non-existent unacceptable preferential
pathways.

The prior probability of the presence (or absence) of at least one or more
unacceptable preferential pathways at the site, as well as the probability of any
random feature or hydrologic anomaly at the site being a part of an unacceptable
preferential pathway, can be determined by Monte Carlo simulation, in which:

• A large number of random geologies is developed by the geologic
simulation model SandMan from specified prior probability distribution
functions (pdfs) for the various characteristics of the different types of
geologic features at the site (based on available information)

• The number and characteristics of preferential pathwaysand their impacts
within each of the simulated geologies is determinedthrough an analysis
of the networks formed by interconnected features.

The probability of inferring existing unacceptable preferential pathways can be
determined as a function of either of the following:

• The probability that any geologic feature is in fact a part of an
unacceptable preferential pathway, or

• The probability that an observed behaviour ("impact")is the result of a
preferential pathway and the pdf for the number of impacts (any of which
might be the result of a preferential pathway) that will be detected by an
exploration program.

The probability of falsely inferring non-existent preferential pathways can be
determined as a function of the following:

• The probability of falsely detecting non-existent features or impacts, i.e.,
the assessed reliability of the exploration tools (including mechanical
errors, operator errors, analytical errors and incorrect interpretations)
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• The probability that any such feature or impact would be inferred to be
associated with a preferential pathway.

The above methodology has been applied to a simple example to illustrate its use.
The probability of success and cost of several alternative exploration programs
(each consisting of a different number of boreholes) were determined for a
hypothetical site in the USM. Based on the hypothetical consequences of failure,
a total cost was developed for each program, which allowed for a meaningful
companson.

The above methodology has been extended for application to phased exploration
programs, in which the observed results of one phase are used to plan the
subsequent phase. In such a phased approach, the prior probability. distributions
which are input to the methodology are updated based on the observed results of
the previous phase.
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EXECUTIVE SUMMARY
TASK 2: ASSESSMENT OF EXPLORATION METHODS

(J. Black)

The methodology developed for evaluation of alternative site characterization
programs developed in this project requires quantitative analysis of the reduction
in uncertainty regarding geohydrologic features which results from specific site
characterization activities. The Task 2 report describes the derivation of
quantitative, probabilistic measures for the site characterization methods under
consideration for inclusion in Opalinus Clay (OPA) and Lower Freshwater Molasse
(USM) repository media. Site characterization method effectiveness is derived as
the:

-probability of detection given existence of geologic features

-probability of false detection (detection of features which do not exist),

-probability of determination of geologic and hydrologic characteristics (size,
transmissivity, porosity) to within required measurement accuracy

Probabilistic effectiveness measures are derived for geologic, hydrologic, and
geophysical techniques. Assumptions and calculations used to derive values for
probabilistic effectiveness measures are presented in the Task 2 report. Most
effectiveness measures are presented as conditional probabilities, conditioned on
the properties of the features being detected and characterized. Probabilistic
assessments are presented for three levels of confidence. The values for
probabilistic effectiveness measures were derived techniques of subjective
assessment, which included consideration of the experience of Nagra and Golder
personnel, as well as equipment specifications and theoretical accuracy and
resolution relationships.

The effectiveness of a comprehensive set of geologic, hydrologic, and geophysical
techniques were evaluated for surface, borehole and underground-opening based
phases of site characterization. Techniques which are applicable to more than one
stage of characterization were evaluated for each stage. Characterization
techniques were evaluated for the specific hydrogeologic conditions and features of
interest for the OPA and USM as identified in Task 1 and Task 3 of this project.
The theoretical and practical effectiveness of hydrologic and geologic methods were
evaluated for generic as well as media specific geohydrologic conditions.

Tables 1,2, and 3 summarize the geologic, hydrologic, and geophysical techniques
evaluated. The effectiveness assessments compiled in the Task 2 report will be
useful for determining the appropriate exploration techniques for a wide range of
site characterization programs. The use of probabilistic methods provides a more
useful assessment of the potential utility of exploration techniques than
deterministic specifications of range and accuracy, which cannot account for the
uncertainty and difficulties inherent in geologic measurements.
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Table 1. Summary of Geological Investigation Methods

Method

a) surfaceoutcropbased

Aim of measurement Constraints Range or size of
re ionexamined

OUTCROP structuralgeology, size of visible outcrop, size of outcrop
MAPPING geometry of observed physicalcondition lOm - 500m

features, formation (i.e. surfaceweathering [tunnels> lOkm]
boundaries,lithology representativeness)

OUTCROP sampling, tectonics lengthof borehole up to 3m
SHALLOW sedimentology sizeof core
BOREHOLES geochemistry
[generally not
exceeding 3m length1

b)borehole based

CORELOOGING structuralgeology sizeof corerecovery sub-horizontal200mm
geometry of observed core orientation, sub-verticalup to lkm
features, formation orientationof borehole
boundarieslithology, relative to important
sedimentology, features, drilling
geochemistry, pore water damage
chemistrv

c) underground openingbased

DRIFT MAPPING geometry of observed drift linings,size and up to lkm
features, lithology, orientation,orientation all possible
sedimentology, of drifts,excavation damage orientations
zeochemistrv

UNDERGROUND same as Sectiona) same as Section a) but up to 200m
BOREHOLES more flexiblyorientated,

problemsof collanse



a) Surface-based

Method Aim of Measurement Constraints Depth Range I Resolution
I

POTENTIAL

Microgravity Localisation of shallow sand channels Physical: o-lOOm O-SOm
outcrop areas Non-uniqueness of inversion problem 100 -SOOm so-zoo»

Geoelectrics Contrast of rock physical properties >Soom -Soom
Operational: Electric noise

DIFFUSION

VLF-Electromagnetics Ditto Physical: Resolution decreasing rapidly O-loom S -20m
with investigation depth 100 -Soom 20 -2oom

>Soom -Soom

Operational: Electric noise

WAVE PROPAGATION

Refraction seismics Reliefof (shallow) horizon(s), ie, Physical: requires layer(s) of simple s 0-I00m vertical: 5 -lOm
lower boundary of a sand channel in shape, Velocity contrast horizontal: I 20 - lOOm
outcrop areas

100 -SOOm vertical 10- 30m
Operational: horizontal: 100 - sOOm
Seismic energy for deeper investigation

>Soom vertical: 30 - SOm
horizontal: >SOOm

2D-reflection seismics Structural image ofunderground Physical: 0-I00m vertical : I-Srn
(lithological boundaries and Requires minor dip perpendicular to horizontal: 10-2S m
discontinuities), mainly for course of profile
reconnaissance Impedance contrast lOO-S00m vertical: 5 -15m

horizontal: 25 -75 m

3D-reflection seismics Structural image of underground, Physical: SOO -1,5000 m vertical: 15- 30m
mainly for detailed investigation Impedanceconstrast horizontal: 75 - 200 m

Operational: 1,500 - 3,000 m vertical: 30 - 50 m
Surface coverage of recording lines horizontal: 200 - 400 m
(populated areas)
Operational effort In practice, horizontal resolution

is usually better due to redundant
data-stacking processes
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b) borehole based

Method Aimof Measurement Constraints Resolution Range

. A. PETROPHYSICAL LOGS

Spontaneous Potential (SP) Permeable beds vs. shale beds Electrochemical contrast 1-2m

Dual Laterolog +Micro Spherically Lithology (marker beds), matrix pore fluid Resistivity contrast 0.15 m (MSFL)
Focussed Log + Dual-induction resistivity, porosity estimation lm
(DLL +MSFL* +DIL*)

Gamma-Gamma Log Lithology (marker beds) Borehole washouts, density contrast lm
(LDT-Litho-Density Tool) Matrix density (with CNT)

Neutron-Gamma Log Porosity Borehole washouts, shale content lm
(CNT - Compressed Neutron Tool)

Gamma Log (GL) Lithology (marker beds) Borehole washouts lm
(shaliness)

Natural Gamma Spectrometry Tool (NGT Ca40, t)238. Th232 content Borehole washouts lm
Lithology (marker beds)

Borehole Compensated Sonic Log (BHC Lithology (marker beds), porosity estimate, Borehole washouts, velocity contrast 0.5 -1 m
(WF*) rock mechanical properties

Multiarm-Caliper Log (BGT*) Borehole radii, borehole position --- 0.15m

Electromagnetic Wave Propagation Tool Porosity estimation, fluid type discrimination Borehole washouts, fluid resistivity 0.15m
Log (EPT*) contrast

Induced Gamma Ray Spectrometry Tool Mineralogical components of rock matrix Borehole washouts 0.5m
Log (GST*)

B. STRUCTURALLOGS

High Resolution Dipmeter (SHOT) Orientation of discontinuities (layer Resistivity contrast .01-14m
boundaries, fracture/shear zones), fine
scale lithology (thin beds)

Multiple Scanner Tool (MST)/
Formation Microscanner Log (FMS*) Ditto, but with better resolution due to Resistivity contrast 0.005 - ~ cm

electrical borchole wall image

Acoustic Televiewer (BHTV) Ditto, acoustic borehole wall image Borehole washouts, mud (sound absorption, 0.005 -1 cm
dispersion), acoustic contrast

*Schlumberger tools only available for hole sizes larger than 4".
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C. BOREHOLE SEISMIC

Vertical Seismic Profile (VSP) Seismic velocities calibration, reflection --- vertical: 5 - 10 m
(Check shot and zero offset) seismic image' of borehole location

Multi-Offset or Walkaway Seismic Reflector identification --- horizontal: 10 - 50 m
Profile (WSP)

Seismic Cross-Borehole Tomography (SCT) Detailed investigation of lithological Geometry of cross-borehole section 0.5 - 20m
boundaries and other discontinuities through (20 - 500 m range)
imaging of velocity parameter field of
cross-borehole section

D. MISCELLANEOUS

Borehole Radar Detection of large-scale discontinuities Working only in shale-free environment 5 -lOm
dipping in borehole direction

Radar Tomography See SCT (here electrical parameters) --- ---
Borehole Gravity Density anomalies in the vicinity of the --- 10 -lOOm

borehole
Absolute denisty determination

Method

c) Underground opening based

Aim ofMeasurement Constraints Resolution Range
z
e;
~
Z
--i
CD
CD......

I......
01

~

N
W

POTENTIAL

Geoelectrics Lithological information Metallic reinforcements 5 -50m 5 -50m
(resistivity profile)

NATURAL EMISSION

Gamma spectrum Lithological information (Gamma profile) Concrete reinforcement 2m 5 -10m

WAVE PROPAGAnON

Refraction seismics Litholotal information (velocity --- 1-30m radial: 1 - 2 m
profile) ne of excavation effects axial: 5 - 10 m

Reflection seismics See 2D-seismics side reflections 10 - 500m radial: 1 - 15 m
Tunnel wave noise signal axial: 10 - 75 m

SCT: Cross-tunnel tomography SeeSCT Geometry of section between 20 - 500 m 0.5 - 20m
tunnels



a) Surface based

Method Aim of Measurement Constraint Range Resolution

OUTCROP flow volumes, grain size representativeness of size of outcrop Estimate:
(linked to permeability] position of outcrop, physical permeability ± 1()2

water table, size of capillary condition of outcrop porosity ± 10%
region, presence of possible water size of outcrop
flow paths

laboratory measurements permeability,porosity quality of core, size of less than 3m permeability ± 20%
on core from short pore size distribution, core, clay content, [K: 10-14 - 10-3 m/sec] porosity ± 2%
boreholes «3m) pore fluid chemistry representativeness of outcrop

core samples inability to
measure fracture properties

b) borehole based

Laboratory measurements

SINGLE BOREHOLE TESTS

Slug test [pulse test] Transmissivity, storativity, head, duration of test T: 10-14• 10-7 m2/sec T:±101

[conformance to geometry] "effectiveradius 11 S: 10-10 • 10-1 S: ± 103
plus range up to 10 m H: ± 10 of overall

disturbance
dependent on period
of data

Constant flow test transmissivity, head storativity, duration of test, injection! T: 10-9• 1O-4 m2/ sec T: ± 100.5

[conformance to geometry], abstraction limits, plus* S: 10-6.10-1 S: ± 102
ground water chemistry Range up to 1km H predictions

[dependent on T/S] ±10%

* clays present special problems in measurement of pore size distribution
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Constant head test transmissvity, head, storativity duration of test, injection/ T: 10-12 - 10'" T: ± 10°·5
[conformation to geometry], groundwater abstraction limits, plus" S: 10-6 - 10.1 S: ± 101
chemistry range up to Ikm H prediction

[dependent on T/S] ±10%

Fluid logging transmissivity, sensitivity of flow logging T: 10.1°_ 10'" T: ± 10°·5

[includes flow logging during [conformance to geometry] method plus •
pumping and labelled slug tests]

Borehole history transmissivity, head duration of test, injection T: 10.12 - 10'" T: ± 100.5

[combined tests plus storativity, [conformance abstraction limits, plus" S: 10-6 - 10-1 S: ± 101
recovery periods] to geometry] range up to 1Ion H prediction

[dependent on T/S] ±5%

TRACER TESTS :

point dilution groundwater flux, transmissivity Sensitivity of dilution measurement, Q: 10-12 - 1O.8m3/sec Q± 101

Kinematic porosity duration of test, knowledge of head K: 10-8 - 10'" m/sec K± HY
rate of molecular diffusion plus"

injection/withdrawal dispersivity, transmissivity, geometry, sensitivity of concentration, measurement, Upto lOOm D±101

storativity duration of test, knowledge of head, plus" [range 10.8 - 10.3] K±101

MULTIPLE BOREHOLE

[OR MULTIPLE ZONE]

Constant flow transmissivity, storativity duration of test, arrangement max range =lIon
conformance to geometry ofboreholes plus" T range 10-11 - 10-1 T: ± 10°·5

boundaries range dependent on S: ± 10°·5
diffusivity boundary location

±200frange

Method Aim of Measurement Constraint Range Resolution
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periodic flow test transmissivity, head storativity "geometry" period of tests plus same as above max range =500 m

Interpretation values dependent on T range 10-1 - 10-1 T:±10'
knowledge ofgeometry range dependent on S:±10'

diffusivity

head monitoring head, hydraulic diffusivity"geometry" knowledge of causes ofhead fluctuation Dependent on geometry head: ±lOmm

plus* of rocks Diffusivity ± 101

Directional Permeability VerticalK horizontal K, period of tests, size of K range lO-s - io- K: ±101

borehole duration of test versus distance max distance 20m
between measurement point

Method

c) underground opening based

Aim of Measurement Constraint Range Resolution
z
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z
~
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I
-Jo.
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N
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Borehole-based same as Section b more variable geometry possible same as section b

maximum heads, greater disturbed reduced range
background, shorter boreholes plus *

Ventilation-test permeability, head geometry excavation disturbance, problems >500m
pore/fracture vice distribution sampling with air/water interface K" 10-11 - lO-s K: ± 1(jJ-2

inflow/water vapour control locally up to lO-s S: ± 101

Water balance bulk permeability measurement of overall K: 10-11 - io- K: ± 1(jJ-3

[plus ventilation] mine/openings fluxes

* borehole casing and cement, borehole diameter, head sensitivity, straddle length, background disturbance
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EXECUTIVE SUMMARY:
TASK 3: CONCEPTUAL MODELS FOR THE LOWER FRESHWATER

MOLASSE (USM) AND OPALINUS CLAY (OPA)
(W. Dershowitz and R. Burk)

The Task 3 report describes the development of conceptual models for the
geometries of the Lower Freshwater Molasse (USM) and Opalinus Clay (OPA) as
potential radioactive repository sites. These conceptual models were developed to
assist in evaluating and designing site characterization programs, and to provide a
framework for repository performance assessment.

Conceptual models incorporate sedimentary features, faults and fractures. Features
are included which have the potential to form preferential pathways between a
repository and the accessibly environment.

Four types of preferential pathways are included: interconnected sand channels
(meander belts) and crevasse splay sand layers (in the USM only), faults/fracture
zones, pathways defined by interconnecting fracture systems, and pathways defined
by interconnecting fracture systems and more permeable strata. All of the
parameters necessary for the conceptual models are assessed probabilistically based
upon geologic, hydrologic, and geophysical evidence.

These conceptual models were developed based upon studies of the geologic
literature, and subjective assessments carried out by geologists at Nagra and Golder,
and outside specialists, with reference to the Nagra Sediment Study Report
(NAGRA, 1988). These conceptual models were revised to reflect comments
received from Nagra during June and July, 1989, and April 1990, and revised
conceptual models and parameters received from Nagra during December and
January, 1989 (KELLER, et al. 1990).

The criteria used in developing the conceptual models were as follows:

• The models should be mutually exclusive, and comprehensive. In order to be
exclusive, the models must be developed from modular elements which can be
synthesized in any appropriate combination. In order to be comprehensive, the
models must include all possible geologic scenarios, not just the expected
geology described in the NAGRA Sediment Study Report (NAGRA, 1988).

• The models should be defined by geometric parameters which can be derived
by site characterization and used in performance assessment.

• The models should be sufficiently distinct to be distinguishable by site
characterization. This implies that once a conceptual model has been
confirmed, the features of the conceptual model can be used to assist in the
design and interpretation of further site characterization activities addressed at
defining the parameters of the model.
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• The models must be sufficiently simple to be tractable for evaluating site
characterization programs and performance assessments. As a result, conceptual
models can generalize many geologic details, provided they contain the
information required for design and interpretation of site characterization
programs.

Based upon discussions with Nagra, the parameters of primary concern for
performance assessment have been identified as the bulk vertical and horizontal
conductivity, and the conductance and frequency of vertical and horizontal
preferential pathways. Bulk properties of heterogeneous media can only be
addressed by large-scale hydrologic measurements. As a result, conceptual models
focus on identifying preferential pathway geometries. It is important to note that
geologic materials may contain numerous features that affect the conductivity or
conductance of the unit. This document focuses on major preferential pathways and
smaller features which may combine to form pathways; features that have been
judged to be of lesser importance may have been neglected. Four types of
preferential pathways have been identified: interconnected sand channels and
crevasse splay sand layers (in the USM only), faults/fracture zones, pathways
defined by interconnecting fracture systems, and pathways defined by
interconnecting fracture systems and more permeable strata.
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EXECUTIVE SUMMARY:
TASK 4: EVALUATION OF EXPLORATION STRATEGIES FOR
THE LOWER FRESHWATER MOIASSE AND OPALINUS ClAY

(W. Dershowitz, J. Black, W. Roberds)

A Bayesian approach for evaluating alternative exploration strategies for repository
characterization in the Lower Freshwater Molasse (USM) and Opalinus Clay
(OPA) is developed and applied. The approach is based on a combination of
evaluating the prior and pre-posterior (after exploration) probabilities of
preferential pathways, and evaluating the probability of intersection and detection
of preferential pathways and their features by exploration strategies. Both analysis
of pathways and analysis of exploration strategy effectiveness are carried out by
forward modeling with the SandMan simulator.

For the USM, the primary features of concern are faults, meander belts, and
crevasse splays. The properties of each of these features were defined
probabilistically in terms of distributions of size, location, thickness, transmissivity,
shape, and orientation. Prior simulation of repositories within a typical block of
USM indicated a very low probability of pathways defined by faults or crevasse
splays, a moderate probability of pathways defined by meander belts, and a high
probability of pathways defined by a combination of crevasse splays and faults.
Three consecutive phases of exploration through boreholes, surface geophysics,
hydrologic tests, and underground openings were then simulated. Simulation
provided the probability of intersecting features by the exploration program, which
was combined with a subjective probability of detection and determination given
intersection to compute the probability of pathway detection for each phase. This
analysis indicated a significant probability that while exploration can practically
eliminate uncertainty regarding pathways defined by single faults or meander belts,
none of the exploration phases defined will adequately reduce the probability of
pathways defined by a combination of crevasse splays and faults.

For the OPA, the only features of concern are faults, which proyide preferential
pathways to overlying and underlying strata. As with theUSM, SandMan
simulations provided prior and pre-posterior probabilities of preferential pathways,
and the probability of pathway detection for each phase of exploration. For the
parameter distributions assumed in the conceptual model, the prior probability of
preferential pathways defined by faults in the USM is very low. Phase 1 surface
geophysical investigations have a high probability of successfully identifying regions
without fault pathways. As a result, Phase 2 and Phase 3 investigations do not
significantly reduce the probability of pre-posterior preferential pathways.

In both the USM andOPA, the probability of exploration strategy success for each
exploration phase is calculated as the probability that a theoretical site will be
shown conclusively (Le., with a probability above a prespecified "confirmation"
threshold) to have either no pathways or at least one pathway. For confirmation
thresholds of 70, 80, or 90%, the OPA has much higher overall probabilities of
success than the USM.
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The exploration strategies were analyzed utilizing an innovative method developed
by Golder Associates, as described in ROBERDS and DERSHOWITZ (1990).

Exploration strategies are compared in this study on the basis of their probability
of success. The probability of success is defined here as the probability that the
exploration program will provide sufficient information on preferential pathways to
either accept or reject the medium being studied. The criteria used for accepting
or rejecting repository media is the probability of one or more preferential pathways
for radionuclide migration.

The approach used to determine the probability of success of alternative exploration
strategies is summarized as follows:

• Develop alternative conceptualmodels for the media

• Determine features to be included in analyses and the distribution of the
parameters describing those features

• Carry out a prior uncertainty analysis of the probability and properties of
preferential pathways using SandMan (GEIER ET AL., 1990)

• Define the phases of the exploration strategy, composed of exploration
tools such as boreholes, surface geophysics, hydrologic tests, and
underground openings

• Quantify the effectiveness of each component of the exploration strategy,
for each phase, in terms of probability of feature intersection using
SandMan, and probability of detection and determination of parameters
given intersection.

• Compute the decrease in uncertainty due to each phase of the exploration
strategy for each medium, and the probability that the strategy will reduce
uncertainty sufficiently to meet appropriate criteria.

Development of conceptual models was carried out in Task 3 of this study.
Evaluation of exploration techniques was carried out primarily in Task 2. This Task
4 report describes:

• Prior Pathway Analysis: The SandMan geologic simulator is used to
simulate the probability of the existence of preferential pathways within
the geologic conceptual models, for the distributions of feature parameters
developed in Task 3. For complex pathways made up of multiple features,
pathways must be identified by a linked list search through the features
between a repository at the center of a geologic conceptual model
realization and boundaries defined as the accessible environment. For
most of the single feature pathways evaluated in this study, the existence
of pathways could be determined by calculating the intersection between
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continuous features with sufficient conductance to be preferential
pathways between the accessible environment and the repository volume.
The probability of preferential pathways was then determined by Monte
Carlo simulation of multiple realizations of the geologic conceptual
models, and evaluation of the existence of preferential pathways within
each of those realizations.

• Definition of Exploration Strategies: Exploration strategies were defined
using a combination of geologic, hydrologic, and geophysical testing for
each of the three phases. Each of the activities or "exploration tools"were
defined in terms of their geometric coverage, in order to allow calculation
of the probability of intersection between exploration tools and geologic
features. For exploration tools, a subjective assessment was conducted
regarding the probability of feature detection and determination of
properties, conditional on appropriate properties of the feature such as
size, transmissivity, or fabric complexity. All of these assessments were
made subjectively by Golder Associates, with review by Nagra.

• Quantification of Exploration Tool Effectiveness in Required Formats:
The effectiveness of exploration tools within this analysis is expressed
primarily as the probability of detection of preferential pathways. This is
calculated by numerical integration of the equation,

where P[DpIp, PpTi ] is the probability of detection of pathway p given
pathway p with properties Pp, P[~ Ip,Pp'Ti ] is the probability of intersection
of pathway p by exploration toot Ti given pathway p with properties Pp ,
P[DpIlp, P, Pp] is the probability of detection of a pathway given intersection
of the pathway with properties Pp, and fpp(Pp) is the distribution of pathway
properties.

• Calculate Probability of Success ofExploration Strategies: The calculation
of probability of success was calculated according to the equations
developed in Task 1, and subject to the constraints and assumptions of
that analysis. Probability of success depends upon:

• the prior probability of preferential pathways

• the probability of the exploration program intersecting the preferential
pathways

• the probability that the intersected preferential pathways will be
identified, given that they are intersected
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• the probability that non-preferential pathways will be identified as
preferential pathways in error ("false detection")

Each of these are evaluated for each phase of the exploration strategies to
determine the probability of success of that phase.

Results of this study are summarized in Table 1 for confirmation probabilities of
90%, 80%, and 70%, and for high, moderate, and low levels of confidence in
detection capabilities of exploration methods. As discussed in ROBERDS AND

DERSHOWITZ (1990), high probabilities of success can arise from either:

• A prior probability of at least one preferential pathway which is near or
above the confirmation probability threshold, such that there is high
confidence that the medium will be rejected,

• A prior probability of no preferential pathway which is near or above the
confirmation probability, such that there is a high confidence that the
medium will be accepted, or

• High detection probability and low false detection probability, such that
there is a high confidence that the existence or absence of preferential
pathways will be demonstrated conclusively

• A low confirmation probability threshold.

USM Fault preferential pathways have a low prior probability (4%) of existence,
and a relatively high probability (52%) of detection by surface 3D seismics, if
existing. As a result, the probability of success in determining the absence or
presence of USM faults is high (94%), except in Phases 2 and 3 with medium or
low confidence in detectors, where a high probability of false detection reduces the
probability of exploration program success for those phases.

llSM Meander Belt preferential pathways have a high prior probability (50%) of
existence, but also have a high probability of intersection. In the case of high
confidence in exploration tools, the high probability of intersection combines with
the high probability of detection to produce a high probability of exploration
program success. For cases of lower confidence, the ability to detect belts is not
sufficient to offset the high prior probability of existence, so that the probability of
success is low. In Phase 3, and for the low confidence case, the probability of false
detection is sufficiently high to prevent a definitive determination of either the
presence or the absence of meander belt preferential pathways, and the probability
of exploration success is therefore very low.

USM Crevasse Splay preferential pathways have a low prior probability (1%) of
existence, and also have a high probability of intersection. This results in a high
probability of exploration program success, except for cases in which there is a high
probability of false detection. A high probability of false detection decreases
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Table 1. Probability of Exploration Program Success

Probability of Exploration Program Success

Confidence in Detectors: High High High Med Med Med Low Low Low
Confirmation Probability 900Jil 800Jil 700Jil 9QoJil 800Jil 700Jil 900Jil 800Jil 700Jil

Type of Pathway

USM Faults
Phase 1 94% 94°Jil 94°Jil 94% 94°Jil 94°Jil 61% 61% 61%
Phase 2 950Jil 95% 950Jil 79O~ 79°Jil 79°~ 64°Jil 64% 64%
Phase 3 1000Jil 100% 1000Jil 900Jil 900Jil 900Jil 63°Jil 63°Jil 63%

USM Meander Belts
Phase 1 100% 1000Jil 100% 34°~ 34°~ 1000~ OOJil OOJil 34%
Phase 2 1000Jil 100% 1000Jil 34°Jil 34~JiI 1000Jil 0% 0% 32%
Phase 3 15% 15% 15% OOJil OOJil OOJil 0% 0% 0%

USM CrevasseSplays
Phase 1 940Jil 94°Jil 94°Jil 75°Jil 75°Jil 750Jil 50% 50% 50%
Phase 2 94°Jil 94% 94°Jil 75O~ 750Jil 750Jil 500Jil 50% 50%
Phase 3 100% 1000Jil 1000Jil 850Jil 85% 850Jil ···500Jil 50% 50%

USM Combined FaultS&Crevasse Splays
Phase 1 OOJil 900Jil 900Jil OOJil 900Jil 900Jil OOJil 0% 63%
Phase 2 0% 0% 96°Jil 0% OOJil 96°Jil OOJil OOJil 69%
Phase 3 1% 100% 100% Oo~ Oo~ 91°Jil OOJil OOJil 68%

OPA Faults
Phase 1 93% 93% 93°Jil 93°Jil 93°Jil 930Jil 79% 79% 79%
Phase 2 95% 95% 95°Jil 800Jil 80% . 80% 77% 77% 77%
Phase 3 100% 100% 100% 890Jil 89% 89O~ 890Jil 89% 89%

High, medium and low confidence in detectors are as shown in Figures 1-4, 1-5 and 1-6
and Tables 2-5a, band c respectively.

The Oalcutatlon of probability of exploration is iIIistrated in Figure 2-7.
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confidence in exploration program results, resulting in a reduced probability of
exploration program success. This is the case for the low level of confidence in
detectors, where the probability of success is reduced to the 50% range.

USM Crevasse Splay/Fault preferential pathways have a relatively high prior
probability (19%) of existence, and a low probability of intersection (equal to that
for USM Faults). As a result, the probability of exploration program success for
almost all phases and levels of confidence in detectors is very low. Based upon the
assumptions made in this analysis, the ability to detect and characterize combined
crevasse splay/fault pathways is low, even following drift excavation, because
mapping will only detect crevasse splays, which may be connected to faults up to 3
kilometers distance.

OPA Fault preferential pathways have a low prior probability (4%) of existence,
particularly considering the location of Phase 2-and·3 in areas previously where no
faults had been identified previously. As a result, there is a high probability of
exploration program success in the OPA, for all assumptions of both confidence in
detectors, and assumptions for confirmation probability threshold.

Based upon the prior assessments of preferential pathways, and the effectiveness of
proposed exploration programs, the OPA appears to offer a significantly greater
probability for repository siting in an area with few or no preferential pathways.
The USM can be expected to have multiple pathways defined primarily by meander
belts and linked crevasse splays and faults pathways, with properties whose
uncertainty will not decrease significantly before implementation of in situ testing
(which was not included in this study).

The effectiveness of the exploration programs is summarized in Table 1. The
proposed exploration programs appear to be good at determining the presence or
absence of preferential pathways defined by USM Faults and Crevasse splays to
within a 90% confidence probability threshold; however, the exploration programs
do not appear to be effective in determining the presence or absence of preferential
pathways defined by interconnected faults and crevasse splays. These potential
preferential pathways must therefore be seriously considered in evaluating the
attractiveness of the USM as a potential repository medium.

The proposed exploration programs appear to have a high probability of success in
determining the presence or absence of faults in the OPA, in part due to the low
prior probability of existence of preferential pathways defined by faults in the OPA

Further study of the USM would depend upon the development of a repository
siting strategy in which less emphasis would be placed on the occurrence of
preferential pathways. Results of this study indicate that further study of the OPA
is justified, provided a conceptual repository design can be developed within the
relatively thin OPA formation. This study could be initiated through the
development and analysis of a more detailed Phase 1 exploration program.
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The approach described here is subject to a number of significant limitations,
primarily due to lack of full consideration of sites with multiple preferential
pathways, and treatment of the value of information on feature properties. In
addition, significant simplifications have been made regarding Bayesian updating
between exploration phases and the treatment of false detection probabilities.
Further development of the exploration strategy evaluation approach would
significantly enhance this study.

It is important to emphasize that the approach developed here provides a
comparison of alternative exploration strategies. Although this comparison can be
used in comparing geologic media, it was not designed for that purpose. In
particular, the approach considers an exploration strategy successful whether it
determines that a site is suitable or unsuitable, provided that determination is
definitive.
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