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ABSTRACT 

Switzerland is one of many nations with nuclear power that is seeking to identify rock 
types and locations that would be suitable for the underground disposal of nuclear 
waste. A common challenge among these programs is to provide engineering design
ers and safety analysts with a reasonably representative hydrogeological input dataset 
that synthesizes the relevant information from direct field observations as well as in
ferences and model results derived from those observations. Needed are estimates of 
the volumetric flux through a volume of rock and the distribution of that flux into dis
crete pathways between the repository zones and the biosphere. These fluxes are not 
directly measurable but must be derived based on understandings of the range of 
plausible hydrogeologic conditions expected at the location investigated. 

The methodology described in this report utilizes conceptual and numerical models at 
various scales to derive the input dataset. The methodology incorporates an innovative 
approach, called the geometric approach, in which field observations and their associ
ated uncertainty, together with a conceptual representation of those features that most 
significantly affect the groundwater flow regime, were rigorously applied to generate 
alternative possible realizations of hydrogeologic features in the geosphere. In this 
approach, the ranges in the output values directly reflect uncertainties in the input 
values. 

As a demonstration, the methodology is applied to the derivation of the hydroglological 
dataset for the crystalline basement of Northern Switzerland. The various steps are 
highlighted in the following. 

The hydrogeological conceptual model of the groundwater flow system in the crystal
line basement of Northern Switzerland includes descriptions of the hydrogeologic 
framework and groundwater flow. The crystalline rocks (block elements) are separated 
by major water-conducting faults. Block elements contain small-scale water-conducting 
features whose transmissive properties decrease with depth, resulting in an upper 
higher-permeability domain (about 500m thick) and an underlying low-permeability 
domain. In the region, groundwater flows from the major recharge area in the southern 
Black Forest (Germany) to the principal discharge areas along the Rhine River. On a 
much smaller scale, groundwater flow in the low-permeability domain occurs principally 
through a complex network of discrete water-conducting features or transmissive ele
ments. 

Regional- and local-scale numerical models of groundwater flow were developed to 
describe infiltration and exfiltration areas and general flow paths from potential siting 
areas to the exfiltration regions. The regional-scale model supports the conceptual 
model of regional flow. The local-scale model utilizes a hybrid modeling approach, in 
which each of the principal hydrogeologic units is treated as an equivalent porous me
dium, and the major water-conducting faults are described explicitly. Model results in
dicate that groundwater flow characteristics at the local scale depend significantly on 
the frequency of major water-conducting faults. Two scenarios were tested, one with a 
high frequency of faults (full scenario) and one with a low frequency of faults (sparse 
scenario). Distributions of hydraulic gradient were generated for each scenario. 

Modeling at the block scale, or repository-tunnel scale, was conducted to evaluate the 
distribution of flow through transmissive elements as a function of their geometric and 
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hydraulic properties. The goal is to assess the expected range of flowpath lengths and 
flow rates from hypothetical repository tunnels to the major water-conducting faults, 
which are assumed to determine the layout of a repository. Discrete inflow points ob
served in boreholes are assumed to represent transmissive elements, the principal 
paths for water flow in the low-permeability domain. 

The numerical discontinuum model NAPSAC was used to integrate the statistical in
formation from boreholes into a stochastic framework of discrete transmissive ele
ments. The NAPSAC model allows for the incorporation of all relevant geometric and 
hydraulic properties of the transmissive elements that are believed to affect the distri
bution of groundwater fluxes at the block scale. Uncertainty is taken into account by 
generating multiple realizations of the transmissive-element distribution. From these 
realizations, the intersections of simulated transmissive elements with hypothetical 
repository tunnels was directly determined. The following distributions of geometric and 
hydraulic properties were obtained for transmissive elements intersecting a tunnel 
segment: number, trace length, transmissivity, conductance, and effective flow path 
and path length from the tunnel segment to the boundaries of the block. 

A major unknown is the size distribution of transmissive elements. On the basis of 
sensitivity analysis, the geometric and hydraulic characteristics of transmissive ele
ments were determined to be relatively insensitive to size distribution. Nonetheless, the 
overall pattern of flow within a block depends on the connectivity of the transmissive
element network, which is a function of size. 

To evaluate groundwater flow at the block scale, the geometric approach was devel
oped. In this approach, gradients derived from the hybrid local-scale model were mul
tiplied directly by the individual transmissive-element conductance to generate a range 
of possible volumetric fluxes within each transmissive element. Specific parameters 
derived are flow through an individual transmissive element, normalized flow through 
individual transmissive elements, total flow through a SOO-meter tunnel segment, and 
total flow through a repository. Results of the geometric approach were determined to 
be conservative on the basis of a comparison with results of dynamic flow simulations, 
or dynamic approach, using the same geometric network. The geometric and hydro
geologic results were transformed to the actual input values used in the performance 
assessment of crystalline rocks of Northern Switzerland. 

The geometric approach differs from the standard hydrodynamic modeling approach in 
that the former assumes that the driving force (gradient), as determined from the 10-
calscale model, is not influenced by the variability of hydraulic parameters at the block 
scale. An advantage of the geometric method is that it is simple to implement and it 
produces demcnstrably conservative values for groundwater fluxes. This approach is 
thus a satisfactory trade-off between a more complex approach (with realistic but un
certain results) and a simple approach (with more certain - in a conservative sense -
results). 
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ZUSAMMEMFASSUNG 

Die Schweiz gehört zu den Ländern, die Atomkraftwerke betreiben und für die 
Endlagerung radioaktiver Abfälle geeignete Wirtgesteine und geeignete Standorte 
suchen. Für diese Aufgabe benötigen die projektierenden Ingenieure und die 
Sicherheitsanalytiker u.a. einen repräsentativen Datensatz mit den hydrogeologischen 
Eingangsgrössen. Darin enthalten sein müssen die relevanten Informationen von 
Feldbeobachtungen und die daraus abgeleiteten Schlüsse und Resultate von 
Modellierungen. Notwendig sind Angaben zum volumetrischen Fluss durch ein 
Gesteinsvolumen und dessen Verteilung auf diskrete Fliesspfade zwischen 
Endlagerzone und Biosphäre. Da solche Flüsse nicht direkt mit Messungen erfassbar 
sind, müssen sie aus der möglichen Bandbreite der plausiblen hydrogeologischen 
Verhältnisse am Standort abgeleitet werden. 

Die im vorliegenden Bericht beschriebene Methodik benutzt zur Herleitung des Daten
satzes konzeptuelle und numerische Modelle in verschiedenem GrÖssenmassstab. 
Eingesetzt wird auch eine neue Methode, das "geometrische" Verfahren. Die mit einer 
entsprechenden Unsicherheit behafteten Feldbeobachtungen und eine konzeptuelle 
Vorstellung der Eigenschaften (Parameter), die das Grundwasserfliesssystem am 
stärksten beeinflussen, werden berücksichtigt, um mögliche alternative Szenarien für 
die hydrogeologischen Verhältnisse zu erzeugen. Dieses Verfahren liefert aufgrund 
der Bandbreite der Ergebnisse eine direkte Wertung der Unsicherheit in den 
Eingangsgrössen. 

Als Beispiel wird die Methodik für die Herleitung des hydrogeologischen Datensatzes 
für das Kristallin Nordschweiz (KRI) angewendet. Nachfolgend werden die verschiede
nen Schritte erläutert. 

Das hydrogeologische konzeptuelle Modell Kristallin Nordschweiz beschreibt die 
hydrogeologischen Verhältnisse und den Grundwasserfluss. Das kristalline 
Grundgebirge wird durch grosse, steilstehende, wasserführende Störungen in Blöcke 
getrennt. Kleinmassstäblich enthalten diese Kristallin-Blöcke wasserführende Systeme, 
deren Transmissivität mit der Tiefe abnimmt. Dadurch ergibt sich ein oberer Bereich 
(Mächtigkeit etwa 500 m) mit erhöhter und ein tieferer Bereich mit geringer 
Durchlässigkeit. Im Regionalmassstab fliesst das Grundwasser vom Haupteinzugs
gebiet im Südschwarzwald (Deutschland) zum Rhein, der das Hauptexfiltrationsgebiet 
bildet. Im viel kleineren Betrachtungsmassstab fliesst es im geringdurchlässigen 
Bereich durch ein komplexes Kluftnetzwerk diskreter wasserführender Systeme oder 
transmissiver Elemente. 

Um die Infiltrations- und Exfiltrationsgebiete sowie die generellen Fliesspfade zwischen 
potentieller Endlagerzone und Exfiltrationsgebieten zu beschreiben, wurden 
numerische Grundwassermodelle im Regional- und Lokalmassstab entwickelt. Das 
Regionalmodell bestätigt die konzeptuellen Vorstellungen zum regionalen Fliess
system. Das Lokalmodell verwendet einen Hybrid-Ansatz, worin jede der 
hydrogeologischen Haupteinheiten als äquivalent-poröses Medium behandelt wird, die 
grossen steilstehenden wasserführenden Störungen hingegen werden ausführlich 
beschrieben. Die Modellrechnungen ergeben, dass die Charakteristik des Fliessfeldes 
im Lokalmassstab im wesentlichen von der Häufigkeit der grossen, steilstehenden 
Störungen abhängt. Zwei Szenarien wurden getestet, das eine mit einer hohen (full 
scenario), das andere mit einer geringen Frequenz (sparse scenario) von Störungen. 
Für jedes Szenarium wurde die Verteilung des hydraulischen Gradienten berechnet. 
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Um die Verteilung des Grundwasserflusses durch transmissive Elemente in 
Abhängigkeit ihrer Geometrie und hydraulischen Eigenschaften zu ermitteln, wurden 
Modellierungen in Blockgrösse oder Stollenmassstab durchgeführt. Das Ziel war, die 
Bandbreite der Fliessdistanzen (Länge der Fliesswege) und Fliessraten zwischen 
hypothetischen Endlagerstollen und grossen auslegungsbestimmenden Störungen zu 
erfassen. Vereinzelte Zuflussstellen, die in den Bohrlöchern zu beobachten waren, 
werden transmissiven Elementen zugeordnet, welche als Hauptfliesswege im 
geringdurchlässigen Bereich angesehen werden. 

Um die statistische I nformation aus den Bohrungen in ein stochastisches Modell aus 
diskreten transmissiven Elementen einzubauen wurde das numerische Kluftnetzwerk
Modell NAPSAC eingesetzt. Mit diesem Modell ist es möglich, alle relevanten 
geometrischen und hydraulischen Eigenschaften der transmissiven Elemente, von 
denen angenommen wird, dass sie die Verteilung des Grundwasserflusses im Block
massstab beeinflussen, zu berücksichtigen. Der Unsicherheit wird dadurch Rechnung 
getragen, indem die Verteilung der transmissiven Elemente mehrfach generiert wird. 
Anhand dieser Berechnungen wurde direkt der Schnitt der simulierten transmissiven 
Elemente mit hypothetischen Endlagerstollen bestimmt. Die Häufigkeitsverteilung 
folgender geometrischer und hydraulischer Grössen wurde für solche Elemente 
ermittelt, die ein Stollensegment queren: Anzahl, Spurenlänge, Transmissivität, Durch
lässigkeit, effektiver Fliesspfad und Fliessstrecke vom Stollensegment bis zum Rand 
des Kristallin-Blocks. 

Um den Grundwasserfluss im Blockmassstab zu ermitteln, wurde das "geometrische" 
Verfahren entwickelt. Dazu werden die Gradienten aus dem Lokalmodell (Hybrid
Modell) übernommen und mit dem jeweiligen Durchlässigkeitsbeiwert des trans
missiven Elementes multipliziert. Als Ergebnis erhält man eine Bandbreite möglicher 
volumetrischer Flüsse für jedes transmissive Element. Im Speziellen wurden folgende 
Werte berechnet: i) Fluss durch ein einzelnes transmissives Element, ii) normalisierter 
Fluss durch transmissive Elemente, iii) Gesamtfluss durch ein 500 m langes 
Stollensegment und iv) Gesamtfluss durch ein Endlager. Die mit dem "geometrischen" 
Verfahren berechneten Werte sind im Vergleich mit der Simulation dynamischer 
Fliessverhältnisse als konservativ einzustufen (unter Verwendung desselben 
geometrischen Netzwerks). Die geometrischen und hydrogeologischen Ergebnisse 
wurden in die von der Sicherheitsanalyse für das Kristallin Nordschweiz verwendeten 
Eingangsgrössen umgesetzt. 

Das "geometrische" Verfahren weicht von der standardmässigen hydrodynamischen 
Modellierung ab, weil angenommen wird, dass der mit dem Lokalmodell bestimmte 
Gradient (treibende Kraft) durch die Variabilität der hydraulischen Parameter im 
Blockmassstab nicht beeinflusst wird. Ein Vorteil des "geometrischen" Verfahrens ist, 
dass es einfach zu implementieren ist und nachweislich konservative Werte für den 
Grundwasserfluss liefert. Das Verfahren ist somit ein geeigneter Kompromiss 
zwischen einer komplexeren (Ergebnisse realistisch, jedoch mit grosser Unsicherheit 
behaftet) und einer einfachen Methode (Ergebnisse, im konservativen Sinne, mit 
geringer Unsicherheit behaftet). 
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RÉSUMÉ 

La Suisse fait partie des nombreux pays qui, disposant de l'énergie nucléaire, 
cherchent à identifier les types de roches et les localisations appropriés à un stockage 
souterrain des déchets nucléaires. Un défi commun à tous ces programmes consiste à 
fournir aux ingénieurs de projet et aux analystes de la sûreté une base de données 
hydrogéologiques raisonnablement représentative, et qui synthétise non seulement les 
informations utiles provenant des observations directes sur site, mais également les 
conclusions et modélisations découlant de ces informations. On a alors besoin d'une 
estimation du flux volumétrique à travers la roche et de la distribution de ce flux en 
voies d'écoulement discrètes entre le dépôt final et la biosphère. Ces flux ne sont pas 
directement mesurables, mais doivent être évalués, sur la base des différentes 
conditions hydrogéologiques possibles attendues dans la zone étudiée. 

La méthodologie décrite dans ce rapport utilise des modèles conceptuels et 
numériques à des échelles différentes, afin de constituer une base de données 
d'entrée. Cette méthodologie incorpore une approche novatrice, appelée approche 
géométrique, dans laquelle les observations sur site et les incertitudes qui s'y 
rapportent, associées à une représentation conceptuelle des éléments qui affectent le 
plus le régime des eaux souterraines, ont été rigoureusement utilisées pour générer 
les différents scénarios des conditions hydrogéologiques de la géosphère. Dans cette 
approche, la fourchette des résultats reflète directement les incertitudes sur les 
données d'entrée. 

A titre d'exemple, cette méthode a été utilisée pour l'obtention du jeu de données 
hydrogéologiques pour le socle cristallin du Nord de la Suisse. Les différentes étapes 
en sont développées ci-après. 

Le modèle conceptuel du système de circulation des eaux souterraines dans le socle 
cristallin du Nord de la Suisse comprend des descriptions de la structure 
hydrogéologique et de la circulation des eaux souterraines. Les roches cristallines sont 
structurées en blocs séparés par des zones de failles aquifères majeures. Ces blocs 
comportent, à petite échelle, des systèmes aquifères dont les propriétés transmissives 
diminuent avec la profondeur, donnant ainsi un domaine supérieur relativement 
perméable (d'une épaisseur d'environ 500 mètres) et un domaine sous-jacent 
faiblement perméable. Dans la région étudiée, les eaux souterraines s'écoulent d'une 
zone d'infiltration principale située au sud de la Forêt Noire, en Allemagne, vers la 
zone principale d'exfiltration située le long du Rhin. A une beaucoup plus petite 
échelle, la circulation des eaux souterraines dans le domaine faiblement perméable a 
lieu principalement dans un réseau complexe de failles aquifères ou d'éléments 
transmissifs. 

Des modèles numériques de circulation des eaux à une échelle régionale et à une 
échelle locale ont été développés afin de décrire les zones d'infiltration et d'exfiltration, 
ainsi que les voies d'écoulement générales des sites potentiels vers les régions 
d'exfiltration. La modélisation conceptuelle de l'écoulement régional s'appuie sur le 
modèle à l'échelle régionale. Le modèle à l'échelle locale utilise une approche de 
modélisation hybride dans laquelle chacune des unités hydrogéologiques principales 
est traitée comme un milieu poreux équivalent, tandis que les zones de failles 
aquifères majeures sont décrites explicitement. Les résultats de la modélisation 
montrent que les caractéristiques de la circulation des eaux souterraines à l'échelle 
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locale dépendent de façon significative de la fréquence d'occurence des failles 
aquifères majeures. Deux scénarios ont été testés: l'un tient compte d'une fréquence 
élevée de failles (scénario complet), l'autre d'une fréquence faible. Des distributions 
du gradient hydraulique ont été générées pour chacun de ces scénarios. 

Une modélisation à l'échelle du bloc, ou à l'échelle du dépôt final, a été effectuée afin 
d'évaluer la distribution de l'écoulement dans les éléments transmissifs en fonction de 
leur géométrie et de leurs propriétés hydrauliques. Le but est d'évaluer la fourchette 
des longueurs de voies d'écoulement et des débits, du dépôt final jusqu'aux zones de 
failles aquifères majeures qui sont supposées contitionner la géométrie de ce dépôt. 
Les différentes venues d'eau obervées dans les forages sont supposées correspondre 
aux les éléments transmissifs, principales voies d'écoulement de l'eau dans le 
domaine faiblement perméable. 

Le modèle numérique discontinu NAPSAC a été utilisé pour intégrer les informations 
statistiques des forages en une structure stochastique d'éléments transmissifs 
discrets. Le modèle NAPSAC permet l'introduction de toutes les propriétés 
géométriques et hydrauliques des éléments transmissifs, propriétés supposées 
influencer la distribution des écoulements des eaux souterraines à l'échelle du bloc. 
Les incertitudes sont prises en compte en générant un grand nombre de distributions 
possibles d'éléments transmissifs. Ces résultats ont permis de déterminer l'intersection 
des éléments transmissifs simulés avec les tunnels du dépôt final. Pour les éléments 
transmissifs coupant un segment de tunnel, on a obtenu les distributions des 
propriétés géométriques et hydrauliques suivantes d'élements: nombre, longueur du 
tracé, transmissivité, conductance, et, voies d'écoulement effectives avec longueur 
entre le tunnel et les limites du bloc. 

La distribution de la taille des éléments transmissifs est une des principales inconnues. 
Après une analyse de sensibilité, il a été démontré que les caractéristiques 
géométriques et hydrauliques des éléments transmissifs sont relativement 
indépendantes de cette distribution. Toutefois, le régime général de l'écoulement à 
l'intérieur d'un bloc dépend de la connectivité des éléments transmissifs, celle-ci étant 
une fonction de la taille. 

Une approche géométrique a été développée pour évaluer la circulation de l'eau à 
l'échelle du bloc. Dans cette approche, on a multiplié directement les gradients 
provenant du modèle hybride à l'échelle locale par la conductivité individuelle des 
éléments transmissifs, ceci afin de générer les différents flux volumiques possibles 
dans chacun des éléments transmissifs. Les paramètres spécifiques obtenus sont: 
l'écoulement à travers un seul élément transmissif, l'écoulement normalisé à travers 
les éléments transmissifs individuels, l'écoulement total à travers un tronçon de tunnel 
d'une longueur de 500 mètres et l'écoulement total à travers le dépôt final. Après 
comparaison, l'approche géométrique a donné des résultats pessimistes par rapport 
aux résultats de la simulation dynamique des écoulements, appelée approche 
dynamique et utilisant la même structure géométrique. Les résultats géométriques et 
hydrogéologiques ont été combinées pour fourair le jeu de données utilisé 
actuellement dans l'analyse de sûreté d'un dépôt final dans les roches cristallines du 
Nord de la Suisse. 

L'approche géométrique diffère de la modélisation hydrodynamique standard en ce 
sens qu'elle assume que la force demise en mouvement (gradient), telle qu'elle est 
déterminée dans le modèle à échelle locale, n'est pas influencée par la variation des 
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paramètres hydrauliques à l'échelle du bloc. La méthode géométrique fournit des 
valeurs d'écoulement des eaux souterraines indiscutablement conservatrices 
(pessimistes), et sa simplicité d'implémentation est un avantage. CeUe approche 
constitue ainsi un compromis satisfaisant entre une approche plus complexe (aux 
résultats réalistes mais incertains) et une approche simple (aux résultats plus fiables 
d'un point de vue pessimiste). 
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1 INTRODUCTION 

1.1 Objectives and Scope 

During 1980 - 1995, the Swiss National Cooperative for the Disposal of Radioactive 
Waste (Nagra) conducted investigations to characterize the geology, geochemistry, 
geotectonics, and hydrogeology of various rock types in several parts of Switzerland, in 
order to identify potential host rocks and areas for the ultimate disposal of the nation's 
high-level, intermediate-level, and low-level radioactive waste. One goal of these 
investigations is to provide information to engineering designers and safety analysts 
responsible for evaluating the suitability of the possible host rocks and areas. Another 
goal is to gain a sufficient level of scientific understanding of the features, events and 
processes that are expected to affect the ability of possible host rocks, areas and 
engineering designs to contain and isolate the wastes from the biosphere for extremely 
long periods of time. As scientific understanding is gained, a corresponding increase is 
expected to occur in the confidence of predictions made by safety analysts and 
designers. 

Safety analysts need a reasonably conservative and representative hydrogeological 
input data set - expected values and reasonably conservative ranges - that synthesizes 
the relevant information from direct field observations as well as inferences and model
results derived from those field observations. The safety analysts require estimates of 
the volumetric flux through a volume of rock and the distribution of that volumetric flux 
into discrete pathways between potential repository areas and the biosphere. These 
fluxes are not directly measurable but must be derived based on understandings of the 
range of plausible hydrogeologic conditions expected at the location investigated. 

The purposes of this report are to (1) describe the innovative approach taken to de
velop representative hydrogeologic input for safety-assessment models; (2) illustrate 
the approach by presenting example results developed from the implementation of the 
approach within Nagra's Project KRI-I (Assessment of the crystalline basement for 
high-level radioactive waste disposal - Phase 1); (3) describe the assumptions associ
ated with the implementation; (4) evaluate the significance of alternative assumptions, 
both conceptual and parametric; and (5) examine the reliability (Le., robustness) of the 
approach. The intention is not to discuss fully all the details of Nagra's crystalline-rock 
program in this document. These are documented in numerous reports and summa
rized in the following three reports: THURY et al. (1994), NAGRA (1994a), and NAGRA 
(1994b). The investigation area for the crystalline basement in Northern Switzerland is 
shown in Fig. 1-1. 

The required inputs from the field investigation program to the safety analysis and 
engineering design are many. Several of the geological, hydrochemical and hydrogeo
logical inputs to the radionuclide-transport model of the geosphere are illustrated in 
Fig. 1-2. A more detailed description of this input together with the hydrogeological 
input in the near-field model is shown in Fig. 6-1. The geosphere transport model is 
used to predict the transport of those radionuclides released from the engineered 
barriers to the biosphere. Although hydrogeological input is also required for transport 
modeling through the engineered barriers and in the biosphere, these aspects are not 
addressed in this document. 
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Specific hydrogeological inputs to the radionuclide-transport model of the geosphere 
include (1) the range of possible advective fluxes through features that might be ex
pected to conduct water, (2) the average advective flowrate 1) through a potential 
repository block, (3) the flow-path length between the repository block and the aquifer 
that is considered to be part of the biosphere, and (4) the groundwater dilution2

) that 
occurs in the biosphere. These parameters are incorporated in the right-hand column 
of Fig. 1-2. The required hydrogeological inputs to the assessment of the performance 
of the engineered barriers are discussed in NAGRA (1994a). The derivation of the 
geological and hydrochemical inputs to the transport model, which correspond to the 
left hand column of Fig. 1-2, is described in THURY et al. (1994) and MAZUREK 
(1994). 

1.2 Approach 

Internationally, various approaches have been taken to provide representative hydro
geological input to the safety analysis. Inferences and extrapolations from limited ob
servations in the area of interest are always required. As a general rule, it is only' when 
specific sites have been proposed and their detailed characterization commences that 
more realistic models and estimates of properties relevant to safety assessment can 
be developed. 

One approach that has been utilized to generate the hydrogeological input to radionu
clide-transport models is to define "best-estimate" values for the inputs based on (1) 
mean hydraulic properties derived from the hydraulic testing conducted in boreholes; 
(2) geometric inferences of the nature and extent of the permeable features observed 
in the boreholes; and (3) general results from regional-scale hydrogeologic modeling. 
This was the approach adopted in Project Gewahr in 1984 Add. to reference list 
(NAGRA, 1985). Recognizing the uncertainty in these best-estimate values, it is com
mon to conduct sensitivity analyses over a range of reasonably conservative values of 
these hydrogeological input parameters. Such sensitivity analyses are used to de
termine the significance of precisely knowing these parameters in the evaluation of the 
performance of the total disposal system in isolating the radionuclides from the bio
sphere over the time period in which the radionuclides pose the largest potential risk to 
individuals. 

An alternative approach is the one used in this analysis. Field observations and their 
associated uncertainty, together with a conceptual representation of those features 
that most significantly affect the groundwater flow regime at the scale of interest 
(generally between the proposed repository and the more permeable aquifers corre
sponding to the biosphere), were rigorously applied to generate alternative possible 
realizations of the hydrogeologic features in the geosphere. In this approach, the 
uncertainties of the macroscopic geometric and hydrogeologic properties are directly 
included in the analysis, and the resulting output from the analysis reflects the ex
pected range in possible geospheres and their corresponding properties that may be 

1) The average flux through a potential repository block is used directly in the near-field model and it influences the 
resulting input function to the geosphere transport model. It is also used within the chain of hydrodynamic models 
as one of the "consistency" checks for the models in the various scales. 

2) The groundwater dilution is calculated here for comparative purposes. In the performance assessment chain of 
models the biosphere is treated in a more elaborate manner (NAGRA, 1994b). 
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encountered at depth at a particular location. Therefore, in this approach, the ranges in 
the output values directly reflect the uncertainties in the input values. 

The general approach utilized in the current Nagra investigation and analysis program 
is illustrated in the information flow diagram presented in Fig. 1-3. Starting with the 
basic hydrogeologic observations made during the field investigation program, con
ceptual models of groundwater flow at various scales that are of relevance to the 
safety analysis were developed. These conceptual models were then used to develop 
numerical (i.e., quantitative) representations of the groundwater-flow regimes at these 
scales. Different outputs from these numerical models were used to provide the infor-
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mation needed to perform the safety analysis. This approach explicitly recognizes the 
uncertainty in estimating safety-relevant hydrogeologic properties at. typical (or 
"generic") sites from limited information of a variable and heterogeneous system. The 
crystalline basement of Northern Switzerland (THURY et aI., 1994) is used in this re
port to illustrate the implementation of the approach (Fig. 1-1). 

The four main components of the approach that were followed in the development of 
the most representative hydrogeological input for the safety analyses are summarized 
as follows (Fig. 1-3): 

- hydrogeological conceptual model(s) of the flow system 
- numerical models of groundwater flow at the regional scale 
- numerical models of groundwater flow at the local scale 
- numerical models of groundwater flow at the block (respository/tunnel) scale 

The approach that was followed for the description of groundwater flow at the various 
scales recognises the explicit contributions that discrete water-conducting features 
have on safety-relevant parameters in fractured rocks. Such discrete features influence 
flow at each scale; however, the significance of their influence and hence, the detail of 
their representation, dependends on the scale of interest. The objectives of the analy
ses at each scale, the approach followed and the information available for the 
evaluation of the results are briefly discussed below. 

The approach starts with the definition of one or more conceptual models. These 
models take into consideration all available geologic, hydrogeologic and geochemical 
observations, interpretations, and analyses, and they provide internally consistent de
scriptions of how and where water moves through a volume of rock. In the case of the 
crystalline rock of Northern Switzerland, the relevance of particular water-conducting 
features that are observed in boreholes or inferred from outcrops is dependent on the 
scale of interest. At the regional scale, the entire crystalline-rock section was concep
tualized as an equivalent porous medium (EPM), with a strong depth dependency of 
the hydraulic properties; whereas at the local scale, discrete major water-conducting 
faults (MWCFs) were explicitly included in the model, with the remaining rock volume 
treated as an equivalent porous medium. Similarly, at the block scale, smaller water
conducting features, or transmissive elements (TEs), were explicitly modeled in 
fracture networks. The objectives of the analyses at these various scales are different, 
as indicated below. 

The objectives of interpretation and modelling at the regional scale are to determine 
the general pattern of groundwater flow, the location of major infiltration and exfiltration 
areas, the range of possible dilution fluxes and appropriate boundary conditions for 
smaller-scale analyses. At the regional scale, the predictions of the models were 
compared with equilibrium measurements of groundwater head, temperature and geo
chemical composition from regional boreholes. Average water-conducting properties 
were assumed for modeling purposes, based on an EPM approach. The use of aver
age properties implicitly assumes a certain degree of lateral continuity of the MWCFs. 
The sensitivity of the results to differing assumptions about heterogeneity and bound
ary conditions were analysed using alternative deterministic representations. 

From the results of a regional-scale investigation, it may be feasible to identify distinc
tive sub-areas on the basis of hydrogeologic characteristics. One or more of these sub
areas can then be evaluated at the local scale. In Northern Switzerland, two such sub-
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areas were identified, largely on the basis of borehole results: Area West (based on 
B6ttstein, Kaisten, and Leuggern boreholes) and Area East (based on Siblingen bore
hole). In this report, emphasis is placed on the results from the evaluation of Area 
West, as an example of analysis at the local scale. 

The objectives of analyses at the local scale are to investigate the sensitivity of 
groundwater flow patterns to the position of the MWCFs and to determine a range of 
plausible boundary conditions for smaller-scale analyses. The predictions of the 
models were compared with measurements from regional boreholes but at a greater 
level of detail than for regional-scale analyses. Discrete MWCFs were represented 
explicitly within models of groundwater flow, whereas the remainder of the rock was 
described by an EPM approach. The uncertainty associated with the geometric ar
rangement of the discrete features was treated by using alternative deterministic rep
resentations. The ranges of hydraulic gradients and volumetric fluxes were evaluated 
at arbritrarily located points within the models. 

The objective of analyses at the block (repository/tunnel) scale is to determine the 
range of plausible hydraulic conditions around a typical tunnel. This evaluation includes 
estimates of the number of hydraulically significant features intersecting the tunnel, the 
transmissivity of these features, and local hydraulic gradients. The models at the 
repository scale are conditioned on the data from selected boreholes, and predictions 
of the hydraulic properties of hypothetical boreholes were made as a consistency 
check. The uncertainty in the geometric (e.g. orientation, extension) and hydrogeologic 
properties of discrete water-conducting features was directly incorporated into a sto
chastic fracture network model of the rock block surrounding the tunnel. In order to 
evaluate the potential distribution of groundwater flux through these conductive fea
tures, an approach termed geometric approach was developed. The geometric ap
proach applies the distribution of hydraulic gradients derived from the local-scale 
models to each discrete feature intersecting the tunnel. A dynamic approach, in which 
regional gradients were applied to repository-scale blocks of discrete features to 
simulate the groundwater flux through the network, was used as a way of assessing 
the robustness of the results from the geometric approach. 

1.3 Organization of this Report 

The first step in the evaluation consists of the derivation of hydrogeological conceptual 
models and is described in Chapter 2. The regional- and local-scale hydrogeological 
modeling approaches and overview of the results that are relevant to safety analysis 
are presented in Chapter 3. The description of flow at the repository and tunnel scales 
and the derived safety-analysis properties are presented in Chapters 4 and 5. 

Chapter 4 focuses on the geometric and hydraulic characteristics at this scale, 
whereas Chapter 5 describes the derivation of groundwater flow characteristics. Most 
of the innovative methodology in hydrodynamic modeling that was developed during 
this investigation is associated with the description of flow at this scale, and it is for this 
reason that two chapters are devoted to this scale. Chapters 3-5 also include examples 
of applications of the approaches to the crystalline basement of Northern Switzerland. 
A summary and discussion of significant results and of uncertainties resulting from the 
application of these results to KRI-I are presented in Chapter 6. Chapter 7 presents 
overall conclusions. 
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2 HYDROGEOLOGICAL CONCEPTUAL MODEL: AN EXAMPLE 
FROM THE CRYSTALLINE BASEMENT OF NORTHERN 
SWITZERLAND 

2.1 Definition and Role 

A key issue in assessing the safety of a deep underground repository is the hydro
geological characterization of the geological environment (geosphere), because trans
port of any potentially released radionuclides from the repository would occur princi
pally by groundwater. The hydrogeological characterization, in turn, relies on simplified 
concepts that approximate the complex and heterogeneous hydraulic conditions of the 
system. Hence, the conceptual model3) is defined as a simple but plausible description 
of the real system or processes, in this case, groundwater flow. The development and 
implications of the hydrogeological conceptual model (or models) are illustrated with an 
example from the crystalline basement of Northern Switzerland (see also VOBORNY 
et ai, 1994, App. 3). 

The development and implementation of the hydrogeological conceptual model is a 
major component in any hydrogeological characterization study. The objective of the 
conceptual model is to integrate experimental findings, general field observations and 
hydrogeological understanding, including that obtained from modeling results, into a 
concise set of statements that describes the flow system at various scales of interest 
and that is consistent with the available information. The conceptual description of a 
hydrogeological system and relevant processes forms the basis for numerical models 
and further characterization studies required for assessing the repository performance 
(see Fig. 1-3). The development of such a conceptual model is an iterative process, as 
new data are gathered and earlier judgments are revised. During this evolution, the 
level of uncertainties that are inherent in model generalizations and judgments is con
sequently reduced. 

The hydrogeological conceptual model aids in synthesizing the available information 
into a consistent picture of the flow system, and the model is also used to predict char
acteristics of the flow system that are relevant to the containment and isolation of 
wastes from the biosphere. The principal mechanism for transporting wastes from any 
subsurface disposal site to the point where they may come into contact with individuals 
would be via the groundwater pathway. Therefore, an important objective of the 
hydrogeological conceptual model is to gain an understanding of the volumetric flow 
rate past the waste, the flow-path length between the disposal site and the biosphere, 
the area of ultimate discharge of any water that has passed the waste, the velocity of 
the water along the likely flow path from the waste to the biosphere, and the transport 
characteristics (e.g., the effective transport porosity, the matrix diffusion, and the retar
dation properties of the geologic media) along the likely flow paths. 

The uncertainty in the descriptions of the groundwater flow regime that are relevant to 
safety assessment is in part a function of the sparsity of the available information. But 
the uncertainty is predominantly due to the spatial variability and heterogeneity in the 
hydrogeologic parameters. The role of the hydrogeological conceptual model is to 
provide the most representative/defensible description of the flow system for safety 

3) A complete and internally consistent description of a system or subsystem, based on current understanding and 
knowledge of processes, properties, conditions, and relationships. 
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analyses. To the extent practical, this description should attempt to bound the ex
pected groundwater flow properties. 

The various scales of hydrogeological models that are relevant to defining parameters 
relevant to safety analysis for the crystalline basement of Northern Switzerland are 
illustrated in Fig. 1-3. The regional-scale model provides a general description of the 
overall groundwater flow regime, including major exfiltration zones (Le., the location of 
potential future biospheres) as well as boundary conditions for local-scale models. The 
local-scale models are used to determine: 

1) the likely range of distances from generic repository blocks to major water-con
ducting faults, which are generally deterministic in nature; and 

2) the likely range of hydraulic gradients within the block elements between these 
major water-conducting faults. 

The site-scale (or block-scale) models are of necessity generic, because appropriate 
sites for future investigations have not been identified (THURY et aI., 1994). These 
models provide information on the distribution of volumetric flow rates within discrete 
transmissive elements (TEs) that might intersect underground drifts in these generic 
blocks. 

2.2 Available Hydrogeological Information 

The observations that are available with which to define a reasonably representative 
hydrogeological conceptual model are based almost exclusively on the results of the 
hydrological investigations made in Nagra boreholes, as well as inferences available 
from examination of outcrops of the crystalline basement in Northern Switzerland and 
southern Germany. No direct observations exist of flow paths or flow rates or possible 
inflows to underground drifts. Thus, the assumptions that may impact the distribution of 
fluxes and other parameters of interest within transmissive features that may intersect 
repository drifts must be explicitly identified. 

The hydraulic and hydrogeological information derived from testing and monitoring in 
the Nagra boreholes includes results of in-situ hydraulic tests, laboratory analyses of 
cores, geophysical borehole logs and long-term monitoring of hydraulic pressures. 
Much of this information, which was used to develop the conceptual model of 
groundwater flow, is presented in numerous Nagra technical reports that are summa
rized in THURY et al. (1994). 

2.3 Hydrogeologic Framework4) 

The analysis of the hydrogeologic framework that describes the crystalline rocks in the 
basement of Northern Switzerland is based on a bimodal approach: at each scale of 
interest, the principal water-bearing features are considered explicitly, whereas proper
ties of the background rock are averaged by describing it as an equivalent porous me
dium. On the scale of tens of km 2

, the conceptual model discriminates explicitly 

4) The combination of rock units and structural features that constitutes the geologic medium for transmitting and 
storing groundwater. 
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regional-scale fracture zones (faults), which are considered the principal conduits for 
large-scale groundwater flow. These large tectonic features are designated "Major 
Water-Conducting Faults" (MWCFs). This conceptual component is of primary impor
tance for repository safety, because the MWCFs are considered to represent the main 
conduits for groundwater flow through the geosphere. These features define the 
boundaries of a block volume within which a repository could potentially be sited. Such 
blocks consist of relatively undisturbed crystalline rocks, designated in this context as 
block elements. Block elements include minor structural features, such as local faults, 
fractures, dikes and joints, which are described by an EPM at the block scale (several 
km2

). By making the continuum approximation at this scale, the conceptual model 
implies that these blocks of relatively undisturbed rock are large enough with respect to 
the size of included discontinuities that a representative elementary volume exists, i.e., 
that the assumption of an EPM is appropriate. 

The bimodal characterization of the hydrogeologic framework also reflects the large
scale geomechanic heterogeneity of the crystalline basement, in which the MWCFs are 
zones of major tectonic displacements, and the intervening blocks of intact rock 
constitute relatively inert, rigid blocks. The principal underlying assumptions of this 
approach are that a) the large faults and fracture zones extending over kilometres of 
distance represent major conduits that govern large-scale groundwater flow; and b) 
these faults are deterministic structures that can be identified in space and explicitly 
included in geometric and numerical models. 

A schematic illustration of the conceptual characterization of crystalline rocks is 
presented in Fig. 2-1. In geometric terms, the MWCFs dissect the basement into 
irregular subvertical prisms, or blocks, of variable sizes. 

In the hydrogeologic framework, MWCFs are defined as major water-conducting tec
tonic faults of 1 st and 2nd order, according to the hierarchical classification given by 
AMMANN et al. (1992). Further, the definition includes an option to integrate prominent 
ore dykes into this domain, to account for dykes of several kilometers in length that 
have been observed in the southern Black Forest. Although no ore dykes were 
detected in the deep boreholes in Northern Switzerland, they are included in the 
conceptual model by analogy with the Black Forest. 

A block element consists of the volume of little-disturbed or intact rock that occurs 
between MWCFs. As schematically shown in Fig. 2-1 (bottom), such a block element 
includes the crystalline-rock matrix and a large variety of structural features, described 
below. As indicated in Fig. 2-1 (top), block elements are subdivided into two units. 
These units correspond to the higher-permeability domain (HPD) and the underlying 
low-permeability domain (LPD). The two domains have different geologic and hydraulic 
properties, as observed directly from Nagra boreholes. The HPD has an average 
thickness of about 500 m. The LPD was identified as the potential host unit for a 
repository on the basis of its favourable hydrological properties. A block element is 
characterized by a single average property by using a continuum approximation 
throughout the entire block volume. 

At a much smaller scale (several 100s of meters), groundwater flow and transport 
through the LPD occurs principally through a complex network of discrete features 
(Fig. 2-1, bottom). These features are minor and include local faults, joints, vugs, mag
matic dikes and veins (grouped in the three types water-conducting features described 
in THURY et aI., 1994). Some of these features transmit groundwater; these were 
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identified on the basis of inflow points in borehole hydraulic tests and peaks in fluid
logging graphs (Fig. 2-2). These discontinuities have various origins and geometric, 
mineralogical and hydraulic properties. However, an analysis of borehole data has 
shown that no correlation exists between transmissivity and other geometric and 
petrographic properties (VOBORNY et aI., 1993). Hence, for the purpose of characteri
zation of advective flow, the water-conducting features are treated indifferently in the 
conceptual and numerical models as generic transmissive elements (TE's). Hydraulic 
parameters for the principal crystalline-rock components of the conceptual model are 
shown in Tab. 2-1. 

2.4 Groundwater Flow 

The assessment of the groundwater flow field is based on results of numerical model
ing and supporting direct observations. The modeling results were evaluated in the 
perspective of safety-analysis needs, i.e., emphasizing direction of flow, average gra
dients and discharge locations. 

On a regional scale, groundwater in the crystalline rocks of Northern Switzerland flows 
from the major recharge area, the southern Black Forest, toward the principal dis
charge area, the Rhine River, west of the Aare River (Fig. 2-3). Other potential sources 
of groundwater in the crystalline basement are upward basal flux along the margin of 
the Permo-Carboniferous trough (PCT), lateral inflow from the PCT, and downward 
leakage from the overlying Permian and Mesozoic sediments (Fig. 2-1). These sources 
have been invoked to explain various observations, but direct field evidence is lacking 
and their occurrences are highly uncertain. 

Local discharge from the crystalline basement may occur in the Wutach River and 
where crystalline rock is exposed in tributaries north of the Rhine River (Fig. 2-3). Dis
charge to the Wutach River may be along faults that transect the Mesozoic sedimen
tary units that occur between the crystalline rocks and the river and its alluvium. Flow 
generally is lateral in the major water-conducting faults and in the higher-permeability 
domain. 

Model results suggest that a groundwater divide may occur in the eastern part of the 
region, east of the Siblingen borehole. If so, east of the divide, flow is toward Lake 
Constance. In this area, it is hypothesized that the crystalline basement aquifer is 
hydraulically connected to the Muschelkalk aquifer across a regional fault with a large 
vertical displacement (Randen fault; see Fig. 2-3). The discharge site of this aquifer 
probably is the Neckar River. West of the divide, flow is toward the Rhine River. 
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Low-permeability domain of crystalline basement (LPD) 

Higher-permeability domain of crystalline basement (HPD) 

Major water-conducting faults (MWCFs) 

Mesozoic sedimentary cover 

Permo-Carboniferous Trough (PCT) 

Rhine River / Quaternary gravel 
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Water-conducting features 
(transmissive elements): 

-100 m @ cataclastic zones 

L..J.LL.L.:L--"-'---'-.L....L..J'--_--L::>..L.-______ -'---i @ jointed zones with open joi nts 

Fig. 2-1 

@ fractured dykes 

Hydrogeological conceptual model of crystalline rocks, Northern Switzer
land (THURY et aI., 1994) 
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Tab. 2-1 Hydraulic parameters of crystalline-rock components, derived from bore
hole data (VOBORNY et aI., 1993) 

3 

4 

5 

Parameter 

LogT or logK1 Tor K1 

Mean Standard Mean Standard 
Deviation Deviation 

A. Water-conducting features2 (T [m2/s]) 

Within MWCFs -6.32 0.9 4.1 E-6 1.1 E-S 

In block elements 

Area WestS Upper unie -6.17 1.1 4.4E-6 B.SE-6 
(BOE, KAI, LEU) 

Lower unit4 -9.24 0.4 9.4E-10 1.1 E-9 

Area East Upper unit -S.42 0.7 1.3E-S 2.3E-S 
(SIB) 

Lower unit -6.94 O.S 2.0E-7 1.9E-7 

B. Matrix (K [m/s]) -11.6 0.9 1.7E-10 6.3E-11 

T, transmissivity of water-conducting features [m2/s] 
K, hydraulic conductivity of crystalline-rock matrix [m/s] 

ct. Fig. 2-1 

Designated "higher-permeability domain II 

Designated "Iow-permeability domain" 

The Western part of the Nagra Investigation area (Fig. 1-1); it is south of the Rhine River 
between Kaisten and Koblenz and north of the deep Permo-Carboniferous Trough. Area 
West is characterised by data from the Kaisten, Leuggern and B6ttstein deep boreholes; its 
tectonic and hydrogeologic conditions are different from the ones in Area East (represented 
by the Siblingen borehole) (see also THURY et aI., 1994) 
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Fig. 2-2 Relation between transmissivity of water-conducting features and depth 
below top of crystalline basement (VOBORNY et aI., 1993) 



"'Tl cO· 
I\:) 

I 

eN 

CO 
"00" 
"000 
~ CD 
"0< 
0> CD 
::1.0.. 
0-_""""'i 
.-+CD 
::::rOO 
CD::::r 
() :§: 
-.<0> 00'-+ .-+CD 0> ....,. 
:=: ::::r 
::::J CD 
CD 0> 
0"0.. 

~ 0> 
CD ::::J 
30.. 
CD -. 
::::J ::::J 
.-+

........... CD 
<~ 
OCD 
(Do.. 

0"0 
::09-
ZCD 
-<3-
CD o· 
.-+3 
0> CD . .-+ 
~ ....,. 
-I.. o· 
<Coo <C c 
~~ 
. 0> 

() 
CD 

s· 
.-+ 
::::r 
CD 

~ 
650 

o km 5 
290 + Metma R. 

Schwarza R. 

GOE 
• 

891 

EXPLANATION 

Outcrop area of crystalline basement 

-400- Line of equal altitude of potentiometric surface, 
in meters above sea level. Contour interval variable. 

+ 270 

690 

~ o 

'il''il'O "" 

~ 

SIB Borehole location and name with observed freshwater 
• 441 head in upper part of crystalline basement 

(GOE = Gohrwil; SAE = Sackingen; 
RKK = Koblenz; ZUR = Zurzach) 

Z » 
G) 
::0 » 
Z 
--i 
(D 

<C 
W 

I 
-I.. 

.,J:::.. 

(J) 



17 NAGRA NTB 93-14 

3 GROUNDWATER FLOW AT THE REGIONAL AND LOCAL 
SCALES: EXAMPLE FROM THE CRYSTALLINE BASEMENT OF 
NORTHERN SWITZERLAND 

3.1 Definition and Role of Models 

The overall groundwater flow regime within an area of potential interest for the siting of 
a nuclear waste repository may be described at various scales. The general flow 
regime includes the areas of infiltration and exfiltration and the average flowpaths from 
potential siting areas to the exfiltration regions. This regime can be described using 
regional- and local-scale models. These models utilize plausible regional potentiomet
ric boundaries, which include surficial drainage divides and inferences of the potential 
hydrogeologic controls caused by major structural or stratigraphic features. At these 
scales, all direct and indirect indications of the overall flow regime are incorporated, 
including potentiometric heads observed in boreholes, geochemical indicators of 
groundwater mixing, and age dating. The regional-scale models are used to provide 
boundary conditions for the local-scale models. These in turn are used to define the 
boundary conditions or the range in possible hydraulic gradients for the block-scale 
models. At the block scale, the range of advective fluxes through individual water-con
ducting features that may potentially intersect repository drifts" is described. 

As the scale of modeling is refined, the level of detail that is incorporated is increased. 
For example, the largest of the MWCFs (1 st order) are incorporated at the regional 
scale (THURY et aI., 1994), while all MWCFs are deterministically incorporated within 
the local-scale model. Those features that are not explicitly incorporated by discrete 
elements of the numerical representation are included by defining effective equivalent 
continuum properties of the three-dimensional elements comprising the block "matrix". 

This Chapter presents the results of regional- and local-scale hydrogeological flow 
models that were developed for the crystalline basement of Northern Switzerland. 

The regional- and local-scale hydrogeological conceptual models are based on in
ferences made from the outcrops of the crystalline rocks combined with observations 
of hydrogeologic and geochemical properties and hydraulic heads made in Nagra and 
other boreholes. The various sources of information were combined into a numerical 
model of the flow regime, including infiltration areas, exfiltration areas and general flow 
paths and mixing ratios. The model was exercised to evaluate the sensitivity in the flow 
regime to uncertainties in the properties and boundary conditions. Although discrete 
major water-conducting features (corresponding to major faults or other tectonic 
disturbances) may be treated explicitly at this scale of analysis, considerable uncer
tainty exists regarding the positions and geologic and hydrogeologic continuity and 
homogeneity of these features. Deterministic sensitivity analyses were conducted to 
evaluate the robustness of the numerical model to describe the overall groundwater 
flow regime as well as the plausible range in parameter values for safety analysis. The 
following discussion presents the regional- and local-scale analyses that were con
ducted to investigate the groundwater flow regime in the crystalline basement of 
Northern Switzerland. A more detailed presentation is documented in VOBORNY et al. 
(1994). 
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3.2 Regional Groundwater Flow 

Results of regional-scale modeling, in combination with hydrologic observations, pro
vide insights into regional groundwater flow and serve as a satisfactory basis for 
development of smaller-scale models. Model results support the conceptual model of 
regional flow from recharge areas in the southern Black Forest toward discharge areas 
along the Rhine River (Figs. 3-1 and 3-2). In general, simulated flow directions, hori
zontal gradients, and fluxes seem reasonable based on observed geochemistry and 
hydraulic potentials (THURY et aI., 1994). 

The groundwater divide that is simulated in the eastern part of the region is a feature 
that was not envisioned in the original conceptual model of the regional flow regime 
(see Fig. 2-3). In the base case of the model, the simulated divide is slightly east of the 
position of the Siblingen borehole (Fig. 3-2). A further reduction of the assigned heads 
along the eastern boundary results in a westward shift of the simulated divide. Under 
these conditions, groundwater flows from the Siblingen site toward the eastern bound
ary. Such a very low value of head along the eastern boundary probably is not realistic. 
However, data do not exist that would confirm or contradict either the occurrence or 
the location of such a groundwater divide. Thus, the question of whether groundwater 
from Siblingen leaves the region to the east is unresolved. 

Also on the basis of model results, the occurrence of a SUbstantial basal flux or lateral 
inflow from the Permo-Carboniferons Trough (PCT) is uncertain. This structural feature 
was simulated in the regional-scale flow model as a IIdisturbed zonell (OZ, Fig. 3-2). 
Hydrochemical observations confirm other model results that indicate that widespread 
downward leakage from the Mesozoic sedimentary cover (Fig. 2-1) into the crystalline 
units is unlikely (THURY et aI., 1994). 

Some uncertainty also exists about the occurrence, magnitude, and direction of the 
vertical gradient in the crystalline rocks in Area West5

) An upward gradient would be 
expected directly beneath the Rhine River discharge area, and this condition is simu
lated by the model. The observed head distributions in the B6ttstein' and Kaisten bore
holes suggest that a large upward gradient may exist elsewhere in Area West. In con
trast, the observed heads in Leuggern, which is actually nearer than B6ttstein to the 
discharge area, do not indicate an upward gradient at that site. The observations at 
one or more of these boreholes may, in fact, reflect local conditions that are not rep
resentative for the entire Area West. 

3.3 Local Groundwater Flow 

An evaluation was conducted of the groundwater flow system at a local scale - on the 
order of tens of square kilometres - in the western part of the Northern Switzerland 
(NAGRA, 1994b). In this evaluation, a IIhybridll modeling approach was utilized, in 
which each of the principal hydrogeologic units is treated as an equivalent porous me
dium, and major water-conducting faults are described explicitly (Figs. 1-3 and 3-3). 

5) Area West: The Western part of the Nagra Investigation area (Fig. 1-1); it is south of the Rhine River between 
Kaisten and Koblenz and north of the deep Permo-Carboniferous Trough. Area West is characterised by data from 
the Kaisten, Leuggern and 86ttstein deep boreholes; its tectonic and hydrogeologic conditions are different from 
the ones in Area East (represented by the Siblingen borehole) (see also Thury et aI., 1994). 
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In this model, hydraulic boundaries, fault geometries, unit contacts, and the distribu
tions of hydraulic properties are considered to be representative of those that occur in 
Area West, in the vicinity of the B6ttstein, Leuggern, and Kaisten boreholes. However, 
the positions of these features in the model do not necessarily correspond to true geo
graphic locations; thus, the modeled area of interest is referred to in generic terms as 
Area West. 

Model results indicate that groundwater flow characteristics at the local scale depend 
significantly on the frequency of major water-conducting faults. These faults act as the 
principal flow conduits, and their frequency determines the size of the intervening block 
elements of low-permeability domain. In three of the four scenarios that were evalu
ated for different fault frequencies, most block elements of low-permeability domain 
are small enough that the distributions of hydraulic head with the elements are con
trolled by the distributions of head in the adjoining faults. The scenario with the 
greatest fault frequency is termed the full scenario (Fig. 3-3a). Only in the scenario 
with the smallest fault frequency (the sparse scenario) do block elements occur that 
are large enough to have local flow conditions within a block element that are inde
pendent of the major faults (Fig. 3-3a). 

If the frequency of major water-conducting faults is relatively large in the crystalline 
rocks in Area West of Northern Switzerland (e.g., full scenario, Fig. 3-3a), then the 
following groundwater flow conditions probably occur: 

1. Horizontal flow toward the northwest predominates, except in the deep part of 
the flow system and near the discharge area, where upward flow predominates; 

2. Most flow from points within blocks of the low-permeability domain is lateral to
ward major water-conducting faults; 

3. Some flow from the central parts of larger blocks is upward toward the higher
permeability domain; 

4. Relatively short flow paths occur from narrow marginal zones, where flow is di
rectly to the adjoining faults; and 

5. Relatively long flow paths occur from points near and downgradient from major 
water-conducting faults, and from deep points in the central parts of blocks. 

If the frequency of major water-conducting faults is relatively small (similar, for exam
ple, to the frequency in the sparse scenario of the mode!), then the following ground
water flow conditions probably occur: 

1. In the faults and higher-permeability domain, horizontal flow components pre
dominate; 

2. In the low-permeability domain, vertical flow components predominate, and flow 
in the block elements generally is upward toward the overlying higher-permeabil
ity domain; only in the peripheral zone of the block elements is the flow lateral 
toward bounding faults; and 

3. Generally, flow path lengths are shorter but more predictable than if the fault 
frequency is large. 
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Fig. 3-2 Vertical distribution of simulated hydraulic head along selected profiles, 
regional-scale model (VOBORNY et aI., 1994). See Fig. 3-1 for locations 
of lines of section 
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Considerable uncertainty exists as to which condition of fault frequency correctly 
describes Area West, because little information exists concerning the frequency of 
faults that are classified as major water-conducting faults. A comparison of model 
results with observations (for example head gradients in the B6ttstein and Leuggern 
deep boreholes) indicates that actual conditions are better represented by reduced 
fault frequencies, similar to those of the sparse scenario (VOBORNY et aI., 1994). 

3.4 Hydraulic Gradients 

The key model output from local-scale flow models for input to safety-analysis calcula
tions is the likely range of hydraulic gradients within undisturbed blocks, as a function 
of variable fault frequency. By considering the two bounding geometric scenarios, full 
and sparse, a statistical distribution was obtained for each case by calculating gradi
ents at each node that is located at the hypothetical repository depth of 500 m below 
the top of the low-permeability crystalline domain within the block elements. The gradi
ent distributions are illustrated in Fig. 3-4, and the histograms of these distributions are 
shown in Fig. 3-5. 

3.5 Dilution6
} 

An additional relevant issue for safety considerations is the distribution of flux between 
the low-permeability block elements (potential host rock) and the bounding permeable 
faults. In order to obtain a statistically relevant and site-independent distribution, 
numerous small block volumes (1 x 1 x 0.5 km) were computer-generated as individual 
sub-models, or boxes, and randomly distributed over the model area at the potential 
repository level. In each box, Darcy fluxes were calculated separately for the low-per
meability blocks and the faults (VOBORNY et aI., 1994). A flux ratio between the tw-o 
units was obtained at all common nodes along the interface (Fig. 3-6). Moreover, the 
volumetric flow through each box was calculated by integrating Darcy fll:Jxes over the 
corresponding area. The important statistics of the resulting distribution of volumetric 
flow over all boxes is shown in Tab. 3-1. 

Based on the flux ratios, the dilution of groundwater entering major water-conducting 
faults from the low-permeability domain is conservatively estimated to be about 100-
1000 (Tab. 3-1, no. 4, full scenario). This analysis considers ranges of variables that 
could affect the relevant control volumes (Fig. 3-6). 

The dilution of groundwater entering the higher-permeability domain from the under
lying low-permeability domain (OHPo/OLPO) depends on the degree of mixing in the 
upper unit - the greater the degree of mixing, the larger the dilution. If a small amount 
of mixing is conservatively assumed, the range of this dilution is also about 100-1000 
for the full scenario. 

6) The groundwater dilution is calculated here for comparative purposes. In the performance assessment chain of 
models the biosphere is treated in a more elaborate manner (NAGRA, 1994b). 
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* T = transmissivity 
K = hydraulic conductivity 

Fig. 3-3 a) Local-scale model, Area West, level B; summary of main components and 
definition of the two bounding scenarios, full and sparse 

b) Simplified section showing boundary conditions, geometric relationships 
and hydraulic properties, local-scale model, Area West (VOBORNY et aI., 
1994) 
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Fig. 3-4 
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Simulated horizontal hydraulic gradient in the low-permeability domain, 
local-scale model, Area West: full scenario (top), sparse scenario (bottom) 
(VOBORNY et aI., 1994) 
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Fig. 3-6 
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LPD and fault 

QLPD,QMWCF: volumetric flow in LPD 
and fault 

b, w, h : width, length, and height 
of control volumes 

qF 
Flux ratio = - = D 

qL 

Dilution 
= Q MWCF _ q F . b . w _ D E 

Q LPD - q L . h . w - h 

Definition of control volume used for the estimation of dilution from low
permeability domain to major water-conducting faults (VOMVORIS et aI., 
1992) 

In order to assess the dilution in the biosphere, a study was conducted by STAuBLE 
(1993) to characterize the surficial aquifer along the Rhine River, where exfiltration is 
expected to occur. The Rhine River alluvium is a broad aquifer that is in contact with 
the crystalline bedrock for approximately 20 km between Waldshut and Stein
Sackingen. In the study, this aquifer was characterized at selected sections perpen
dicular to the main flow, on the basis of compiled data from existing groundwater ex
ploration and production wells. The volumetric flux across each section was deter
mined from the estimated cross-sectional area, the average hydraulic conductivity of 
the alluvium and the observed hydraulic gradients. The Darcy fluxes in most of this 
area were estimated to be about 10-5 m/s. In the Frick River valley, larger gradients 
probably occur, and a Darcy flux of 10-4 m/s was estimated. Volumetric fluxes were 
evaluated for three sections between Laufenburg and Sackingen. The values range 
from 0.05 m3/s through the upper narrow section at Laufenburg (0.7 km long) to 0.65 
m3/s at the downstream section between Laufenburg and Stein (7.3 km long). The 
latter section, which also includes a large stream of the Frick River valley (0.36 m3/s) 
and lateral discharge from the bedrock, was used to obtain the average volumetric flow 
through the biosphere (OSlO)' of 5.5 . 106 m3/a. For comparison, the average volumetric 
flux in the Rhine River at Rheinfelden is about 1000 m3/s, or 3.2 . 1010 m3/a. 
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Tab. 3-1 Distribution of simulated Darcy fluxes in second-order faults and in low
permeability domain, local-scale model, Area West - full scenario and 
sparse scenario 

Parameter Full scenario Sparse scenario 

1. Darcy flux in second-order major water-conducting faults (MWCF), qF[m/S] 

Mean 1.9.10-9 6.7.10-9 

Range (approx.) 3.5.10-10 - 6.1 .10-9 9.0· 10-11 - 5.0.10-8 

2. Darcy flux in low-permeability domain (LPD), qL[m/s] 

Mean 1.0.10-12 3.2.10-12 

Range (approx.) 4.0 . 10-13 - 3.0 . 10-12 5.0 . 10-14 - 3.0 . 10-11 

3. Flux ratio at MWCF-LPD interface qF/qb D [-] 

Mean 1920 1950 

Range (approx.) 400 - 5000 100 - 9000 

4. Dilution of groundwater at MWCF-LPD interface, QMWC~QLPD [-] 

Mean 400 400 

Range (approx.) 100 - 1000 20 - 2000 
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4 GEOMETRIC AND HYDRAULIC CHARACTERISTICS OF 
TRANSMISSIVE ELEMENTS AT THE BLOCK SCALE 

The geometric distribution and hydraulic properties of water-conducting features, or 
transmissive elements, controls groundwater flow within the block elements that occur 
between the major water-conducting faults. It is at the block scale that the distribution 
of transmissive elements that have been observed in discrete borehole test intervals is 
described. It is also at this scale that the distribution of transmissive elements that 
intersect potential repository drifts, as well as the groundwater flux within these fea
tures, is estimated. The aim of the block-scale model is, therefore, to evaluate the 
range in expected flow-path lengths and flow rates from hypothetical repository drifts to 
the more permeable major water-conducting faults, which are assumed to determine 
the layout of a repository. 

It is appropriate at the regional and local scales to average the hydraulic properties of 
discrete water-conducting features to develop equivalent continuum properties of the 
block elements. However, as the scale of interest is refined, groundwater flow in these 
features needs to be quantified. Groundwater flow within the features depends on (1) 
the geometric and hydraulic properties of the individual features, (2) the local-scale 
gradient across the features network, and (3) the gradient distribution within the indi
vidual features. In this chapter, the geometric and hydraulic properties of the individual 
features are described along with a method for determining the possible distribution of 
TEs in the geosphere in the vicinity of an underground drift and for determining the 
range in their hydraulic characteristics. These properties of the TE system are then 
used to make (conservative) estimates of the range of groundwater fluxes within indi
vidual TEs that might be expected to intersect any underground drifts. 

This chapter describes the geometric and hydraulic characteristics of a hypothetical 
block of crystalline rock in Northern Switzerland (Area West). Estimates of ground
water fluxes in individual features and in tunnels are presented in Chapter 5. 

4.1 Hydraulic Properties of Transmissive Elements: Observations 

Discrete water-conducting features occur at numerous locations within the crystalline 
rocks penetrated by the boreholes in Northern Switzerland (Fig. 1-1). The locations of 
these features were identified on the basis of packer-testing results, which in turn were 
confirmed by fluid logging and other direct inferences from geophysical logging and 
observations of the core. These discrete features have variable thickness and orien
tation and are caused by different tectonic processes. Transmissivity ranges from 
about 10-10 m2/s to 10-4 m2/s (Fig. 4-1). Between these discrete zones of groundwater 
flow, the crystalline rock mass has "matrix" hydraulic properties. Although this "matrix" 
may actually contain discontinuities in the rock, these discontinuities are not signifi
cantly water-conducting in these locations. The average "matrix" hydraulic conductivity 
determined from packer testing ranges from 10-13 m/s (the lower practical detection 
limit of the test equipment) to about 10-10 m/s (Fig. 4-1). An apparent average "matrixll 

hydraulic conductivity of 10-10 m/s is equivalent to a transmissivity of 10-9 m2/s over a 
packer-test interval of 10m; that is, the upper end of the range of IImatrix" hydraulic 
conductivities overlaps with the lower end of the TE transmissivity. On the basis of fluid 
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logging, however, for intervals having similar hydraulic properties, a distinction can be 
made between those that have a discrete inflow point and those that do not. 

The occurrence of discrete water-conducting features in the subsurface crystalline 
rocks of Northern Switzerland was anticipated on the basis of surficial observations 
and other underground excavations and testing in crystalline basement rocks around 
the world. What remains uncertain is the lateral extent of these features, the degree of 
interconnectivity, and the heterogeneity within them. Unfortunately, individual hydraulic 
tests conducted over a few hours from boreholes cannot resolve these issues. How
ever, by assuming that observations in boreholes are representative of conditions 
within a typical block, it is possible to approximate the geosphere in the vicinity of po
tential repository drifts. Such an approximation is based on the conceptual representa
tion of the frequency and orientation of these features, as derived from borehole ob
servations, and is based on various assumptions regarding the size of each TE as well 
as the transmissivity distribution within and between the TEs. 

Due to the variability in the orientation, size and hydraulic properties within and be
tween features, it is not useful to generate a single representation of the TE distribution 
within the geosphere. It is more appropriate to represent this variability by a series of 
stochastic realizations of the TEs in the geosphere. In such stochastic analyses, each 
realization is as equally likely to be representative as the next. In this approach, the 
aim is to define the range of possible geospheres and, therefore, the range of possible 
hydrogeologic conditions that might be encountered in the vicinity of underground drifts 
associated with a possible repository in the crystalline basement. 

4.2 Description based on the Conceptual Model 

As described in general in Chapter 2, the hydrogeology of fractured crystalline rocks is 
dominated by the extent and water-conducting ability of the discontinuities within the 
rock mass. The significance of the individual discontinuities and their method of repre
sentation in the conceptual model is, however, a function of the scale of interest and 
the objectives of the analyses (see Fig. 1-3). At the regional scale, whereas the first
order major water-conducting faults are treated explicitly, second-order faults and other 
smaller features are approximated by using effective equivalent hydraulic properties. At 
the local scale, the first-order major water-conducting faults serve as boundaries (with 
the specified boundary conditions being derived from the regional-scale model), the 
second-order major water-conducting faults are treated explicitly, and the remaining 
smaller features are again incorporated using effective equivalent hydraulic properties. 
At the block scale, the second-order major water-conducting faults serve as bounda
ries (with the specified boundary conditions being derived from the local-scale model), 
and the water-conducting features are modelled explicitly. Given the observed 
variability in the geometric (size and orientation) and hydraulic (transmissivity) proper
ties of water-conducting features, they are modelled stochastically as transmissive 
elements at the block scale. 

At the block scale, the conceptual model presented in Chapter 2 is formulated in detail 
by the following series of hypotheses related to the continuity and extent of the water
conducting features within the block: 

1) Groundwater flow in the crystalline basement occurs only in networks of discrete 
transmissive elements (TEs). 
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Fig. 4-1 Relation between (1) log transmissivity of water-conducting features and 
log hydraulic conductivity of the matrix, and (2) depth below the top of the 
crystalline basement (VOBORNY et aI., 1994) 
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Numerous geologic/tectonic discontinuities have been identified in the deep 
Nagra boreholes in the crystalline rocks. Only a small fraction of these features is 
transmissive (defined as having transmissivities greater than 10-10 m2/s) , and 
their average transmissivity?) is about 10-7 m2/s (Fig. 2-2 and Fig. 4-1). The rock 
mass between these discrete features generally has an extremely low hydraulic 
conductivity (less than 10-10 m/s; average about 10-12 m/s). Thus, the contribution 
of this rock matrix to the bulk water flow through a volume of rock can be 
neglected in comparison to the much more conductive TEs. The assumption that 
flow is controlled by an interconnected network comprised of discrete TEs is not 
at all unique to the crystalline rocks of Northern Switzerland, but has been ap
plied to crystalline rocks at several sites in Sweden, including the Stripa Mine, the 
Finnsjon site (SKB 1992), and the Aspo Hard Rock Laboratory. Similar analyses 
have also been used to describe groundwater flow of sites in Canada 
(GOODWIN et. aI., 1993), Finland (VIENO et. aI., 1992) and Japan (PNC, 1992). 

2) The TE system can be treated as a network of multiple planar features, each of 
which has limited extent. 

The geological features that comprise the transmissive elements are considered 
to be approximately planar and generally pinch out. This hypothesis is based on 
knowledge of the geologic/tectonic controls on the generation of the features that 
are observed to be transmissive as well as with direct observations of similar 
features at the surface in crystalline outcrops in southern Germany. Hydraulic 
testing in the deep boreholes was generally of insufficient duration to observe 
hydraulic boundaries. The orientations of the TEs were inferred from 1) direct 
observations made in the Nagra boreholes that intersect these features, and 2) 
inferences made from surficial observations and major tectonic stress fields to 
which the crystalline basement has been subjected since its formation. The 
variability and uncertainty in the size and orientation of any particular TE can only 
be captured by stochastic analyses. 

3) Each TE can be appropriately treated as having a fixed geometry and uniform 
(Le., homogeneous and isotropic) hydraulic properties. 

Hydraulic tests conducted in boreholes that intersect transmissive elements are 
interpreted to identify a unique transmissivity that is representative of the entire 
TE. In reality, however, discrete TEs probably are highly heterogeneous, dis
continuous, and anisotropic (FRICK et aI., 1988; RASMUSON & NERETNIEKS, 
1986). Currently, no information exists of the expected lateral variability of 
transmissivity within a particular TE. Such information could only be derived by 
conducting multiple cross-hole hydraulic tests with a TE. Furthermore, no infor
mation exists on the expected lateral continuity or extent of the features. Thus, 
assumptions must be made on the continuity and extent, and evaluations must 
be made on the impacts of these assumptions on the results that are provided to 
safety analysts. 

?) no distinction yet between HPD, LBO and MWCFs has been considered 
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4) Borehole measurements may be appropriately used to make unbiased estimates 
of TE frequency, orientation and transmissivity. 

Inferences on the relevant geometric and hydraulic properties of the TEs are 
constrained by observations made in the deep crystalline boreholes. The repre
sentativeness of predictions is determined by the representativeness of the data 
with which to build the conceptual model. As noted above, some of the key 
information required to describe the TE network is not observable or inferrable 
from the borehole test information. This lack is particularly true of the lateral 
extent and continuity or homogeneity of the TEs. 

5) The presence of the drift and any associated excavation-induced disturbed zone 
around the drift has an insignificant impact on the flow system in the vicinity of 
the drift. 

Stress relief caused by the excavation of the drift will cause a geomechanical 
response of the rock mass that could, in turn, affect the hydraulic properties of 
the matrix and TEs in the vicinity of the drift. However, these effects are assumed 
to be hydraulically insignificant, i.e, it is assumed that the groundwater will still 
flow predominantly in the WCFs and not in the II matrix" in between. The potential 
impact of this hypothesis is evaluated in sensitivity analyses presented in section 
5.3. 

All of the hypotheses presented above except the second one (which is also related to 
No.3) seem to be reasonable, based on observations made in the Nagra boreholes8) . 

The exception, which is expected to impact the derived distribution of flux through 
repository drifts, relates to the size and lateral continuity of the TEs. These two prop
erties are related: a small TE which is permeable over its whole surfface is analogous 
to a larger TE that has discontinuous hydraulic properties. That is, the net effect on the 
flow regime is the same whether the TE pinches out due to geologic/tectonic effects or 
simply due to lateral variability of flow apertures. The impacts of various assumptions 
about lateral continuity and size were evaluated in a series of sensitivity analyses that 
is presented in section 4.5 and section 5.3. 

These properties are difficult to detect directly or to infer from single-borehole obser
vations. Most of the hydraulic tests conducted in Nagra deep boreholes stress a rock 
volume with a radius of less than 20 meters; the actual volume is a complex function 
that depends on the transmissive properties of the TEs, the type and duration of the 
test, and the dimensionality of the flow system, among other factors (GUYONNET et 
aI., 1991). The lateral extent of transmissive features could be better approximated in 
the future by conducting longer-duration tests (packer tests and/or fluid-logging sur
veys), cross-hole hydraulic tests, or by direct observations of inflows into underground 
drifts. 

8) Hypothesis 5, for example, seems reasonable based on the packer tests performed in the boreholes; a significant 
"excavation" disturbed zone would have led to packer by-pass during testing, which has not been observed. 
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4.3 Method of Analysis 

In the context of repository-performance assessment, the object of interest is the dis
tribution of flow through transmissive elements as a function of their geometric and 
hydraulic properties. A completely deterministic assessment of this flow would require 
the explicit knowledge of the position, orientation, length and transmissivity of all water
conducting features that would be intersected by a repository tunnel. Such site-specific 
information can be obtained only after the construction of the underground drifts and 
caverns. It is possible to evaluate the statistical occurrence and properties of these 
features by incorporating them in stochastic network models. This stochastic approach 
to the depiction of fracture networks relies on a statistical database that is derived 
directly from borehole observations and other geologic information (for example, out
crops). 

Although the possible geometric distribution of transmissive elements in any given 
volume of rock may be inferred from the intersection of such features with boreholes, 
significant uncertainty still remains regarding the lateral continuity (i.e., size) of the 
individual features. The lateral extent strongly affects the likelihood of intersecting 
other similar features. This network in turn controls the continuity of the groundwater 
flow paths between the potential repository area and major water-conducting faults, 
which may provide a short circuit to the biosphere. The potential effects of discon
tinuous transmissive elements is addressed by the dynamic network simulations pre
sented in Chapter 5. 

The numerical discontinuum model NAPSAC was used to integrate the statistical 
information from boreholes into a stochastic framework of discrete TEs, referred to as 
the fracture network. By using the discontinuum approximation, it is assumed that the 
low-permeability domain of crystalline rocks corresponds to a purely fractured medium, 
i.e., the rock matrix has a negligible hydraulic conductivity as compared to the 
fractures. On the basis of statistical input data, the NAPSAC code (GRINDROD et aI., 
1991) generates a network of square planar elements, with each element described by 
its center-node position, size (half side-length), orientation and transmissivity (uniform 
or varying). Each planar element has a discrete value for each of the above properties 
that has been sampled from the prescribed statistical distribution. These distributions 
are based on direct observations made from the intersection of these features with 
boreholes. By means of Monte-Carlo simulations, i.e., by generating many inde
pendent fracture networks based on the statistical input derived from borehole data, 
the uncertainty and observed variability in fracture properties (orientation, size, aper
ture/transmissivity) can be represented. 

The NAPSAC model allows for the incorporation of all relevant geometric and hydraulic 
properties of the TEs that are believed to affect the distribution of groundwater fluxes 
at the block scale. The uncertainty is taken into consideration by generating multiple 
realizations of the TE distribution - the likelihood of each one of these depends on the 
statistical distributions. Using these realizations, the intersections of simulated TEs with 
hypothetical repository tunnels can be directly determined. From the calculated inter
sections, the following output was obtained (see Tab. 4-1): 
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1. Number of TEs intersected in a tunnel section (for illustration purposes, a repre
sentative tunnel section 500 m long that is 5 m x 5 m in cross section is con
sidered) 

2. Trace length of each TE that intersects the tunnel section 

3. Transmissivity of each TE that intersects the tunnel section 

4. Conductance (transmissivity times half of the trace length) of each TE that inter
sects the tunnel section. Conductance effectively defines the water-transmitting 
ability of the intersected TE. 

5. Effective water travel paths and path lengths from the tunnel section to the 
boundaries of the block and the number of TEs intersected along the effective 
path length. 

Tab. 4-1 Description of geometric and hydraulic output and input from stochastic 
model of TEs at the block scale 

Output Input 

Geometric I hydraulic Format Source Format 
characteristics 

1. Number of TEs inter- Mean number per Direct NAP SAC Density of TE (P32) 
sected in tunnel section, SOO m of tunnel output Size of TE 
N [-] Orientation of TE 

2. Trace length of each TE Trace length Direct NAP SAC Density of TE 
intersecting tunnel, Lj distribution per output Size of TE 
[m] SOOm; Orientation of TE 

Mean trace Size of tunnel (SmxSm) 
length per TE 

3. Conductance of each Conductance Combine NAP- Trace length (Lj) 

TE intersecting tunnel, distribution (Cj) SAC output with Transmissivity (Tj) 

Cj = Tj • L/2 [m3/s] per sao m; transmissivity 
Mean conduc- distribution 
tance per TE; 
cumulative con-
ductance over 
SOO m 

4. Tortuosity = Ratio of Distribution of Direct NAP SAC Density of TE 
effective path length to effective path output Size of TE 
direct path length [-] lengths Orientation of TE 

Transmissivity of TE 

S. Number of TEs along Distribution Direct NAP SAC Density of TE 
effective path length, (number per output Size of TE 
N [-] path) Orientation of TE 

Transmissivity_ of TE 

6. Direct path length from Maps of path Post-processing Velocities from local-
tunnel to block bound- lengths; of local-scale scale models 
ary (MWCF) [m] Assume min. = hydrogeologic 

100 m model results 
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In the following, the methodology described above is demonstrated through an appli
cation to the crystalline rocks that are representative for Area West of Nagra's investi
gation region in Northern Switzerland. As discussed in Chapter 3, the low-permeability 
domain (LPD) of Area West was identified as a possible host formation for the final 
disposal of high-level radioactive waste. Hence, stochastic network modeling was 
applied to characterize groundwater flow through a typical block of low-permeability 
crystalline rock encompassing a hypothetical repository cavern. The NAP SAC sto
chastic fracture network model was used in the application of the methodology 
(GRINDROD et aI., 1991). 

The objective of this study was twofold: first, to derive the geometric and hydraulic in
put parameters for safety analysis as defined above (Tab. 4-1): and second, to evalu
ate the effective hydraulic property of a representative LPD block as feedback to the 
local-scale hydrogeological model. The results are presented in the following sections. 

4.4 Summary of Principal Results 

A typical block of LPD of crystalline rocks in Area West was represented in NAPSAC 
as a cube whose horizontal sides are 700 m long and 500 m high in the vertical plane. 
The stochastic network was generated on the basis of statistical input parameters that 
were derived from observations in the Nagra boreholes of B6ttstein, Kaisten and 
Leuggern. These input parameters are summarized in Tab. 4-2. 

Tab. 4-2 Geometric and hydraulic parameters required as input to NAPSAC model 
of the low-permeability domain in Area West (VOMVORIS et. ai, 1992) 

Parameter Property 

Transmissivity of TE [m2/s] Log-normally distributed (loglO T) 
Jl = -9.24 
0'=0.4 

Strike Isotropic, 0-360° 

Dip uniform between 45-90° 

Areal fracture density [m-1
], derived from fre- P32 = 0.04 

quency and average dip angle 

TE size (side length) constant 100 m (see text) 

The relative uncertainty associated with the input data in Tab. 4-2 increases downward, 
i.e., the confidence in the transmissivity distributions is the highest9) , whereas confi
dence in the size distributions is the lowest. The relatively low confidence in size distri
butions is principally due to the one-dimensionality of the borehole observations. As 
discussed in section 4.5, the uncertainty related to the fracture size is the subject of 

9) The uncertainty on the equivalent transmissivity of a WCF cannot be resolved with the existing data. In the 
geometric approach the measured transmissivity distribution is also used as the one for the equivalent 
transmissivity (Le. WCF permeable over its whole surface). The effect of the heterogeneity of the transmissivity 
within a WCF is assessed in section 4.5 and Chapter 5. 
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additional sensitivity analysis. As a result of this parametric study and after consultation 
with structural geologists, it was decided to use a default fracture length of 100 m as 
the base case, with sensitivity to this property evaluated using a range from 20 to 
200m. 

Fig. 4-2 illustrates the result of applying NAPSAC for a single realization of a potential 
TE network and the resulting analysis of the intersection of the individual TEs with a 
500-m section of a repository tunnel. The TE size in this realization is fixed at 100 m. 
The transmissivity distribution is log-normal. The trace length map along the tunnel 
axis indicates that 12 TEs intersect the 5 m x 5 m tunnel. These TEs intersect the 
tunnel at various angles due to the distribution of azimuths and dips from which the TE 
network was generated. Most of the TEs cross the entire tunnel cross section (Le., 
have trace lengths at or slightly greater than 20 m). One TE, located about 120 m from 
the left hand edge of the tunnel, barely intersects the upper corner of the tunnel cross 
section. The transmissivity distribution of the 12 TEs that intersect the tunnel is 
depicted on the bottom of Fig. 4-2. For this example, the transmissivities range from 
about 10-10 to 10-8

.
5 m2/s. The conductance distribution for those TEs that intersect the 

tunnel would be determined by multiplying the transmissivity of each TE by the half of 
the trace length of the intersection of the TE with the tunnel. With the exception of the 
TE located 120 m from the left-hand edge of the tunnel, all the conductances would be 
about 20 - 30 times the transmissivity value. 

For each realisation the distribution of trace length, transmissivity and conductance 
from all intersections with the tunnel were computed. The total conductance was also 
computed as the sum of the individual TE conductances. Histograms of the trace 
lengths, transmissivities and conductances and number of TEs intersecting a hypo
thetical tunnel are discussed below. All results refer to a section of a hypothetical 
emplacement tunnel that is 500 m long. The results are presented below for each of 
the derived hydraulic and geometric properties of the TEs that intersect the tunnel. 

Number of TEs 

The histogram in Fig. 4-3 (top left) shows the distribution of the number of TEs inter
sected by the 500-m tunnel section. The range is 6 to 20, and the mean is 13.7. This 
value is consistent with analytical estimates of the number of planar features of the 
same P32, dip and azimuth distribution intersecting a horizontal line. By integrating over 
the range of expected azimuths and dips, a mean value of 11.5 intersections would be 
expected. Given that the analytical estimate is for a one-dimensional sampling line, a 
slightly higher frequency of intersections would be expected with a 5 x 5 x 500-m 
rectangular block. 

TE trace length 

Fig. 4-3 (bottom left) shows the trace length distribution of all intersected TEs in the 
tunnel. Most of the TEs intersect the tunnel at approximately a right angle to the tunnel 
axis; therefore, most trace lengths are between 20 and 30 meters. [If the TE crossed 
the tunnel at exactly a right angle (90°), the trace length would be 20 m.l Some TEs 
terminate within the tunnel (trace lengths < 20 m), whereas large trace lengths are 
produced by TEs that are oriented subparallel to the tunnel axis. The maximum gen
erated trace length was 72 m. The average cumulative trace length of all TEs per tun-
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nel section is 297 m; this value is based on a mean TE number of N = 13.7 and a 
mean length of L = 21.7 m. 

TE trace length in a MWCF 

A geometric measure that is required for solute transport modeling is the average trace 
length of the water-conducting features within a major water-conducting fault, "I, 
expressed as length per unit cross section perpendicular to flow. This measure is pro
portional to P32 x sin(S), where P32 is the fracture-area density of the water-conducting 
features within the major water-conducting faults (i.e., how much "fracture-surface 
area" exists in a unit volume of fractured rock), and S is the dip angle of the features 
from the horizontal. For P32 = 0.12 m-1 (VOBORNY et aI., 1993) and subvertical water
conducting features with dip angles between 45 and 90 degrees, the expected values 
of "I are between 0.08 and 0.12 m-1• 

Transmissivity and Conductance of TEs 

A log-normal transmissivity distribution10) was specified for the TEs as an input 
parameter in Tab. 4-2. NAPSAC assigns a discrete transmissivtty value to each TE by 
sampling from this distribution. 

For each transmissive element, TEj, that intersects the tunnel, the hydraulic conduc
tance, Cil is calculated by NAPSAC as the product of transmissivity (Tj) and half trace 
length (Lj/2) of that feature. A histogram of the calculated conductance is shown in Fig. 
4-3 (bottom right). As expected, the TE conductance is log-normally distributed, due to 
the log-normal distribution in transmissivity and the approximately normal distribution in 
trace lengths. The geometric mean conductance of the individual TEs is 5 . 10-9 m3/s, 
the arithmetic mean is 9 . 10-9 m3/s, and the corresponding 95% -probability range is 
from 3.1010 to 4.10-8 m3/s. 

The geometric mean of the cumulative conductance distribution for a 500-m-long tun
nel is 1.1 . 10-7 m3/s. The corresponding arithmetic mean is 1.2 . 10-7 m3/s with the 
95%-probability range from 4.4 . 10-8 to 2.6 . 10-7 m3/s. As anticipated, the spread of the 
cumulative distribution of TE conductance is tighter than the spread of the individual 
TE conductance (factor of 5 versus a factor of 100). However, both distributions are 
relevant for uncertainty analyses conducted within the safety-assessment models. 

Whereas the distribution of individual TE conductances appears to be approximately 
log-normal, the distribution of total tunnel conductance (i.e., the sum of the individual 
TE conductances along the tunnel) is better described by a normal distribution. This 
distribution is probably due to the 'Central Limit Theorem' according to which the dis
tribution of the sum of a large number of random deviations always converges to a 
normal distribution (VON MISES, 1964). 

10) By infering a continuous distribution from the observed transmissivities there exists the possibility to generate in a 
realisation transmissivity values that are much higher than those actually observed (note that the highest measured 
log T of a WCF in the Low Permeability Domain is -8.3, VOBORNY et aI., 1992). This potential conservativeness is 
compensated by estimating the spectrum through the 2.5 %- and 97.5 %-quantiles, which is expected to filter out 
unrealistically high values. Nevertheless, in the analysis of the results obvious outliers should be carefully evaluated 
in light of the above mentioned conservative simplification. 
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Fig. 4-2 Typical fracture network in the low-permeability domain of Area West, gen
erated by NAPSAC (LANYON, 1992): 
a) Trace lengths and log transmissivities of TEs 
b) Full network of transmissive elements (TEs) in a 500 x 500 x 500 m 

volume 
c) TEs intersecting a hypothetical 500 x 5 x 5 m tunnel 
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Flow-path geometry 

Tortuosity, or the ratio of the actual flow-path length to direct path length, was calcu
lated by NAPSAC. For typical realisations, most of the values are between 1.4 and 2.0. 
For conservatism, it is assumed that the actual and the direct path lengths are the 
same (ratio = 1). This assumption is equivalent to assuming that the TE size is equal to 
or greater than the direct path length between the tunnel and a higher-permeability 
domain (MWCF or HPD). 

Number of TEs along flow path 

Multiple TEs of differing hydraulic properties may be traversed along the travel flow 
path between the release point and the entry into a higher-permeability domain. How
ever, if a minimum direct path length of 100 to 200 m is assumed, the number of TEs 
probably would be small. For conservatism, it is assumed that once a water particle 
enters a TE it will stay within that TE until it reaches the HPD. 

4.5 Sensitivity of Conductances of TEs to Variations in TE Size 

Intuitively, one might expect the geometric and hydraulic characteristics (Le., the trace 
length and conductance, respectively) of the TEs predicted to intersect underground 
tunnels to be dependent on the size distribution or density. In order to test this suppo
sition, a series of analyses was conducted over a range of possible TE lengths and 
densities, keeping the same TE area-density, P32. 

An estimate of the TE area-density P32 was derived from borehole measurements. This 
parameter is independent of TE size. The value could correspond to a high density of 
small TEs or to a lower density of large features. IIAreall refers to 'macroscopic' area 
rather than any estimate of the accessible fracture surface area that might be used for 
calculations of radionuclide retardation. In this section, various networks are con
sidered where P32 is held constant, to be consistent with observed TE frequencies 
along borehole intersections, but the size and number of features vary inversely. 

Fig. 4-4 illustrates this relationship showing four different networks of constant 
P32=0.04 and TE sizes of 20, 40, 100 and 200 m. Tab. 4-3 summarizes statistics for 
the connectivity of each of these networks. The very low numbers of intersections per 
fracture in the 20-m case indicates that the network is typically disconnected. 

The TE size affects the distribution of trace lengths intersecting the repository tunnel. 
Where TE size is large compared to that of the tunnel this effect should be minor, 
because intersections with TE edges will be rare. In order to demonstrate the effect of 
this assumption, synthetic trace maps for 20 realisations of a 500-m tunnel were calcu
lated using the NAPSAC code. The networks contained features with lengths of 20, 50, 
100, 150, 200 and 250 m. P32 remained constant for all calculations. Fig. 4-5 shows the 
resulting trace length cumulative distributions, and Fig. 4-6 shows conductance 
distributions. Summary statistics of the trace length and conductance distributions are 
also presented in Tab. 4-4. 
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Tab. 4-3 Statistics of a 500-m cube of TE networks in the LPD with varying TE size 
but constant P32 

TE Length TE Area TE Density P32 Number of TEs Mean number of in-
(m) (m2) (m-3) m-1 in 500-m cube tersections per TE 

20 400 10-4 0.04 13000 1.0 

40 1600 2.5 . 10-5 0.04 3100 3.4 

100 10000 4.10-6 0.04 500 7.3 

200 40000 10-6 0.04 130 10.7 

The trace length distributions in Fig. 4-5 are similar for all networks with TEs above 50 
m. Once the TEs are sufficiently large that practically all intersections cross the tunnel 
(and hence have a length of > 20 m), only small differences exist among the various 
networks. 

The conductance distributions are presented both as raw counts of TE intersections for 
all twenty realisations (Fig. 4-6, top) and as a percentage (Fig. 4-6, bottom). The 
smaller TE networks contain many shorter intersections with, therefore, typically lower 
conductances. However, when the TE size is greater than 100 m, only minimal differ
ences exist. 

Tab. 4-4 Means and standard deviations of total trace length and total conductance 
on 20 realisations of a 500-m tunnel for varying TE size 

Trace Length Conductance 

TE Length (m) Average total Standard Average total Standard 
trace length for 20 deviation conductance for deviation 

realizations (m) 20 realizations 
(m3/s) 

20 346 91 1.5 . 10-7 5 .10-8 

50 337 87 1.4 . 10-7 4.10-8 

100 344 89 1.7.10-7 9.10-8 

120 304 86 1.1 . 10-7 4.10-8 

150 345 111 1.4 . 10-7 8.10-8 

200 310 83 1.4 . 10-7 7.10-8 

250 305 102 1.5 . 10-7 6.10-8 
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Fig. 4-5 Cumulative distributions of trace lengths of TEs intersecting a tunnel for 
various TE sizes 

For all networks considered, the total trace length and total conductance along a 
500-m tunnel length are of comparable magnitudes. Because constant P32 values have 
been maintained for each network, the total length of intersection should remain 
constant. Because transmissivity is independent of intersection trace length, the mean 
total conductance is also expected to remain constant. Both expectations are in fact 
realized as represented by the results indicated in Tab. 4-4. 

4.6 Concluding Remarks 

This chapter describes the conceptual representation of a block of low-permeability 
crystalline rock containing discrete TEs within a block of Imatrixl rock with very low 
permeability. A description of the TE network was derived from observations in a few 
deep boreholes. This conceptual model was used with parameters derived from bore
hole observations to estimate hydraulic and geometric properties of the intersections of 
the TE network with a hypothetical repository tunnel. No estimates of TE size were 
made, other than setting an expected minimum size on the basis of well-test analysis. 
However, the estimates of geometric properties of the intersections are insensitive to 
individual TE size. This is because both the borehole and the repository tunnel can be 
treated as one-dimensional elements when calculating intersections with TEs of suffi
cient size. 

Although the properties of the TE intersections are insensitive to TE size, the overall 
pattern of groundwater flow within a block depends on the connectivity of the TE net
work, which is a function of TE size. This pattern of groundwater flow is discussed in 
the next chapter. 
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5 GROUNDWATER FLOW AT THE BLOCK SCALE 

5.1 Introduction and Assumptions 

The basic model of the hydrogeology at the block scale presented in Chapter 4 de
scribes the geometric and hydraulic properties of these features believed to conduct 
water at the scale of a repository tunnel. In addition to these aspects, also needed is 
an evaluation of how water moves through the network of transmissive elements 
(TEs). This entails making some hypotheses regarding how the local-scale hydraulic 
gradients derived from hybrid models such as those presented in Chapter 3 are trans
lated to the scale of the block elements, which are represented by the TE-network ge
ometry depicted by NAPSAC. 

In order to derive this output, a geometric approach was developed. This approach is 
termed the geometric approach because it relies principally on the geometric distribu
tion of TEs and their intersections with underground tunnels. 

In this approach, gradients derived from the hybrid local-scale model (and their ex
pected variability as a result of spatial location) were multiplied directly by the individual 
TE conductance to generate a range of possible volumetric fluxes within each TE. It is 
assumed that the hydraulic gradients within the features are independent of any net
work effect. This assumption is analogous to assuming that the individual TEs are lat
erally extensive in comparison to the distance between MWCFs. 

Results of the geometric approach were compared with results of dynamic flow simu
lations (or dynamic approach) using the same geometric network. An assessment was 
made of the effect of interconnectedness of the individual TEs on controlling the gra
dient and, therefore, flux within each individual TE. Under these simulations, the repre
sentative gradient within each TE depends on the location and size of the TE with re
spect to nearby TEs and the applied boundaries. 

In order to evaluate the potential ranges in volumetric fluxes within individual TEs that 
might be expected to intersect underground tunnels, both of the above approaches 
were used. Section 5.2 describes the procedure used in implementing the geometric 
approach. In section 5.3, the results of the geometric approach are presented. In sec
tion 5.4, the sensitivity of these results to the effects of the network geometry are pre
sented by simulating the- flow through the entire network and examining the resulting 
fluxes in those TEs that intersect the hypothetical tunnel in the middle of the block 
element. 

5.2 Geometric Approach - Procedure 

Procedures for applying the geometric approach are summarized in Tab. 5-1 and 
Fig. 5-1. In the geometric approach, the conductance distribution resulting from 
NAPSAC was multiplied by the distribution of hydraulic gradient (obtained from the 
hybrid models) to calculate the volumetric groundwater flow, OJ, through a single TE. 
The method of statistically combining two distributions is referred to as convolution and 
consists of multiplying each bin of the first distribution with all bins of the second prob
ability distribution. The result is again a log-normal distribution of OJ, similar to the 
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underlying distributions of conductance and transmissivity. By applying the complete 
gradient range resulting from hybrid models, the full spectrum of volumetric TE flow 
was obtained. 

Tab. 5-1 Output and input using the geometric approach (see Fig. 5-1) 

Output Input 

Flux characteristics Format Source Description 

1. Volumetric flux Distribution over all Block-scale model TE Conductance, Cj 
through individual TEs; (Tab. 4-1) 

TE, OJ [m3/s] range & mean Hybrid model Gradient 

2. Normalized flux Distribution over all Borehole data TE Transmissivity,Tj 
through individual TEs; 

TE (flux per unit range & mean Hybrid model Gradient 
length), Ojn [m2/s] 

3. Volumetric flux Sum over all TEs Block-scale model; Volumetric flux 
through tunnel seg- intersecting 500-m Hybrid model through TE, OJ 
ment, tunnel segment 

OT [m3/s] range & mean Block-scale model Number of TEs 
intersecting a 500-m 
tunnel segment (N), 
(Tab. 4-1) 

4. Volumetric flux Sum over number of Block-scale model; Volumetric flux 
through repository, tunnel segments Hybrid model through tunnel 
OR [m3/s] segment,OT 

Design No. of tunnel 
segments in a 
repository 

The hybrid model was used to obtain the distribution of hydraulic gradients in the con
ceptual host-rock unit (LPD) and the direction of flow as a function of the proximity of 
MWCFs. To deal with the uncertainty related to the size of intact LPD blocks, the 
analysis considered the full and the sparse geometric scenarios as bounding cases 
that cover the full spectrum of possible model results. The full gradient range is then 
defined by the minimum (2.5% of probability) of the full-scenario distribution and the 
maximum (97.50/0) of the sparse-scenario distribution. 

These individual TE fluxes were further up-scaled to the total flow through the modeled 
tunnel segment, QT, by multiplication with the number of TEs that are presumed to 
intersect a given tunnel segment (500 m long for all realizations considered). The latter 
is available as distribution resulting from multiple NAPSAC realizations. This step was 
achieved by convolution of the two respective distributions. 

The flow through a defined tunnel segment was multiplied by the number of such seg
ments that would constitute a planned repository, according to the design layout. The 
outcome is the total volumetric flow through repository, QR' The final repository flow 
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was obtained by consecutive integrations of small-scale flows derived for single 
fractures. In contrast, the conventional EPM approach allows one to calculate the bulk 
flow (Q) through a cross-sectional area (A) with effective hydraulic property (K) under a 
given gradient (I), Q = K . A . I. 

The geometric approach for deriving groundwater flow through a single TE involves 
several simplifying assumptions in the underlying conceptual model of flow in fractures. 
However, all of these assumptions are conservative with respect to the resulting flow 
rates; that is, the geometric approach probably yields higher values than those of the 
true system. The basic assumptions are as follows: 

The hydraulic gradients and conductances are independent; in fact, in IIrealll net
works they probably would be inversely proportional (Le., the lowest gradients 
would occur in the more transmissive TEs). 

All transmissive elements that are intersected by the tunnel represent an outflow 
through half of their trace length; this is independent of the network, i.e., if they are 
connected or not to other TEs. 

Each single fracture has a constant transmissivity. As a consequence, the spatial 
variability along the flow path is neglected, i.e., no bottlenecks occur. 

This conservative approach probably accounts for most of the considerable uncertainty 
that is attached to the input data and the conceptual model. 

5.3 Geometric Approach - Results 

Results of application of the geometric approach to Area West are illustrated by a 
series of distributions in Figs. 5-2, 5-3 and 5-4. 

Flow through an individual TE. Qj 

The calculation of TE flow, OJ = Cj • I, requires a statistical combination of the two dis
tributions of conductance and hydraulic gradient. The gradient distribution was ob
tained directly from the hybrid model of Area West (Fig. 3-4). 

The resulting log-normal distributions of the individual TE flows are shown in Fig. 5-2 
for two scenarios, full fracture intenSity and sparse fracture intensity. For the full sce
nario (top), the (geometric) mean value is 5.3 . 10-11 m3/s. According to the cumulative 
diagram, 95% of all flow values are between 3 . 10-12 and 4 . 10-10 m3/s. The arithmetic 
mean, m, was calculated from the distribution as 1.1 . 10-10 m3/s 11) • For the sparse sce
nario (bottom), flow values range from 8· 10-12 and 2· 10-9 m3/s, with a mean of 
1.8 . 10-10 m3/s. The derived arithmetic mean of OJ is 4.8 . 10-10 m3/s. The larger gra
dients and thus flow rates in this scenario are a direct result of the increased spacing 
between the permeable faults. As a consequence, larger hydraulic gradients are pre
served in the interior of the large intact blocks of LPD. 

11) According to the equation m = exp (~ + cr'212), where ~ = mean of In OJ and 0' = standard deviation of In OJ 
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Normalized flow through individual TEs 

In addition to evaluating the volumetric flow rate through individual TEs or segments of 
repository drifts, it is also necessary for safety analysis purposes to determine the 
normalized flux by dividing the volumetric flow by the expected cross-sectional length 
through which the flow occurs. This is analogous to multiplying the transmissivity distri
bution by the gradient distribution (assuming no correlation between the two). The re
sults of the normalized flux distribution are shown in Fig. 5-3. 

Total flow through a 500-m tunnel segment and through the repository 

The distribution of the total tunnel flow, OT' was obtained from the distribution of single 
TE flow (Fig. 5-2) and the distribution of the number of intersected TE's (Fig. 4-4). The 
results for both geometric scenarios are given in Fig. 5-4. For the full scenario (top), 
the mean value is 7 . 10-10 m3/s, the 950/0 range is from 4 . 10-11 to 6 . 10-9 m3/s, and the 
derived arithmetic mean is 1.5 . 10-9 m3/s. The distribution for the sparse scenario 
(bottom) is shifted by about a factor 5 toward higher values: the mean OT is 2.4 . 10-9 

m3/s with a range from 10-10 to 3 . 10-8 m3/s; the arithmetic mean is 6.6 . 10-9 m3/s. 

By considering a specific geometric layout of the planned repository, the total ground
water flow through the repository, OR, can be estimated. If the entire repository were to 
include 30 tunnel segments of 500-m length, the geometric mean of the total repository 
flux would be 0.65 m3/year for the full scenario and 2.3 m3/year for the sparse 
scenario. The arithmetic means of the two distributions would be 1.4 m3/y (full) and 6.2 
m3/y (sparse). 

5.4 Sensitivity of Results to Network Geometry and TE Connectivity: 
Dynamic Approach 

The geometric method described in the previous section aims at making a conserva
tive estimate of the distribution of outflows from a tunnel, based on limited borehole 
data. In particular, the 'connectivity' of the TE system is unknown. If sufficient informa
tion about the geometry of the TE system were available, it would be possible to simu
late groundwater flow directly within models of the TE system and predict the nature of 
outflows from a tunnel. Sufficient information cannot be gathered from boreholes alone 
and can only be obtained from tunnels in favourable circumstances. It is this un
certainty in TE geometry that led to the development of the geometric method, which 
straightforwardly allows the prediction of flux distributions. 

The dynamic approach was used to assess how conservative are the results of the 
geometric approach. Network models were constructed, groundwater flow was simu
lated within these models, and the predicted flows were compared with those from the 
geometric method. This procedure was applied to several realisations of a stochastic 
model of the TE system for the low-permeability crystalline domain. An advantage of 
the dynamic approach for predicting tunnel fluxes is that it is possible to test the geo
metric method and the appropriateness of some of its underlying assumptions. In par
ticular, models were considered where the tunnel has a conductance comparable to 
that of a TE and where the TEs were modelled as variable transmissivity structures. 
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Although both the geometric approach described in section 5.2 and the dynamic ap
proach presented in this section rely on the stochastic representation of the discrete 
transmissive elements, they differ markedly in the assumed effect that the network of 
transmissive elements has on the overall flow regime between the MWCFs. In the 
geometric approach, it is assumed that the transmissive-element network has no effect 
on the hydraulic gradients within the TEs themselves. However, in the dynamic ap
proach, the network properties (in particular, the continuity of the TEs and the connec
tivity of the TEs) directly affect the overall flow through the network as well as flow 
through the individual features that compose the network. This difference is because 
an external gradient was imposed on the external faces of the LPD block in the dy
namic calculations. This procedure allows the interior portion of the modeled domain to 
adjust in order to accommodate the particular continuity (or lack thereof) of the gener
ated TE network. As presented below, this distinction can lead to significant dif
ferences in the predicted flow within a single TE, as well as the cumulative flow through 
multiple TEs that may intersect a repository tunnel. 

Fig. 5-5 shows distributions of the estimated outflows from tunnels using the geometric 
and dynamic network simulation models. Both sets of data have been normalised to a 
notional 1 % hydraulic gradient. The geometric approach produces a much more 
skewed distribution of flows and significantly higher total outflows, as well as a much 
broader spread over all the individual TE fluxes. 

Tab. 5-2 includes the means of individual TE volumetric flow rates and cumulative out
flow to a 500-m tunnel from 20 realisations for three different hydraulic gradient orien
tations. 

Tab. 5-2 Means of individual TE fluxes and total tunnel outflow estimates for dy
namic and geometric methods for 20 realisations of a 500-m tunnel within a 
block of low-permeability domain, Area West 

a. Individual TE volumetric flux for a nominal gradient of 0.01 

40-m TE 100-m TE 

Arith. Mean Geom. Mean Arith. Mean Geom. Mean 
Geometric 9.6.10-11 4.2.10-11 1.0 . 10-10 4.9.10-11 

Dynamic 
X-gradient 1.9 . 10-12 2.0.10-14 2.2.10-11 8.4 .10-12 

V-gradient 2.3 .10-12 2.4 . 10-14 1.7.10-11 7.0 . 10-12 

Z-gradient 3.1 . 10-12 2.8 . 10-14 2.7.10-11 1.2 .10-11 

b. Cumulative volumetric flux through 500-m tunnel for nominal gradient of 0.01 

40-m TE 100-m TE 

Arith. Mean Geom. Mean Arith. Mean Geom. Mean 
Geometric 1.3.10-9 1.1 . 10-9 1.2 . 10-9 1.0 . 10-9 

Dynamic 
X-gradient 2.6.10-11 1.4.10-11 2.5.10-11 2.2 . 10-10 

V-gradient 3.1 .10-11 1.5.10-11 1.9 . 10-10 2.7 . 10-10 

Z-gradient 4.2.10-11 1.9.10-11 3.1 . 10-10 2.8 . 10-10 
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The X gradient corresponds to horizontal flow parallel to the tunnel; the Y gradient to 
horizontal flow perpendicular to the tunnel; and the Z gradient to vertical flow. The ta
ble shows that outflow estimates from the dynamic approach are typically a factor of 3 
to 5 lower than those from the geometric approach for the 100-m TE network, and 
about a factor of 100 lower for the 40-m TE network. 

Fig. 5-6 shows a scatter plot of the ratio of geometric to dynamic outflows for all TE 
intersections for 20 realizations. The differences are probably because flow in the most 
transmissive TEs within the model network is limited by the least transmissive TEs that 
are connected to them. This connectivity effect is ignored in the geometric method but 
is evaluated directly within the dynamic method. The results from the dynamic simula
tion do, however, assume a particular structure for the TE network, namely a homoge
neous Poisson process distribution of TEs in space and uncorrelated TE properties. 

In order to assess the effects of different hydraulic conductances of the tunnel and 
associated excavation disturbed zone (EDZ), a few simulations were performed where 
the tunnel was represented by transmissive elements within NAPSAC models. For 
these simulations, the base case TE network with 100-m-square TEs was used. 

The tunnel was represented by a 5 m x 5 m box formed by fQur NAPSAC fracture 
planes. The transmissivity of these planes determines the effective conductivity of the 
tunnel and EDZ within the model. Tab. 5-3 shows the transmissivities used and the 
equivalent conductances and effective conductivities. The model as implemented as
sumes that the major impact of the presence of the tunnel is the increase in conductiv
ity along the tunnel rather than any change in TE properties. The part of the TE that is 
located within the tunnel volume has unchanged hydraulic properties. It would be pos
sible to modify local TE properties close to the tunnel, but this has not been done. 

Tab. 5-3 Hydraulic parameters used for the tunnel in the dynamic simulations 

Relative conduc- Transmissivity of tun- Total conductance Effective conductivity 
tance of tunnel nel fractures (m2/s) along tunnel (m3/s) of tunnel + EDZ (m/s) 

Low 5.10-11 10-9 4.10-11 

Medium 5.10-10 10-8 4.10-10 

High 5 .10-9 10-7 4 . 10-9 

These values were compared with the expected axial conductance of the backfill and 
EDZ (VOMVORIS et aI., 1993). A conservative value for conductance of the tunnel and 
EDZ presented in that work was 2.2 . 10-8 m3/s. This is approximately twice the value of 
the medium-conductance tunnel and 0.2 times the conductance of the high-conduc
tance tunnel. The high-conductance tunnel, therefore, probably represents an extreme 
case of very high conductivity along the tunnel. 

Fig. 5-7 shows a graph of total tunnel fluxes (assuming a 1 % hydraulic gradient) for 
each of 10 realizations, based on the geometric method and on the dynamic method, 
using a hypothetical tunnel, as described earlier. 
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Fig. 5-5 Distribution of outflow estimates from geometric method (top) and dynamic 
method (bottom) for 20 realisations of a 500-m tunnel, Area West 
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Each symbol represent one realisation 
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Tunnel flux derived from the geometric method and from the dynamic 
method (with varying tunnel conductances) 

In all realizations, the total influxes calculated for the dynamic network simulations are 
less than those estimated using the geometric method. For one realisation, however, 
the two estimates are so close that the difference is within the estimate of the numeri
cal accuracy of the dynamic calculations. Note, that comparison between the dynamic 
and geometric methods has used identical regional gradients. It is expected that the 
geometric method will provide conservative results also where highly conductive tun
nels are present, but for this it is necessary to use estimates of the local gradients that 
take into account the hydraulic disturbance provided by the presence of the tunnel. 

5.5 Sensitivity of Effective Hydraulic Conductivity of Block Elements to 
Variations in TE Size and Hydraulic Properties 

The TE network model was used to define the range of possible effective hydraulic 
conductivities (Kef!) at the scale of the block element for blocks with varying sizes of 
TEs and varying degrees of channelings of TEs. In this application, the same networks 
were used, but a unit hydraulic gradient was applied along each of the three principal 
coordinate axes, and the effective volumetric flux resulting from this applied gradient 
was calculated along the down-gradient face normal to the applied gradient. The volu
metric flux across the entire face was then normalized by the total cross-sectional area 
of the face and the applied hydraulic gradient to determine an effective hydraulic con
ductivity of the volume of rock within the block element. This effective conductivity was 



NAGRA NTB 93-14 60 

compared to the theoretical hydraulic conductivity that would result if the individual TEs 
were of infinite areal extent in comparison to the size of the block element. 

TE Size 

Simulations of networks were made with the following distributions of fracture size: 
1) constant size (20 m, 40 m, 100 m and 200 m); 2) bimodal distribution (case a and 
case b); and 3) log-normal distribution (standard deviation, (J = 0.25, 0.75 and 1.25). 
Case a of the bimodal distribution includes seven 200-m fractures and 2'950 40-m 
fractures (5 % of the fracture-area covered from 200-m TEs); case b includes 25 
200-m fractures and 2'500 40-m fractures (20 010 of the fracture area covered from 
200-m TEs). P32 was kept constant in all cases 

Results of the simulations are shown in Fig. 5-8. The results showed that at very small 
TE sizes (below 40 m) the network is unconnected. In this case, large-scale hydraulic 
conductivity is a function of the hydraulic properties of the rock matrix and small-scale 
fracturing (not modeled with the TEs). At larger TE sizes, Keff increases with size, and 
at some limiting scale the equivalent conductivity approaches that given by an analytic 
model of effective conductivity of systems that have TEs of infinite size (large com
pared to region of interest). For conservatism, the local-scale hybrid model used the 
infinite-size TEs for defining effective hydraulic conductivity of the block element. 

Hydraulic Properties 

The analyses considered in the network model presented in section 4.5 assumed uni
form homogeneous properties of the TEs. This assumption neglects the potential ef
fects of flowchannelling. Many observations of flow channelling exist at the detailed 
scale of single fractures. Similarly, at larger scales, flow from fracture zones has been 
observed to be restricted to a small number of entry points where these zones inter
sect tunnels. An important aspect of such channelling phenomena is that flow into a 
borehole will only be detected when the borehole has directly penetrated the transmis
sive part of the TE (Le., the channel). Thus, the density of transmissive features may 
be unde'restimated by some channelling factor. The P32 calculated from the borehole 
inflow data corresponds to the density of hydraulically active TE surfaces, rather than 
the total area of the TEs. 

Three approaches are available to address the impact of flow channeling. One is to 
assume no channelling or to assume that all the channelled surface area can be 
lumped together into single planar TEs. This approach may not be conservative, be
cause it may serve to reduce the connectivity of the channel system by lumping the 
channels into single planar TEs. A second approach is to continue to use uniformly 
transmissive TEs but to multiply the TE density (or, equivalently, the P32) by a 'chan
nelling factor'. This approach results in higher effective conductivites, which would 
simply scale by the channelling factor when using the infinite TE limit. In addition, 
higher densities of TE intersections with the tunnel occur, which would a/so simply 
scale by the channelling factor. This approach might, however, be overly conservative, 
because the model would contain too great an area of transmissive TE surface. The 
third approach is to model only the hydraulically active channels. However, the geome
try of the channels within TEs is even more difficult to determine than the overall ge
ometry of the TE itself. 
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In order to investigate the sensitivity of the geometric method to TE heterogeneity in 
general and channeling in particular, the effective conductivity of networks containing 
heterogeneous TEs was calculated. Two types of TE heterogeneity were considered: 
1) strong channelling, where the TE is split into conductive and non-conductive zones; 
and 2) weak channelling, where the whole of the surface area is conductive but the 
transmissivity varies across the TE surface. 

Strongly channelled models 

The base case TE network was modified to use a chanelling factor of 5. The density of 
100-m TEs was multiplied by 5 and each TE was split into two channels, each 10m 
wide and 100 m long. The channels were either parallel (stripe model) to each other or 
perpendicular (cross model), as shown in Fig. 5-9. The choice of channel geometry 
was intended to represent different levels of connectivity of channels within aTE. 
Similar calculations were also performed using 200-m TEs with two 20-m wide chan
nels, also organised as crosses or stripes. The effective conductivities for these two 
models were calculated for several realisations and compared to 'unchannelled' reali
sations. The results show that both channel geometries have effective conductivities 
that are lower than those of the unchanneled networks (HERBERT & LANYON, 1992). 
This difference is probably due to the lower connectivity of the channelled systems. 
The results would be different if the channels within the TEs were organised at some 
larger scale to produce large-scale flow paths. 

Weakly channelled models 

In order to consider the weakly channelled model, the distribution of transmissivity 
within each TE was specified. Whereas previously it was assumed that each trans
missivity measured within the crystalline programme represented the transmissivity of 
a single TE, it is now assumed that it represents some local average of the part of the 
TE within the range of investigation of the test. As an extreme case, it is assumed that 
each TE is statistically identical and that only the local variation of transmissivity is 
observed. Thus the transmissivity field on each TE was generated from a log-normal 
random variable of log10 mean -9.24 and log10 standard deviation of 0.4. The scale of 
variability of transmissivity was defined by a correlation length. Two different corre
lation lengths, 30 m and 15 m, were simulated. Smaller correlation lengths would 
probably not be compatible with the observed well tests. Because the local transmis
sivity was chosen to have the same distribution as that observed from well tests, and 
because the correlation lengths are comparable to the range of investigation of these 
tests, the density of TEs was not modified. Fig. 5-10 shows such a network where 
each TE is coloured to show the local transmissivity. 

Tab. 5-4 gives the mean and standard deviations of horizontal and vertical effective 
conductivities for seven realisations of the variable-transmissivity network, and con
ductivities from 5 realisations of uniform-transmissivity networks. Only a minimal dif
ference exists between the effective conductivities for the two correlation lengths, and 
the conductivity is comparable to that calculated for the unchannelled 100-m TE net
works (see Fig. 5-8). 

The above results from the strongly and weakly channelled models indicate that, as
suming the TE density is as determined from the borehole intersections, the network 
effect on the equivalent hydraulic properties is generally insignificant over the range of 
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Fig. 5-9 Typical network models of 500-m cubes containing 100-m TEs with 'Stripe' 
and 'Cross' patterns of TEs (HERBERT & LANYON, 1992) 
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properties tested. Had the properties been extended to encompass a wider range of 
values, a more marked effect probably would have been observed. For example, had a 
channelling factor of 10 or 20 been used or a correlation scale of 5 m, a more dis
continuous TE network would have resulted, with a greatly reduced effective hydraulic 
conductivity. 

Tab. 5-4 Mean and standard deviations of horizontal (KH) and vertical (Kz) effective 
hydraulic conductivity for seven realisations of 500-m cubes containing 
100-m TEs with variable transmissivities 

KH Kz Log10 KH Log10 Kz 

Correlation Mean 4.4. 10-12 6.4 . 10-12 -11.36 -11.20 
=30m SO 4.6 . 10-13 8.4 . 10-13 0.05 0.06 

Correlation Mean 4.4 .10-12 6.2 .10-12 -11.36 -11.21 
= 15 m SO 4.5 . 10-13 8.1 . 10-13 0.04 0.05 
Uniform Mean 4.5 . 10-12 7.5 . 10-12 -11.35 -11.13 

Transmissivity SO 3.9 . 10-13 6.5 . 10-13 0.04 0.05 

5.6 Hydraulic Gradient 

In the previous sections, the sensitivity was considered of the geometric model to 
various assumptions concerning the TE geometry and to the transmissivity of the re
pository tunnels themselves. The predictions from the geometric method depend on 
both the TE distribution and on the hydraulic-gradient distribution predicted from the 
hybrid model. The basis on which these gradients were derived is reviewed below. 

The conceptual model of groundwater flow within the crystalline basement of Northern 
Switzerland describes regional-scale flow as occurring principally within a network of 
MWCFs. At the regional scale, the network of MWCFs is treated as an effective con
tinuum. Between the MWCFs, flow occurs through block elements of crystalline rock 
containing smaller water-conducting features. Local-scale models, at scales smaller 
than the regional scale, assume boundary conditions that are derived from the re
gional-scale model. Similarly, when predicting flow through repository tunnels, block
scale models use gradients derived from the local-scale models. 

In order for the use of gradients calculated from larger-scale models to be valid, it is 
necessary to assume that the hydraulic system under consideration can be repre
sented as an equivalent continuum, i.e., that the model volume is greater than the REV 
for the network of features under consideration. Numerical modeling of the TE sizes, 
as described in previous sections, suggests that for the TE networks of the LPD such a 
scale might be a cube of about 500 m on a side. Where the block elements of LPO are 
smaller than this REV, flow through the low-permeability blocks might be highly vari
able, due to the presence of locally transmissive features within the low-permeability 
domain that interconnect bounding MWCFs. 
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- 8 

Fig.5-10a) Cube containing 100-m TEs; each TE modeled as a plane with variable 
transmissivity. TEs colored by log1 0 transmissivity, as shown in color bar 

- 8 

- 11 

Fig.5-10b) Cube containing only the TEs intersecting central vertical borehole. TEs 
colored by log1 0 transmissivity, as shown in color bar 
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The variability in gradients that were derived from the hybrid model reflects the spatial 
relationships of the position in the LPD to the MWCFs. High vertical gradients result 
from imposed fluxes on the bottom boundaries of the model. Where there are no 
nearby MWCFs, these imposed fluxes result in high vertical gradients within the LPD. 
This is typically most important in the sparse scenario, where a large proportion of 
each block element is distant from the MWCFs. The use of distribution of gradients 
from the hybrid model in the geometric approach, rather than a single typical gradient, 
represents uncertainty in the spatial relationship between the repository block and the 
MWCFs that define the block. 

Locally, within the TE network representing the repository block, considerable vari
ability is expected in gradient due to variations in transmissivity and connectivity. This 
variability is shown in Fig. 5-11, where the TEs intersecting a model tunnel are 
coloured by the local hydraulic gradient within the TE. Gradients are highest in low
transmissivity TEs and at intersections between TEs, where flow may be channelled 
through a short intersection of TEs. In reality, intersections of TEs are probably zones 
of enhanced conductivity, which would result in lower gradients than those shown here. 

The resulting pattern of hydraulic-gradient variation is dependent on the scale of 
measurement. At the local scale, heterogeneity exists due to transmissivity variation 
and connectivity of the TE systems. At the hybrid scale, heterogeneity exists due to 
similar variations in the properties of the MWCFs. At the regional scale, it is assumed 
that such effects are small compared to the effects of topography. 

This model of scale-dependent gradient variation was treated in the following manner 
in the geometric method: The regional, topography-driven flows were used to define 
the boundary conditions to the hybrid model; the variation due to MWCF connectivity 
was estimated from the distribution of gradients taken from the hybrid model; and the 
variation at the TE scale was treated by assuming that the full gradient from the hybrid 
model applies, which should be a conservative approach for the most transmissive 
TEs, because network connectivity typically limits the flow through these TEs. 

5.7 On the advective transport-properties of the TE system 

Direct simulation of groundwater flow (the dynamic method) is presented in this report 
as a means of investigating the reasonableness of the assumptions underlying the 
geometric method. To do this, assumptions were made about TE size and connectivity 
that are not significant within the geometric method but that are significant when calcu
lating flow solutions. However, if sufficient information is available to justify the choices 
of TE system geometry, then simulation of flow has the capability of providing more 
information than the geometric method. This extra information relates to transport 
properties of the TE system. 

Given a hydraulic head field calculated for a fracture network, it is possible to calculate 
travel paths for advective transport of a non-reacting tracer using particle-tracking 
methods. This calculation allows estimation of transport properties of the network, such 
as path length, tortuosity and dispersion. Estimates of advective non-reactive travel 
time could also be made if TE porosity were estimated. 

Fig. 5-12 shows particle tracks that were calculated from models. of conductive tunnels. 
The results shown are for a case where three parallel repository tunnels were modeled 
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within a block of LPD with dimensions of 700 x 700 x 500 m. The tunnels with planar 
transmissive elements have a conductance of 10-8 m2/s (medium-conductance case). 
The tracks are coloured according to advective travel time; TE porosity was calculated 
from equivalent parallel-plate apertures. Fig. 5-12a shows a view from above the block, 
and Fig. 5-12b is a side view. The linear structures in the middle of the block are 
formed from paths running along the tunnels. The angular nature of the particle tracks 
is due to the discretisation of the tracks. The pressure gradient is in the X-direction 
parallel to the tunnels and the flow direction is from right to left in the figures. 

Fig . 5-11 Local hydraulic gradient for regional gradient of 1 % in X direction (only 
TEs that intersect the tunnel segment are shown) 
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Fig. 5-12 

a) Top View 

b) Side View 

Particle tracks for advective flow from model containing three repository 
tunnels. Tracks are shown for particles that have entered one or more 
tunnels 
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6 SUMMARY AND DISCUSSION 

6.1 General Approach 

The objective of the approach that was developed and implemented in this document 
is to provide a systematic way of processing direct observations of hydrogeologic fea
tures to generate input that is considered relevant to the performance assessment of 
potential host rocks for the disposal of radioactive wastes. The hydrogeologic informa
tion needs of performance assessment in order to carry out radionuclide-transport 
modeling are: 1) the amount of aqueous flux through the repository or a given drift; 2) 
the distribution of this flux within the groundwater flowpath from the repository to more 
permeable strata that are considered potentially usable sources of groundwater 
(biosphere); and 3) the amount of dilution that may be expected in these more perme
able aquifers 12) • Unfortunately, none of these properties is directly measureable. In 
addition, all of them are uncertain and spatially variable and must be developed from a 
limited data base of observations. The problem is, therefore, to define reasonable 
estimates for the performance assessment while at the same time recognizing the 
inherent uncertainty and variability of the natural system that is being characterized. 

The modeling philosophy utilized in this document recognizes the limited information 
with which to define distributions of input parameters that are relevant to safety analy
sis. This philosophy also recognizes the scale dependency of the various parameters 
of importance. The aim of the hydrogeological modeling (both conceptual and 
numerical) is to provide a self-consistent picture of the hydrogeologic characteristics of 
the geosphere. The approach recognizes the spatial variability of individual water-con
ducting features that are intersected by boreholes and characterized during the 
regional investigations, and it attempts to incorporate spatial variability into the evalua
tion of the range of conditions that may be expected at a potential repository location. 
The conceptual and numerical models were used both to define the range and 
expected values for the key safety-analysis parameters, and, by means of a sensitivity 
analysis, to determine the impacts of some key assumptions within the models. 

The approach consists of the following steps: 

1. Review all available hydrogeologic information at all relevant scales 

2. Develop hydrogeologic conceptual models that describe the groundwater flow sys
tems, by incorporating observations and inferences made at various scales 

3. Develop and calibrate regional-scale hydrogeologic models 

4. Apply regional-scale hydrogeologic models to define 

a) local-scale boundary conditions and their uncertainty 
b) areas of infiltration and exfiltration, and their uncertainty 
c) regional groundwater flow paths, and their uncertainty 

5. Develop and calibrate local-scale hydrogeologic models 

12) In the recent performance assessment methodology the biosphere is modeled in a more explicit way than just a 
dilution factor; the dilution is provided here for comparative purposes (fluxes in the crystalline basement versus 
fluxes in the surficial aquifers). 
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6. Apply local-scale hydrogeologic models to define: 

a) block-scale boundary conditions (hydraulic gradients), and their uncertainty 
b) groundwater flow-path lengths from potential repository blocks to more trans

missive water-conducting faults or layers, and their uncertainty 
c) relative flux distributions (Le., dilutions) between the block matrix and the more 

transmissive water-conducting faults or layers, and their uncertainty 

7. Develop block-scale hydrogeologic models 

8. Apply block-scale hydrogeologic models to define: 

a) distribution of all water-conducting features that may intersect repository drifts 
b) transmissivities of all water-conducting features that may intersect the repository 

drifts, and their uncertainty 
c) trace lengths of all water-conducting features that may intersect the repository 

drifts, and their uncertainty 
d) volumetric fluxes within all water-conducting features that may intersect the 

repository drifts, and their uncertainty. 

As mentioned above, all of the above are uncertain and spatially variable. Thus, the 
approach generally requires a definition of the statistical distribution of the expected 
results. These statistical results are documented in several ways. The simplest is to 
present the means of the distributions. The arithmetic mean is given when the distribu
tion visually appears to be normally distributed, and geometric mean is given when the 
distribution visually appears to be log-normally distributed. A more complete presenta
tion is to give the overall range of the distribution. This range corresponds to the 95% 
confidence interval of the 2.5 and 97.5 percentile of the cumulative distribution. 

6.2 Principal Assumptions 

Various assumptions are associated with the general approach, and these are dis
cussed first in this section. Specific assumptions that are related to the implementation 
of the approach in the crystalline basement of Northern Switzerland are discussed in 
the second part of this section. 

Approach 

For steps 1 to 6 (section 6.1), two principal assumptions were made: 

- No strong interaction (feedback) exists among the various scales with respect to the 
boundary conditions at the interface. The information flows from larger scales to 
smaller scales, assuming that the more detailed description at a smaller scale does 
not substantially affect the boundary conditions (hydraulic head or fluxes) calculated 
from the larger~ scale. The impact of this assumption on the results is probably not 
significant, because: 1) the hydraulic properties assumed for the larger scale are 
consistent with the conceptualisation at the smaller scale (e.g., Keff at the local scale 
was estimated from realisations at the block scale); 2) the interface is defined in 
terms of flux and not heads. 

- Dilution of groundwater was estimated for several stages of flow along the flow 
path, as groundwater moves from the low-permeability domain to major water-con-
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ducting faults or to the overlying higher-permeability domain, and thence to the bio
sphere, which is assumed to be the alluvium of the Rhine River valley. The dilution 
ratio in the crystalline basement was estimated by comparing volumetric or Darcy 
fluxes in each of the domains and multiplying by a scale factor to represent the 
spreading of the plume. The scale factor was not estimated from a masstransport 
calculation, which would explicitly model dispersion, and hence it was conservatively 
assumed that the spreading of the contaminated plume would be minimal. Note that 
in the recent performance assessment methodologies the biosphere is modeled 
more explicitly, and hence the dilution factor is not used directly; here, it has been 
kept for completeness of the approach. 

At the block scale (steps 7 and 8, section 6.1), the most important assumptions are as 
follows: 

- the rock mass surrounding the emplacement drifts is sparsely fractured, i.e., it can 
be modeled as a fracture network. 

- in the analysis, the gradient assigned to each transmissive element is independent 
of its conductance. In reality, the gradient is expected to be inversely proportional to 
the transmissive properties, due to the flow dynamics. With the geometric approach, 
highly transmissive fractures may thus be assigned gradient values that are unreal
istically large, which leads to overestimated flux values (see also dynamic approach 
in Chapter 5). 

- all transmissive elements that intersect an emplacement-tunnel segment are 
assumed to connect to a major water-conducting fault or to the higher-permeability 
domain; no network effects (e.g., dead-end transmissive elements) are thus con
sidered. Combined with the assumption above, the flux through a tunnel section is 
overestimated. As documented in Chapter 5, the difference between geometric and 
"dynamic" network simulations of fluxes through individual transmissive elements, 
when combined with network effects, could be as much as a factor of ten, or even 
greater for less-connected systems. 

- hydraulically, a transmissive element is modeled with a constant value for effective 
transmissivity; the more realistic case of locally varying transmissivity in a transmis
sive-element plane would enhance the network effects. 

- for the estimation of the total flux through a tunnel using the geometric approach, all 
intersecting transmissive elements are assumed to contribute to both inflow into and 
outflow from the tunnel, i.e., a transmissive element brings water into the tunnel 
from half of its elliptical trace length and takes flow out from the tunnel through its 
other half. In the real system, the effective conductance of a particular intersection 
depends on many details, including hydraulic head, the TE geometry and hydraulic 
properties. For most cases, the difference with respect to the total flux is within a 
factor of 2 (see Chapter 5). 

All of these approach assumptions at the block scale are conservative, that is, they 
lead to fluxes for the individual transmissive elements or for the tunnel that are greater 
than what would be expected in reality. Hence, they are considered appropriate when 
compared to the alternative approach, namely: relaxation of some of the assumptions 
with an associated increase of the model complexity but no significant improvement in 
the realism of the results. 



NAGRA NTB 93-14 72 

Implementation 

The implementation of the developed approach to evaluate the crystalline basement in 
Northern Switzerland (Area West) relies to a very large extent on the statistical distri
butions of properties observed in the boreholes drilled by Nagra. The implementation 
employs an important assumption: 

- the observations that were made in the widely spaced boreholes are analogous to 
those that would be expected at any location that might be selected in the future. 

Additional, significant assumptions within the hydrogeological conceptual model are: 

- the crystalline basement is sparsely fractured, i.e., the rock mass contains sparsely 
distributed transmissive elements below about 500 m from the top of the crystalline 
basement 

- the orientation and spacing of the major water-conducting faults (MWCF) can be 
satisfactorily identified on the basis of inferences from surface observations; the 
MWCFs have only rarely been penetrated by boreholes (with the exceptions of the 
deep permeable zones at Leuggern and a segment of the Eggberg fault at Kaisten) 

- MWCFs can be identified from underground exploration 13) 

- water-conducting features around emplacement drifts can be conceptualized as 
planar transmissive elements 

- hydrogeologic properties of the transmissive elements are homogeneous and iso
tropic and are based on observed properties from the deep drilling program. It is 
assumed that although variability in hydrogeologic properties occurs (in particular, 
transmissivity) from feature to feature, no variability exists within a feature. This 
assumption is an oversimplification, because observations made of discrete fea
'tures at the scale of meters indicate the large degree of variability that is likely to be 
encountered. An example is the well-studied fracture zone of the Migration experi
ment (MI) at the Grimsel Test Site (see FRICK et aI., 1992). This variability can be 
investigated in detail only from the subsurface 

- geometric properties (in particular, the orientation) of transmissive elements can be 
satisfactorily described on the basis of inferences from surficial observations and 
from observations of the water-conducting features intersected in the boreholes 

- the transmissive elements can be modeled satisfactorily with a constant size (lateral 
extent). 

Most of these assumptions are reasonable, based on the current level of investiga
tions, and these can be relaxed when additional site-specific information exists. Wher
ever possible, two conceptual models were considered for the calculations, e.g., the 
full and sparse scenarios for the frequency of MWCFs (Chapter 3). The assumptions 
for the characteristics of the water-conducting features and their representation as 
transmissive elements in the fracture-network models are conservative simplifications 
of reality. As shown in Chapter 5, they lead to fluxes that are greater than would be 
expected with a more realistic, but more complex, representation. 

13) The repository design assumes a minimum setback of 100 m between MWCF and emplacement drifts 



73 NAGRA NTB 93-14 

6.3 Hydrogeological Input to Safety Analysis - Area West of Northern 
Switzerland 

Utilizing the approach summarized in section 6.1 and the conceptual assumptions pre
sented in section 6.2, the relevant output from the analyses presented in Chapters 2 
through 5 are incorporated into a representative input data set for use in the safety
analysis calculations. Rather than presenting only a 'best estimate' value, the approach 
allows for a direct quantification of the statistical distribution of Darcy fluxes (and the 
corresponding volumetric flow rates and advective velocities), including the range in 
likely values and the mean values of the distribution. The calculated ranges incorporate 
both spatial variability (i.e., the variability in hydraulic characteristics from transmissive 
element to transmissive element) as well as conceptual uncertainty (i.e., the distinction 
between 'sparse' and 'full' scenarios for MWCF frequency and the utilization of both 
geometric and dynamic networkmodeling approaches). 

The hydrogeologic input to safety analysis consists of two major components, namely: 

(1) the hydrogeological conceptual model, which embodies the relevant assumptions 
and the ranges of parameter values used as input to the hydrogeologic concep
tual model, and 

(2) the calculated values and the corresponding uncertainty associated with the input 
parameters required in the safety analysis. These are: 

a) the volumetric flow of water through the repository as a whole or past indi
vidual emplacement tunnels, 

b) the distribution of this volumetric flow among discrete permeable features 
that may intersect the repository, 

c) the effective velocity of groundwater in these features, 
d) the length of the likely flow paths from the repository to the higher perme

able features, and 
e) the volumetric flow rate in the more permeable aquifers located at the bio

sphere; flow in these aquifers would be expected to dilute those radionu
c1ides that have been released from the engineered and natural barriers. 

The hydrogeological conceptual model for Area West of Northern Switzerland is shown 
in Fig. 2-1 and discussed in Chapter 2. The input parameters are derived and dis
cussed in Chapters 3 through 5 and are summarized in Tab. 6-1. 

Fig. 6-1 includes the model inputs used in the safety assessment and the derivation of 
these inputs from the output of the geometric and hydrogeologic models described in 
this document. Chapters 4 and 5 describe the base for defining the following parame
ters in Fig. 6-1: (1) the ratio of the actual flow-path length to the direct path length; (2) 
the number and trace length of water-conducting features that intersect a segment of a 
potential repository tunnel; (3) the transmissivity of the water-conducting features that 
intersect the tunnel segment; and (4) the hydraulic gradient within the water-conducting 
features. Items 2 through 4 were used directly to define the flow rate through a seg
ment of repository tunnel and the distribution of the overall flow among different 
transmissive elements. 
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Tab. 6-1 Geometric and hydraulic results relevant to safety analysis, Area West 
(see also: THURY et aI., 1994; NAGRA, 1994a) 

Value in 
Type of inpuVresult ValuelRange Remarks/Ref. P.A. Ref. 

Casel 

Selected input parameters and results (local-scale and regional-scale models) 

1. Transmissivity (T) of Arithmetic mean: 904E-10 
water-conducting features Mean 10gT: -9.24; Fig. 2-2; Tab. 2-1 -
(WCF) in block elements Standard deviation 10gT: 004 
of low-permeability 
domain (LPD)[m2/s] 

2. Effective hydraulic Fig- 5-8; Depending on the 
conductivity (K-eff) of LPD 4.2E-11 size distribution of TEs, this 4E-11 
[m/s] value could be 10 to 100 times 

smaller. 

3. T of TEs in higher-perme- Arithmetic mean: 404E-6 
ability domain (HPD) Mean 10gT: -6.17; Fig. 2-2; Tab. 2-1 -
[m2/s] Standard deviation 10gT: 1.1 

4. K-eff HPD [m/s] Fig. 3-3 
2.8E-7 -

5. T of TEs in major water- Arithmetic mean: 4.1 E-6 
conducting faults Mean 10gT: -6.32; Fig. 2-2; Tab. 2-1 -
(MWCF)[m2/s] Standard deviation 10gT: 0.9 

6. K-eff of MWCF (first 
order) [m/s] 3.2E-7 Fig. 3-3 3E-7 

7. T-eff of MWCF (second 
order) [m2/s] 604E-6 Fig. 3-3 -

8. Transmissive element Not explicitly discussed here; 
(TE) length per unit cross- 0.08 - 0.12 see THURY et al. (1994) 0.1 
sectional area of MWCF 
[m·l ] 

9. Darcy flux - LPD [m/s] Mean2: 1 E-12 - 3.2E-12 Tab. 3-1 -
Range2: 5E-14 - 3E-11 

10. Darcy flux - MWCF [m/s] Mean2: 1.9E-9 - 6.7E-9 Tab. 3-1 6.7E-9 
Range2: 9E-11 - 5E-8 

11. Darcy flux - Rhine River Eastern part of Area West: 1 E-5 Section 3.5 
alluvium [m/s] Frick Valley: 1 E-4 -

12. Volumetric flux - Rhine section in Laufenburg: 0.05 
River alluvium (OBIO) section near Stein: 0.65 Section 3.5 5.5E+6m3/a 
[m3/b] section in Frick valley: 0.36 

13. Volumetric flux - Rhine 1000; 3.2E+ 10 Section 3.5 3.2E10m3/a 
River [m3/s; m3/a] 

Results from block-scale models: Geometry 

1. Number of TEs that inter- Range: 6 - 20 Fig. 4-4 14 
sect a 500-m tunnel seg- Mean: 13.7 
ment 

2. Trace lengths of single Range: <1 - 72 Figs. 4-4 and 4-6. A value of 25 
TEs that intersect a 500-m Mean: 21.7; 25 was recommended for P.A. 
tunnel segment (m) Most2: 20 - 30 Ref. Case calculations. 

3. Length of direct flow path, Minimum: defined by savety Flow-path direction may be 
LPD to HPD or MWCF analysis predominantly vertical or 100 m 

Maximum: Value depends on horizontal. 
position of emplacement caverns 
and local hydrogeological 
conditions. 

4. Ratio, actual flow-path Range: 1.2 - approx. 3 For conservatism, assume 2 
length to direct one Most: 104 - 2.0 ratio = 1 

5. Number of TEs in a flow - For conservatism, assume 1 1 
path 
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Tab. 6-1 Geometric and hydraulic results relevant to safety analysis, Area West 
(cont.) 

Value In 
Type of Input/result Value/Range RemarkslRef. P.A. Ref. 

easel 

Results from block-scale models: Hydraulics 

Range2 Geometric mean2 / 
Arithmetic mean2 

1. Hydraulic gradienVLPD [-]: Fig.3-S 
- Horizontal component 0.002 - .09 N.A. /0.009 -.03 
- Vertical component <E-3 - 0.07 N.A. / O,OOS -.03 -
- Absolute .OOSS -.12 N.A. / .01 - .OS 

2. Normalized flux [m2/s] in 6E-13 - S.7E-12 - 2E-11 / Fig. 5-3 and remark 3, below. 2E-11 
TEs in LPD (flux per unit 2E-10 9.4E-12 - 4E-11 

length) 

3. Conductance of TEs in 3E-10 - SE-9 /9E-9 Fig. 4-4 and 4-7 and re-mark 3, -
LPD [m3/s] 3.BE-B below. 

4. Flux through single TEs 3E-12 - S.3E-11 -1.BE-10 / Fig. 5-2 and remark 3, below. -
intersecting a 500-m 2E-9 
tunnel segment in LPD, 
OTE [m3/s] 

5. Total flux through a SOO-m 4E-11 - 7E-10 - 2.4E-9 / Fig. 5-4 and remark 3, below. -
tunnel segment in LPD, 3E-B 
OT [m3/s] 

6. Total flux through reposi- 0.04 - 2B.4 0.6S - 2.3 /1.4 - 6.2 Assumes 30 tunnels and vertical -
tory, OR [m31y] flow; cf. remark 3, below, and 

[OR=30 0T] section S.3 

7. Dilution ratio, OMWCF/OLPO E+2 - E+3 Section 3.S -
B. Dilution ratio, OHPO/OLPO E+2 - E+3 Section 3.5 -
9. Dilution ratio, OSlO/OR 7E+S - SE+B 9E+6 - 3E+7 / Biosphere is Rhine River -

3.3E+6 - 1.SE+7 alluvium at section near Stein; 
cf. 12, above. 

1 Explanation for the choice of these values is in NAGRA, (1994a). 

2 .M§gn is mean of full scenario distribution - mean of sparse scenario distribution; 
fuulgg, is from lower end (2.S %)of full-scenario distribution to upper end (97.S %) of sparse-scenario distribution; 
Most is used for the trace-length distribution in a qualitative sense, because the distribution is highly skewed. 

3 The study by LANYON & HOCH (1993) indicates that values derived from the dynamic approach can be up to 10 
times lower than the ones derived from the geometric approach. 

The results of the geometriC modeling described in Chapter 4 were utilized to define 
the mean values of the parameter distributions impacting the model inputs for safety 
analysis (see discussion below). These mean values were combined to generate the 
mean or expected-value or reference-case parameters for use in the safety-assess
ment models. Parameter variations around the reference case used in the safety 
analysis were based on order-of-magnitude changes from the reference case in order 
to evaluate the sensitivity of the predicted performance to the possible uncertainty in 
the hydrogeologic input. The use of the order-of-magnitude changes effectively 
encompasses the range of values determined in the geometric analyses as well as 
the sensitivity of the geometriC results to some of the assumptions, as presented in 
Chapter 5. 
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7 CONCLUSIONS 

An understanding of the hydrogeological characteristics of the host rock, the 
geosphere, and the biosphere is an integral part of the safety analysis of a potential 
repository. The development of the appropriate databases is based on direct or indirect 
information spanning a variety of scales, ranging from observations in a borehole to 
regional information on infiltration and exfiltration areas. 

At the onset of this work, the appropriate balance was sought between acquiring a 
broad degree of understanding of the hydrogeologic system and the ultimate objective 
of providing a succinct and pertinent set of numbers (average values and ranges) as 
input to the safety-analysis models. More specifically, the methodology for the deriva
tion of the hydrogeological input for safety-analysis models is intended to: 

1. integrate all the relevant information in a transparent and reproducible manner; 
2. provide output in a format that can be used directly as input to the safety-analysis 

models; 
3. present realistic values, to the degree feasible, or values based on conservative 

assumptions, when other information does not exist; and 
4. indicate ranges or bounds of the given values. 

The developed methodology achieved its main objective, that is, to provide the hydro
geological part of the geo-dataset for safety-analysis models, as Chapter 6 demon
strates for the case of the crystalline-rock program in Northern Switzerland. In addition, 
the results fulfilled the four requirements described above. 

To meet the first requirement, it was necessary to develop a methodology that incorpo
rated a formal and systematic way of expressing current understanding of the hydro
geologic regime by means of a conceptual model. Such a conceptual model provides 
the basis for the numerical developments and modeling and the qualitative description 
of groundwater flow. In addition, the development and availability of a conceptual 
model facilitate discussions and communication of the basic hypotheses within an 
interdisciplinary team. 

Secondly, the derived output was used directly in the safety-analysis models (see 
Chapter 6). In particular, the geometric characteristics of the potential flow paths inter
secting a repository tunnel were incorporated in the models. 

The discussions in Chapters 3 to 5 explain in detail which values are deemed to be 
realistic and which are based on conservative assumptions. Evaluation of the results of 
the geometric approach shows that the results at this scale are conservative, i.e., the 
fluxes in individual features are overestimated. 

The format of the output fulfills the fourth requirement stated above by providing in 
addition to average values a distribution that is associated with each parameter of 
interest (Tab. 6-1). 

Implementation of the methodology required the development of new techniques at all 
levels. Examples are: 

1. the hybrid model and the automatic grid-generation technique at the local scale; 
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2. estimation of repository fluxes and dilution factors, also at the local scale, through 
the random placement of hypothetical repository boxes in the model; and 

3. estimation of the effects of channelling on effective hydraulic conductivity at the 
block scale, through parallel or cross channels simulated with NAPSAC. 

Of particular significance is the development of two methodological techniques: 

- development of systematic descriptions of the flow systems (conceptual model, 
regional scale, local scale, block scale); 

- estimation of the block-scale characteristics by means of the geometric approach. 

The first of these techniques is discussed above. As for the second, the geometric 
approach differs from a standard hydrodynamic modeling approach in that the former 
assumes that the driving force (gradients), as determined from the local-scale model, 
are not influenced by the variability of hydraulic parameters at the block scale. An 
advantage is that it is simple to implement and it produces demonstrably conservative 
values of groundwater fluxes. The geometric approach is thus a satisfactory trade-off 
between a more complex approach (with realistic but uncertain results) and a simple 
approach (with more certain - in a conservative sense - results). The standard hydro
dynamic simulation (dynamic approach) was employed for simple cases as a check of 
the conservativeness of the geometric approach. The degree of conservativeness and 
appropriateness of the geometric approach are demonstrated in Chapter 4 and 5. 

The link between site-characterisation activities and performance assessment is the 
geo-dataset, which consists of the conceptual model and values and ranges for a set 
of critical parameters. The reduction of the complex behaviour of the natural system to 
a conceptual model and a set of critical parameters has a significant advantage with 
respect to the evaluation of other scenarios (e.g., long-term behavior as influenced by 
geologic or climatic changes): it allows the evaluation of different scenarios on the 
basis of their expected impact on the conceptual model and these critical parameters. 
Such an approach was followed in the development of the scenario methodology for 
Northern Switzerland (SUMMERLING and GROGAN, 1994). Thus, changes can be 
assessed relative to the basic scenario or to the conceptual model. 

The approach described in this report is most suitable in the case of sparse regional 
information, i.e., where boreholes are spaced a kilometer or more, and where a need 
exists to perform preliminary safety analyses. But the methodology can also be applied 
when more detailed site information is available, with the realisation that the geometric 
approach at the block scale might produce over-conservative results. The method is 
thus useful for the preliminary stage of safety assessment, and it provides an upper 
bound on the geo-dataset values. 
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