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Foreword 
 
Concepts for the disposal of radioactive waste in geological formations depend crucially on a 
thorough knowledge of relevant processes in the host rock and on an understanding of the whole 
repository system, comprising both engineered and geological barriers. Many of these processes 
are being investigated in the Grimsel Test Site (GTS: see www.grimsel.com for details), a first-
generation underground rock laboratory operated since 1984 by the Swiss National Co-
operative for the Disposal of Radioactive Waste (Nagra). 

The laboratory is located in the fractured crystalline rock of the Central Aare Massif, 450 m 
below the eastern flank of the Juchlistock mountain at an altitude of 1749 m. It is reached via a 
1200 m long horizontal access tunnel, operated by the local hydro-electric power company 
KWO (see www.kwo.ch for details). The layout of the tunnels that comprise the GTS allowed 
the establishment of a radiation controlled zone (Swiss Type C in 1990, upgraded to Type B in 
1996) in which experiments with radioactive tracers are carried out. With increasing experience 
in the implementation of in situ experiments, improved process understanding and more 
advanced repository concepts, the experimental programmes at the GTS have gradually become 
more complex and more directly related to open questions defined by performance assessors 
and by regulatory bodies. Demonstration of disposal concepts by performing large- or full-scale, 
long-term experiments has also become a key aspect of investigations in the rock laboratory. 

The GTS Phase IV, 1994 – 1996, was initiated in close co-operation with a number of interna-
tional partner organisations. The programmes which were carried out focussed on the charac-
terisation and conceptualisation of the tunnel near-field, geophysical investigations and experi-
ments related to in situ radionuclide retardation1. 

Within GTS Phase IV, the Nagra-JAEA 2  Radionuclide Migration Programme (RMP) 
examined the behaviour of a large suite of radionuclides in the geosphere. The Radionuclide 
Retardation Project (RRP) is an integral part of RMP. For Phase I (1990 – 1991), see 
Alexander & Kawamura (1992) which provide the results of a desk-top feasibility study and 
for Phase II (1991 – 1995), see Alexander et al. (2003a). This report summarises the results 
of Phase III, covering the period 1996 – 1998. It focusses on the examination of the structure 
of the shear zone and on the behaviour of radionuclides that are relevant to repository post-
closure safety, but are so strongly retarded by interaction with the shear-zone rock that they 
are not expected to migrate through the dipole flow-field in experimentally reasonable time 
scales. The subsequent excavation of the experimental shear zone is detailed and the results 
of the laboratory analysis of the three-dimensional geological structure and of the distribution 
of injected radionuclides within the flow-field are presented. 

This document is one of a series of three Nagra Technical Reports (NTBs) on RMP, 
including NTB 00-06 (EP-Phase II, Radionuclide Retardation Project) and NTB 00-08 
(Connected Porosity) and NTB 00-09 (Radionuclide Migration Experiment). 

                                                           
1 Note that seven experimental projects were carried out in the GTS as part of the Phase V (1997 – 2003) pro-

gramme and several have started as part of the Phase VI (2003 – 2013) programme. See www.grimsel.com for 
details. 

2  Formerly PNC until September 1999 and JNC from October 1999 to September 2005 

http://www.grimsel.com/�
http://www.kwo.ch/�


 

Vorwort 
 
Bei Lagerkonzepten für die Entsorgung radioaktiver Abfälle in geologischen Formationen sind 
eine vertiefte Kenntnis der relevanten Prozesse im Wirtgestein und ein Verständnis des gesam-
ten Lagersystems mit den technischen und geologischen Barrieren von entscheidender Bedeu-
tung. Im Felslabor Grimsel (FLG, siehe www.grimsel.com für weitere Details), einem standort-
unabhängigen Felslabor der ersten Generation, werden zahlreiche dieser Prozesse untersucht. Es 
wird seit 1984 von der Nagra (Nationale Genossenschaft für die Lagerung radioaktiver Abfälle) 
betrieben. 

Das FLG befindet sich im geklüfteten Kristallingestein des Zentralen Aarmassivs 450 m unter-
halb der Ostflanke des Juchlistocks auf einer Höhe von 1749 m ü.M. und kann durch einen 
1200 m langen horizontalen Zugangsstollen der Kraftwerke Oberhasli AG (KWO, siehe 
www.kwo.ch für weitere Details) erreicht werden. Das Stollenlayout des FLG ermöglichte die 
Einrichtung einer kontrollierten Zone (1990: Schweizer Typ C, 1996: Höherstufung auf Typ B) 
für Versuche mit radioaktiven Tracern. Mit zunehmender Erfahrung bei der Durchführung von 
In-situ-Feldversuchen, einem verbesserten Systemverständnis und weiter entwickelten Lager-
konzepten, verlagerten sich die experimentellen Programmschwerpunkte hin zu komplexen, 
direkt auf die Anforderungen der Sicherheitsanalyse und Behörden ausgerichtete Versuche. 
Langzeit-Demonstrationsversuche von Lagerkonzepten in grösserem oder Originalmassstab 
gewannen im Felslabor zunehmend an Bedeutung.  

Die FLG Untersuchungsphase IV (1994 – 1996) wurde in enger Zusammenarbeit mit einer 
Anzahl internationaler Partnerorganisationen geplant und durchgeführt. Die Versuchspro-
gramme konzentrierten sich auf die Charakterisierung und Konzeptualisierung des Tunnelnah-
feldbereichs, geophysikalische Untersuchungen und Versuche zur Radionuklidretardation3.  

In der FLG Phase IV wurde im Rahmen des Nagra-JAEA4 Radionuklid-Migrationsprogramms 
(Radionuclide Migration Programme RMP) das Verhalten einer grossen Anzahl Radionuklide in 
der Geosphäre untersucht. Das Projekt Radionuklidretardation (Radionuclide Retardation Project 
RRP) ist ein integraler Bestandteil des RMP. In Phase I (1990 – 1991) wurde eine Desktop-
Machbarkeitsstudie durchgeführt (siehe Alexander & Kawamura 1992). In Phase II (1991 –
 1995) wurden Labor- und Feldmachbarkeitsstudien ausgeführt, bei denen die in Phase I 
identifizierten Methoden und Technologien unter relevanten geologischen Bedingungen 
getestet und weiter entwickelt wurden (siehe Alexander et al. 2003a). Die Resultate der 
Phase III, die den Zeitraum 1996 – 1998 umfassen, sind im vorliegenden Schlussbericht dar-
gelegt. Das Schwergewicht liegt dabei auf der Untersuchung der Struktur der Scherzone und dem 
Verhalten der für die Sicherheit nach Verschluss des Lagers relevanten Radionuklide, die jedoch 
infolge der Wechselwirkung mit der Scherzone so stark retardiert werden, dass ihre Migration 
durch ein Dipol-Fliessfeld innerhalb der betrachteten Zeitdauer nicht erwartet werden konnte. Die 
anschliessende Exkavation der Versuchsscherzone ist im Detail beschrieben sowie die Ergebnisse 
der Laboranalyse der dreidimensionalen geologischen Struktur und der Verteilung der injizierten 
Radionuklide im Fliessfeld dargelegt.  

Der vorliegende Bericht ist Teil einer Reihe von vier Nagra Technischen Berichten (NTBs) zum 
Thema RMP, zusammen mit NTB 00-06 (EP Phase II, Radionuclide Retardation Project), NTB 
00-08 (Connected Porosity) und NTB 00-09 (Radionuclide Migration Experiment). 

                                                           
3 Zu beachten ist, dass sieben Versuchsprojekte im FLG als Teil des Untersuchungsprogramms der Phase V 

(1997 – 2003) durchgeführt und einige als Teil des Untersuchungsprogramms der Phase VI (2003 – 2013) 
begonnen wurden (siehe www.grimsel.com für weitere Details). 

4 Frühere PNC (bis September 1999) und JNC (von Oktober 1999 bis September 2005). 

http://www.grimsel.com/�
http://www.kwo.ch/�


 

Préface 
 
L’élaboration de concepts pour l’évacuation des déchets radioactifs dans des formations 
géologiques suppose une connaissance approfondie des processus se déroulant dans la roche 
d’accueil et la compréhension de l’ensemble du système de dépôt, comprenant les barrières 
aussi bien techniques que géologiques. Un grand nombre de ces processus font l’objet d’expé-
riences au Laboratoire souterrain du Grimsel (LSG, voir www.grimsel.com pour plus de détails, 
en anglais). Ce site d’essais souterrain de première génération est exploité depuis 1984 par la 
Société coopérative nationale pour le stockage de déchets radioactifs (Nagra). 

Le laboratoire est situé dans les roches cristallines fracturées du massif central de l’Aar, à 450 m 
de profondeur, sous le flanc oriental du Juchlistock, qui culmine à 1749 m. On l’atteint par un 
tunnel d’accès horizontal d’une longueur de 1200 m, utilisé par la compagnie hydroélectrique 
locale, la KWO (www.kwo.ch). La disposition des galeries constituant le LSG a permis d’amé-
nager une zone de radiation contrôlée où l’on effectue des essais avec des traceurs radioactifs. 
Avec l’expérience acquise dans la réalisation d’essais in situ, l’amélioration des connaissances 
des processus et la précision des concepts de dépôt, les programmes expérimentaux au LSG sont 
devenus plus complexes et plus directement liés aux questions encore ouvertes posées par les 
analystes de la sûreté et par les autorités de surveillance. La démonstration de la faisabilité du 
stockage en couches géologiques profondes est également devenue un élément-clé des 
recherches au laboratoire souterrain. Des expériences à grande échelle ou en taille réelle et à 
long terme sont menées dans ce but. 

La phase IV du LSG (1994 – 1996) était axée sur la caractérisation et la conceptualisation du 
champ proche de la galerie, les investigations géophysiques et les essais concernant le retar-
dement in situ des radionucléides5.  

Durant la phase IV du LSG, la Nagra et JAEA6 ont étudié dans le cadre du programme RMP 
(Radionuclide Migration Programme) le comportement d’une large palette de radionucléides dans 
la géosphère. Le projet de retardement des radioéléments (Radionuclide Retardation Project, 
RRP), qui fait partie intégrante du programme RMP. Pour la phase I (1990 – 1991), voir 
Alexander & Kawamura (1992), qui présente les résultats d’une étude de faisabilité 
théorique. La phase II (1991 – 1995; voir Alexander et al., 2003a) a approfondi les études de 
faisabilité en laboratoire et sur le terrain, reprenant les méthodes et les techniques identifiées 
durant la phase I pour les tester (et continuer de les développer) dans des conditions 
géologiques représentatives. Le présent rapport résume les résultats de la phase III (1996 – 
1998). Cette dernière était axée sur l’étude des structures dans les zones de cisaillement et le 
comportement des radionucléides qui, tout en étant déterminants pour la sûreté d’un dépôt 
géologique après sa fermeture, sont soumis dans la roche fracturée à un phénomène de 
retardement tel qu’ils ne devraient guère migrer à travers le champ d’écoulement dipolaire en un 
laps de temps raisonnable sur le plan expérimental. L’excavation de la zone de cisaillement 
expérimentale qui a suivi est décrite en détail, ainsi que les résultats des analyses en laboratoire de 
la structure géologique tridimensionnelle et de la répartition dans le champ d’écoulement des 
radionucléides injectés. 
La série des rapports techniques de la Nagra (NTB) sur le programme RMP comprend en outre 
NTB 00-06 (EP-Phase II, Radionuclide Retardation Project), NTB 00-08 (Connected Porosity) et 
NTB 00-09 (Radionuclide Migration Experiment). 

                                                           
5  Sept projets expérimentaux ont été mis en œuvre au LSG dans le cadre de la phase V (1997 – 2003) et plusieurs 

autres ont commencé durant la phase VI (2003 – 2013). Voir www.grimsel.com pour plus de détails. 
6  PNC jusqu’en septembre 1999, puis JNC d’octobre 1999 à septembre 2005. 

http://www.grimsel.com/�
http://www.kwo.ch/�
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Abstract 
 
To enhance the understanding of radionuclide transport/retardation in fractured rock, Nagra and 
JAEA worked together for nearly 15 years on a Radionuclide Migration Programme (RMP) at 
Nagra’s Grimsel Test Site (GTS). This started with the MI (Migration Experiment) project and 
moved on to EP (Excavation Project) and the CP (Connected Porosity) project. Traditionally, 
studies such as MI produce data for the overall flow system "seen" by the radionuclides. These 
data are then modelled to produce a set of "best fit" bulk or average values for the transport/ 
retardation parameters. However, the model values obtained may not be an unique solution and, 
from this process, no detailed information is obtained about where the retardation actually takes 
place. The extrapolation from one site, or flow system, to another where properties are different 
can only be done, if the underlying processes are well understood. 

This is a key issue as, in practice, the geosphere around a radioactive waste repository will not 
be exhaustively explored, due to the necessity to maintain favourable characteristics in as 
unperturbed a state as possible. Hence, it is essential that extrapolations from nearby or similar 
sites, where such restrictions do not apply, can be justified by a thorough understanding of the 
factors influencing in situ radionuclide transport and retardation. As part of this strategy, Nagra 
and JAEA proposed another experiment which took a step further than MI – EP. 

The Nagra-JAEA Excavation Project (EP) was a very challenging project where, for the first 
time, radionuclide cocktails of strongly sorbing radionuclides with complex chemistries were 
injected into a water-conducting shear zone, followed by the excavation of the traced part of the 
shear zone (approximately two tonnes of rock). The development, improvement and testing of 
new methodologies and techniques was required owing to the complexity of the project and to 
the scale of the in situ experiment. The extensive efforts that were undertaken in order to 
guarantee a successful experiment also required a series of laboratory and field tests at the GTS, 
the latter wherever possible under conditions closely resembling the final experiment. 

The Excavation Project (EP) began in 1990 with the Phase I feasibility study and continued in 
Phase II with an extensive campaign of laboratory and field tests between 1994 and 1996. This 
final report provides a summary of the Phase III work, which included: 

• Injection of four different radionuclide cocktails into the EP test zone that was established 
in the AU96 experimental shear zone (MI shear zone) at the GTS. 

• Continuous monitoring of radiotracer breakthrough at the outlet borehole followed by 
stabilisation of the rock volume containing the retarded radionuclides by in situ resin 
impregnation. 

• Excavation of the stabilised rock volume by shear zone-parallel overcoring for sample 
recovery and laboratory investigations. 

• Radiochemical analysis on solid shear zone samples and detailed structural geological 
investigation of the flow-path geometry within the dipole. 

One of the aims of EP was to examine the behaviour of PA (performance assessment) relevant 
radionuclides and so those nuclides selected for consideration in Nagra’s Kristallin-1 PA and 
JAEA’s TRU-I PA were examined. The final selection was 
238U, 235U and 234U: safety relevant 
237Np:   safety relevant 
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99Tc: safety relevant 
152Eu: considered to be a good chemical analogue for other lanthanides and 

trivalent actinides 
60Co: good chemical analogue for safety relevant 59Ni and easier to obtain 

and simpler to analyse than 59Ni 
75Se: complete chemical analogue of safety relevant 79Se, but much shorter 

half-life (120 days against 65 ka) 
113Sn: complete chemical analogue of safety relevant 126Sn, but much shorter 

half-life (115 days against 100 ka) 

stable Mo: complete chemical analogue of safety relevant 93Mo (half-life of 3.5 ka)
 
Scoping calculations indicated that the low natural solubilities of these radionuclides in the 
Grimsel groundwater/rock system meant that the likely activities retained in the shear zone 
would be significantly below the detection limits of any surface analytical and radiochemical 
methods available at the time. Consequently, it was decided to alter the focus of the experiment 
by injecting much higher levels of radionuclides into the system than would be feasible under 
normal solubility controls (by injecting the radionuclides in acidified solutions). Obviously, this 
meant that the geochemistry of the system would no longer be realistic, but the information 
which would be provided on transport pathways (from the labelling of the flow-paths by the 
radionuclides) would still be of great value for testing conceptual models of transport in 
complex flow systems. 

Consideration was given to determine the flowpath geometry by simply injecting resin into the 
flow-field, but this was rejected for two reasons: 

• There were indications that the resin might not impregnate minor flow-paths, owing to 
viscosity and polymerisation limitations.  

• It was felt that carrying out such an experiment with safety relevant radionuclides would 
build the necessary experience required to conduct similar future studies in the Swiss and 
Japanese programmes on repository-relevant systems.7 Further, experience in handling high 
activities and α-emitters would increase confidence in what can be achieved in URLs 
overall. 

As such, the behaviour of the radionuclides in the flow system cannot be directly used in PA 
calculations, but they proved invaluable in mapping out actual flow-paths in this highly 
complex flow system. Analysis of the so labelled flow-paths clearly showed the impact of 
double porosity transport and the complexities of flow and retardation in three dimensions (3D) 
where fracture "branches" and fracture fill "islands" all play a role. The significance of retarda-
tion in the fracture fill compared to the matrix for strongly retarded radionuclides should not be 
overlooked. This is probably a good reflection of what will happen in a fractured repository host 
rock, with strongly sorbing radionuclides having little chance to access the matrix when so 
many sites of retardation exist in the fracture filling material. 

                                                           
7  The core group of staff employed in EP have gone on to do just this with projects in the Grimsel Phase V and VI 

programmes and at the Mont Terri and Kamaishi URLs. 
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Zusammenfassung 
 
Die Nagra und JAEA arbeiteten fast 15 Jahre im Radionuklid-Migrationsprogramm (Radio-
nuclide Migration Programme RMP) des Felslabors Grimsel (FLG) zusammen, um das Ver-
ständnis von Radionuklidtransport/-retardation in geklüftetem Gestein zu verbessern. Das Pro-
jekt begann mit dem MI-Experiment (Migrationsversuch, 'Radionuclide Migration Experiment') 
und wurde mit dem EP-Experiment (Exkavationsprojekt, 'Excavation Project') und CP-Experi-
ment (Verbundene Porosität, 'Connected Porosity') fortgeführt. Üblicherweise generieren Stu-
dien – wie beispielsweise das MI-Experiment – Daten für das gesamte Fliesssystem, welches 
die Radionuklide auf ihrem Transportpfad "sehen". Solche Daten werden dann modelliert, um 
eine Reihe von "Best-Fit"-Grössen und -Mittelwerten für die Transport-/Retardationsparameter 
zu erhalten. Jedoch stellen diese Modellwerte nicht immer die einzig mögliche Lösung dar und 
die Modelle liefern keine detaillierten Informationen darüber, wo die eigentliche Retardation 
stattfindet. Die Extrapolation von einem Ort oder Fliesssystem zu einem anderen mit unter-
schiedlichen Eigenschaften kann man nur machen, wenn man zugrunde liegenden Prozesse 
versteht. 

Dies ist insofern von zentraler Bedeutung, da in der Praxis die Geosphäre um ein geologisches 
Tiefenlager für radioaktive Abfälle nicht allumfassend erkundet werden kann, weil dort die 
günstigen Eigenschaften in einem möglichst ungestörten Umfeld aufrechterhalten werden 
müssen. Demzufolge ist es wichtig, die wirksamen Faktoren für den In-situ-Radionuklidtrans-
port und die -retardation genau zu kennen, um Extrapolationen zu nahegelegenen oder 
ähnlichen Standorten, wo solche Beschränkungen nicht bestehen, vornehmen zu können. Als 
Folge dieser Strategie wurde von der Nagra and JAEA mit dem EP-Experiment ein weiterer 
Versuch durchgeführt, der einen Schritt weiter ging als das MI-Experiment. 

Das Nagra-JAEA Exkavationsprojekt (Excavation Project EP) war ein herausforderndes Pro-
jekt, bei dem erstmals Cocktails stark sorbierender Radionuklide mit komplexer Chemie in eine 
wasserführende Scherzone injiziert und anschliessend der getracerte Anteil der Scherzone 
exkaviert wurde (etwa zwei Tonnen Gestein). Die Komplexität des Projekts und der Massstab 
des In-situ-Versuchs erforderten die Entwicklung, Verbesserung und den Test neuer Methoden 
und Techniken. Der erhebliche Aufwand, der zur Gewährleistung eines erfolgreichen Versuchs 
unternommen wurde, umfasste eine Reihe von Labor- und Feldversuchen im FLG, letztere – 
wann immer möglich – unter Bedingungen, die möglichst genau denjenigen des endgültigen 
Experiments entsprachen.  

Das Exkavationsprojekt (Excavation Project EP) begann 1990 mit einer Machbarkeitsstudie 
(Phase I) und wurde mit einer umfangreichen Kampagne aus Labor- und Feldtests (Phase II) 
zwischen 1994 und 1996 fortgeführt. Der vorliegende Schlussbericht fasst die Arbeiten der 
Phase III zusammen, diese bestanden aus: 

• Injektion vier verschiedener Radionuklidcocktails in die EP-Testzone, die in der Testscher-
zone AU96 (MI-Scherzone) im FLG eingerichtet wurde 

• Kontinuierliches Monitoring des Radionuklidtracerdurchbruchs bei der Extraktionsbohrung 
mit nachfolgender Stabilisierung des die retardierten Radionuklide enthaltenen Gesteins-
volumens durch In-situ-Harzimprägnierung 

• Exkavation des stabilisierten Gesteinsvolumens durch scherzonenparalleles Überbohren zur 
Probengewinnung für Laboruntersuchungen 

• Radiochemische Analysen von Gesteinsproben aus der Scherzone und detaillierte struk-
turelle geologische Untersuchungen der Fliesspfadgeometrie innerhalb des Dipols 
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Eine der Zielsetzungen des EP-Experiments war die Untersuchung des Verhaltens sicherheits-
relevanter Radionuklide, d. h. von Nukliden, die in der Sicherheitsanalyse für Kristallin-1 der 
Nagra und in derjenigen für TRU-I von JAEA behandelt wurden. Die endgültige Auswahl der 
Radionuklide umfasste: 

 
238U, 235U and 234U: sicherheitsrelevant 
237Np: sicherheitsrelevant 
99Tc: sicherheitsrelevant 
152Eu: wird als gutes chemisches Analogon für andere Lanthanide und dreiwertige 

Aktinide erachtet 
60Co: gutes chemisches Analogon für das sicherheitsrelevante 59Ni, welches leichter 

zu beschaffen und einfacher zu bestimmen ist als 59Ni 
75Se: vollständiges chemisches Analogon für das sicherheitsrelevante 79Se, jedoch 

wesentlich kürzere Halbwertszeit (120 Tage gegenüber 65 ka) 
113Sn: vollständiges chemisches Analogon für das sicherheitsrelevante 126Sn, jedoch 

wesentlich kürzere Halbwertszeit (115 Tage gegenüber 100 ka) 

stabiles Mo: vollständiges chemisches Analogon für das sicherheitsrelevante 93Mo 
(Halbwertszeit 3.5 ka) 

 
Überschlagsberechnungen zeigten, dass aufgrund der geringen Löslichkeiten dieser Radio-
nuklide im Grundwasser-/Gesteinssystem des FLG, die Aktivitäten der in der Scherzone wahr-
scheinlich zurückgehaltenen Radionuklide weit unter der Nachweisgrenze für alle damals zur 
Verfügung gestandenen oberflächenanalytischen und radiochemischen Methoden liegen wür-
den. Demzufolge wurde beschlossen, den Versuchsaufbau abzuändern, indem wesentlich 
höhere Radionuklidkonzentrationen als unter normalen Löslichkeitsbedingungen erwartet mit-
hilfe von angesäuerten Lösungen in das System injiziert wurden. Dadurch waren zwar die geo-
chemischen Bedingungen des Systems nicht mehr realistisch, die gewonnenen Informationen 
über die Transportpfade (markiert durch die Radionuklide) waren dennoch sehr aufschlussreich 
für den Test der konzeptuellen Transportmodelle in komplexen Fliesssystemen. 

Zur Bestimmung der Fliessweggeometrie war ursprünglich geplant einfach Harz in das 
Fliessfeld zu injizieren, dieses Vorhaben wurde jedoch aufgrund der folgenden beiden Gründe 
aufgegeben: 

• Es gab Hinweise, dass das Harz aufgrund dessen eingeschränkter Viskosität und Polymeri-
sation keine sekundären Fliesspfade imprägnieren würde. 

• Man ging davon aus, dass die Durchführung eines solchen Versuchs mit sicherheitsrelevan-
ten Radionukliden die erforderlichen Erfahrungen aufbauen würde, um künftige Studien 
innerhalb des schweizerischen und japanischen Untersuchungsprogramms hinsichtlich 
ähnlicher endlagerrelevanter Systeme durchführen zu können8. Zudem erhöhte die Erfah-
rung im Umgang mit hohen Aktivitäten und α-Strahlern das Vertrauen in die generellen 
Möglichkeiten für erfolgreiche Versuche in anderen Felslabors. 

Das Verhalten der Radionuklide als solche im Fliesssystem kann nicht direkt in den Berechnun-
gen einer Sicherheitsanalyse verwendet werden, sie erwiesen sich jedoch als unerlässlich in der 
                                                           
8  Solche Studien wurden bereits durch das Projektteam, welches im EP-Experiment involviert war, in Projekten der 

Phase V und VI des Untersuchungsprogramms im FLG und in den Felslabors Mont Terri und Kamaishi 
durchgeführt. 
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Kartierung tatsächlich vorhandener Fliesspfade in diesem hochkomplexen Fliesssystem im 
FLG. Die Analyse der mit den Radionukliden markierten Fliesspfade zeigte deutlich den 
Einfluss von "double porosity transport" und die Komplexität von Fluss und Retardation in drei 
Dimensionen (3D), dort wo grössere Bereiche mit Kluftfüllungen eine wichtige Rolle spielen. 
Die Bedeutung der Retardation in der Kluftfüllung im Vergleich zur Matrix für stark retardie-
rende Radionuklide darf nicht vernachlässigt werden. Somit kann man möglicherweise vorher-
sagen, dass stark sorbierende Radionuklide nur eine geringe Chance haben bis zur Matrix zu 
gelangen, da so viele Möglichkeiten für eine Retardation im Kluftfüllungsmaterial vorhanden 
sind. 
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Résumé 
 
La Nagra et JAEA ont collaboré pendant près de 15 ans dans le cadre du Programme Migration 
des radionucléides (Radionuclide Migration Programme RMP) afin d’améliorer les 
connaissances sur le transport/retardement des radionucléides dans les roches fracturées. Ces 
travaux menés au Laboratoire souterrain du Grimsel (LSG) ont commencé par un premier volet 
d’expériences sur la migration des radioéléments (MI) et se sont poursuivis par les projets sur 
l’excavation (EP) et sur la porosité interconnectée (CP). Traditionnellement, les études du type 
MI débouchent sur des données relatives aux systèmes de diffusion généraux tels qu’ils sont 
« perçus » par les radionucléides. Ces données sont ensuite modélisées pour obtenir un 
ensemble représentatif ou des valeurs moyennes pour les paramètres du transport/retardement. Il 
faut préciser toutefois que la modélisation aboutit à des résultats qui ne sont pas forcément 
uniques  et que cette démarche ne permet pas de savoir précisément où se déroule le processus 
de retardement. Il est dès lors possible d’extrapoler à partir d’un site ou d’un système de 
diffusion les comportements pour un site aux caractéristiques différentes si les processus 
fondamentaux sont compris. 

Ce point revêt une grande importance, vu que, dans la pratique, la géosphère entourant le dépôt 
des déchets radioactifs ne sera pas explorée dans le détail, en raison notamment de la nécessité 
de porter le moins possible atteinte aux caractéristiques favorables du site. Il est par conséquent 
indispensable que les extrapolations à partir de sites proches ou similaires, qui échappent à ces 
restrictions, puissent être justifiées par une compréhension approfondie des facteurs influant in 
situ sur le transport et le retardement des radionucléides. Dans le droit fil de cette stratégie, la 
Nagra et la JAEA ont proposé une nouvelle expérience faisant suite aux projets MI et EP. 

Le projet d’excavation (EP) de la Nagra et de JAEA a présenté un défi considérable, puisque, 
pour la première fois, des mélanges de radionucléides fortement adsorbants et aux propriétés 
chimiques complexes ont été injectés dans une zone de cisaillement conductrice. La partie 
tracée de la zone a ensuite été excavée (environ 2 tonnes de roches). La complexité de ce projet 
et l’échelle de cette expérience in situ ont requis le développement, le perfectionnement et la 
mise à l’essai de diverses méthodes et techniques. Les importants efforts consentis pour garantir 
le succès de cet essai ont également nécessité une série de tests en laboratoire et sur le terrain au 
LSG, ces derniers dans des conditions se rapprochant le plus possible de celles de l’expérience 
finale. 

Le projet d’excavation (EP) a commencé en 1990 par la phase I, l’étude de faisabilité, et s’est 
poursuivi entre 1994 et 1996 par la phase II, qui a consisté en une vaste campagne de tests en 
laboratoire et sur le terrain. Le présent rapport final résume la phase III de ces travaux, qui 
comprenaient: 

• L’injection de quatre mélanges différents de radionucléides dans la zone de test EP, laquelle 
avait été établie dans la zone de cisaillement expérimentale AU96 (zone de cisaillement 
MI), au LSG. 

• La surveillance continue des restitutions de radiotraceurs à la sortie du forage, suivie par la 
stabilisation du volume rocheux contenant les radioéléments retardés par le biais 
d’imprégnations de résine in situ. 

• L’excavation du volume rocheux stabilisé par un surcarottage parallèle à la zone de cisail-
lement pour récupérer l’échantillon et procéder aux analyses en laboratoire. 

• L’analyse radiochimique d’échantillons solides de la zone de cisaillement et l’examen 
structurel et géologique détaillé de la géométrie du chemin d’écoulement dans le dipôle. 
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L’un des objectifs du projet EP était d’examiner le comportement de radionucléides pertinents 
pour l’analyse de sûreté, c’est-à-dire des éléments étudiés dans les analyses de sûreté 
respectives des programmes Kristallin-1 de la Nagra et TRU-I de JAEA. La sélection finale fut 
la suivante: 
238U, 235U et 234U: déterminants pour la sûreté 
237Np:   déterminant pour la sûreté 
99Tc: déterminant pour la sûreté 
152Eu: considéré comme un bon analogue chimique d’autres lanthanides et 

des actinides trivalents 
60Co: bon analogue chimique du 59Ni déterminant pour la sûreté, plus facile à 

obtenir et plus facile à analyser que 59Ni 
75Se: analogue chimique exact du 79Se déterminant pour la sûreté, mais 

demi-vie nettement plus courte (120 jours contre 65'000 ans) 
113Sn: analogue chimique exact de 126Sn déterminant pour la sûreté, mais 

demi-vie nettement plus courte (115 jours contre 100'000 ans) 

Mo stable: analogue chimique exact du 93Mo (demi-vie de 3'500 ans) 
 
Des calculs préliminaires ont indiqué que, du fait de la faible solubilité naturelle de ces 
radionucléides dans les eaux souterraines/le système rocheux du Grimsel, l’activité des 
radionucléides retenus dans la zone de cisaillement se situerait nettement en dessous de la limite 
de détection de toute méthode radiochimique ou d’analyse des surfaces disponible au moment 
de l’essai. Il a par conséquent été décidé de modifier l’expérience en injectant des quantités 
beaucoup plus grandes de radionucléides dans le système qu’il ne serait possible de le faire dans 
des conditions de solubilité normales (en injectant des radionucléides dans des solutions 
acidifiées). De toute évidence, ce choix signifiait que la géochimie du système ne serait plus 
réaliste, mais les informations obtenues au sujet des voies de transport (du fait du marquage des 
chemins d’écoulement par les radionucléides) seraient malgré tout très précieuses pour tester 
des modèles conceptuels de transport dans des systèmes d’écoulement complexes. 

La simple injection de résine pour définir la géometrie des cheminements dans le champ 
d’écoulement a été envisagée, mais cette option a été rejetée pour deux raisons: 

• Certains indices montraient que la résine pourrait ne pas pénétrer dans les petits interstices, 
en raison des limites imposées par la viscosité et la polymérisation.  

• Les chercheurs ont estimé qu’en utilisant des radionucléides pertinents pour la sûreté dans 
cet essai, ils pouvaient acquérir l’expérience requise pour mener d’autres études à l’avenir 
dans le cadre des programmes suisse et japonais sur les systèmes pertinents pour les dépôts 
géologiques.9 Par ailleurs, l’expérience du maniement de substances fortement actives et 
d’émetteurs α a amélioré la confiance dans ce qu’il était possible d’atteindre d’une manière 
générale dans un laboratoire souterrain. 

Le comportement des radionucléides qui a été observé dans le système d’écoulement ne peut 
pas être utilisé tel quel pour les analyse de sûreté, mais il s’est révélé extrêmement précieux 
pour repérer les chemins d’écoulement dans ce système hautement complexe. L’analyse des 

                                                           
9  De fait, les principaux collaborateurs du projet EP ont précisément pu poursuivre ce type d’études au cours des 

phases V et VI des programmes au Grimsel, tout comme au Mont Terri et au laboratoire souterrain Kamaishi. 
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chemins d’écoulement ainsi marqués a clairement montré l’impact du transport en double 
porosité et la complexité du flux et du retardement dans les trois dimensions (3D), où les 
« branches » des fractures et les « îles » de colmatage des fractures jouent chacunes un rôle. 
Pour les radionucléides les plus sensibles au phénomène, il ne faut pas négliger l’importance du 
retardement dans le remplissage des fractures par comparaison au même processus dans la 
matrice. Cela reproduit probablement assez bien ce qui se passera dans la roche d’accueil 
fracturée d’un dépôt, où les radionucléides fortement adsorbants auront peu de chance de 
parvenir jusqu’à la matrice en raison des nombreux retardements subis au niveau du matériau de 
remplissage des fractures. 
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1 Introduction  
 (W.R. Alexander, B. Frieg & K. Ota) 

1.1 Aims and structure of the Report 
The Excavation Project (EP) began in 1990 with the Phase I feasibility study (details in 
Alexander & Kawamura, 1992) and continued with an extensive campaign of laboratory and 
field tests between 1994 and 1996. The Phase II results were reported in Alexander et al. 
(2003a) and this final report provides a summary of the Phase III work which included: 

• The injection of four different radionuclide cocktails consisting of 60Co, 75Se, 113Sn, 152Eu, 
234, 235, 238U, 237Np, 99Tc and stable Mo into the EP test zone10 which was established in the 
AU96 experimental shear zone at the GTS (see Figure 1.1). 

• Continuous monitoring of radiotracer breakthrough at the outlet borehole followed by 
stabilisation of the rock volume containing the retarded radionuclides by in situ resin 
impregnation. 

• Excavation of the said rock volume by shear-zone parallel overcoring for sample recovery 
and laboratory investigations (mainly radiochemical analysis on solid shear zone samples 
and detailed structural geological investigation of the flow-path geometry within the 
dipole). 

Specific aims of the report are: 

• To summarise the results of EP, bringing the Phase I and II reports up to date. 

• To provide an overview of a suite of unpublished detailed internal technical reports 
describing specific components of EP. 

• To discuss the contribution that the EP has made to the building of confidence in the 
methodologies, models and data that are available for the prediction of radionuclide 
transport through a host rock for a radioactive waste repository. 

As noted above, the details of the extensive series of field and laboratory tests have been 
reported in NTB 91-04, 00-06 and 00-09 and so will not be repeated here in any form other than 
citing relevant references to which the interested reader can turn for the full information. 

Chapter 1 describes the location of the GTS, and the objectives and scope of the research 
performed there. Also presented are the aims of EP, the broad characteristics of the shear zone 
in which the radiotracer tests are performed and the phase of radionuclide-migration studies at 
the GTS which proceeded EP, namely those within the MI experiment (see Smith et al., 2001a,b 
for details). Finally, the contribution that projects such as Radionuclide Migration Programme 
(RMP) can make to repository performance assessment (PA), through confidence building in 
methodologies, models and data, is discussed. 

Chapter 2 describes the in situ experimental procedures, including the improvements made to 
the radionuclide injection apparatus. Details are also provided of the equipment used to build 
and maintain the artificial flow-field in the shear zone along with information on the preparatory 
hydrological tests used to set up the flow-field. An overview is also given on the flow-field 
immobilisation and sample recovery techniques along with a brief description of the solid and 
                                                           
10  The EP test zone constituted part of the AU96 experimental shear zone. It contains the injection and the 

extraction boreholes and the 1.7 m long flow-field between these boreholes in addition to the adjacent rock 
matrix. 
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liquid phase analytical methods. Finally, the site radioprotection procedures are presented along 
with an inventory of the injected radiotracers and the relevant Swiss radioprotection licence 
limits current at the time of the experiment. 

In Chapter 3, the in situ radionuclide radiotracer tests are described in detail and the discussions 
behind the choice of specific radionuclides is summarised.  

Chapter 4 presents the detailed description of the flow-path, including both a mineralogical and 
structural interpretation of the site. Variations in the geometry of the shear zone are presented 
along with variations in the likely small-scale flow-paths (channels etc), all leading to a 3D 
visualisation of the experimental site. 

A detailed description of the results of the solid phase radiochemical analysis is presented in 
Chapter 5. This is followed by an examination of the radionuclide distribution throughout the 
experimental shear zone and includes a mass balance of the radionuclides retarded in the rock. 

Chapter 6 provides a project summary with conclusions and recommendations for future in situ 
radionuclide retardation experiments. The project successes and setbacks are noted as are the 
points of relevance for PA modellers and future URL studies. 
 

1.2 Background of the Grimsel Test Site (GTS) 
The GTS, a series of drifts located approximately 450 metres beneath the east flank of the 
Juchlistock mountain in the crystalline rocks of the Aare Massif in the central Swiss Alps, was 
opened in 1984 (see www.grimsel.com for details). The tunnel system of the GTS is at an 
altitude of 1749 – 1789 metres above sea level and branches off a pre-existing access tunnel to a 
hydro-electric power scheme (see www.grimselstrom.ch for details). It was excavated using a 
full-face tunnel-boring machine with a diameter of 3.5 m along with localised blasting. The 
environs of the GTS have been characterised by a variety of geological, geophysical, rock-
mechanical, hydraulic and hydrogeochemical techniques. A list of the major references 
describing this characterisation is presented in http://www.grimsel.com/general/pub_intro.htm.  

The research programme to date has been subdivided into six phases. The results of the Phases I 
– III projects and interim results of the Phase IV projects, are summarised in Kickmaier & 
McKinley (1996) and final results of Phase IV are presented in Kickmaier et al. (2001) and of 
Phase V in Kickmaier et al. (2005). An overview of Phase VI (2003 – 2013) can be found on 
www.grimsel.com. 
 

1.3 Background of the Excavation Project (EP) 
To enhance the understanding of radionuclide transport in fractured rock, Nagra (National Co-
operative for the Disposal of Radioactive Waste, Switzerland) and JAEA (Japan Atomic Energy 
Agency) worked together for nearly 15 years on a Radionuclide Migration Programme (RMP) 
at the GTS. One component of the RMP was designed to study the transport of sorbing and non-
sorbing radionuclide species in an artificial flow-field through fractured Grimsel granodiorite 
host rock (Figures 1.1 and 1.2). The Grimsel Migration Experiment (MI) was a multi-
disciplinary study aimed at testing models of solute transport in fractured media, determining 
the degree to which laboratory results could be extrapolated to field conditions and developing 
the methodology for the characterisation of potential repository sites. Results from this stage of 
RMP are documented in Alexander & Kickmaier (2000), Alexander et al. (1992, 1994a,b, 

http://www.grimsel.com/�
http://www.grimselstrom.ch/�
http://www.grimsel.com/general/pub_intro.htm�
http://www.grimsel.com/�
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1997a,b, 2003a), Bradbury (1989), Frick, (1994), Frick et al. (1988, 1992a,b), Heer & 
Hadermann (1996), Heer & Smith (1997), Heer et al. (1994), McKinley & Grogan (1984), 
McKinley et al. (1988), Ota & Alexander (2001), Ota et al. (1998, 2001, 2003), Smith et al. 
(2001a, b) and Umeki et al. (1995). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.1:  Plan of the AU tunnel in the GTS. The EP experiment was conducted in shear zone 
AU96 which had previously been used for the MI experiment (and, after EP, the 
CRR and CFM experiments). 

 
Traditionally, studies such as MI produce data for the overall flow system "seen" by the radio-
nuclides. These data are then modelled to produce a set of "best fit" bulk or average values for 
the retardation parameters, such as rock/water distribution coefficient, flow-wetted surface area 
and matrix diffusion depth, by comparing calculated model curves with the experimental 
breakthrough curves (cf. Alexander et al., 2003b). However, the model values obtained may not 
be a unique solution and, from this process, no detailed information is obtained about where the 
retardation actually takes place. The extrapolation from one site, or flow system, to another 

MI shear zone

AU 96

EP test site

20 m

A
c
c
e

s
s

tu
n

n
e

l



NAGRA NTB 00-07 4 

where properties are different can only be done, if the underlying processes are well understood 
(see Bradbury & Baeyens, 1992). This is a key issue as, in practice, the geosphere around a 
radioactive waste repository will not be exhaustively explored, due to the necessity to maintain 
favourable characteristics in as unperturbed a state as possible (cf. McEwen, 2009).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.2: Schematic layout of the experimental shear zone in the GTS (from Frick et al., 
1992a). 

 
Hence, it is essential that extrapolations can be justified by a thorough understanding of the 
factors influencing in situ radionuclide transport and retardation. As part of this strategy, Nagra 
and JAEA proposed another experiment that took a step further than MI – the Excavation 
Project (EP) – involving the injection of a "cocktail" of safety-relevant radiotracers into the 
AU96 experimental shear zone. A mixture of radioactive (234U, 235U, 238U, 99Tc, 75Se, 113Sn, 
60Co, 152Eu and 237Np – see Fig. 1.3) and non-radioactive radiotracers (uranine, Mo) was injected 
in a controlled manner into the groundwater flowing through the AU96 shear zone. This was 
facilitated by using a "dipole flow system" created by intersecting the fracture zone with two 
boreholes (an injection well and an extraction well) with a spacing of about 2 m. The 
experiment was conducted so as to constrain the flow between the two boreholes (see Chapter 2 
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and Smith et al., 2001a for details). After the radiotracer test had been completed, the shear zone 
with the retarded radionuclides was immobilised by resin injection, the complete dipole system 
was extracted by overcoring the shear zone with a triple barrel corer and the distribution of 
radiotracer elements within the flow-field determined by detailed petrographical and 
radiochemical analyses (see Fig. 1.4 and Alexander et al., 1996 for details). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.3:  Activities of the safety relevant radionuclides injected into the experimental shear 
zone in the EP experiment (from Alexander et al., 1996).  

 
Several potential methods of immobilising the experimental shear zone prior to excavation were 
considered in Phase I of EP (see Alexander & Kawamura, 1992). Due to the need to preserve 
both the in situ geochemical conditions and the undisturbed structure of the experimental shear 
zone 11  during the subsequent excavation, immobilisation by cement grout injection and by 
freezing of the porewater was rejected in favour of resin injection (see Bühler & Dollinger, 
1993; Frieg et al., 1998 for details). In the case of cement grout, chemical perturbations would 
be expected due to the reactivity of the high pH grout (cf Mäder et al., 2005). With the freezing 

                                                           
11  The experimental shear zone represents a low temperature and pressure re-activation of a mylonite (Meyer et al. 

1989; Bossart & Mazurek. 1991). The brittle re-activation has produced a very weak zone of interconnected 
fractures filled with a very fine grained fault gouge. Any immobilisation techniques must therefore be capable of 
not only not perturbing the system, but also of greatly increasing the strength and rigidity of the zone of interest, 
so allowing full core recovery during overcoring (excavation). 
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technique, the expansion of the water on freezing was expected to disrupt the structure (cf 
Watanabe et al., 1993), especially of the fine-grained, friable fracture-filling material (fault 
gouge). In contrast, it was considered that the physical properties of the resin could be adjusted 
to obtain good penetration of the fine structure of the fault gouge at ambient temperatures 
without significant disruption or chemical perturbation. Once the basic feasibility of EP had 
been demonstrated, Phase II of EP began. The aim here was to test the applicability of the major 
components of the experimental system, identify any problems and, where necessary, develop 
new techniques for use in the experiment. This was felt necessary as EP was to be an unique 
experiment: although similar experiments had been conducted in the laboratory or on rock cores 
(eg Bischoff et al., 1987), nothing of this scale or complexity had been conducted in the field at 
that time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.4: Excavation of the experimental shear zone during the EP experiment.  
A: injection of the radionuclides into a dipole flow-field. B: the water in the dipole is 
replaced by isopropanol to ensure adequate wetting of the rock by the resin which follows. 
C: specially developed resin is injected into the experimental shear zone and allowed to 
polymerise and harden. D: the immobilised (radioactive) part of the shear zone is recovered 
for analysis by overlapping triple barrel drill cores, drilled parallel to the shear zone (from 
Alexander et al., 1996). 
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Phase II aimed to validate the applicability of the different techniques which were foreseen to be 
used for the in situ part of the experiment: resin-radionuclide interaction, sorption of 
radionuclides onto the equipment, assessment of the effects of sorption kinetics in the 1.7 m 
flow-field as well as a series of pilot studies for rock sample analysis. The evaluation procedure 
of solid phase analysis concluded that optical petrography, scanning electron microscopy 
(SEM), backscattered scanning electron microscopy (BSEM), electron microscope analysis 
(EMPA), X-ray micro-mapping techniques, secondary ion mass spectrometry (SIMS) and laser-
ablation microprobe – inductively coupled plasma mass spectrometry (LAMP-ICPMS) were all 
possible methods. A large programme, including scoping calculations, laboratory and in situ 
tests, was carried out and resulted in the evaluation of the final test layout documented hereafter. 
Full details of EP Phase II are reported in Alexander et al. (2003a). 

In addition to EP, RRP included another, complementary study, connected porosity (CP). This 
was intended to investigate the extent, connectivity and amount of matrix porosity in the 
vicinity of the experimental shear zone used in MI and EP (for details see Möri et al. 2003; Ota 
et al., 2003). Various petrographical and petrophysical laboratory methods were applied to in 
situ impregnated rock matrix samples and revealed a clear image of the form, extent and 
connectivity of the matrix pore space which borders a shear zone and details the significant 
over-estimation of in situ porosity in most laboratory investigations carried out to date12. 

The Excavation Project was managed and financed by Nagra and JAEA. Scientific contributions 
came from the institutions and contractors shown in Tab. 1.1. 

Tab. 1.1: Main scientific contributors to the EP project (Phase III) 
 

Country Organisation Tasks 

Nagra Project management, methodology development, overcoring, 
data base, interpretation, reporting 

PSI Radiotracer cocktail preparation, liquid phase radiochemical 
analysis, modelling support, reporting 

Solexperts Methodology and equipment development, radiotracer injection, 
shear zone impregnation, sub-sampling, reporting 

Geotechnical 
Institute (GI) 

Core documentation, structural geological characterisation of the 
flow-field, mass balance of radionuclides, data base, 
interpretation of test results, reporting 

Switzerland 

GGWW (now RWI), 
University of Berne 

Project management, planning, feasibility study, documentation, 
field support, reporting 

Japan JAEA Project management, on site support during field testing, 
structural analysis on core material, interpretation of test results, 
reporting 

Germany GSF Munich On site γ-spectrometry during radiotracer testing, methodology 
development 

AEAT Radiochemical solid phase analysis (α- and β-autoradiographs, 
total dissolution analysis and SIMS / RBS analysis), reporting 

UK 

DMMultimedia Graphics, video, database development 

                                                           
12  Note that this work is being extended within the ongoing GTS Phase VI project LTD (Long-Term Diffusion). See 

www.grimsel.com and Möri et al. (2006) for details. 
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1.4 PA relevance of EP 
Given the temporal and spatial scales that must be considered in a PA, direct testing of the 
realism (or the degree to which the models err on the side of safety) of a model in the system of 
interest is impossible. Field experiments, such as those performed at the GTS, are consequently 
invaluable in that: 

• The fundamental transport processes that operate in the system are expected to be the same 
or similar to those relevant to any fractured repository host rock. 

• The structures present, though differing in detail, are also similar enough to those of 
potential fractured repository host rocks. 

• The temporal and spatial scales over which the experiments operate, though often 
considerably shorter than those of a PA, are often much longer than those achievable in the 
laboratory. 

• The degree of characterisation of the system that is possible is greater than that achievable 
at a repository site due to the smaller spatial scales involved in many field experiments and 
the need, at a repository site, to avoid perturbing the favourable properties of the site 
through invasive experiments. 

• Field experiments, being performed in situ, are more realistic and repository relevant than 
laboratory experiments. 

However, it must be emphasised that the importance of successful modelling of radiotracer 
tests, whether in the GTS or in other in situ tests such as the HRL (Hard Rock Laboratory) 
located at Äspö in Sweden (eg Winberg et al., 2000) or the URL at Whiteshell in Canada (eg 
Vilks & Bachinski, 1996), is that it gives support to the model representation of structures and 
processes that exist in, or operate on, temporal and spatial scales that are similar to, or smaller 
than, the tests themselves. A major difficulty with the tests lies in the extrapolation of this 
conclusion to the larger temporal and spatial scales that are relevant to PA. 

It is, of course, possible that different model representations of the structures and processes 
relevant to the GTS radiotracer tests would be similarly successful fitting the results of the tests 
and, for this reason, alternative models were developed by three independent research groups 
(PSI, JNC (now JAEA) and ETH (Zürich); see Smith et al., 2001a). The aim was, by attempting 
to falsify some of these alternatives, and, in particular, by making independent predictions of the 
results of tests in advance of the tests being performed, to narrow down the range of conceptual 
model uncertainty and to identify the processes that are most important in describing solute 
transport. This aim was only partially fulfilled, since:  

1. The differences between the models were rather minor and thus the range of conceptual-
model uncertainty was small. All models were built upon the dual-porosity concept, and no 
attempt was reported, for example, to understand the test results without invoking matrix 
diffusion. 

2. New flow-path structural data produced several years after the model testing was completed 
included features and processes (e.g. multiple flow-paths, diffusion into fracture fill 
material) that had been explicitly excluded from the modelling approach used in MI. This 
shows that the models tested were insensitive to the fine detail in the flow-path, which 
supports the overall PA approach, namely simplifying such minor physical features.  
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Nevertheless, the tests do add to the body of observations and experiments with which the 
model is consistent and thus build confidence in its application. This can be further strengthened 
by carrying out a series of complementary and inter-related experiments as has been the case at 
the GTS (see Kickmaier et al., 2001, 2005 for details) and backing these up with additional 
work in the laboratory and other natural systems (see also the comments on this approach in 
Alexander et al., 1998). 

Following on from the successful investigation of in situ radionuclide retardation in the MI 
experiment, it was decided to explore the behaviour of more chemically complex radionuclides, 
including redox sensitive elements. In addition, it was decided, where possible, to examine PA-
relevant radionuclides and to do so in a mixed "cocktail" of radionuclides (rather than the one or 
two at a time as carried out in MI). Consequently, the radionuclides selected for consideration in 
the Kristallin-1 PA (see Tab. A2.2 of Nagra, 1994) and the TRU-I PA (JNC, 2000) were 
examined. Thus, the selection was: 
238U, 235U and 234U: safety relevant 
237Np:  safety relevant 
99Tc:  safety relevant 
152Eu:  considered to be a good chemical analogue for other lanthanides and 

trivalent actinides 
60Co:  good chemical analogue for safety relevant 59Ni and easier to obtain and 

simpler to analyse than 59Ni 
75Se:  complete chemical analogue of safety relevant 79Se, but much shorter 

half-life (120 days against 65 ka) 
113Sn:  complete chemical analogue of safety relevant 126Sn, but much shorter 

half-life (115 days against 100 ka) 

stable Mo:  complete chemical analogue of safety relevant 93Mo (half-life of 3.5 ka) 

 
At the design phase of EP (Alexander & Kawamura, 1992), scoping calculations were carried 
out, which assumed: 

• Solubility control on the amount of radionuclides which could be injected into the system 
(calculations based on the site groundwater chemistry and using Nagra’s then current PA 
thermodynamic database; Pearson et al., 1992). 

• Retardation of all injected activity (an unlikely scenario in any case). 

• A reasonable surface area of the water-conducting features of the shear zone (based on data 
from Bossart & Mazurek, 1991, and new observations of the experimental site). 

• An equal distribution of radiotracers across this surface area. 

These clearly indicated that the likely activities retained in the shear zone would be significantly 
below the detection limits of any surface analytical and radiochemical methods available at the 
time. In fact, even assuming a best case scenario where the majority of the radionuclides would 
be concentrated in a very small volume (of several cm3), it could be shown that only a couple of 
the radionuclides would be detected by then current surface analytical and radiochemical 
methods. 
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Consequently, it was decided to alter the focus of the experiment by loading much higher levels 
of radionuclides into the system than would be feasible under normal solubility controls (by 
injecting the radionuclides in acidified solutions). Obviously, this meant that the geochemistry 
of the system would no longer be realistic, but the project review team13 felt it worthwhile to 
continue down this path as the information which would be provided on transport pathways 
(from the labelling of the flow-paths by the radionuclides) would still be of great value for 
testing conceptual models of transport in complex flow systems. As such, any information on 
mineral specific retardation must be viewed with the disturbed system in mind (and this will be 
discussed further below) and should not be utilised directly by PA modellers. However, what 
can be directly utilised is the information on 3D flow-path complexity and the significance of 
fracture filling material in the retardation of strongly sorbing radionuclides. 

The basic modelling approach employed in MI was shown to conservatively predict the spatial 
distribution of the more chemically complex radionuclides (152Eu, 234, 235U, 237Np, 99Tc, 60Co, 
113Sn, 75Se and stable Mo) used in the RRP project. Although the specific codes used in MI 
could not be used in these predictions as they assumed simple chemistry (eg no redox 
speciation) and ignored reaction kinetics, the relative in situ retardation of the radionuclides was 
predicted based broadly upon laboratory-derived Kd values used in the Kristallin-I PA (Nagra, 
1994) backed up by laboratory sorption experiments with the radionuclides and rock and 
groundwater from the AU96 experimental shear zone (see Alexander et al., 2003a for details). 

 

                                                           
13  Which included members from Nagra, JAEA, GGWW (University of Berne), Solexperts, PSI and GI working 

under the guidance of the Nagra Grimsel Programme Steering Committee (PROGA). 
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2 Site characterisation  
 (W.R. Alexander, B. Frieg & A. Möri) 

2.1 Geology of the Grimsel Test Site 
The host rock at the GTS consists of 320-280 Ma old granite/granodiorite which was later 
intruded by a series of lamprophyres and aplites. The crystalline rock in the Grimsel area has 
long been thought of as a "Massif", a large block of crystalline basement pushed up through the 
overlying sediments. However, recent observations in the new Lötschberg railway tunnel 
indicate that it is, in fact, a massive thrust sheet, overlying sediments in some areas 
(http://www.grimsel.com/general/over_geology.htm). 

The whole complex underwent a greenschist facies metamorphism with a peak deformation at 
about 25 Ma (Dempster, 1986). This ductile deformation stage is evidenced in NE-SW-
orientated shear zones and mylonites that penetrate the granodiorite. Reactivation of these 
structures took place during subsequent cooling and uplift and is mainly characterised by brittle 
deformation behaviour. The main structural elements and the lamprophyre dykes dip sub-
vertically and the AU96 experimental shear zone, in particular, is oriented parallel to the 
regional foliation at 150°/80° (dip orientation/dip angle) with a thickness ranging between 0.15 
to 0.90 m (for details see Bossart & Mazurek, 1991). 

A significant body of mineralogical and petrographical data on the experimental site are 
available from previous studies (see Bradbury, 1989; Frick et al., 1992a; Smith et al., 2001a for 
details). The mineral compositions of the various rock types that compose the experimental 
shear zone is summarised in Table 2.1. The corresponding porosities are 0.1 - 0.4 % for the 
mylonite, 0.5 - 2 % for the neighbouring granodiorite matrix and 10 - 40 % for the fault gouge 
filling (Bossart & Mazurek, 1991). However, more recent work (Möri et al., 2003; Ota et al., 
2003) indicates that the mylonite and granodiorite porosity are probably over-estimated by a 
factor of 2-3. 

 

http://www.grimsel.com/general/over_geology.htm�
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Tab. 2.1: Average mineralogical compositions of different portions in and behind the MI 
shear zone (AU 96) after Smith et al. (2001a). 

 

Mineral Weakly foliated 
granodiorite 

[vol %] 

Mylonite 
 

[vol %] 

Fault gouge 
 

[vol %] 

Quartz 23 17 15 

Plagioclase 23 32 28 

K-feldspar 20 11 7 

Biotite 14 30 41 

Chlorite 3 <1 <1 

Muscovite 8 5 4 

Epidote 5 3 3 

Sphene 2 2 2 

Rutile trace trace trace 

Zircon trace trace trace 

Apatite trace 0.25 trace 

Calcite - - trace 

Ilmenite 1 trace trace 

Allanite 1 <1 <1 

Clay minerals <1 <1 <1 

 
 

2.2 Hydraulic characterisation of the AU96 experimental shear zone 
During 1986 and 1987, a total of 8 boreholes were drilled to intersect the shear zone more or 
less perpendicularly at distances of 3 to 16 m from the tunnel wall. The boreholes were intended 
for hydraulic and radiotracer tests and six boreholes were water discharging and revealed local 
heterogeneity in the transmissivities of between 5x10-6 m2s-1 and about 1x10-8 m2s-1 as 
determined from single-hole tests (cf. Frick et al., 1992a; Smith et al., 2001a; Möri, 2004). 

Several hydraulic models of the AU96 shear zone have been produced, starting with Herzog 
(1989) where a large scale model of the shear zone was developed. This concluded that the 
system around the tunnel is locally more permeable than the rest of the shear zone. A 
geostatistical 2D inverse model was developed by Meier et al., (2001). The study included the 
performance of a range of hydraulic tests from short pulses tests to longer interference type tests 
performed within the shear zone to acquire data. The model considered a 63.25 m×55 m section 
of the shear zone, roughly centred on the AU tunnel and incorporated a fine detail mesh around 
the tunnel intersection. The geostatistical model considered a range of correlation models and 
included inversion of the transmissivity field to: 

• Measured heads in boreholes BOMI 86.004-87.011 

• Pulse tests in BOMI 86.004-87.011 

• Cross-hole and tracer tests from BOMI 87.006 and 87.009. 
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The transmissivity structure of the best case model is shown in Figure 2.114. Of particular 
interest in Figure 2.1 is the inferred presence of a low transmissivity zone below and behind the 
EP dipole coupled with higher transmissivities towards the tunnel. In the case that an equipment 
failure caused the dipole flow-field to collapse15 during the in situ phase, the radiotracers were 
unlikely to rapidly flow away from the tunnel in an uncontrolled manner. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1: Detail of MI model log10 transmissivity field. Borehole locations from the MI and 
CRR projects are shown, including the EP dipole of BOMI 87.009 and 87.006. 

 

2.3 Chemical composition of the Grimsel groundwater 
The chemical composition of the Grimsel groundwater from the AU96 experimental shear zone 
has been intensively investigated in the frame of the MI and CRR experiments. Water samples 
were collected and analysed over several years (see Bajo et al., 1988; Eikenberg et al., 1991, 
                                                           
14 Later updates have been made (see Möri, 2004; Möri & Blechschmidt, 2006 for details), but these will not be 

considered here as they played no role in the EP experiment. 
15  Back-up equipment was on-hand in any case. 
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1994; Frick et al., 1992a,b; Degueldre et al., 1996; Mazurek et al., 2001; Geckeis et al., 2004; 
Missana & Geckeis, 2006). The Grimsel groundwater in the experimental shear zone is weakly 
mineralised with an ionic strength of roughly 0.0012 M - pH is around 9.6 and the CO2 
concentration is below the detection limit of 7x10-7M (Tab. 2.2). The cations are dominated by 
Na+ and Ca2+ while F-, HCO3-, Cl-, SO4

2- and SiO(OH)3- are the major anions. 

Tab. 2.2: Chemical composition of discharging groundwater from the experimental shear 
zone. Data are compiled from Alexander, (1991), Frick et al. (1992a) and Smith et 
al. (2001a). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pH

Ionic strength [M]

Temperature [°C]

Electrical Conductivity [�S cm
-1

�

9.6 ������

����	�

	����	

	�
����

Cations:

Na+ [M] 6.0 - 6.9 × 10-4

K+ [M] 3.2 - 5.0 × 10-6

Mg2+ [M] 2.9 - 6.2 × 10-7

Ca2+ [M] 1.3 - 1.4 × 10-4

Sr2+ [M] 1.8 - 2.0 × 10-6

Rb+ [M] 1.9 - 2.5 × 10-8

Cs+ [M] 5.0 - 5.2 × 10-9

Anions:

SO4
2- [M] 5.7 - 6.4 × 10-5

2SO3
- [M] 5 × 10-7

HS- [M] 1 × 10-6

H2S(g) [M] 1 × 10-6

F- [M] 3.2 - 3.6 × 10-5

Cl- [M] 1.5 - 1.8 × 10-4

Br- [M] 2.7 - 4.2 × 10-7

I- [M] 1.0 × 10-9

1 alk [eq L-1] 4.2 - 4.5 × 10-4

Other Species:

Si [M] 1.6 - 2.5 × 10-4

Fe (total) [M] 2.3 - 3 × 10-9

Mn (total) 5 × 10-9

Cu (total) 6 × 10-10

U (total) 6 × 10-10

CO2 [M] < 7 × 10-7

2 O2 [M] < 3 × 10-8

N2 [M] 7 - 8 × 10-4

NH4
+ [M] 5 × 10-10

NO2
- [M] not detected

NO3
- [M] 1 × 10-6

TIC [ppm] 2.6

TOC 0.5 - 0.9

3
Calculated:

4 HCO3
- [M] 2.9 × 10-4

4 CO3
- [M] 4.2 × 10-5

4 OH- [M] 1.3 × 10-5

4 H3SiO4
- [M] 4.2 × 10-5

H4SiO4 [M] 2.1 × 10-4

5 total cations [eq L-1] 9.5 - 9.9 × 10-4

5 total anions [eq L-1] 10.2 - 10.4 × 10-4

[M]

[M]

[M]

[ppm]

1 alk = alkalinity
2 on site measurements at the Grimsel Test Site
3 calculated for relevant pH and temperature
4 major species contributing to alkalinity
5 total anion concentrations are slightly smaller than the cation content;

this might be caused by small systematic errors in the alkalinity, which is particularly
sensitive to precise pH determination.

Legend:
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The Eh of the groundwater is difficult to determine because of marked disequilibrium between 
various redox couples (see comments in Alexander, 1991; Mazurek et al., 2001), a not unusual 
situation in natural waters (cf. Lindberg and Runnells, 1984). Although all Eh electrode values 
have been discarded as meaningless due to the low activities of the electrode relevant species 
(see Tab. 2.3), the groundwater may be assumed to be sub-oxic to anoxic, with the sulphur 
system probably dominating, leading to in situ Eh values of -300mV and lower. Although the 
pH buffer capacity of the water is relatively well characterised (see Eikenberg et al., 1991, 
1994), the Eh buffer capacity is currently unknown. 

Tab. 2.3 Concentrations of elements and species of interest to the definition of Eh in the 
experimental shear zone rock-water system (from Frick et al. 1992a and Smith et 
al. (2001a). 

 

Species Concentration [M] 

Fe (total) 3 × 10-9 

Mn (total) 5 × 10-9 

Cu (total) 6 × 10-10 

U (total) 6 × 10-10 

SO4
-2 6 × 10-5 

SO3
-2 5 × 10-7 

HS- 1 × 10-6 

H2S(g) 1 × 10-6 

NH4
+ 5 × 10-10 

NO2
- not detected 

NO3
- 1 × 10-6 

O2(g) <3 × 10-8 
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3 Experimental methodology and analytical description 
 (W.  R. Alexander, T. Fierz, B.Frieg, M.Cowper & A. Möri) 
 
The success of EP was grounded in a very challenging field experiment and on the application 
of different radiochemical techniques for liquid phase (groundwater) and solid phase (rock) 
analysis. Site and dipole evaluation, radiotracer injection methodology, on-site monitoring and 
laboratory analysis of radionuclide concentration in the groundwater was very much based on 
experience gained during the MI experiment. This chapter depicts the in situ experimental 
layout, summarises the main findings of the preparatory experiments and reports the improve-
ments made on the radiotracer injection techniques available at that time. To help clarify the 
description, a short overview film covering the main parts of the in situ procedure is included in 
Appendix A (see attached DVD). 

3.1 Borehole configuration 
As part of the MI project, eight boreholes, each with a diameter of 86 mm, were drilled from the 
access tunnel into the AU96 experimental shear zone, intersecting the latter almost perpendicu-
larly at a borehole depth of about 10 m. Of these boreholes, two, namely the EP injection 
borehole BOMI 87.009 and the EP extraction borehole BOMI 87.006, are shown in blue in 
Figure 3.1a. The particular dipole configuration between the two boreholes not only fulfilled the 
hydrological requirements of the experiment, but also allowed relatively simple shear zone-
parallel overcoring from the tunnel surface (see downwards inclined, large diameter boreholes 
in Fig. 3.1b). Both the injection and extraction boreholes were equipped with a triple-packer 
system in order to isolate the shear zone interval for radiotracer injection and extraction. The 
dipole between the two boreholes had a straight-line length of about 1.7 m and the applied flow-
field lay parallel to the local groundwater flow which points towards the AU tunnel which acts 
as a pressure sink. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.1a: Perspective view through the migration shear zone (dark grey plane) with the 
injection borehole BOMI 87.009, the extraction borehole BOMI 87.006 and the 
dipole flow-field (green). View looking towards the NNE. 
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Fig. 3.1.b: As with Fig. 3.1a with the addition of six observation and resin injection boreholes 
(in light grey) and the two large-diameter overcoring boreholes (BOEX 97.001 and 
97.002) inclined downwards in the plane of the AU96 shear zone. 

 
After radiotracer injection and extraction was completed (details below), flow of water through 
the dipole was slowly replaced by isopropanol for a short period. As reported in Alexander et al. 
(2003a), laboratory and in situ tests indicated that the isopropanol greatly improved resin 
impregnation of the shear zone by increasing "wetability" (ie the ability of the resin to 
impregnate small pore spaces) of the rock. Following a period of several hours, the isopropanol 
was then slowly replaced by the resin in order to immobilise the sorbed radionuclides and to 
stabilise the shear zone for subsequent excavation and sample preparation. 

Following resin polymerisation, six additional 56 mm diameter observation boreholes (thin light 
grey lines on Fig. 3.1b) were drilled into the flow-field between the injection and the extraction 
boreholes in order to verify the degree of resin-impregnation and, when necessary, to inject 
additional resin into the dipole flow-field to ensure resin saturation of the target area in the shear 
zone (see Frieg et al., 1998 and Table 3.1 for details of the borehole technical data). After the 
additional resin had completely polymerised, the flow-field was excavated by drilling two 
420 mm (outer diameter) overcoring boreholes (see Fig. 3.1b). The inclined, triple-barrel 
boreholes were drilled from the AU gallery towards the dipole, following the shear zone (shear 
zone parallel overcoring). 

3.2 Radiotracer injection system 
Based on experience from previous experiments at the GTS, it was decided to inject and extract 
the radiotracers via a triple packer system (see Frick et al., 1992a; Eikenberg et al., 1994 for 
details) as this provided complete isolation of the experimental interval in the shear zone. This 
was necessary to ensure that the anoxic, poorly buffered groundwater was not disturbed by, for 
example, leakage of air down the borehole and it also provided additional radioprotection for 
the site operators. However, the EP radiotracer injections required major improvements to the 
packer systems as it was intended to inject cocktails of high activity (additional radioprotection 
requirements) and to use strongly sorbing radionuclides in the radiotracer cocktails (additional 
sorption proofing of the equipment). The following requirements (Tab. 3.2) were defined for the 
new injection system. These required some novel solutions which are detailed below. 
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Tab. 3.1: Borehole technical data and co-ordinates of shear zone intersection points 
 

Shear zone intersection points 
(global co-ordinates) 

Borehole Outer 
diameter 

[mm] 

Length 

 
[m] 

Azimuth 
of dip 

[°] 

Dip 
direction

[°] X Y Z 
(altitude)

BOMI 87.0061 86 12.40 337.65 35.75 158967.014 667467.955 1727.412 

BOMI 87.0092 86 12.04 333.52 38.83 158966.035 667467.855 1725.926 

BOMI 96.012 56 9.22 333.51 38.84 158966.428 667468.255 1726.184 

BOMI 96.013 56 9.36 329.69 36.99 158966.186 667467.636 1726.616 

BOMI 96.014 56 9.06 333.22 35.45 158966.596 667467.892 1727.139 

BOMI 96.015 56 9.30 337.42 37.45 158966.783 667468.506 1726.590 

BOMI 96.016 56 8.93 334.03 37.18 158966.682 667468.192 1726.859 

BOMI 96.017 56 9.53 332.91 36.60 158966.313 667467.955 1726.399 

BOEX 97.001 368 9.50 214.66 44.76 ---3 ---3 ---3 

BOEX 97.002 368 9.70 214.65 44.76 ---3 ---3 ---3 
1 extraction borehole; 
2 injection borehole; 
3 overcoring boreholes, drilled parallel to the shear zone, no intersection co-ordinates. 

 

Tab. 3.2: Experimental and radioprotection requirements 
 

Experimental requirements  Radioprotection requirements  

• controllable, reproducible radiotracer injection • no handling of open radioactive sources 

• radiotracer injection under as undisturbed  
geochemical conditions as possible (CO2, O2 free) 

• high standards of tightness for the injection 
system (no leaks!) 

• minimum alteration of dipole flow conditions • safe handling of sealed sources 

• repeated radiotracer injection without removing  
the packer system from the borehole 

• repeated radiotracer injection without 
removing the packer system from the 
borehole 

• minimum sorption onto test equipment • minimum sorption onto test equipment 

• resin injection possibility  

• easy removal of packer system after resin 
impregnation 

 

 
 

3.2.1 Packer system 

The system consisted of three inflatable 72 mm diameter packer elements with a connecting rod. 
Two packers are used to isolate the injection interval (which straddled the experimental shear 
zone) while the third packer was located at the borehole mouth to ensure no contamination from 
the tunnel to the shear zone (and vice versa following injection of radionuclides). The packers 
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had a total length of 1 m and could sustain a maximum inflation pressure of 70 bars in an 
86 mm diameter borehole. Both fixed ends of the packer sleeves point inwards towards the 
injection interval which has the advantage that the interval length does not change when the 
packers are inflated. All components of the injection interval were made either of Teflon or 
Teflon-coated stainless steel as Teflon proved to be most suitable in terms of minimising 
sorption of radionuclides on the experimental equipment (details in Alexander et al., 2003a)16.  

3.2.2 Downhole radiotracer injection device 

The high activities used in the experiment required special radioprotection precautions for the 
radiotracer handling on site and, in particular, for the radiotracer injection into the shear zone. 
For this purpose, a new downhole injection device was developed which guaranteed minimal 
radionuclide source manipulations on site and which also minimised potential sorption of 
radiotracer on the injection lines from the tunnel to the injection interval. The packer system 
included more than 20 m of tubing, stretching from the in-tunnel radiotracer dosing station on 
the injection borehole to the in-tunnel detectors at the extraction borehole. Even with Teflon 
tubing, the large surface area involved induced significant losses of strongly sorbing radio-
tracers from solution (and usually in a non-reproducible manner). 

The downhole radiotracer injection device allowed the introduction of the radiotracer cocktail 
into the injection interval and release of the radiotracer into the shear zone without handling 
open sources on site. The device consisted of an injection chamber containing a glass vial 
(radiotracer vial) and a piston for breaking the vial (see Fig. 3.2). By this means, the radiotracer 
vial could be loaded in the laboratory and safely transported to the GTS so that the only 
manipulation of the radioactive source in the gallery was the introduction of the vial into the 
injection chamber (see Appendix A). After saturation of the chamber with groundwater and a 
thorough flushing out of any remaining air, the injection chamber and the piston were 
introduced into the packed-off interval of the borehole. By pushing down the injection chamber, 
a downhole valve could be opened from the surface and the dipole injection flow is guided 
through the injection chamber (see Fig. 3.2). The piston was then forced into the injection 
chamber and broke the vial, so releasing the radionuclide cocktail. Once the radiotracer has 
been released, the injection chamber could be removed from the injection interval and the 
downhole valve closed again. After removal, the apparatus could be checked by the 
radioprotection officer to ensure that it was safe for re-use or, when necessary, to perform 
decontamination before re-use can be carried out. 

                                                           
16  Since the completion of this work, a new coating material, PEEK (polyethylethylketone) has become widely 

available and this is now the coating of choice for such work (see, for example, Möri, 2004). 
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Fig. 3.2: Downhole radiotracer injection device (cross-section). 
Upper image: the chamber with the glass vial is introduced into the packer system. Lower 
image: the piston is forced onto the glass vial which breaks and releases the radiotracer into 
the shear zone. 

 

3.2.3 Injection interval 

The 50 cm long injection interval of the equipment covered the entire width of the experimental 
shear zone (upper boundary at 9.35 m and a lower boundary at 9.65 m borehole depth). The 
injection interval was equipped with 

i) a pressure measurement line 

ii) a flow line for the groundwater (and later also the isopropanol and resin) 

iii) a downhole valve for introducing the radiotracer 

iv) a fibre optic sensor for in situ fluorescence measurements (see Fig. 3.2). 

Previous experiments with the downhole radiotracer injection equipment showed that controlled 
and reproducible radiotracer injection into the fracture could be achieved only with a minimum 
annular volume in the injection interval. Otherwise, turbulent mixing in the injection interval 
produce a chaotic and non-reproducible radiotracer release into the groundwater, so increasing 
uncertainty in the tracer input function, something which is crucial for transport modelling. 

Therefore, a series of tests were performed with different annular volumes ranging from 390 mL 
down to 110 mL, where the dead volume was displaced by a Teflon cylinder. Laboratory tests 
on the distribution of the radiotracer in the test interval were performed in a 86 mm plexiglas 
tube. Glass vials filled with uranine dye solution were introduced and radiotracer input was 
observed using an optical fibre fluorimeter (full details of the equipment are given in Frick et 
al., 1992a). A video camera was installed in order to record the local distribution and residence 
time of the radiotracer in the injection interval. The images showed that, with an injection flow 
rate of 8 mL min-1, the local and temporal distribution of the radiotracer was dependent on the 
position of the radiotracer inlet and outlet from the interval. If the inlet and outlet were close 

Fibre optical line

Flow line Glass ampoule

Pressure line

Injection chamber
Piston

Fibre optical line

Flow line Broken glass ampoule

Pressure line Injection chamber Piston
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together (0° offset, 15 cm spacing), the dispersion of the radiotracer cloud could be followed for 
a period of approximately 35 minutes. If the outlet was offset from the inlet by 180° (distance 
again 15 cm), the radiotracer cloud dispersed more slowly and remained visible over a period of 
approximately 60 minutes. As the aim was to have as short an injection period as possible (ie a 
"pulse" injection; see Frick et al., 1992a for a discussion on the effects of different injection 
periods on the modelling of radiotracer breakthrough curves), the 0° offset was utilised for the 
in situ experiments. 

3.2.4 Extraction interval 

The extraction interval had an annular volume of 80 mL and was 30 cm long covering the entire 
shear zone in BOMI 87.006. All component surfaces were coated with Teflon to minimise 
radiotracer sorption. The extraction interval was also equipped with a pressure measurement 
line and a flow line (polyamide) and two pairs of fibre optic sensors for down-hole 
measurement of uranine. 

 

3.3 In-tunnel equipment 

3.3.1 Injection apparatus 

The in-tunnel groundwater/radiotracer injection apparatus is shown in Figure 3.3. It consisted of 
a stainless steel groundwater storage tank (volume 1,500 L) which was maintained under a 
nitrogen over-pressure to prevent contamination of the groundwater with atmospheric O2 and 
CO2. The injection flow of the dipole was generated using a HPLC pump (Shimadzu LC8) and 
the groundwater was filtered through a 0.4 μm filter before injection. Flow meters checked the 
electrical conductivity, pH and dissolved oxygen content and a flux meter was installed in order 
to determine the injection flow rate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.3: In-tunnel groundwater injection apparatus. 
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3.3.2 Extraction apparatus 

The in-tunnel groundwater/radiotracer extraction apparatus (see Fig. 3.4) consisted of a HPLC 
pump (Labomatic), an off-line HPGe detector, two on-line γ-spectrometers (NaI scintillation 
counter and a high resolution HPGe17), a flux meter to determine the pumping rate, flow meters 
with corresponding electrodes for determining electrical conductivity, dissolved oxygen and pH 
and a fluorimeter (Perkin Elmer LS3B). Note that a spiral tube was installed in the on-line NaI 
counter to improve counting statistics by increasing the residence time of the solution within the 
counter well (see section 3.7 for further details of the groundwater analysis). The extraction 
groundwater was collected in seven, closed 2000 L PVC tanks and aliquots were taken to check 
the radiotracer content. When the groundwater radiotracer content was found to be above the 
radioprotection limits, an ion-exchange facility was used to decontamination the groundwater 
before it was then released to the tunnel drains. The ion-exchange resin was then returned to PSI 
for controlled disposal (details in section 3.10). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.4: In-tunnel groundwater extraction apparatus. 
 

3.3.3 Data acquisition 

Independent data acquisition systems were used during radiotracer and resin injections. The 
systems operated by GSF (Munich) and PSI were used for the analysis of the radiotracers 
(Eikenberg et al., 1998). Another system was used to record the hydraulic parameters of the 
flow-field, the physico-chemical parameters of the groundwater and the uranine concentrations. 
A modem link allowed remote monitoring of the radiotracer experiment (for technical details, 
see Fierz 1998). 

                                                           
17  A high-purity germanium detector which enabled on-line measurement of individual isotopes in the extraction 

flow and on-line mass balancing of the individual isotopes. 
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3.4 Radiotracer injections 
As in the MI project, an unequal dipole flow-field was set-up, followed by the injection of the 
contents of four vials (with differing radionuclide cocktails) into the shear zone. The radiotracer 
input function was determined with the downhole uranine detection device and radiotracer 
breakthrough and recovery were continuously monitored on site for uranine (downhole) and for 
the radionuclides (on-line and on-site measurements in the tunnel, details in section 2.8). 

3.4.1 Production of the radionuclide cocktails 

Details of the cocktail solutions are given in Table 3.3. Np, U and Tc were chemically reduced 
to the +4 oxidation state in the solution. Co, Se (as selenite), Eu and Sn were added as stable 
isotopes to which was added trace levels of a suitable radioactive isotope. The mass of the 
radioactive component of each element (except for the actinides and Tc) was negligible 
compared to the mass of the inactive component (cf. Tab.s 3.2 and 3.3). However, the 
concentration of the radionuclide component was used to calculate the total mass of each 
element in the sample area because radiometric counting techniques were generally more 
sensitive than mass-based analyses. Due to the low predicted solubility of Tc(IV) in GTS 
groundwaters, Tc was only present at 4.5 × 10-8 mols dm-3 in the spike solutions. Mo was added 
as sodium molybdate with no radioactive component. All cocktails were prepared in 1 M HCl, 
except the one containing Se which was prepared in synthetic Grimsel groundwater (pH 9.6). 

Tab. 3.3: Radionuclide cocktail injected at the GTS 
 

Element Inactive 
Component 

Total Mass 
[mg] 

Solution Molarity 
(in each vial) 

Vial 
Number 

Uranium  - 200 1 M HCl plus 2 × 10-3 M 
Na dithionite 

0.105 1 

Neptunium - 2.6 1 M HCl plus 2 × 10-3 M 
Na dithionite 

0.005 1 

Cobalt Cobalt chloride 500 1 M HCl 0.88 2 

Tin Hexachloro-
stannate 

(enriched with 
Sn-120) 

500 1 M HCl 0.40 2 

Europium Europium nitrate 500 1 M HCl 0.33 2 

Selenium Sodium selenite 
(enriched with 

Se-80) 

16.4 SGGW 0.00205 4 

Molybdenum Sodium 
molybdate 

500 1 M HCl 0.51 3 

Technetium Ammonium 
pertechnetate 

0.0000045 1 M HCl 
SGGW 

4.5 × 10-8 1, 4 

U, Np and Tc were reduced chemically to the (IV) oxidation state by addition of sodium dithionite. 
Vials 1, 2 and 3 contained 1M HCl. Vial 4 contained synthetic Grimsel groundwater (SGGW), pH 9.6. 
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Tab. 3.4: Active components of the cocktails18 
 

Nuclide Target Activity 
[kBq] 

Mass 
[mg] 

Measured Activity 
[kBq] 

Mass 
[mg] 

235U 16 200 15.42 (± 1.0) (1) 193 (± 13) 
234U 600 (2) 2.6 - - 

237Np 630 24.1 580 (± 50) (3) 22.2 (± 1.9) 
60Co 2000 Trace 2030 (± 50) (3) - 
113Sn 2000 Trace 1930 (± 100) (3) - 
152Eu 400 Trace 296 ( ± 10) (3) - 
75Se 9500 Trace 10800 (± 200) (3) - 

(1) Counted by α-spectrometry using 232U as internal standard. 
(2) Calculated from wt % isotopic data for 235U source AE7049 (Tab. 2.4). 
(3) Counted by γ-spectrometry. 237Np results based on 4 most intense lines at 311.9, 86.5, 300.1 and 340.5keV and 
 are corrected for interferences from 233Pa. 

 
 
These results are based on analysis of 100x dilutions (1M HCl) of main cocktail solutions sent 
to Nagra for injection into the Grimsel AU96 shear zone. 60Co, 113Sn, 152Eu and 75Se were added 
as radioactive tracers to solutions containing stable isotopes of these elements. 75Se was 
intentionally overspiked due to its very short half-life (120 days). The 235U spike was prepared 
from AE92/235/70 (AEAT, Harwell). The details of this stock solution are given in Table 3.5. 

Tab. 3.5: Isotopic composition of the stock U solution. 
 

Isotope Isotopic 
[wt %] 

Activity 
[%] 

234U 1.203 97.16 
235U 92.872 2.61 
236U 0.253 0.21 
238U 5.672 0.02 

 

3.4.2 Preparatory tracer testing with uranine and 82Br 

Prior to beginning the main radionuclide tracer cocktail injections, 15 pre-tests with uranine and 
82Br were performed (see Tab. 3.6). These injections were to test and improve the newly 
developed injection equipment and increased the reproducibility of the obtained injection 
functions and breakthrough curves. In addition, the pre-tests increased the understanding of the 
flow-field properties. 

                                                           
18  The activities noted in the various tables showing the radionuclide cocktail differ as each refer to the activity at 

different dates. This obviously changes with time due to decay. 



NAGRA NTB 00-07 26 

Tab. 3.6: Preparatory tracer testing with uranine and 82Br. 
 

Runs with Uranine 

Run # Injection 
Date 

Injection 
Time 

Flow-
field 

BOMI 

Flow 
rates 
[mL 

min-1] 

MO 
Uranine

 
[m*ppb] 

Peak C/ 
MO 

 

[mL-1] 

Peak
 
 

[min] 

Recovery 
 
 

[%] 

Duration
 
 

[hours] 

91 11.6.96 16:45 9 to 6 8/125 6997 *) *) *) *) 

92 12.6.96 10:05 9 to 6 8/125 15020 *) *) *) *) 

92a 13.6.96 15:50 9 to 6 8/125 420000 *) *) *) *) 

93 17.6.96 19:10 9 to 6 8/125 7848 *) *) *) *) 

94 19.6.96 12:28 9 to 6 8/125 9327 *) *) *) *) 

94a 24.6.96 17:40 9 to 6 8/125 12023 7.4 E-05 51 55 17 

94b 25.6.96 13:41 9 to 6 8/130 60620 6.1 E-05 50 (19) 1 **) 

95 26.6.96 17:50 9 to 6 8/120 12075 1.1 E-04 50 78 20 

96 01.6.96 12:08 4 to 6 10/150 120560 1.3E-05 256 82 100 

97 08.6.96 11:14 9 to 6 8/160 12014 1.8E-05 19 49 24 

98 11.6.96 13:30 9 to 6 8/200 12095 1.1 E-04 58 91 19 

99 12.6.96 10:20 9 to 6 8/200 12005 6.0E-05 16 89 16 

99 12.6.96 10:20 9 to 6 8/200 12005 6.0E-05 16 89 16 

100 23.6.96 12:00 9 to 6 8/200 12000 3.3E-05 31 99 18 

101 23.6.96 12:00 9 to 6 8/120 12002 3.1 E-05 35 76 30 

*) insufficient power supply for laser excitation, see 82Br-data 
**) terminated after 1 hour 

Runs with 82Br and uranine 

Run # Injection 
Date 

Injection 
Time 

Flow-
field 

BOMI

Flow 
rates 
[mL 

min-1] 

MO 
Uranine

 
[m*ppb] 

Peak C/ 
MO 

 
[mL-1] 

Peak
 
 

[min] 

Recovery 
 
 

[%] 

Duration
 
 

[hours] 

91 11.6.96 16:45 9 to 6 8/125 191325 8.2E-06 35 13 14 

92 12.6.96 10:05 9 to 6 8/125 230183 2.5E-05 38 30 10 

93 17.6.96 19:10 9 to 6 8/125 212438 4.7E-06 40 3 16 

94 19.6.96 12:28 9 to 6 8/125 172411 2.5E-05 60 22 4 

102 30.6.96 10:15 9 to 6 8/160 216324 4.5E-05 24 78 9 
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3.4.3 Molybdenum and radiotracer injections 

To make the in-tunnel isotope measurements easier (reduced analytical interference etc), the 
dedicated radiotracer cocktail was divided into four vials: vial 1 contained stable Mo, vial 2 
60Co, 113Sn and 152Eu, vial 3 75Se and vial 4 234/235/238U and 237Np (see Tab. 3.7). For Se (injected 
as selenite) and Tc (injected at Tc-IV), acidification would have made no significant difference 
to the solubility so these radiotracers were injected in a Grimsel groundwater solution. 

Tab. 3.7: Composition of radiotracer cocktail vials. 
 

Vial 
number 

Element Half life Solution Injected activity 
[kBq] 

1 234U 
235U 
238U 

237Np 

2.5×105 years

7.0×108 years

4.5×109 years

2.1×106 years

10 mL 1M HCl 574 ± 37 

15.42 ± 1.0 

trace19 

580 ± 50 

2 60Co 
113Sn 
152Eu 

5.27 years 

115 days 

13.3 years 

10 mL 1M HCl 2,030 ± 50 

1,930 ± 100 

296 ± 10 

3 Mo 
(Na2MoO4) 

(stable) 10 mL 1M HCl (500mg in 10mL solution) 

4 75Se 
99Tc 

120 days 

2.1×105 years

10 mL Grimsel groundwater 10,800 ± 200 

1.2x10-4±1.0 ×10-4 

 
 

The EP dipole flow-field has a straight-line distance of 1.7 m and applying an injection flow of 
8 mL min-1 and an extraction flow rate of 160 mL min-1, the experimental runs performed in this 
flow-field during the MI experiments (between 1992 and 1995) revealed a first arrival time for 
non-sorbing radiotracers of 5 to 8 minutes, a peak time of 20 to 30 minutes and complete 
radiotracer recovery after a few hours (see Smith et al., 2001a for details). 

An important part of the MI project was predictive (or "blind") modelling20 of the expected 
breakthrough curves of a range of sorbing radiotracers based upon observations from the 
behaviour of non-sorbing radiotracers and calculations using the laboratory distribution 
coefficients (or Kd values; see McKinley & Hadermann, 1984; Alexander et al., 2003b for 
details). The same approach was adopted for EP and the model predictions regarding the 
expected radionuclide breakthrough gave a possible range of few hours to several weeks (see 
Alexander et al., 1997a,b for details) for the EP radiotracer injection and showed that the 
experiment would be feasible within reasonable time scales. 

It was also observed during MI that sorption of 137Cs was kinetically hindered in short term 
experiments (radiotracer residence time in the shear zone of several hours) and it was therefore 
decided to carry out batch sorption experiments to assess any likely kinetic hindrance to 
                                                           
19  238U is present at trace levels as the original 234U spike solution is obtained by dissolution of natural uranium 

containing a mixture of 238U and 234U. Although it is possible to remove 99.9 % of the 238U from the spike, it is 
prohibitively expensive to remove it completely. 

20  For a discussion of the blind modelling approach, see Pate et al. (1996). 
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sorption for the radiotracers of interest in EP. Sorption of 60Co, 75Se, 99Tc, 152Eu, 237Np and 
234/235U was studied as a function of time (up to 10 h; see Alexander et al., 2003a for details) 
and, although the results of these studies revealed some evidence of kinetic hindrance, no 
significant effect was expected for the experimental conditions which were foreseen. 

The rock-groundwater system at the experimental shear zone was known to have a significant 
pH buffer capacity (see data in Eikenberg et al., 1991, 1994) such that injection of 10 mL of 
hydrochloric acid was not deemed likely to significantly alter the chemical conditions in the 
dipole flow-field and disturb the chemical equilibrium. Nevertheless, a tracer test with the 
conservative tracer uranine was carried out before and after each "acid" injection (uranine 
pulses 1 to 4). A chronological list of the in situ activities is given in Table 3.8. 

Tab. 3.8: Chronology of the main tracer injections. 
 

Date Activity 

05.09.96 Installation of dipole flow-field; injection rate 8 mL min-1, extraction rate 160 mL min-1

06.09. 96 Uranine pulse 1 injection 

09.09. 96 Vial 1 (Mo) injection  

09.09. 96 Vial 2 (60Co, 113Sn and 52Eu) injection 

11.09. 96 Uranine pulse 2 injection 

17.09. 96 Vial 3 (75Se and 99Tc) injection 

18.09. 96 Vial 4 (234/235U and 237Np) injection 

19.09. 96 Uranine pulse 3 injection 

24.09. 96 Uranine pulse 4 injection 

16.10. 96 Stop dipole injection 

16.10. 96 Injection of Isopropanol 

16./17.10.96 Resin injection into injection borehole 

17./18.10.96 Resin injection into extraction borehole 

 

3.5 Shear zone immobilisation  
The immobilisation of the shear zone played a key role in the design of EP because it formed 
the basis for a non-problematic shear zone excavation and the subsequent sample preparation. 
Shear zone impregnation had the two main aims described below. 

Mechanical stabilisation of the shear zone: it was known that the shear zone consisted of 
several cohesionless shear planes which are the result of brittle deformation and previous 
experience showed that, during coring, the shear zone usually disintegrated. Overcoring is 
usually performed with a liquid cooling and lubrication medium so, even when intact cores 
could be recovered, the majority of the fracture-filling rock gouge had been washed away by the 
drilling fluid. 

Immobilisation of the sorbed radionuclides on the fracture surfaces: again based on previous 
experience, the above noted drilling fluid was expected to disturb the in situ radionuclide-
groundwater partitioning by altering the local geochemical conditions in the shear zone. 
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A significant evaluation programme was carried out to assess the best methods to achieve the 
above aims and this is detailed elsewhere (eg Bühler and Dollinger, 1993; Frieg et al., 1998; 
Alexander et al., 2003b). In brief, resin was chosen as the most appropriate method and, 
following an extensive testing regime, an optimised formulation was produced (with SIKA AG 
of Zurich). 

3.5.1 Resin injection 

The immobilisation of the shear zone took place approximately one month after injection of the 
radionuclides, first from the injection and then, subsequently, from the extraction borehole into 
the flow-field. In order to achieve optimum sealing of the shear zone and to increase handling 
facilities of the resin, a special injection apparatus with the following key specifications was 
developed: 

• maximum injection pressure of 20 bars 

• injection flow rate of 0 – 25 mL min-1 

• adjustable resin/hardener mixing ratio 

• mixing of components with special cartridges in injection line 

• data acquisition system for the injection parameters pressure and flow 

• alarm functions for automatic interruption of resin injection if the maximum injection 
pressure was exceeded. 

The main components of the resin pumping system were two piston pumps driven by a servo-
motor which were able to inject the two components of the resin with a total flow rate from 0 to 
25 ml min-1 without any losses 21. The mixing ratio was adjustable and the entire injection 
process could be pressure or flow controlled for flexibility. The mixing of the components took 
place directly at the borehole mouth via a static mixer which was connected with a separate line 
to the test interval in boreholes BOMI 87.009 and 87.006. All connection lines, starting from the 
storage vessels of the resin and the hardener up to the static mixer, were water heated to 
optimise the mixing behaviour and to lower the viscosity of the resin during injection. 

Resin injection was preceded by the injection of a total of 6.0 L of isopropanol (as a wetting 
agent; see Alexander et al., 2003a for discussion) using a HPLC pump. The isopropanol was 
injected into the injection interval in borehole BOMI 87.009 at various injection rates of 8, 25 
and 55 mL min-1. The injection evoked a pressure decrease and degassing of the groundwater in 
the extraction interval of borehole BOMI 87.006. To avoid the formation of gas bubbles in the 
extraction flow line, the extraction flow rate was reduced from 120 to 100 mL min-1 and later 
down to 80 mL min-1. 

The monopole injection of the epoxy resin started in the injection borehole with a flow rate of 
23 mL min-1 (see Fig. 3.6). As the pressure decreased again in the extraction interval, the 
extraction flow rate was decreased to 5 mL min-1. Small resin blebs were observed after about 
80 minutes in the extraction flow line and so the extraction flow pump was stopped to avoid 
resin contamination of the extraction lines and pump. The free outflow of the resin (about 30 
mL min-1) lasted for about 40 minutes before the resin injection in BOMI 87.009 was stopped, 
meaning a total of 9.2 L of resin had been injected. 

                                                           
21  Gear wheel pumps and a gear wheel flow controller were also tested, but were shown to be inadequate, being 

bypassed by the low viscosity resin components. 
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Fig. 3.5: Temporal variation of injection pressure during resin injection in the injection 
interval in borehole BOMI 87.009. 

 

After this injection phase, the resin was also injected into the extraction borehole BOMI87.006 
in order to fully saturate the open porosity in the shear zone (Fig. 3.6). The injection rates in this 
interval were decreased from 23 mL min-1 to 20, 15, 10 and later finally to 5 mL min-1. This 
injection period lasted for about 9 hours until a total of 12.5 L of resin had been injected. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.6: Temporal variation of injection pressure during resin injection in the extraction 
interval in borehole BOMI 87.006. 
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After the resin injection, all lines were closed and the polymerising period (nominally ~ 3 to 
4 weeks, but 6 weeks was allowed to be certain) of the resin began. To check the success of the 
resin injection (and to have the possibility of additional resin injections to further immobilise 
the site if necessary), six small diameter observation boreholes were drilled parallel to the 
existing injection/extraction boreholes after the resin injection (see Fig. 3.1b). The additional 
boreholes were located in and around the experimental dipole flow-field and it was clear from 
the recovered cores that the resin impregnation of the target volume in the shear zone had been 
successful. To be completely sure, attempts were made to inject additional resin into the shear 
zone and all boreholes were then sealed with resin. The recovered cores confirmed that 
impregnation of the target volume in the shear zone was successful. Additional injections of 
resin into the observation boreholes in the shear zone were conducted and completed the 
impregnation of the entire rock volume of interest. 

 

3.6 Shear zone excavation and sample preparation 

3.6.1 Core recovery 

To guarantee 100 % core recovery of the shear zone and in order to better conserve the drill 
cores containing the shear zone during and after drilling (see also Appendix A), a special triple 
barrel (outer barrel diameter of 420 mm, inner barrel diameter of 368 mm with the innermost 
barrel an acrylic tube or liner) corer was developed. In order to recover the resin-immobilised 
rock volume, two 420 mm boreholes (BOEX 97.001 and BOEX 97.002; see Fig. 2.1b) were 
drilled within and parallel to the plane of the shear zone from the tunnel into the experimental 
flow-field. The drilling diameter of 368 mm leads to a final core diameter of 288 mm. The drill-
rig (Type Turmag EH-600) was modified for the available space in the GTS tunnel (diameter 
3.5 m). The pulling power for the core recovery (core length around 0.5 m) was a maximum 
12 tonnes. The bit crown consisted of 24 diamond-impregnated segments set in three rings. To 
hold the calibre, 16 additional segments were set on the outside at the flank of the drill bit. The 
borehole overlap was 3-4 cm to minimise the core losses and, with this set-up, it was possible to 
drill two completely parallel boreholes and to maintain borehole direction so that at the borehole 
foot (~9.7 m deep), there was minimal deviation (estimated <5 cm). 

The two overcores (core A and B; see Fig. 3.7) intersect the resin impregnated experimental 
section at a depth of 6.2 to 9.5 m and 5.2 m to 9.7 m respectively. The excavated core sections 
of 0.4 to 0.6 m length were stored within the acrylic liner from the triple barrel corer. The resin 
impregnated volume obtained from the two excavation boreholes consists of 6 successive core 
sections from BOEX 97.001 (core A) and of 7 core sections from BOEX 97.002 (core B). 
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Fig. 3.7: Overview of A & B cores, core sections and slabs; note lateral overlap of the two 
boreholes. 

 

3.6.2 Stabilisation of core sections 

Some recovered core sections revealed core losses at the top and bottom of the sections due to 
the drilling and core recovery procedure. Furthermore, some cores within the acrylic liner 
showed signs of loosening, despite the in situ impregnation of the shear zone. The lost rock 
volume was replaced by quartz sand and the top and bottom of the core sections were closed 
with a steel cap and a second resin was pumped into the closed container in order to stabilise the 
loosened shear zone material within the plastic liner prior to slicing (see section 3.6.3). This 
second resin injection was again performed with SIKA Injection 26 which is originally colour-
less under normal light. For this injection, the resin was doped with quinine sulphate anhydrate 
which shines blue under UV illumination, allowing a clear differentiation between in situ 
impregnated pore space and openings which were affected by the excavation of the shear zone 
(see Chapter 4 for details). 
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3.6.3 Preparation of core slabs 

Cores A and B were sliced into 3-4 cm thick slabs with a table saw22 (labelled A-slabs and 
B-slabs, respectively). Figure 3.8 shows the corresponding slab surfaces of boreholes A and B. 
The image on the left refers to the top side of the slab (viewed from the borehole mouth 
downwards) and the right image shows the bottom side of the slab. The three main structural 
elements which were observed on the slab surfaces are discussed in detail in Chapter 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.8: Slab surface (top and bottom sides) with structural elements. 
The slab surfaces show a view perpendicular to the flow direction within the dipole. A 
comparison of several slab surfaces stacked on top of each clearly displays the 3D 
evolution of the shear zone parallel to the flow-field (see Chapter 4). 

 
A detailed list with the core sections and the related A and B slabs can be found in Figure 3.9 
(and Appendix B). The orientation of the z-co-ordinate of the local co-ordinate system follows 
the core axis with its origin at the borehole mouth. Each slab surface is related to a given 
z-co-ordinate. The x and y co-ordinates on the slab surfaces allow precise localisation of 
samples for radiochemical and structural analysis. The slabs were sent to the radiochemistry 
laboratories of AEAT (Harwell, UK) where all slab surfaces were photographed under normal 
and ultraviolet light with a digital camera. All the pictures taken are included within the 
Appendix C image library. 

                                                           
22  Modified and licensed for radioprotection of the operators (see also section 2.11 and Appendix A). 
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Fig. 3.9: Overview of core sections and slabs with local co-ordinate system. 
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3.7 Solution analysis 

3.7.1 On-site 

In the MI experiment, a single on-line NaI scintillation counter, with a spiral tube to improve 
counting statistics by increasing the residence time of the solution within the counter well, was 
sufficient for the in-tunnel analysis of single γ-emitting isotopes. Here, it was decided that this 
was not adequate for the multi-γ radionuclide tracer analysis because the peak resolution of the 
NaI counters is rather weak. Thus, it was decided to add a high resolution γ-detector on-line 
with another, off-line, for low-level (i.e. beyond the detection limits of the on-line system) 
counting. Two portable P-type co-axial, solid-state intrinsic Ge detectors were used, equipped 
with standard electronics and connected to a PC notebook. 

Although the relative efficiencies of these detectors were low (10 %) in comparison with the 
NaI counter (100 % relative efficiency for 60Co at 1173 keV; Eikenberg et al., 1998), the 
sensitivity was higher due to  

• high peak to Compton ratios 

• very high peak energy resolution. 

Radionuclide activities were calculated using the Inter-Winner software, a Windows based 
system which uses least square algorithms for fitting photopeaks and to resolve peaks from 
background and Compton scatter. The off-line detector was calibrated for two geometries: one 
for 50 mL and the other for 1000 mL samples. The detection limits for the majority of the radio-
tracers was about 1 BqmL-1 (on-line) and 0.01 BqmL-1 off-line (1000 mL geometry, 10,000 s 
counts). 

For the α-emitters, direct measurement by α/β-liquid scintillation was not possible due to the 
high β/γ activity ratios inducing a large fraction of β pulse misclassification (as with α; see 
Eikenberg et al., 1996 for details). Instead, several Si surface barrier α-detectors were installed 
in the tunnels to allow rapid off-line analysis of the α-emitting radiotracers, so allowing a 
qualitative real-time mass balance. Here, 5 mL aliquots of groundwater were evaporated on 
stainless steel planchettes and measured by solid-state α-spectrometry and a constant counting 
efficiency of 15.5±0.5 % was obtained (details in Eikenberg et al., 1998). 

3.7.2 Off site 

Apart from the Mo analysis, see below, all off-site solution analysis were subsequently 
transported to PSI for detailed quantitative α- and γ-analysis (see Eikenberg et al., 2001, for 
details) 

The Mo analysis was carried out on non-active samples at the Simec Laboratory on a HP AAS 
(atomic adsorption spectrometer). Unfortunately, the independent laboratory, based in 
Birsfelden, Switzerland, closed immediately after completing the analyses and so only minimal 
information is available on the data. 
 

3.8 Solid phase analysis 
Different surface analytical techniques were evaluated for the definition of the retardation sites 
of the radionuclides in the experimental shear zone. The detailed evaluation procedure and the 
test results are shown in Alexander et al. (2003a). The retardation sites in the shear zone were 
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finally defined using a combination of surface analytical techniques such as α- and β-auto-
radiography, scanning electron microscope, nuclear microprobe RBS (Rutherford back-
scattering) and PIXE (particle-induced X-ray emission), SIMS (secondary ion mass 
spectrometry) and standard radiochemical methods (whole rock dissolution with α- and 
γ-spectrometry). 

3.8.1 Autoradiography 

Autoradiographs were mainly used to visualise and detect zones of radionuclide accumulation 
on the slab surfaces. SIMS and nuclear microprobe analysis provided the means to study the 
element distribution enabling deduction of certain migration, retardation and sorption patterns 
of different radiotracer elements. The total dissolution analysis finally allowed elaboration of 
mass balances and to deduce migration behaviour of the radionuclides of interest. The results 
from the different techniques were found to complete or to cross-validate one another 
(Fig. 3.10). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3.10: General overview of the different techniques applied showing the sequence of 
investigation and the interconnections between the different methods. 
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3.8.1.1 Autoradiography and sample selection 

The autoradiography technique is basically the visualisation of radionuclides on a surface 
through exposure of radiation-sensitive media. Within this project, the autoradiography 
technique was applied at a preliminary stage to distinguish between active and inactive slabs 
and to provide an overview of the distribution of retarded radionuclides along the flow-paths. 
Furthermore, it served to detect and delimit zones of relative radionuclide accumulation, hence 
allowing systematic sample selection for subsequent detailed analysis. In a second stage, the 
autoradiography technique was applied on the samples selected for SIMS analysis, allowing 
identification of radionuclide accumulations on a smaller scale prior to further analysis. 

For the purpose of the first stage autoradiography analysis, an initial structural study on the 
intact slab surface was completed, leading to pre-selection of suitable areas for further analysis. 
The core sections were initially analysed by α-autoradiography using CR-39 Track plastic 
(5 mm thickness). The plastic was contacted with the faces of the slabs for 3-6 weeks. After this 
period, the plastic was removed and etched in 7M NaOH for 7 hours at 70°C. This gave a 
qualitative distribution of the α-emitting radionuclides in the cores at the surface on a mm-scale. 

A limited amount of β-autoradiography was also carried out. The light-sensitive KODAK™ 
Nuclear Track Liquid Emulsion (NTB 3) was painted onto a glass slide and, after drying, it was 
contacted with the rock surface for 2-3 weeks in a photographic darkroom. Due to the relatively 
high activities present within the studied cores, the tracks tended to be smeared and were poorly 
resolved (to a cm-scale). However, they did identify areas of high β/γ-activity within individual 
core sections. These were subsequently mapped out using a calibrated Mini Instruments 
Scintillation Counter Type 5.4 probe, on a decimetre-scale (Berry et al., 1993, 1994). 

Based on the autoradiography and βγ-scanning results, suitable areas within individual core 
sections were selected for preparation as polished thin-sections. These mainly contained well 
preserved fault gouge inside the resin-filled fracture and within well developed mylonite zones. 
These thin-sections were subsequently used for both detailed mineralogical and structural 
studies of the radiotracer flow-paths within the shear zone and for analysis by surface analytical 
techniques, namely SIMS and nuclear microprobe. Standard polished thin-sections and SIMS 
samples, prepared as thin sections but 1-2 mm thick, were prepared in a specially commissioned 
"radioactive-handling" laboratory at AEAT, Risley, UK. Due to the minimal activity observed 
in the "B" core sections and the large number of cores involved, thin-sections were only 
prepared from "A" core sections. Samples were taken from the following areas: 

• Core sections below the inlet in the A6 section; this is referred to as the "hydraulic dead 
zone" behind the inlet. 

• Around the "inlet borehole" in the middle of the A5 core section. 

• The zones of higher radioactivity in the A4 core section. 

• Two areas of very high activity in the A3 core section (on slabs A3-4 and A3-8 to A3-10). 

• A limited selection of core sections from A2 core section where the main channel divided 
into a complex fracture network. 

• Around the "outlet borehole" in the middle of the A1 section. 

Autoradiography was applied in a second stage to the thin-sections, which had been made of the 
zones of particular interest, as derived from the first stage autoradiography analysis. About half 
of the polished thin-sections were examined for detailed structural and mineralogical studies 
(Chapter 4). The remaining samples and all the SIMS samples were re-analysed by 
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α-autoradiography prior to any further investigation. The results of the second stage provided a 
basis for the localisation of active zones to be investigated and for the comparison with the 
subsequent SIMS and nuclear microprobe analysis. 

3.8.2 SIMS 

In SIMS, a medium energy ion beam, typically 2-30 keV, is focused onto the surface of the 
sample. A proportion of the material from the target area is sputtered and leaves the surface as 
ions. These ions are collected and mass analysed, giving information about the surface 
composition of the sample23. Data may be recorded in the form of simple mass spectra, ion 
images or line profiles. 

Two different SIMS instruments were used by AEAT in this work; a Cameca IMS 3F ion 
microscope and a VG Scientific MA500 gallium microprobe instrument based on a quadrupole 
mass spectrometer. The IMS 3F is a high sensitivity, high mass resolution instrument while the 
gallium microprobe sacrifices sensitivity in favour of a higher spatial resolution (typically down 
to 5 μm) by using lower beam currents and smaller extraction voltages. The gallium microprobe 
was used in the "static" mode, in which a gallium ion beam was scanned across a wide area 
(typically 120 μm or 240 μm) at low beam currents (0.1-5 nA) such that sputtering rates were 
very slow. This enabled ion images of mineral surfaces to be recorded and provided qualitative 
data on the distribution of elements present within the fault gouge and individual mineral phases 
on tens of μm scales. The IMS 3F was used in a "dynamic" mode, in which a negatively-
charged oxygen-18 beam was focused into a small area (typically 20-100 μm) at a beam current 
of 50 nA resulting in faster sputtering rates. It was used to record mass spectra and ion maps 
from areas of interest. The mass range covered was 0 to 260 atomic mass units. 

The sensitivity of SIMS differs for each element and mass interference and "surface charging" 
are common and, to circumvent this, a conductive silver coating was used. Silver was preferred 
to gold (the more standard coating used in work of this type) because it did not produce mass 
interference with the actinide elements in the same way as gold. SIMS was able to distinguish 
between uranium (mass 235) and neptunium (mass 237). 

3.8.3 Nuclear microprobe analysis 

A finely focused 2 MeV 4He+ beam produced by a 5 MV Van de Graaff accelerator was targeted 
onto the sample. Some incident He ions are scattered elastically by sample atoms and are 
detected at high angles; this is called Rutherford back-scattering (RBS). Simultaneously, the He 
ion beam interacts with atoms in the first 10-20 μm of the sample, resulting in the production of 
X-rays with energies characteristic of the atoms excited by the beam. This technique is known 
as particle-induced X-ray emission (PIXE). In these experiments, PIXE spectra were only used 
for the identification of the minerals in the sample area. RBS and PIXE spectra are recorded 
simultaneously. 

3.8.4 Whole rock dissolution 

Following analysis by autoradiography, SIMS and RBS, selected samples were dissolved in 
order to determine the total mass of each of the elements. In some cases, off-cuts from thin-
sections were used instead. The common procedure was dissolution by HF/H2SO4 or fusion with 
                                                           
23 In addition to the isotopes injected in EP, 137Cs was still present in the shear zone from previous radiotracer tests 

which were performed in this dipole during MI (see Möri et al., 2006). 
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lithium metaborate followed by dissolution in HCl. In most cases, this did not dissolve the resin 
present in the samples. However, gamma counting of the insoluble material after filtration 
showed that, in most cases, this fraction contained very little activity, if any at all (see also the 
discussion in Alexander et al., 2003a). The solutions were counted by γ-spectrometry or 
HRICP-MS (high resolution inductively coupled plasma mass spectrometry) for Mo. 

Due to the sometimes large size of the active areas within the shear zone and the number of core 
sections involved, it was only possible to analyse small fractions of the total "active" zones 
located along the flow-paths. Active zones were defined as the area in each core section where 
radioactivity was detected by α-autoradiographs or βγ-scanning. An up-scaling process, based 
on a simplified representation of the geometry of the "active zone", was used to provide an 
estimation of the total activity retained in the investigated slabs. The sum off all the "active" 
zones could then be used to calculate the total activity which was removed from the shear zone 
by excavation (Fig. 3.11). The following assumptions were made for this approach: 

• within the active zone, the distribution of elements is assumed to be uniform 

• within each core, the concentration of elements is negligible outside of the defined "active 
zones" 

• losses from grinding the sample to a powder before dissolution are negligible and 

• the amount of each element in the resin is negligible. 

It must be noted that this approach is very simplistic; it does not account for mineralogical 
variations or porosity within the "active zone". Furthermore, due to budget limitations, not every 
core section within each core was sampled. However, the results do clearly show how far the 
different radionuclides travelled along the shear zone. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.11: Schematic overview of the procedure for the derivation of the nuclide distribution 
in the flow-field mass balance. 
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3.9 Structural mapping and flow-field characterisation 
All slab surfaces (top and bottom) have been digitally recorded under normal (day light) and 
UV light. Flow-paths were structurally described and reconstructed in a three dimensional 
model (see Chapter 5). 

The distribution of aperture widths and fracture fillings and the sequence of brittle and ductile 
structures on the slab surfaces were investigated by means of line counting and width 
measurements along selected fractures on 7 slab surfaces. Each count was done along a line 
perpendicular to the main foliation/main structure through the slab surface. Along this line, the 
portions of differently deformed rock types were recorded, along with the aperture width and 
degree of fracture filling of the fractures on the slab. In addition to these line counts, aperture 
width measurements were performed along 17 resin-filled fractures. The width of a structure 
was determined in steps of 1 cm on the slab surface, and some measurements were performed 
on thin sections to obtain more information on small scale structures around the macro-
scopically visible main structures (see also Appendices B and C). 

Both solid analysis and structural geological data were finally synthesised to produce a 3-D 
conceptual model of radionuclide retardation along the flow-path. 

 

3.10 Radioprotection 
As noted in Chapter 1, the GTS is, in principle, simply a large tunnel system excavated in 
granite. The floor is concrete and technical installations are available throughout the rock 
laboratory and, while this layout is perfectly adequate for most types of repository-related 
investigations, some difficulties arise when it is necessary to utilise open radioactive sources. 
This was especially so at the beginning of the RMP as these activities were very much novel in 
underground rock laboratories. Consequently, this novel use of open sources in such a rock 
laboratory was developed very much in a step-by-step basis, beginning with low total activities 
and, where possible, radiotracers of short half-life and simple chemistry. As experience was 
gained by the experimental team and by the Swiss regulator (HSK 24 ), the activities and 
radiotracer complexity utilised was slowly increased (for details, see McKinley and Grogan, 
1984; McKinley et al., 1988; Alexander and Kickmaier, 2000; Alexander et al., 1992, 2003b). 

This allowed not only a slow build-up of experience in conducting the in situ radiotracer tests 
but also, and equally as important, allowed both the experimental team and HSK to 
develop/implement appropriate radioprotection measures to ensure safety at all times. During 
the early days of RMP, the experimental team depended heavily on the radioprotection expertise 
of the Swiss nuclear power community, especially PSI and BKW (now BKW FMB Energie 
AG) with guidance from HSK.  

                                                           
24 HSK, the Swiss Federal Nuclear Safety Inspectorate, today known as ENSI (www.ensi.ch). 
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For the MI project, a Level C laboratory, which encompassed the entire AU tunnel 
(see Fig. 1.1), was constructed. For EP, it was necessary to upgrade this laboratory to Level B 
(see Appendices A and C), requiring, in addition to the existing MI safety measures: 

• The establishment of a "radiation controlled zone" with a special ventilation system 
(maintaining 10 mbar mercury underpressure at all times) and an α-particle air filtration 
system. 

• Access only through a sealed airlock which incorporates a changing area and personnel 
monitoring zone with a standard "step over" control area (Fig. 3.12). 

• Access to the controlled zone only with appropriate protective clothing (including 
protection against inhalation when working with open α-sources) and dose monitoring 
equipment. 

• Exit from the controlled zone only after full body checks for potential contamination. 

• Continuous monitoring of ambient dose rates, surface contamination and of contamination 
in the air (Fig. 3.13). 

• Collection, monitoring and analysis of solid and liquid waste. 

• Total body count at the end of the experiment for all relevant staff. 

• The presence of qualified radioprotection officers at all times when working with open 
sources. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.12: "Step over" changing area at the entrance to the radiation control zone, looking 
from the controlled zone towards the exit. 
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Fig. 3.13: Alpha air monitor in the radiation control zone. 
 
In practical terms, in addition to the above noted tasks, radioprotection included the collection 
of all solutions (either groundwaters, drilling fluids or cutting fluids) from the radiotracer testing 
in a sump in the tunnel floor, followed by storage in seven, 2000 L PVC waste solution tanks. 
Following a period of settlement, the activity of the solutions within these tanks was measured 
by accredited radiochemistry laboratories and the solutions were then either treated or if no 
treatment was required released into the drainage system of the laboratory, after obtaining 
permission from HSK. On only one occasion during EP, water from one tank had to be treated 
to decrease the radionuclide concentration (passed through ion-exchange resin; Fig. 3.14) before 
release and the resin was then packed into appropriate waste containers and treated at the Swiss 
federal waste facility at PSI. 

Special precautions had to be taken during the excavation of the part of the shear zone 
containing the radionuclides and during the subsequent sawing of the overcored shear zone into 
thin slabs for analysis. Both tasks required the use of cooling water which was collected in the 
sump for settling of the solids. The cleared solution was then stored in the water storage tanks. 
Laboratory analysis of both the solid fraction and the remaining liquid revealed measurable 
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activity in only the solid phase. Therefore, the cleared water could be released into the drainage 
system of the laboratory, but the solid parts were collected, packed into waste containers and 
sent for treatment and disposal at the PSI waste facility. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.14: Waste water storage and decontamination system: white 2000 L plastic tanks in the 
background for water storage, blue ion-exchange decontamination system in the 
foreground. 

 
During the sawing operation (Fig. 3.15) which took place inside the controlled zone, additional 
safety precautions were taken to avoid contamination with radioactive dust from the cutting 
process. A specially ventilated compartment, built from plastic sheeting, was erected around the 
saw (Fig. 3.16) and the staff were fully protected inside sealed disposable plastic clothing. In 
addition, full face masks with particle filters were worn at all times and a fume hood was built 
directly over the saw to draw off any dust particles. 
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Fig. 3.15: Diamond saw used to slice the ca. 30 cm diameter rock cores into slabs for 
analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.16: Additional safety: although already within the radiation control zone, the rock saw 
was enclosed in a plastic container with a fume hood to draw off and filter out any 
particles produced during sawing. Staff wearing disposable plastic clothing and 
full-face masks with particle filters. 



 45 NAGRA NTB 00-07 

Despite the not insignificant activities utilised (see Tab. 3.9), it is of note that radiation doses, 
contamination and releases of radioactivity were below the regulatory limits during the entire 
EP in situ phase. The highest individual dose measured by thermoluminescent dosimeters 
(TLD) was 0.1 mSv per quarter year. The collective dose for the total duration of the 
experiment for the 34 staff involved was 0.93 Person-mSv. These doses are insignificant 
compared with the doses from natural radiation (average of 4 mSv per year per person); they 
were also insignificant from the generally higher background radiation and the natural radon in 
the tunnel.  

Following analysis of the sampled material from the site, a mass balance of the total activity 
recovered versus the total activity injected was carried out (section 6.5) and this indicated that 
(within analytical error) about 2 % of the injected activity remained in situ in the shear zone. 
Despite this, water is collected regularly from the site, analysed for the remaining radionuclides 
and the results reported to HSK. However, in the decade since recovery of cores A and B 
(BOEX 97.001 and 97.002), no significant activities have been observed, indicating the 
relatively immobile nature of the remaining material (predominantly 60Co and 152Eu, plus 137Cs 
remaining from the MI experiment). 

Tab. 3.9: Inventory of the significant injected radiotracers with exemption and licensing 
limits. 

 

Radio-
nuclide 

Half-Life Activity 
licensed by 

HSK 
[Bq] 

Activity 
injected

 
[Bq] 

Exemption 
Limit LE 

 
[Bq - Bq/kg]

max. Type-B 
Laboratory 

=10'000 x LA
[Bq] 

Licensed  
No. of LA 

 
[-] 

Injected 
No. of LA

 
[-] 

60Co 5.27 a 9.0E+07 2.0E+06 1.0E+03 9.0E+08 1.0E+03 2.3E+01 
75Se 120 d 3.0E+09 1.1E+07 4.0E+03 3.0E+10 1.0E+03 3.8E+00 
99Tc 2.1E+05 a 2.0E+09 12 1.0E+04 2.0E+10 1.0E+03 1.7E-4 
113Sn 115 d 2.0E+09 2.1E+06 1.0E+04 2.0E+10 1.0E+03 1.0E+00 
152Eu 13.3 a 1.0E+08 3.0E+05 7.0E+03 1.0E+09 1.0E+03 3.0E+00 
234U 2.46E+05 a 4.0E+06 5.7E+05 2.0E+02 4.0E+06 1.0E+04 1.4E+03 
235U 7.04E+08 a 4.0E+06 1.5E+04 2.0E+02 4.0E+06 1.0E+04 3.8E+01 
237Np 2.14E+06 a 6.0E+05 5.8E+05 9.0E+01 4.0E+06 1.5E+03 1.5E+03 

   LA  =  licensing limit (Swiss radioprotection regulation values as of 19th December, 2000. These were lowered on 
 28th December, 2001) 

   LE  =  exemption limit (Swiss radioprotection regulation values as of 19th December, 2000. These were lowered
 on 28th December, 2001) 
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4 Radiotracer tests  
 (W.R. Alexander, J. Eikenberg & T. Fierz) 

4.1 Characteristics of the radiotracer cocktail 
The precise isotopic composition of the radionuclide cocktail (see Tab.s 2.3 and 2.5) was 
decided following discussions between Nagra, JAEA and HSK and represents a mixture of 
safety relevant radionuclides (with some differences between Nagra and JAEA due to differing 
waste characteristics) and those radionuclides which are practicable to measure (hence, for 
example, the use of 60Co rather than the more safety relevant 58Ni). The chemistry of the 
radionuclide cocktails was a good compromise decision considering the practicalities of the 
experiment and the wider aims of the project. 

4.2 Dipole flow-field conditions 

The hydraulic and chemical parameters which were recorded during the EP radiotracer injection 
period are shown in Figures 4.1 to 4.4. The raw data are available in Appendix C. The electrical 
conductivity measured in the extraction flow showed a detectable increase in association with 
the injection of the different radiotracer cocktails (Fig. 4.1). A few hours after the injections, the 
background value of the groundwater of 93 μS was re-attained (note that values below 93 μS 
can be explained by gas bubbles in the flowmeter). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1: Temporal variations in electrical conductivity measured in the extraction flow. 
 
The low pH of the injection solution in vials 1, 2 and 4 resulted in a reduction of the pH in the 
extraction flow. The decrease in pH due to the Mo injection is smaller compared to the decrease 
provoked by subsequent acid injections. Presumably the easily accessible buffer capacity in the 
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dipole flow-field was largely exhausted by the first Mo-HCl injection. Nevertheless, a few hours 
after the injection of an acid radiotracer cocktail, the pH in the outflow returned to the 
background value for the groundwater (pH 9.6). It was assumed from this that the chemical 
conditions in the flow-field were also significantly perturbed for only a few hours following 
injection, but further analysis of the data indicate that this was not the case, as discussed below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2: Temporal variations in pH measured in the extraction flow. 
 
The flow in the injection interval (Fig. 4.3) was stable during the entire period of radiotracer 
injection. The pressure showed two marked increases: the first occurred after the injection of the 
vials 1 (Mo) and 2 and (60Co, 113Sn and 152Eu) and the second after injection of the last vial 
(4 with 234/235/238U and 237Np) with a subsequent reduction of the dipole extraction flow from 
160 to 120 mL min-1 (see below). The precise reasons for the pressure change are not clear, but 
it is presumably associated with the acidic radiotracer solution. Although it was presumed that 
the buffer capacity of the system would be large enough not to be significantly disturbed by the 
acid injection (see comments in section 2.5.2), this was clearly not the case. The likely 
dissolution of (trace) carbonate in the system due to the locally decreased pH would lead to CO2 
gas evolution, so increasing pressure in the system. Additionally, acidification may have caused 
deflocculation of the clay-sized material in the fault gouge and this was transported 
downstream, induced flow-path clogging via a mixture of re-flocculation and filtration (see also 
comments in section 4.3.3). Nevertheless, no significant changes to the flow-field, such as 
blocking of flow-paths, were observed during the subsequent structural analysis. 

The pressure in the extraction interval (Fig. 4.4) showed no reaction after the first HCl injection. 
After the second HCl injection, the pressure in the interval dropped dramatically and did not 
recover. The third HCl injection caused a further pressure reduction, inducing degassing and 
bubble formation in the extraction line, meaning that the extraction flow had to be reduced from 
160 to 120 mL min-1. 
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Fig. 4.3: Temporal variation of flow rate and pressure in the injection interval. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.4: Temporal variation of flow rate and pressure in the extraction interval. 
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4.3 Radiotracer breakthrough curves 

4.3.1 Uranine injections 

The breakthrough curves and the recovery of the uranine pulses 1, 2, 3 and 4 which were carried 
out before, between and after the injection of the radiotracer vials are shown in the following 
figures together with the breakthrough curves from the cocktail injections. The base data from 
all four uranine injections are shown in Table 4.1 (cf. Tab. 3.6). 

Note that uranine pulse 3 was only partially analysed. The radiotracer vial had a small leak, 
which led to two radiotracer injections (see Fig. 4.1) and hence two breakthrough curves. The 
first was when the dipole injection flow was diverted through the radiotracer chamber and the 
second when the vial was broken using the piston. 

The different peak and 50 % recovery times for the experiments indicate changes in the flow 
conditions in the dipole field, as noted in the pressure-time dependence discussed above. 

Tab. 4.1: Uranine pulse injections 
 

Parameters Units Injection 1 Injection 2 Injection 3 Injection 4 

Date  06.09.96 11.09.96 19.09.96 24.09.96 

Time of Injection  09:45 18:28 13:01 
19:09 13:25 

Input: 

volume 

concentration (C) 

 

mL 

ppm 

 

12 

1 

 

12 

1 

 

12 

1 

 

12 

1 

Input Duration min 3 3  3 

Dipole Injection Rate mL min-1 8 8 8 8 

Dipole Extraction Rate  mL min-1 160 160 118 118 

Injection Interval Pressure bar 1.13 1.17 1.22 1.22 

Extraction Interval Pressure bar 0.87 0.26 0.28 0.24 

First Arrival (Δt) min 15 15 20 
19 

18 

Peak (Δt) min 28 33 32 
37 

41 

Peak Concentration C/M0 mL-1 5.1×10-5 9.0×10-5 5.5×10-5 

2.6×10-5 
3.5×10-5 

50 % Recovery (Δt) min 236 70 1) 261 

1) Pulse 3 was only partly analysed. The tracer vial had a small leak, which led to two tracer injections and hence 
also two breakthrough curves. The first was when the dipole injection flow was diverted through the tracer 
chamber and the second when the vial was broken using the piston. 
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Direct intercomparison of the uranine data is difficult due to the hydrological changes to the 
flow system which were induced by the acid injections. Nevertheless, a few points are worth 
noting: 

• Between uranine injections 1 and 2, two acid solutions in vials 1 and 2 were injected and 
this had already had a clear impact on the site hydrology with major differences in peak 
times, peak concentrations and 50 % recovery times. 

• Further changes clearly take place between uranine injections 2 and 3 which saw the 
injection of unacidified (ie radionuclides in groundwater from the AU96 shear zone) vial 3 
followed by the acidified vial 4 (see Tab. 3.7). 

• Interestingly, changes were still taking place between uranine injections 3 and 4, even 
though no further acid was injected into the site after vial 4 on 18th September (injection 4 
took place on 14th September). 

The last point, above, is possibly the most important one as it indicates that chemically induced 
changes to the hydraulic regime in the shear zone continued for some time after the groundwater 
pH recovered. As can be seen in Fig. 4.2, the groundwater pH has more-or-less returned to 
normal within a few hours of the injection of acidified vial 4, but never fully recovers the pre-
injection pH (of 9.8) by the end of monitoring on 7th October (see Appendix D). It is not 
possible to state much more than this as careful examination of the raw data in Appendix D 
shows considerable drift in the equipment during periods of little or no on-site activity over the 
period monitored (15th August to 7th October, 1996). Due to these changes, the breakthrough 
curves presented below are not fully comparable with the data from MI. 

4.3.2 Molybdenum 

The breakthrough curve of Mo is shown in Fig. 4.5. The later first arrival and peak time, the 
lower peak height and the much lower tracer recovery of Mo compared to uranine indicates 
retardation of Mo during the test. Note that the breakthrough of Mo was observed only for a 
period of four hours. It was stopped when the first active radiotracers (from vial 2) began to 
appear as Mo analysis could only be carried out on non-active equipment and so potential 
sample contamination had to be avoided at all costs. 
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Fig. 4.5: Mo (vial 1) and uranine (injection 1) breakthrough curves and radiotracer recovery 
(normalised concentrations). 

 

4.3.3 Major elements 

As a byproduct of the Mo analysis, breakthrough data were produced for the dissolved major 
elements. Figure 4.6 shows the breakthrough curves of Cl, Sr and Na (note that other major 
elements such as F, Ca, Mg and K showed no change during the Mo breakthrough). The peak 
maximum of Na coincided with that of Mo and a clear Na tail was observed. Cl and Sr also 
showed peak maxima in the same time range as the Mo peak, but with a relatively larger degree 
of data scatter. 

Three possible processes could explain these observations: 

• Cl, Sr and Na have been released by a mineral phase which has rapidly dissolved in the 
acidic medium of the tracer. 

• Alternatively, all three elements were in easily leached positions in a mineral or minerals. 
Na and Sr are common in most of the mineral phases present in the granodiorite and fault 
gouge (see, for example, Meyer et al., 1989 and Chapter 5), but nothing has been reported 
on Cl-rich phases. Of the minerals identified in the AU96 shear zone, biotite is recorded as 
hosting significant levels of Cl (eg Lee, 1958). Another possibility could be scapolite (the 
Na-version, Marialite, would also account for the Na peak), which can form during the 
metamorphism of plagioclase-bearing igneous rocks, but there is no evidence that 
appropriate conditions (i.e. presence of CO2-rich fluids) have occurred in the Grimsel area. 

• Most likely, it seems that some of the rare calcite that has been reported in the shear zone 
(Meyer et al., 1989) has dissolved, releasing Ca and Sr from the crystal lattice and Cl from 
fluid inclusions (cf. Milodowski et al., 2005). The Ca has then preferentially exchanged for 
Na present in the fault gouge minerals, so producing the Na peak in the groundwaters. 
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Dissolution of calcite would also explain the rapid pH buffering observed in the 
groundwaters after the injection of the vial 1 acidic fluid (Fig. 4.2). The lack of such rapid 
buffering following the release of acidic fluids from vials 2 and 4 is presumably due to the 
exhaustion of the very limited supply of calcite in the shear zone. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.6: Cl, Sr and Na breakthrough curves (concentration not normalised). 
 

4.3.4 Cobalt, tin and europium 

In injection 2, 60Co can be seen to migrate with a velocity similar to that of the non-retarded 
uranine (Fig. 4.7). Both showed a maximum concentration about one hour after injection and, 
after about 20 hours, the uranine signal had decreased by about three orders of magnitude, 
thereby reaching the detection limit of the in situ optical analysis method. However, while about 
90 % of the uranine had passed through the experimental dipole field after one day, less than 
10 % of the 60Co radiotracer was extracted by that time and only around 18 % (367 of 
2037 kBq) by the time the dipole was closed down a month later (see Tab. 4.2). The 
significantly lower peak concentration of 60Co compared to uranine in pulse 2 (see Fig. 4.7) 
indicates that only a small fraction had migrated with a velocity comparable to the uranine and 
that most of the 60Co radiotracer was strongly retarded. 

Co transport could be followed within the first three hours in the extraction flow using the on-
line measuring equipment. After this time, 60Co measurements were influenced by sorption in 
the measurement spiral around the on-line detector. The later radiotracer injection (vial 4) re-
mobilised part of the 60Co retarded in the flow-field. Interestingly, the third and fourth uranine 
injections and the isopropanol injection also further re-mobilised 60Co, although to a much 
lesser extent. This was a surprising observation as no such impact of organics on the Co had 
been seen in the supporting laboratory experiments (see Alexander et al., 2003a). 
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Tab. 4.2:  Inventory of injected and extracted nuclide activities, all values decay corrected to 
14.06.1996, quoted uncertainties are 2σ counting errors. 

 

Radionuclide Half life 

 

Injection activity 

 
[kBq] 

Activity passed through  
the flow-field 

[kBq] 
234U 
235U 

2.46 E+05 a 

7.04 E+08 a 

574 ± 37 

15 ± 1 

315 ± 31 

8 ± 1 
237Np 2.14 E+06 a 580 ± 60 147 ± 15 
113Sn 115 d 2050 ± 106 115 ± 6 
152Eu 13.3 a 296 ± 10 60 ± 3 
60Co 5.27 a 2037 ± 50 367 ± 18 
99Tc 2.1 E+05 a 1.2 E-2 Not detected 
75Se 120 d 11,444 ± 212 10,839 ± 517 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.7: 60Co (vial 2) and uranine (injection 2) breakthrough curves and radiotracer 
recovery (normalised concentrations). 

 
Eu (Fig. 4.8) could not be measured using the on-line equipment due to interference from the 
high levels of 60Co and 113Sn, which were measured simultaneously. However, the number of 
samples analysed in the laboratory revealed enough information for an accurate determination 
of the breakthrough curve of Eu. Unlike 60Co, the Eu breakthrough curve indicates a degree of 
retardation of all the 152Eu, with the recovery found to be in the order of 20 % percent when the 
dipole flow-field was finally stopped. 

Although thermodynamic data for Eu (II) are sparse (e.g. Krupka & Serne, 2002; Takeno, 
2005), in most natural waters Eu would be expected to be present in the Eu (III) form and this 
would tend to be taken up by the minerals present in the fault gouge by cation exchange and 
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surface complexation (see, for example, Bradbury & Baeyens, 2002). However, in acidified 
solutions (pH~2) such as injected here and at the Eh of the shear zone groundwaters (~ -300 
to -350 mV; Alexander, 1991), it is feasible that Eu was initially present as Eu (II). Even with 
slow buffering of the injection solution pH by reaction with aluminosilicates in the fractures, it 
is likely that Eu (II) was present for some time, potentially allowing for substitution of Eu (II) 
for Ca2+ (Lipin & MacKay, 1989) in the fracture wall biotites. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.8: 152Eu (vial 2) and uranine (injection 2) breakthrough curves and radiotracer 
recovery (normalised concentrations). 

 
113Sn (Fig. 4.9) had a peak concentration arrival time before that of uranine, suggesting that at 
least part of the Sn tracer was present in colloidal form. Similar observations were made for the 
actinides in the same shear zone in the CRR project (see Möri, 2004). Later checks in the 
laboratory suggest that radiocolloids form rapidly as the acidic tracer solution combines with the 
alkali groundwater (see Missana & Geckeis, 2006, for discussion). However, the radiocolloid 
portion of the Sn spike seems relatively small as the 113Sn recovery was less than 6 % (115 from 
2050 kBq) by the time the dipole was stopped (Tab. 4.2). Later checks on the equipment 
showed that 113Sn was retarded on the extraction equipment and even more so on the injection 
equipment. This was unexpected as no such problems had been encountered in the laboratory 
equipment sorption tests (see Alexander et al., 2003a) and the full reasons remain unclear.  

As with 60Co, the on-line measurements of 113Sn could only be carried out for the first two hours 
because of contamination of the spiral of the on-line detector with attached Sn. Again, as with 
60Co and 152Eu, later radiotracer injections affected 113Sn breakthrough as the acidic fluid in vial 
4 re-mobilised retarded Sn in both the flow-field and the detector spiral. 
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Fig. 4.9: 113Sn (vial 2) and uranine (injection 2) breakthrough curves and radiotracer 
recovery (normalised concentrations). 

4.3.5 Selenium 

The breakthrough curve of 75Se (introduced as selenite, SeO3
2-, in Grimsel groundwater) was 

very fast and similar to that of 113Sn, implying at least part of the Se was present in colloidal 
form. After about 10 hours the signal had decreased by about 3 orders of magnitude thereby 
reaching the detection limit of the in situ analysis. The slight increase of the 75Se activity about 
one day after injection is most likely a result of the injection of the last radiotracer cocktail 
(vial 4, with acid solution), which caused some remobilisation of 75Se in the shear zone. With 
respect to the overall mass change in the radiotracer recovery curve, this effect remained of 
minor importance. 

The known geochemical behaviour of 75SeO3
2- in reducing groundwaters suggested that strong 

retardation should be expected in the experimental shear zone. However, as noted above in the 
case of 113Sn, recent work in the CRR project; Missana & Geckeis (2006) suggests that the Se 
spike may have been present in the radiotracer vial in colloidal form, at least in part. 
Examination of a wide suite of radionuclide spikes in Grimsel groundwater indicate that this 
phenomenon is probably much more widespread than has previously been acknowledged and in 
situ data from CRR suggest that this could most certainly induce non-retardation of 75SeO3

2- in 
the experimental shear zone. 

An alternative thesis is that selenite was oxidised to selenate (SeO4
2-) in the vial or immediately 

following injection and so moved through the system like a conservative radiotracer. The 
precise mechanism of any potential oxidation is unclear but, first, reaction kinetics and, second, 
pre-flushing of the radiotracer chamber with Grimsel groundwater (see Chapter 3) make it 
unlikely that the oxidation was due to the presence of trace levels of oxygen in the system. 
Further, although the previously identified sulphate utilising bacteria in the experimental shear 
zone (see Smith et al., 2001a) could, in principle, oxidise the 75SeO3

2-, again, reaction kinetics 
make this a less plausible mechanism on the timescales of interest here. As such, colloidal Se 
would appear to be the most likely mechanism. 
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Fig. 4.10: 75Se (vial 3) and uranine (injection 2) breakthrough curves and radiotracer recovery 
(normalised concentrations). Yellow line is Se in-tunnel analysis, blue squares 
laboratory check (at PSI). 

 

4.3.6 Uranium and Neptunium 

The on-line equipment was not sensitive enough to measure the U and Np breakthrough. In 
particular, the 75Se re-mobilised by the change in pH in the flow-field following the injection of 
vial 4 (see Fig. 4.2) lowered the sensitivity for the γ-peaks of 237Np and 234/235/238U. The 
breakthrough of U and Np could nevertheless be measured with sufficient time resolution as 
samples were collected for later laboratory analysis at short intervals following radiotracer 
injection. First γ-spectrometry results (performed approximately three hours after radiotracer 
injection started) showed that the normalised breakthrough concentration for 234/235/238U 
(Fig. 4.11) and 237Np (Fig. 4.12) were approximately one order of magnitude lower than for 
conservative uranine. 

For unknown reasons, the U curve is relatively noisy but appears to peak at around two hours. 
Interestingly, there is a slight jump in the U recovery curve at this point and, although not very 
clear in the figure, examination of the raw data log (Appendix D) shows that the extraction flow 
rate (Fig. 4.4) dropped by about 30-40 % at this point, presumably due to ongoing chemical 
reaction in the shear zone. Within the first 5 hours less than 10 % of the input activity was found 
in the extraction flow and the flow-field was stopped after recovery of approximately 50 % of 
the 234/235U. 

Although the Np breakthrough and recovery curves are superficially similar to those of U, close 
examination of the data indicate that the Np peak concentration occurs just before the uranine 
peak (see Fig. 4.12). As with Se and Sn, it seems highly likely that a part of the Np activity was 
transported through the shear zone in colloidal form. This has been verified by more recent 
work in CRR which has clearly shown the presence of colloidal Np following injection of 
acidified tracer solutions in the AU96 shear zone (Missana & Geckeis, 2006). 
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Fig. 4.11: 234,235U and uranine (pulse 4) breakthrough curves and tracer recovery (normalised 
concentrations) 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4.12: 237Np and uranine (pulse 4) breakthrough curves and tracer recovery (normalised 
concentrations) 

 
Interestingly, there is a jump in the Np recovery curve (but not in the U curve) some 24 hours 
after the vial injection, but this is before the uranine injection 3. Close examination of the raw 
data file (Appendix D) reveals no obvious perturbations to the system (flow rates, O2 content of 
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the groundwater, pH etc all remain relatively constant) but it is not impossible that this reflects a 
change in the flow system due to continuing chemical reaction. This is discussed further in 
Chapter 7. 

4.3.7 Technetium 

Only 12 Bq of 99Tc could be dissolved in the Grimsel groundwater in vial 3 and, following 
dilution in the dipole flow-field, it was always below detection in the extraction water. 
 

4.4 Summary und conclusions 
Use of acidified solutions for 3 of the 4 radionuclide cocktails (vials 1, 2 and 4) clearly 
disturbed the in situ geochemical conditions in the flow-field. The first injection disturbed the 
groundwater pH the least, but it seems likely that this also exhausted the easily accessible pH 
buffer capacity (probably rare calcite in the shear zone). The groundwater pH plot suggests that 
the disturbances to the system generally lasted a short time, but other information (such as 
pressure, flow rates, uranine breakthrough curves etc) suggests that the changes were more 
profound and lasted the duration of the experiment. 

Apart from the likely (localised) dissolution of calcite, there is little hard evidence for the form 
of the changes (see also discussion in Chapter 5), but it is likely that at least some of the finer 
material in the fault gouge deflocculated in the acidic medium and was presumably transported 
elsewhere in the flow-field. It is assumed that the fines would re-flocculate once out of the 
localised acidic medium and could possibly clog previously open pathways in the shear zone 
(see also discussion in Chapter 5), so changing the original flow-field in real time. 

Despite this, on-site monitoring of the radiotracer breakthrough curves of 60Co, 113Sn and 75Se 
with the HPGe detector was successfully accomplished and was supported by additional 
laboratory analysis on collected water samples. 152Eu activity in the extraction flow could not be 
measured on-site due to interference from the 60Co and 113Sn signals. For 234/235U and 237Np the 
sensitivity of the on-site detector was insufficient and the breakthrough was determined by 
laboratory analysis. 

U was chosen as the "leading" radionuclide in the sense that after about 50 % of the U was 
recovered, the dipole flow was stopped. 60Co, 152Eu and 237Np showed recoveries between 18 % 
and 25 % indicating stronger retardation than U. 113Sn breakthrough also indicated strong 
retardation, but this was mainly affected by retardation on the injection equipment. The 
breakthrough curves of 75Se, 237Np and 113Sn all showed clear indications of colloidal transport, 
with the peak concentrations arriving before that of the non-retarded uranine. In the cases of 
113Sn and 237Np, it appears that only a minor amount of the total activity was present in colloidal 
form as the majority of the tracer was retained in the shear zone. 75Se appears to have been 
transported predominantly in colloidal form, with 80 % of the injected activity passing through 
the shear zone in the first two hours after the injection. In the next 100 hours, another 15 % 
moved through the shear zone, which might be an indication that at least part of the selenium 
present was in the selenate form. 

Those radionuclides injected in the earlier vials show clear signs that subsequent radiotracer 
injections with the acidified fluids (and, to a lesser extent, uranine and isopropanol) remobilised 
small quantities of the retarded radionuclides in the shear zone. The physicochemical changes to 
the shear zone continued to affect the behaviour of all of the radionuclides in the shear zone to 
some extent throughout the duration of the experiment. 
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5 Structural core analysis  
 (A. Möri & K. Ota) 

5.1 Overview 
The AU96 experimental shear zone can be idealised as a simple two dimensional feature which 
varies little in 3D in the 10 m from the tunnel to the dipole flow-field. A volume of about 
40 × 50 cm across and 200 cm long of this shear zone was excavated by the two overlapping 
overcores (see Fig. 3.7). In Figure 5.1, the internal structure of the shear zone can be clearly 
seen on the surface of two neighbouring slabs. The shear zone consists of various rock portions 
which have undergone differing grades of initially ductile and, at a later stage, brittle 
deformation (see also Bossart & Mazurek, 1991). Fine-grained, dark-coloured sections within 
the weakly foliated matrix rock display rock portions that underwent ductile deformation (so-
called mylonites). Three mylonitic bands, named structure 1 to 3 in Figure 5.1, could be traced 
throughout almost all slab surfaces between the injection and the extraction borehole. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1: Top side of slabs A2-7 and B3-5 showing mylonites (structure 1 to 3) and different 
types of fractures. Flow was vertically into the slab, along the fractures. 

 
Brittle deformation resulted in the formation of new fractures that mainly followed the pre-
existing weak zones, namely the mylonites. These also proved to be the dominant flow-paths 
within the shear zone, although it should be noted that, regionally, lamprophyre dykes are the 
most important groundwater flow systems. There was no section along the impregnated part of 
the shear zone where in situ resin filling showed open cavities or bubbles, indicating the resin 
impregnation fulfilled the design requirements (see Alexander et al., 2003a). It is noteworthy 
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that, even if mylonites are zones of weakness within the granodiorite, they were not always 
reactivated by the brittle deformation and usually did not lose cohesion during the drilling or 
sawing procedure, despite not being fully impregnated because of their very low porosity and 
pore geometry.  

Structure number 2, which can be traced through both slabs in Figure 5.1, contains the most 
intensively reactivated part of the overcored shear zone and was also preferentially impregnated 
in situ with the resin. Structure 1 in core A showed only very poor and irregular resin 
impregnation, even where the mylonite is quite well developed. However, the thin black line 
seen running along this mylonite in Figure 5.1 indicates the presence of the second resin that 
was used to stabilise the de-stressed overcores for subsequent sawing (see section 3.6.2). The 
application of a second resin with a different colour (blue under UV illumination) proved to be 
very helpful to distinguish naturally occurring flow-paths from artificially induced openings. 
Structure 3 in core B was almost completely inaccessible to either resin. 

5.2 Ductile deformation 
Ductile deformation is indicated in the granodiorite by an increased cleavage and by the 
presence of mica-rich mylonite bands. When viewed on the tunnel surface, the shear zone 
displays an asymmetric composition (Bossart & Mazurek, 1991): at its northern boundary, the 
deformation gradient from the shear zone into the granodiorite matrix is abrupt, whereas at the 
southern boundary, a more gradual transition through strongly to weakly deformed granodiorite 
into the matrix can be observed. Width and intensity of ductile deformation vary strongly within 
the shear zone and also along each mylonite itself, as observed on the different slab surfaces 
along the flow-field. 

Ductile deformed parts can be recognised by their dark colour that results from the enhanced 
biotite content. The deformation-free end-member is the matrix of the Grimsel granodiorite, 
showing only very weak foliation (see Fig. 5.2a). This foliation is formed by the alignment of 
the almost idiomorphic feldspar grains, whereas biotite is still randomly orientated. The 
opposite end-member are the ultramylonites, very fine grained, grey to black bands where 
minerals have been completely recrystallised and the biotite content increased remarkably (see 
Fig. 4.2c). In between these two extremities, a gradual transition of different degrees of ductile 
deformation can be observed (see Fig. 5.2b) with various forms and intensities of quartz, 
K-feldspar and plagioclase grain elongation, biotite clusters and grain size reductions. 

Thin section observations revealed that the pore space of the granodiorite matrix and the 
mylonites behind the impregnated flow-paths was not impregnated with the in situ applied resin 
(see Fig. 4.2g). This lack of impregnation may be caused by the experimental time scales, the 
applied flow conditions and/or by the pore size/pore geometry distribution which hinders resin 
penetration in the short time available before the resin begins to polymerise (full details in 
Alexander et al., 2003a). In comparison, in the CP project, which was designed specifically to 
look at matrix porosity in the vicinity of a water-conducting shear zone, an in situ existing 
interconnected network of matrix pores was fully accessed by an acrylic resin specifically 
designed to impregnate the pore space (for details see Möri et al., 2003; Ota et al., 2003). 
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a) Matrix of Grimsel granodiorite; 
image width: 8 cm, normal light 

b) Mylonite in weakly deformed 
Grimsel granodiorite; image 
width: 6 cm, normal light 

c) Ultramylonite beside resin  
filled fracture; image width:  
6 cm, normal light 

   

   

d) Impregnated channel type 
fracture, fault gouge and breccia 
components; image width: 6 cm, 
UV light 

e) Impregnated network type 
fractures; image width: 7 cm,  
UV light 

f) Impregnated channel type  
fracture with a splay crack;  
image width: 15 cm, UV light 

   

   

g) Impregnated fracture beside  
non-impregnated mylonite;  
image width: 3 mm, UV light 

h) Breccia components (black) in 
fault gouge (dark-green) and  
resin (green) matrix; image 
width: 3 mm, UV light 

i) Breccia components in resin 
matrix; image width: 1 cm,  
UV light 

Fig. 5.2: Photographs showing different degrees of ductile and brittle deformation in the 
Grimsel granodiorite. 

 

5.3 Brittle deformation 
Brittle deformation predominantly affected parts of the shear zone that display a high degree of 
ductile deformation (ie the mylonite bands) and is characterised by single or multiple fractures 
which run parallel to the cleavage. Sub-vertical movement during regional uplift was taken up 
along these and produced brecciated shear bands where the mylonites and matrix rocks lost 
cohesion. The fractures are frequently filled with fault breccia and/or a fine-grained (clay sized 
grains; Meyer et al., 1989), rock flour. The extent of the brittly reactivated zone and the degree 
of cataclasis (e.g. size and roundness of ripped out wall rock material) is influenced by the 
number of reactivated horizons, the involved lithologies and the total displacement. 
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Fractures were found to be the main flow-paths for the in situ resin which can be clearly seen in 
Figures 4.2d-f where the UV-illuminated slab surfaces indicate the presence of the fluorescein-
doped resin. This observation holds also true for the radiotracer cocktail, which was only found 
along resin-filled flow-paths (see section 6). 

Shape, width and orientation of the fractures in the flow-field was found to be very 
heterogeneous and it was observed that these attributes change along a fracture even on a given 
slab surface or along the flow direction from one slab to the other. Different fractures types can 
be distinguished, all of them showing resin impregnation and therefore also acting as flow-paths 
during the radiotracer injection (see Fig. 5.1). It is noteworthy that these fracture types simply 
represent different aspects of brittly induced structures. Figure 5.2d shows a channel type 
fracture with an aperture25 of about 6 mm with a variable degree of fracture filling and resin 
impregnation. 

In contrast, fractures may also display network type structures which consist of a set of 
numerous fine, sub-parallel narrow fractures (see Fig. 5.2e). The lateral extent of network 
structures is small and rarely extends over a whole slab surface or through several slabs. The 
opening of a single network structure rarely exceeds 1 mm. Fault gouge or breccia filling in 
combination with resin impregnation was not observed in these fracture types. 

Fractures that traverse the general cleavage trend are called splays. They usually connect two 
ductile rock portions and the related main fractures (eg channel type fractures). The width of 
these splay fractures varies between  0.1-1 mm (see Fig. 5.2f). 

5.3.1 Fracture filling material 

Fractures are either filled with fault gouge or with brecciated wall rock particles that are 
supported by fault gouge, which occurs as a white "rock flour" (see Fig.s 5.2c and d). It is the 
result of a strong cataclasis where wall rock material is ground together during brittle 
deformation. Alexander et al. (2003a) reported a fault gouge grain size distribution in shear 
zones at the GTS, determined by sieving, of 32 % < 63 µm, 38 % between 63 µm and 1 mm and 
30 % of the components larger than 1 mm (in agreement with the data of Meyer et al., 1989). 
During the field investigations, fault gouge was defined as the fraction with a grain size below 
visibility and therefore below about 63 µm. The larger particles of the fracture filling material 
were classified as breccia components which normally float in the fault gouge (see below). 
Impregnation of structures filled with fault gouge was observed on slab surfaces and in thin 
sections. The impregnated fault gouge is visible in the resin as darker green areas in the green 
resin (see Fig. 5.2h). 

Lower porosity fault gouge also appeared to prevent the full impregnation of fractures, leading 
to concerns that the pattern of resin impregnation might not represent the full pathways for 
solute transport/retardation. However, subsequent radiochemical analysis (see Chapter 7), 
clearly showed that only those areas which were impregnated with resin in situ also contained 
radionuclides, implying that the non-impregnated structures and fault gouge were not a 
significant part of the in situ flow-field in the experimental timescales. 

Changes to the flow-field were noted in Chapter 4 and was speculated that at least some of this 
may be due to chemical and physical erosion of the fault gouge. This is supported by the 

                                                           
25 The difference between fracture width and aperture is in the fracture filling: width is defined by the opening of a 

fracture regardless of its filling and the aperture is defined by the "open" flow-paths without fracture filling 
material. 
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presence of fault gouge on in-line filters at the outlet borehole, indicating that the fault gouge 
material was partially washed out during repeated hydraulic and radiotracer tests (also noted in 
Smith et al., 2001a). As such, it cannot be ruled out that some of the larger openings in the 
channel structures may be induced by this washing out process. This assumption is sustained by 
observations on breccia components and on the surface of the adjacent fracture walls which 
indicate that some flow-paths may be artifacts. Figure 5.2i (circled areas) shows that the breccia 
components, which fit very well to corresponding gaps in the surrounding fracture walls, are 
floating only in resin and are not retained by fault gouge or smaller breccia components. 

Knowing that breccia components arise from brittle deformation, it is expected that these 
components would at least be rotated or rounded during shear deformation (cf examples in 
Bossart & Mazurek, 1991). It appears that neither rotation nor lateral movement of the 
components highlighted in Figure 5.2i occurred after they were broken off the fracture walls. 
The fact that the breccia is supported by the in situ resin makes it clear that this happened before 
the overcoring and it is therefore likely that some of the opening was generated during the tracer 
experiment (possibly by pressure fracturing26), subsequently resulting also in enlarged aperture 
widths. 

Beside these fillings, there are also numerous open (fault gauge and/or breccia free) fractures 
between the fracture walls. These channels were found to be completely filled with the in situ 
injected resin. Vilks et al., (2002) also observed such channels in fractures, which had not been 
affected by testing and therefore it cannot be automatically concluded that they represent 
artifacts of the in situ tests. 

The distribution of fracture filling material was examined along six fractures from selected slab 
surfaces. The variation in fracture filling along a single fracture on a slab surface was found to 
vary from 0 to almost 100 % within the distance of observation (slab diameter, about 30 cm). 
The fault gouge distribution in two fractures is shown in Figure 5.3 and it is obvious that such a 
distribution must lead to channelling within the flow-field due to the presence of zones without 
fracture filling material (open channels) and zones almost completely filled with fracture filling 
material. A mean value for fault gouge filling of 43 % was calculated from all investigated 
channel type structures. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5.3: Distribution of fracture filling along flow-paths in two typical core slabs.  
Note that the degree of fault gouge filling varies from 0 to almost 100 %. 

                                                           
26  Previous work at the experimental site indicated that significant hydraulic pressure fracturing (or "fracing") 

during field tests was unlikely to lead to significant damage to the site at imposed pressures of <20 bars (see 
discussion in Alexander et al., 2003a). That these pressures were not attained during the field phase of the EP 
project suggests that at least some of the damage might be attributable to previous experiments at the site. 
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5.3.2 Fractures aperture 

The variation in fracture aperture was evaluated on different fractures. Figures 5.4a and 5.4b 
show the distribution plots of fracture aperture measured along different fractures on slab 
surfaces. The range of measured aperture lies between <1 and 24 mm. Arithmetic and geometric 
mean values are 4.2 mm and 2.9 mm respectively27. Taking into account that about 43 % of the 
fracture aperture is filled with fracture filling material (see section 5.3.1), the geometric mean 
value of open flow space ("aperture") is reduced to 2.4 mm. 

Cumulative aperture describes the total aperture summed up along a transect through a rock 
slab. It was found that channel structures play the dominant role in terms of total available 
aperture for radiotracer flow in comparison with network structures. The cumulative aperture of 
channels was found to lie between 1.5 and 3.5 mm whereas the cumulative width of network 
structures is around 0.5 mm 

Flow and transport in a fractured rock is often conceptualised as flow between parallel plates 
(cf Alexander et al., 2003b) and calculations based on width measurements require a log normal 
distribution of the cumulative fracture widths. Two plots with width measurements are shown in 
Figures 5.4c and d. The left graph shows the distribution of the widths within the fractures and 
the right graph shows the cumulative percentage of each width class which should deliver a 
straight line in a semi-logarithmic plot. Fractures evaluated for the aperture measurements 
revealed a distinct log normal distribution of the measured width. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.4: Distribution of fracture width (a, b & c) and cumulative percentage of fractures (d). 
 

                                                           
27 Arithmetic mean values are used for transport modelling whilst geometric mean values hold for flow calculations. 
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5.3.3 Relationship between ductile and brittle deformation 

Within the rock of one slab diameter, by area more than 76 % consists of non- to moderately 
deformed granodiorite matrix, about 20 % is covered with mylonite and only 4 % of the whole 
slab diameter has been reactivated in a brittle manner. The intensity of ductile deformation 
abruptly increases from the matrix towards a mylonite and it was investigated whether the 
fractures were developed at these transitions or whether they are located mainly within one 
particular mylonite. From 60 sampling points within the shear zone which were investigated, 
29 were located within a mylonitic host lithology, 13 were found within the granodiorite matrix 
and 18 were located at the boundary between two rock portions displaying ductile deformation. 
The correlation between the relative position of the brittle structure within the mylonite and the 
widths of the fractures is shown in Figure 5.5. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 5.5: Correlation between fracture host lithology and width. 
 
This also indicates that fractures lying within the granodiorite matrix are generally narrower 
than fractures found at the border of two host lithologies or within a mylonite. These matrix 
fractures are often discordant to the foliation and are splay type fractures or border the main 
flow-paths. The border between two ductile rock types acts as a precursor structure for fractures 
with enhanced widths. The orientation is more or less parallel to the foliation. The relatively 
high numbers of fracture sampling points in the shear zone with widths smaller than 1 mm 
originate from cracks (see below) and network type structures. 

Channel type structures are currently bordered by fine cracks (< 1 mm) within the wall rock 
material. As with the channels, these cracks can be traced through several slabs, but their 
occurence decreases rapidly with increasing distance from the main structure. The detailed 
influence of the presence of a channel type fracture on the structural integrity of the surrounding 
host rock has been investigated on 3 thin sections. On each thin section, the fracture frequency 
and the widths of open features in the rock adjacent to a channel type fracture were determined 
along three lines under the UV microscope and the results are shown in Figures 5.6 and 5.7. 

The number and widths of the open structures decrease with increasing distance from the 
channel. Between 3 and 4 cm from the channel, the number of impregnated structures is two 
structures per cm or less. At the same interval, the cumulative widths, strongly influenced by 
wide open single structures, yield high values despite the small number of the impregnated 
fractures (see Fig. 5.4). Neither pore spaces in the matrix nor in the mylonites were found to be 
filled with the in situ resin at any significant distance from an impregnated fracture (but, as 
noted in section 3.5, this is probably due, at least in part, to the resin formulation). 

Within a

mylonitic host rock

Within the matrix

of granodiorite

At the border between

two host rock types

Number of fractures

7 10 1 total 18

12 1 0 total 13

13 11 5 total 29

Width of fracture: 1 - 4 mm > 4 mm<1 mm
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Fig. 5.6: Line counts on thin sections perpendicular to a channel type fracture: number of 
impregnated structures per 1 cm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.7: Line counts on thin sections perpendicular to a channel type fracture: cumulative 
widths of fractures per 1 cm. 
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5.4 Overview of dipole flow-field and flow-path geometry 
Figure 5.8 provides an overview of the dominant flow-path within structure 2 (mylonite) 
through all slab surfaces of cores A and B in the dipole flow-field. The flow-paths were traced 
on UV light illuminated slab surfaces. Filling of open pore spaces by the resin applied in situ 
does not necessarily directly reflect the flow-paths which were active during the injection of the 
radionuclides (see section 5.3.1). It should be remembered that, although the initial in situ resin 
injection was into the unequal dipole flow-field in the same manner as the radionuclides were 
injected, additional resin was also injected into the extraction borehole after pressure build-up 
was observed and into the observation boreholes (section 3.5.1). This additional in situ resin 
injection with the fluorescein-doped resin was carried out to ensure structural rigidity of the 
zone of interest in the shear zone before overcoring28. 

Nevertheless, two points of valuable information are still provided by the distribution of resin in 
the larger volume of the shear zone:  

• First, the distribution of the in situ resin can still be taken as an indication of the likely pore 
space available to radionuclides in the wider shear zone and not just in the dipole flow-field 
(and this is arguably more representative of flow under natural, non-forced, conditions). 

• Second, from the radioprotection perspective, the efficacy of the dipole pumping method in 
minimising lateral loss of radionuclides in the shear zone can be clearly shown by the fact 
that no radionuclides were observed either in regions impregnated with the second resin or 
in the non-impregnated "tight" parts of the shear zone. 

The resin-filled radiotracer injection borehole intersected core section A-5, slabs number 5 to 8. 
The dominant structural features around this borehole are open channels which are mainly 
restricted to the A slabs. The corresponding B slabs showed a very low degree of impregnation. 
Radiotracer flow is therefore expected predominantly to have followed the A core, showing 
generally high activity. Note that no activity was measured behind the injection borehole in the 
hydraulic dead zone29. 

In core section A-4, the impregnated fractures lie to outside the zone sampled in the overcored 
section. The distance over which core A failed to capture the resin impregnated flow-field was 
about 12 cm, vertically along the z-axis. Only some narrow structures were impregnated in the 
corresponding B slabs. All fractures in the A slabs showed high activity, while the B core was 
inactive. In core section A3, the flow-field appears again in the A core with maximum activities 
in A3-8 and A3-9. Below A3-7, the flow-field again moves into core B, where the B cores 
displays, for the first time, a zone of low activity. 

Core section A-2 hosts the main part of the flow-field with high and low activities distributed 
through various types of fractures. Corresponding B slabs showed only weak to no activity. The 
extraction borehole was expected to be in core section A-1 (around slab A1-9 to A1-11) but 
could not be recognised in the corresponding slabs30. The majority of the impregnated channels 
can be found in core B where only low activity was observed. The impregnated flow-field 
becomes narrower towards the extraction point, as expected in an unequal dipole flow field 
                                                           
28  In hindsight, it would have been worthwhile doping the resin injected into the extraction- and observation 

boreholes with another colour in order to distinguish between dipole flow-path and the otherwise impregnated 
area. 

29  This is of interest to transport modellers as there was always some question as to whether a portion of the tracer 
mass would back-diffuse into the dead zone (see, for example, Heer & Hadermann, 1994). 

30  It is assumed that the injection borehole lies immediately beside the overcored area. The high degree of 
impregnation of the flow-paths in this zone strongly suggests that the borehole is in the immediate vicinity. 
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(cf. Frick et al., 1992a). Below slab A1-6 and the corresponding B slab, no activity was 
measured and only a few fractures have been impregnated. 

Figure 5.8 clearly shows that the main part of the impregnated flow-field remained within the A 
and B cores and was successfully excavated by overcoring. The flow-path followed mainly core 
A, with only about 15 % of the flow-field appearing in the B core. About 9 % of the flow-field 
length was outside the overcored section, between slabs A3-12 and A4-03. The flow-field width 
was limited to about one slab diameter (ca. 30 - 40 cm) and even the upper and/or the lower 
boundary were visible on some of the slab surfaces. The distribution of retarded radionuclides 
along the flow-paths revealed that the vast majority of these nuclides was retarded near the 
injection borehole and therefore was excavated with the overcore (see Chapter 6). Based on a 
mass balance estimate (see section 6.5), it is estimated that the 9 % of the flow-path length 
omitted by overcoring accounts for less than 5 % of the total activity retarded in the shear zone. 

One point of particular importance is that the lateral variability of the fractures observed on the 
slab surfaces does not represent the full geometry of the flow-paths in the flow direction ie 
3-dimensionally. Even if a particular fracture changes from complete impregnation into a fault 
gouge filled section without resin impregnation on a slab surface (ie in 2D), in 3D, the flow-
path will continue elsewhere. Channel type fractures could be followed through the flow-field 
over distances of more than one metre whereas the lateral extent, perpendicular to the flow 
direction, ranges from several cm up to 30 cm. However, it was also observed that a resin-filled 
fracture can be intercepted by a macroscopically “tight” fault gouge filled section which acts 
like a barrier within the flow channel. On the slab surfaces this might cause splitting of the 
flow-path, with the tight, fault gouge filled sections acting as isolated islands in an anastomising 
system of flow-paths. 

In these cases, it can be observed that both the radionuclides and the resin have flowed around 
these barriers and followed the (open) channels. This is perhaps best visualised in Figure 5.9 
which shows two different views of the 3D model of the resin impregnated flow-paths (in 
white). This visualisation has been realised by digitising the resin-filled flow-paths from the UV 
illuminated slab surfaces. The surrounding non-impregnated rock volume has been eliminated 
from the images before the single images (about 80 slabs, each with a thickness of about 
3.5 cm) were combined into a complete core. Within the dipole, the flow-field shows a high 
tortuosity, but also longer distances over which the flow-paths follow distinct channels. 

The same images can be rotated and viewed from a range of angles in Appendix C (3D image 
file) and this makes the connectivity clearer than do the two immobile images in Figure 5.9. 

 
 
 
 
 
  ► ► ► 
Fig. 5.8: Schematic overview of main flow-paths in the dipole.  

Pairs of circles indicate the idealised top side of corresponding slab surfaces. The black 
lines on these slab surfaces mark the trace of the resin-filled flow-paths. Beside the circle 
pairs, the structural build up of the main structure is enlarged. The resin-filled flow-paths 
are marked in red on these lines. The numbers indicate the slab numbers. Red numbers 
indicate slabs where α-autoradiographs showed areas with high activity and blue numbers 
show slabs with low activity whereas the other slabs with black numbers showed no 
activity in the α-autoradiographs. 
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Fig. 5.8: Schematic overview of main flow-paths in the dipole.  
See explanation on the previous page. 
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Fig. 5.9: Three dimensional visualisation of flow-paths in the test dipole (see also 
Appendix C, 3D image file). 

 

5.5 Summary and conclusions 
Structural core analyses revealed an overall understanding of the internal build up of the AU96 
experimental shear zone. Information gained from line-counting, aperture measurements, core 
mapping and evaluation of UV images of slab surfaces and thin sections lead to a three 
dimensional view of the flow-paths in the dipole. The excavated part of the test shear zone 
covers more than 90 % of the impregnated flow-field. It consists of three mylonitic zones 
hosting the fractures wherein advective flow in the shear zone is concentrated. 

Fractures can either be filled with fracture filling material as fault gouge or breccia components 
or can be "empty" and thereby filled in situ with the resin. About 43 % of the area of the 
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fractures were filled with fracture filling material. Flow takes place mainly in channel type 
fractures and the mean width of these flow-paths is about 4.2 mm and the aperture 2.4 mm 
respectively. The distribution of fracture filling material was found to be highly heterogeneous, 
resulting in a pattern of flow-paths between the fracture walls which can be compared to an 
anastomising river system with "islands" of fault gouge between. 

When the porosity was high, this fault gouge was impregnated in situ with the resin or, when 
porosity was low, it was not accessible to the resin31. Washed-out fault gouge (observed during 
radiotracer testing) indicated that some of the open channels might be produced by the 
experiment itself. This is most clearly seen near the injection borehole where little fault gouge 
remains in any of the fractures (see section 5.2). 

 

                                                           
31  It has not proved possible to define quantitavely when the fault gouge porosity becomes too low for successful 

impregnation. 
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6 Solid phase analysis  
 (M.M. Cowper, J.A. Berry, K.A. Boult, M. Brownsword, G.M.N. Baston, A. Möri & 

W.R. Alexander) 
The solid phase analysis of the collected shear zone samples included radiochemical techniques, 
such as autoradiography, RBS and PIXE, surface analytical techniques, such as SIMS and total 
rock dissolution combined with mass spectrometry (see section 3.8 for details). These analyses 
proved to be very useful tools to complete and cross-validate the conceptual model of the flow-
path geometry as derived from structural data analysis. 

6.1 Autoradiography and sample selection 

This method allows visualisation of the active zones along the flow-paths. Being a very quick 
and inexpensive method, a large number of slabs can be analysed within a reasonable time-
frame. The first stage autoradiographic analysis revealed where the activity was concentrated 
along the flow-paths and proved to be a very useful tool for both further sample selection and 
the understanding of the retardation behaviour of some of the injected radionuclides on a 
macroscopic scale. In addition, those slabs found to be inactive could thus be eliminated from 
any further radiochemical investigations. 

Figure 6.1 is representative of these results and also clearly indicates possible correlation 
between the radionuclide distribution and the shear zone structure. Two detailed images (A & 
B) of a fracture near the radiotracer injection borehole (from the top side of slab A5-7) are 
shown with two corresponding α-autoradiograph images (C & D) from two sections of the 
fracture. The four images in Figure 6.1 show the following details: 

A Slab surface photographed under normal light: the injection borehole (top of the image) is 
mainly filled with the colourless (dark) resin which was applied after excavation. The 
exception is the borehole wall, which is coated with the green in situ resin. The channel 
type fracture immediately below this is impregnated with the in situ resin. The upper part 
of the channel is completely filled with the resin and shows no indications of fault gouge 
filling. It is likely that the fault gouge has been artificially washed out during hydraulic- 
and radiotracer testing over the past 15 years as this part of the shear zone is so close to the 
injection borehole (see also Frick et al. 1992a; Smith et al. 2001a for discussion). Further 
down, the fracture becomes more and more filled with fault gouge and breccia components. 

B Slab surface photographed under UV light: the in situ resin filling and coating is clearly 
displayed by the brightly shining, green areas. Note the fault gouge filled part of the lower 
fracture is also impregnated as are the fracture-parallel cracks some 1.5 and 4 cm to the left 
of the fracture. 

C α-autoradiograph image of the fault gouge free part of the channel in the upper fracture 
(detail R-R’ in A and B): activity was exclusively detected on the walls of the injection 
borehole (upper right part) and along the fracture walls. No activity was detected within 
either resin type (cf. Alexander et al. 2003a). A crack running left of the channel also 
shows weak signs of activity. This structure could not be detected on the UV illuminated 
slab surfaces and may represent an area of increased background radioactivity 
(cf. Alexander et al. 1988; Baertschi et al. 1991). 

D α-autoradiograph image of the fracture filled with fault gouge (detail S-S’ in A and B): this 
part of the shear zone shows the most intensive activity. It is obvious that the radionuclides 
are retarded on the surface of breccia components but also within the fine grained fault 
gouge between these components. This observation clearly indicates the access of the 
radionuclides to the fault gouge and documents the preferred retardation on these surfaces. 
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Fig. 6.1:  A and B: slab photographs under normal and UV light of slab A5-7. C and D: α-
autoradiograph images from the fracture32. 

 
Migration processes of the radionuclides clearly leave well defined traces, particularly along 
fracture zones within the fault gouge and along the walls of the fracture zones. No activity could 
be detected within either the granodioritic matrix or the mylonite, but this is no surprise given 
the short timescale of the radionuclide injections. These results from the autoradiography have 
also cross-validated the inferred flow-paths as derived from the analysis of the different 
structural elements (Chapter 5). The hypothesis that the flow-paths are limited to the brittle 
structural elements (fracture zones, open or fault gouge filled) has been confirmed. 
Unfortunately, this method does not provide any information on specific sites of retardation of 
different elements within the shear zone. 

 

6.2 Secondary ion mass spectrometry (SIMS) 
Having delimited the zones of radionuclide accumulation by means of autoradiography, SIMS 
was utilised to determine the element-specific distribution within these areas. SIMS proved to 
be an effective tool in studying the distribution of the injected radionuclides (and of the 
naturally present elements) throughout the shear zone. Sample areas from core sections A2, A3, 
A4 and A5 were studied and these represent different structural elements. 

As shown in Table 6.1, Eu, Np and U (plus Cs from the previous MI experiments) were found 
within the fault gouge and on the fracture walls of all types of fractures which were impregnated 
with the in situ resin. Co, Sn, Cs and Mo are predominantly associated with the fault gouge and, 

                                                           
32  Bright areas indicate the active zones. Activity in open fracture C is limited to the fracture walls, but no activity 

can be seen within the resin per se. Activity within fault gouge (D) is remarkable. 
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generally, the Co and Sn distribution correlates with Ca enriched areas. Cs generally correlated 
(in places) with sodium and potassium distributions. U, Np, Mo, Sn and Co were found within 
the fine grained Ca-Mg-K- aluminosilicate matrix but not on the Na- and K-feldspars which 
were located in the matrix. Eu is often seen to be associated with the fracture wall. 

Tab. 6.1: Results of SIMS analysis on different rock samples. 
 

Radionuclides detected Sample Fracture 
type 

Analysed area 

Sn Mo Eu Np U Cs Co

A5-9 to A5-4 Fault gouge x x x x x x  

A4-10 to 
A4-12 Fault gouge   x x x x  

A2-2, A2-4,  
A2-10 

Fa
ul

t g
ou

ge
 

fil
le

d 

Fault gouge   x x x x  

A5-9 to A5-4 Mylonite zone around fracture   x x x x  

A4-4 Mylonite zone around fracture        

A3-4 

C
ha

nn
el

 ty
pe

 fr
ac

tu
re

s 

R
es

in
 

fil
ed

 

Channel in mylonite zone   x  x x x 

A3-7 to A3-10 Splay type 
fractures 

Small channels connecting 
two main fractures   x x x x  

A3-7 to A3-10 Network type 
fractures Fracture network   x x x x  

 
 
Figures 6.2 a-g show a SEM image and associated SIMS ion maps of a fault gouge coated 
fracture wall and associated in situ resin-filled channel from core section A3-7 (which had the 
highest β/γ-activity of the entire flow-field). A Ca-Fe-K aluminosilicate phase (Fig.s 6.2 b-d) 
corresponds to the fault gouge around the in situ resin-filled open fracture (Fig. 6.2 a). Although 
this composition could reflect both biotite and chlorite, both of which are present in the fault 
gouge, biotite is much more likely (see Tab. 2.2). Co is observed in only a few specific places 
(Fig. 6.2 e) and Mo and Cs show a more widespread distribution (Fig.s 6.2 f, g), but very clearly 
concentrated within the fault gouge. Eu is only present at low concentrations in this area. 

The SIMS data showed that no radionuclides were associated with either the in situ injected 
resin or the resin which was injected after excavation, as would be expexted from the EP Phase 
II resin development studies (cf. Alexander et al., 2003b). The most frequent site of retardation 
was the fault gouge. Near the radiotracer injection borehole, all the radionuclides were found 
within the fault gouge apart from 75Se and 152Eu. 
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Fig. 6.2: SEM image of a fault gouge coated fracture wall and SIMS images of the same 
area. 

 

6.3 Nuclear microprobe analysis (RBS) 
RBS is a quantitative tool for analysing heavy atomic elements on lighter substrates, such as 
actinides on silicate rocks. In EP, it was used to quantify the Np and U content in areas of 
interest. Surface loads (ng cm-2) of actinides on different minerals in sample areas are calculated 
simply by the direct comparison of counts in the surface peak in the actinide energy region 

a) Secondary electron image (SEM) of fault gouge

coated fracture wall and resin filled channel (dark

area) from sample taken from slab A3-7.

b): SIMS ion map of silicon (mass 28) c): SIMS ion map of calcium (mass 40) d): SIMS ion map of iron (mass 56)

e): SIMS ion map of cobalt (mass 59) g): SIMS ion map of caesium

(mass 133/137 combined)

f): SIMS ion map of molybdenum

(mass 98)

100 m�
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(equivalent to approximately the first 50 nm of the surface) with counts measured in the same 
region for a 230Th standard. Computer simulations of the recorded RBS spectra allow depth 
profiles of the sorbed actinides to be determined. Where actinides penetrate to depths of greater 
than 50 nm, total loads are calculated by integrating the area under the depth profiles. 

There is, however, a major limitation in the technique of RBS using a helium beam. The mass 
resolution in the actinide region is poor and the nuclear microprobe used is not able to resolve 
between Np (mass 237) and U (mass 235). Instead, a single actinide peak was observed. This 
potential problem was overcome by subsequently studying the same sample area with SIMS 
which has excellent mass resolution. 

As with SIMS, RBS data were mostly obtained from areas identified by α-autoradiographs as 
having high concentrations of α-activity. Integrating the depth profiles to obtain total loads was 
difficult (large uncertainties), therefore most of the data are presented as surface loads. 
However, where possible, total loads were derived from depth profiles. 

Around the radiotracer inlet borehole, fault gouge lined fracture walls revealed surface loads of 
up to 80 ng cm-2 (calculated total loads of up to 1000 ng cm-2). Subsequent SIMS analysis 
showed this to be mainly Np with trace amounts of U. Mylonite zones bordering the main 
fractures showed lower surface loading (between 0 and 56 ng cm-2), and a decrease in the 
surface loads on fault gouge in these core sections; SIMS showed these to be mainly U and Np. 

Further down the flow-field, fault gouge lining the walls of the main fracture showed the 
highest loads (up to 175 ng cm-2) and SIMS showed most of the activity was due to U. Fault 
gouge, or occasionally the edges of larger granodiorite breccia fragments preserved in the main 
fracture, showed the highest detected surface loads (up to 38 ng cm-2) in the slabs closer to the 
extraction borehole. Within the granodiorite wall rock in the main channel and in mylonite 
zones or rare calcite crystals, only trace levels < 2 ng cm-2 (if any) could be detected. U was 
found in all core sections, whereas Np was mostly found close to the radiotracer inlet borehole, 
thus suggesting a higher degree of retardation (with respect to U). 

PIXE spectra were used to identify the major elements in the areas studied. The major elements 
found in the fault gouge were Al, Si, K, Ca, Mg, P, S, Cl and Fe. However, PIXE also proved 
sensitive to Mo, Sn and Eu. RBS and PIXE examples are shown in Figures 6.3 and 6.4 which 
show Mo, 113Sn and 152Eu associated with an iron aluminosilicate phase (probably biotite). 

The highest loads of U and Np were mainly found in the fault gouge associated with Al, Si, K, 
Ca and Fe bearing micas (biotite?) and clay minerals coating or filling the flow-paths. Note also 
in Figure 6.4 the Ca and Cl peaks, probably reflecting the presence of rare calcite, but with no 
associated Co, as previously noted in section 6.3 in Ca rich areas. It is not possible to state if the 
Sn is associated with the calcite, but this would be in agreement with section 6.3. 
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Fig. 6.3 PIXE spectrum of fault gouge. Note Mo, Sn and Eu associated with 
aluminosilicates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.4: PIXE spectrum of fault gouge. Note overlapping Np and U peaks (around channel 
425) and major elements from aluminosilicate phases. Note also Cl peak, possibly 
from an inclusion in a rare calcite crystal (see also section 4.3.3). 

 

Mo, Sn peaks

Aluminosilicate phases

measured in fault gouge

(clay, mica)

Molybdenum,

tin, europium

Actinides

(overlapped

peak of

Np and U)

Mineral phases

(aluminosilicates:

clays and micas)



 81 NAGRA NTB 00-07 

6.4 Whole rock dissolution 
Whole rock dissolution and subsequent ICP-MS analysis were applied to examine the 
distribution of the retarded radionuclides along the flow-path. Due to the extent of the active 
area within the shear zone and the number of core sections involved, it was only possible to 
analyse small fractions of the total active zone defined by autoradiographs or β/γ−scanning. It 
was therefore necessary to extrapolate the measured activities from the small scale samples to 
the whole active areas by a simplified representation of the geometry of the active zones on the 
slab surfaces. For the estimation of the total activity which was recovered with the overcores, 
the activities determined on selected slabs had to be scaled to the whole dipole flow-field. The 
resulting radionuclide distribution plots gained by simply extrapolating the measured activities 
from the total dissolution samples to the whole active area surrounding the sample and 
integrating it over the slab thickness are shown in Figures 6.5 to 6.10. 

In following paragraphs element specific results are presented.  

Co 

Co is distributed throughout the shear zone with higher concentrations in the downstream part 
of the flow-field (Fig. 6.5). This is in agreement with SIMS data (section 6.2). The high 
radiation levels in the corresponding cores are thought to be mainly due to 60Co. The results 
show that, relative to Sn, Mo and Eu, Co was only weakly retarded and had migrated through 
the shear zone. As noted in the groundwater analyses (section 4.3), Co was re-mobilised by the 
pH drop following injection of the later radionuclide cocktails, so at least part of the apparent 
migration must be due to these disturbances. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 6.5:  Distribution of Co concentration versus distance in the dipole from total dissolution 
data. Flow is from the right to the left. 
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Sn 

Sn was strongly retarded around the injection borehole and shows little migration through the 
shear zone (Fig. 6.6). Further along the flow-path, only one notable concentration was observed 
in the middle of the flow-field. No Sn was observed near the outlet. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.6: Distribution of Sn concentration versus distance in the dipole from total dissolution 
data. Flow is from the right to the left. 

 

Se 

Selenium is present throughout the entire shear zone at very low concentrations, which is 
consistent with the data from the groundwater analysis, showing that very little was retained by 
the rock during the migration experiment. 

Np 

Most Np was observed near the injection borehole, but was present throughout the rest of the 
flow-field at low concentrations (Fig. 6.7), implying that some migration had occurred. 

U 

U is distributed throughout the sampled shear zone, but the greatest mass is found at the 
injection borehole (Fig. 6.8). Thereafter, the mass of U falls significantly until two "hotspots" 
(associated with well preserved fault gouge) were noted. These high U concentrations were 
present only in localised areas within the fault gouge and are not observed throughout the 
"active zone". As a result, the up-scaling methodology used may overestimate the total loading 
in these core sections. 
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Fig. 6.7: Distribution of Np concentration versus distance in the dipole from total 
dissolution data. Flow is from the right to the left. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.8: Distribution of U concentration versus distance in the dipole from total dissolution 
data. Flow is from the right to the left. 
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Eu 

Overall, Eu has a similar distribution to Sn, with the majority observed near the injection 
borehole (Fig. 6.9). However, unlike Sn, there is also evidence for Eu mirroring the migration 
behaviour of Co where high concentration spots are also observed in slabs near the outlet 
borehole. SIMS data showed Eu to be present throughout the sampled shear zone, with higher 
concentrations associated with fault gouge but also present along resin-filled channels in 
mylonite zones (section 6.2). 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.9: Distribution of Eu concentration versus distance in the dipole from total dissolution 
data. Flow is from the right to the left. 

Mo 

Molybdenum behaves differently from all the other elements in that it was found to be very 
strongly retarded, being located exclusively at the injection borehole. There was no evidence 
from the mass dissolution data for any further migration through the shear zone. However, 
PIXE spectra and SIMS images show Mo to be present in several samples along the flow-field. 
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Fig. 6.10: Distribution of Mo concentration versus distance in the dipole from total 
dissolution data. Flow is from the right to the left. 

 

6.5 Summary and conclusions 
To estimate the injected tracer recovery, a mass balance was carried out. This considers four 
input values for each radionuclide injected into the shear zone: 

• Injected activity; the activity of 60Co, 75Se, 113Sn, 152Eu, 234U, 235U and 237Np within the 
injection cocktail was determined before field injection started. 

• Extracted activity; 60Co, 75Se, 113Sn and 152Eu activities were determined at the dipole 
outlet borehole using an in-line γ-detector and the 234U, 235U and 237Np activities were 
determined off-line at PSI. 

• Activity in drilling and sawing waste material from overcoring and core slicing; the 
excavation of the flow field and the sawing of the slabs produced waste material. This waste 
material consisted of sediments and water which was collected in a sink in the tunnel. 

• Activity determined in the excavated overcores; the total dissolution results from 
selected slabs were up-scaled to the whole overcored flow field. 

Both the injected activity and the extracted activity were balanced in order to determine the 
amount of retarded nuclides within the shear zone. The activity of the waste material was then 
subtracted from the retarded activity. This was finally balanced with the remaining shear zone 
activity. The activities which were measured on site and later in the laboratory have been back-
calculated to 14th June 1996 when tracer preparation took place. 

The resulting element distribution curves along the flow paths were found to be highly variable 
(see Fig. 6.11) and under- or overestimation of activity occurred due to the up-scaling of the 
total dissolution data from a few samples to the whole active area. 
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Fig. 6.11: Overview of the relative retardation of radionuclides throughout the experimental 
shear zone in the GTS-RRP project.  
The injection borehole is to the right, flow from right to left. Lower part shows a three-
dimensional model of the flow-field (cf. Fig. 5.9). The experimental shear zone is displayed 
in white and the injection borehole is shown near the bottom of the model at its right end. 
The upper part of this figure shows the distribution of the injected elements along the flow-
field with the determined masses (normalised to the injected mass). 

 
Three element groups showing different behaviour in the mass balance could be distinguished: 
i) the γ-emitters 60Co and 152Eu, ii) the overestimated short lived elements 75Se and 113Sn and 
iii) the α-emitters 234/235U and 237Np. Balancing injected and extracted activities from solution 
showed no recovery overestimation. The recovered percentages compared to the injected 
activities at this point of the mass balance were: 60Co (82 %), 75Se (5 %), 113Sn (94 %), 152Eu 
(80 %), 234U (45 %), 235U (47 %) and 237Np (75 %). The remaining activities were assumed to 
have been excavated with the overcore or remained in the shear zone.  

After balancing the activity within the waste material and the overcores some 152Eu and 60Co 
appear to remain in the shear zone, but it should be noted that the activity lies in the range of the 
calculation uncertainty. From the distribution plots it is obvious that both elements were 
detected over almost the entire flow field: 152Eu was concentrated more around the injection 
borehole while the 60Co was more uniformly distributed within the flow field. SIMS analysis 
also revealed the correlation of these two elements with an iron (barium) alumosilicate phase 
(whilst the other elements were not observed in this phase). The observed underestimation is 
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probably an artefact of the selected sampling approach on the slab surfaces as most of the active 
areas for total dissolution analyses were selected by α-autoradiographs and ‘pure’ 152Eu and 
60Co hot spots may have been missed. 

The injected 75Se and 113Sn have both completely decayed. The majority of 75Se passed through 
the dipole in any case. Almost all 113Sn which was injected remained in the shear zone, but was 
strongly overestimated after including the core analysis into the mass balance. Even if just 
extrapolating the total dissolution data to the active areas, a serious overestimation would result. 
This indicates that the 113Sn distribution within the active areas is not as uniform as the other 
elements. 

Tab. 6.2: Mass balance of radionuclides injected into the MI experimental shear zone during 
EP.  
All values are decay corrected to the 14 June 1996 

 

 Radionuclide 60Co 75Se 113Sn 152Eu 234U 235U 237Np 

 Decay β−, γ ε, γ ε, γ ε, β+,  
β−, γ 

α, γ α, γ α, γ 

 Half life 5.27E+00
[a] 

1.20E+02
[d] 

1.15E+02
[d] 

1.33E+01
[a] 

2.46E+05 
[a] 

7.04E+08 
[a] 

2.14E+06 
[a] 

Injected activity: 2,037 11,444 2,050 296 574 15 580 1.1 

1.96 σ counting error +/-  
in kBq  

50 212 106 10 37 1 60 

Extracted activity 367 10,839 115 60 315 8 147 1.2 

error +/- in kBq* 18 1,035 11 6 63 2 29 

Balance (1.1 - 1.2) 1'671 605 1,935 236 259 7 433 1 

calculated error +/- in kBq 53 1,056 107 12 73 2 67 

Activity in drilling and  
sawing waste material: 

163 923 104 36 below detection 
limit 

40 2.1 

Errors calculated from 
counting error +/- in kBq* 

8 92 10 4 --- --- 8 

2 Balance (1 - 2.1) 1'507 -318 1'831 200 259 7 392 

 calculated error +/- in kBq 54 1,060 107 12 73 2 67 

Activity in cores 830 2,074 3,913 131 508 14 895 3.1 

maximum difference  
between different up-scaling 
approaches in kBq 

749 2,113 1,345 58 684 18 424 

3 Balance (2 - 3.1) 
in kBq per 14-06-1996  
(inj. date) 

677 -2,392 -2,083 70 -249 -6 -503 

 Estimated activity currently 
remaining in the rock 
in kBq per 28-02-2001 

365 0 
decayed 

54 0 
overestimated 

* Error estimated from experience Co: 5%; Se, Sn and Eu 10%; U and Np: 20% 
 (Eikenberg et al., 1997). 
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237Np and 234/235U were found throughout the whole flow field with a remarkable concentration 
of 237Np around the inlet borehole. Both elements also behaved in a similar manner as they were 
both often bound to sodium rich phases. For U, the overestimation lies within the estimated 
error of the core analysis, while 237Np is slightly above this error. 

The mass balance confirmed that the vast majority of the injected radionuclides was removed 
from the shear zone, either by tracer extraction or by the shear zone excavation. Errors from 
counting and calculations, along with the uncertainties linked to the up-scaling of total 
dissolution data, must be taken into account when such balances are carried out. 

The evaluation of the total dissolution data provides a good overview of the radionuclide 
distribution along the flow-field. The four different techniques used for solid analysis have 
allowed study of the retardation sites of the different radionuclides. However, it must not be 
forgotten that only a limited number of representative samples were selected and analysed. 
Therefore it is necessary to combine the total dissolution results with structural information in 
order to up-scale the results of single measurements to the entire flow-field. The results of these 
studies can be summarised as (see also Fig. 6.11): 

• Mo showed the strongest retardation near the injection borehole and was barely found 
throughout the rest of the domain. Mo is generally found associated with an Fe-bearing 
aluminosilicate phase, possibly biotite. 

• 237Np, 113Sn and 152Eu were strongly retarded near the injection borehole and to a much 
lesser degree along the flow-path. Np (along with U) is usually associated with 
aluminosilicates in the fault gouge and retardation on the granodioritic or mylonitic fracture 
walls was much lower. However, strong association with granodiorite breccia in the fault 
gouge was noted and the reasons for this are unclear. Sn has a weak association with a Ca-
rich phase, possibly calcite. Eu is generally found associated with an Fe-bearing 
aluminosilicate phase, possibly biotite. 

• 234/235/238U and 60Co show weaker retardation near the injection borehole and decreasing 
concentrations throughout the flow-path. U (along with Np) is usually associated with 
aluminosilicates in the fault gouge and retardation on the granodioritic or mylonitic fracture 
walls was much lower. However, strong association with granodiorite breccia in the fault 
was noted. Co has a clear association with a Ca-rich phase, possibly calcite (due to the 
associated Cl signal, possibly from fluid inclusions in the calcite crystals). 

• 75Se was poorly retarded and was present throughout the flow-field only at very low 
concentrations.  

• due to the very small grain size of the fault gouge, it was not possible to quantitatively 
define a mineral-specific radionuclide association, other than the possible phases noted 
above. 

• no injected activity was found within the granodiorite matrix or in the mylonites, but this is 
reasonable considering the short duration of the in situ experiment (cf. Smith et al., 2001a; 
Möri et al., 2006). 

• no evidence was found of significant activity in the in situ resin, as would be expected from 
the laboratory tests (see Alexander et al., 2003a). 
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7 Conclusions and recommendations  
 (W.R. Alexander, K. Ota & B. Frieg) 

7.1 Background 
In order to fully understand the results of EP, the thinking current at the time of the project 
inception has to be reviewed. For example, in an overview of in situ radionuclide retardation 
experiments, Hautojärvi et al. (1997) noted that: 

• "The general rationale of performing tracer tests has been, and will probably be also in the 
future, to characterise properties of the medium in question regarding flow and transport of 
solutes to various degrees of detail." 

They went on to note that: 

• "Transport of solutes is, however, more dependent on certain details of the water flow-paths 
than the pressure field and average flow rates. It is necessary, therefore, to study also these 
details in addition to the hydraulic testing." 

This is effectively what the EP experiment was set up to address at the end of the extensive MI 
programme.; but as McKinley et al. (2001) noted when reviewing the status at the end of MI: 

• "....all three models33 are insensitive to the finer details of the in situ flow system. None of 
the three models considered the effects of channelling, multiple flow-paths or unlimited 
matrix diffusion....." 

and noted further: 

• "....that all three codes examined appear to be insensitive to features of the flow system, 
which could play a role in radionuclide retardation in a repository host rock, requires further 
consideration. These results also indicate the limitations of the approach of process 
identification by examination only of the form of breakthrough curves...." 

This clear lack of sensitivity of the transport codes was, arguably, partly due to a lack of 
appropriate data on flow systems for the models to address – and this became the focus of EP. 
The thinking at the time can be well summarised in Figure 7.1: in MI, the input to the 
experimental shear zone (on the left – radionuclide activity, groundwater flow rates, tracer input 
function) were well known as were the outputs (on the right – radionuclide breakthrough 
curves). But the detailed parameterisation of the processes and mechanisms ongoing inside the 
shear zone (the "black box" in the middle) were basically unknown and so were represented in 
the transport codes with effective parameters in a relatively simple and stylised manner (see also 
the discussion in Alexander et al., 2003b). Thus the focus of EP became "opening the black 
box" and, by doing so, the aim was to elucidate as many of the detailed characteristics as was 
possible. 

During the original planning (see Alexander & Kawamura, 1992), it was foreseen that safety 
relevant radionuclides would be injected into the experimental shear zone and, following natural 
retardation processes in situ, the flow-field would be recovered and taken to the laboratory. 
Here, the sites of radionuclide retardation would be defined and any mineral-specific or flow 
system-specific mechanisms elucidated. The data would then be used to improve the 
representation of radionuclide retardation in the geosphere in the then current generation of 
transport codes. 
                                                           
33  The three radionuclide transport models of PSI, JNC (now JAEA) and ETH (Zürich). See Smith et al. (2001a) for 

details. 
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Fig. 7.1: In traditional radionuclide tracer tests, the geosphere is a modeller’s "black box" 
from which a range of parameters may be deduced indirectly for input to transport 
codes. 

 
Unfortunately, nature refused to play along with these plans and it rapidly became apparent that 
the natural solubility limits of the suite of radionuclides chosen for study would severely restrict 
the project aims. In other words, it simply was not possible to inject enough radionuclide mass 
(or activity) into the flow-field so that any surface or radio-analytical methods available at the 
time would be able to detect the sites of in situ radionuclide retardation. In fact, as noted in 
Chapter 1, even assuming a best case scenario where the majority of the radionuclides would be 
concentrated in a very small volume (of several cm3), it could be shown that only a couple of 
the radionuclides would be detected by then current radio-analytical methods. 

However, it was realised that a major part of the original aims could still be fulfilled, namely 
that flow-field-specific retardation could be studied by injecting radionuclides at concentrations 
above the natural solubility limit. By keeping the radionuclides in solution in acid, the 
geochemistry of the system would obviously be of little relevance to the majority of repository 
environments 34, but the radionuclide retardation sites would provide clear indication of the 
active flow-paths in the overall flow-field. Consideration was given to simply injecting resin 
into the flow-field, but this was rejected for two reasons: 

• There were indications that the resin would not impregnate all flow-paths, due to viscosity 
and polymerisation limitations. It must be remembered that the resin employed was a 
compromise as it was required to cover several roles (eg strengthening the shear zone 
enough to allow overcoring), not just flow-path elucidation. 

• It was felt that carrying out such an experiment with safety relevant radionuclides would 
build the necessary experience required to conduct future studies in the Swiss and Japanese 
programmes on repository-relevant systems. The core group of staff employed in EP have 
gone on to do just this with projects in the Grimsel Phase V and VI programmes and at the 
Mont Terri and Kamaishi URLs. For instance, in the Kamaishi in situ experimental 

                                                           
34  An exception is the scenario discussed in Wersin et al. (1994) where surface-derived acidic groundwaters were 

assumed to penetrate to the immediate vicinity of the repository. 
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programme, although no radionuclides were employed, the EP technology proved to be 
fully transferable to this fractured crystalline rock and indeed effective and transferable to 
the testing of PA models (see JNC, 1999; Ota et al., 1999 for details). Further, experience in 
handling high activities and α-emitters increased confidence in what could be achieved in 
URLs overall. 

 

7.2 Field methods 
 

The methodology for radionuclide injection worked well and proved to be completely safe from 
a radiological viewpoint, a significant aspect when working with α-emitting radionuclides. In 
addition, the equipment proved easy to decontaminate after each injection of radiotracers. 
Retention of strongly retarded elements such as Sn on the equipment was not completely 
eliminated by the use of Teflon parts (and Teflon coatings on exposed metal), but this has now 
been improved by the use of PEEK instead of Teflon. 

The system could be readily adapted for the emplacement of slow release sources as foreseen in 
the more realistic, repository relevant experiments now ongoing in the GTS (see 
www.grimsel.com for details). 

Although somewhat cumbersome at times, the radiological protection measures proved 
completely workable and showed that handling such large activities in an URL in a safe manner 
was certainly practicable. Although the use of safety-relevant α-emitting radionuclides adds 
significantly to the relevance of any experiment, the additional radioprotection measures add an 
uneven burden to the process and this needs to be taken into account when planning future 
experiments. 
 

7.3 Analytical methods 
Autoradiography provided easy and rapid visualisation of the active zones along the flow-paths. 
Being a very quick and inexpensive method, a large number of slabs can be analysed within a 
reasonable time-frame. The first stage autoradiography analysis revealed where the activity was 
concentrated along the flow-paths and proved to be a very useful tool for both further sample 
selection and the understanding of the retardation behaviour of some of the injected 
radionuclides on a macroscopic scale. Those slabs found to be inactive could thus be rapidly 
eliminated from any further radiochemical investigations. 

The resin impregnating the rock proved problematic in some cases (eg whole rock dissolution), 
but was not generally a significant block to analysis. Most surface analytical techniques require 
(reasonably) flat surfaces for analysis and, while this is not a problem in hard rocks such as the 
Grimsel granodiorite, this may not be the case for all rock types. In this case, the presence of the 
resin is useful in maintaining sample integrity. 

Whole rock dissolution and subsequent radioanalysis is obviously extremely useful in assessing 
overall radionuclide distribution, but it is essential to do it within a framework of a physical 
flow-field description. As this method was relatively costly at the time, only specifically 
targeted areas could be analysed. Recent improvements in rock dissolution techniques and 
radiochemical methods mean that this is now much less of a constraint and this would allow a 
much greater portion of the flow-field to be analysed – and with a much better definition as 
smaller samples are required. 

http://www.grimsel.com/�
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In general, improvements in radiochemical analysis over the last decade have been impressive 
and it is likely that EP could now be carried out as it was originally foreseen, with solubility 
controlled supply of radionuclides in the flow system. This is clearly in well accordance with 
the more repository-relevant experiments currently beginning in the GTS (see, for example 
www.grimsel.com/cfm/cfm_intro.htm) and elsewhere. 

 

7.4 Radionuclide behaviour in the experimental shear zone 
As noted previously, the radionuclides were introduced into the experimental shear zone in 
acidified form and this, and the subsequent buffering reactions in the flow-paths, means that 
little direct relevance about the geochemical processes of radionuclide retardation can be 
gleaned from their in situ behaviour. In summary:  

• Mo showed the strongest retardation near the injection borehole and was barely found 
throughout the rest of the domain. Mo is generally found associated with a Fe-bearing 
aluminosilicate phase, possibly biotite. 

• 237Np, 113Sn and 152Eu were strongly retarded near the injection borehole and to a much 
lesser degree along the flow-path. Np (along with U) is usually associated with 
aluminosilicates in the fault gouge and retardation on the granodioritic or mylonitic fracture 
walls was much lower. However, strong association with granodiorite breccia in the fault 
gouge was noted and the reasons for this are unclear. Sn has a weak association with a 
Ca-rich phase, possibly calcite. Eu is generally found associated with a Fe-bearing 
aluminosilicate phase, possibly biotite. 

• 234/235/238U and 60Co show weaker retardation near the injection borehole and decreasing 
concentrations throughout the flow-path. U (along with Np) is usually associated with 
aluminosilicates in the fault gouge and retardation on the granodioritic or mylonitic fracture 
walls was much lower. However, strong association with granodiorite breccia in the fault 
was noted. Co has a clear association with a Ca-rich phase, possibly calcite (due to the 
associated Cl signal, presumed to be from fluid inclusions in the calcite crystals). 

• 75Se was poorly retarded and was present throughout the flow-field only at very low 
concentrations. 

• Due to the very small grain size of the fault gouge, it was not possible to quantitatively 
define a mineral-specific radionuclide association, other than the possible phases noted 
above. 

• No significant injected activity was found within the granodiorite matrix or in the 
mylonites, but this is reasonable considering the short duration of the in situ experiment 
(cf. Smith et al., 2001a; Möri et al., 2006). Recent re-analysis of some of the samples with 
improved methods has shown that minor amounts of Np and U actually diffused into the 
rock matrix (see http://www.grimsel.com/ltd/ltd_dps.htm for details). 

• No evidence was found of significant activity in the in situ resin, as would be expected from 
the laboratory tests (see Alexander et al., 2003a). 

Apart from using the radionuclides to "label" the active flow-paths within the complex structure 
of the shear zone, little meaning should be applied to the above distributions. Not only were the 
geochemical conditions perturbed at the moment of injection, there are signs that conditions in 
the system remained at disequilibrium right up to the end of the field experiment. As an 
example, the actual behaviour of three of the radionuclides injected is compared with the 
expected behaviour in undisturbed conditions. 

http://www.grimsel.com/cfm/cfm_intro.htm�
http://www.grimsel.com/ltd/ltd_dps.htm�
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Se 

The vast majority (within the analytical uncertainty, all of it – see Tab. 4.2) of the Se passed 
through the shear zone unretarded (Chapter 4). This is difficult to understand as, here, Se was 
injected as selenite. Selenite is known to sorb onto oxyhydroxides such as goethite which are 
observed in the fault gouge (as products of biotite alteration). Further, it was expected that the 
selenite would have been reduced to highly-sorbing selenide within the shear zone and retained. 

In reality, it appears that Se was injected in colloidal form and so passed through the shear zone 
unretarded. This was not recognised at the time, but only came to light following the study of Se 
in the CRR project where it was found that artifacts from the spike preparation (ie production of 
colloidal Se when the acidified stock solutions are mixed with the groundwater in the injection 
vial) dominate the in situ behaviour. 

Eu 

It is unclear why the Eu was associated preferentially with the fracture wall. Mineralogically, 
there is no significant difference between the mylonitic fracture wall and the fault gouge, 
although the fault walls do tend to have a higher percentage of lineated biotites (and muscovite) 
than average. As noted in chapter 4, it is likely that Eu (II) (see Fig. 7.2) was present in the 
fracture system for some time, potentially allowing for substitution of Eu (II) for Ca2+ in the 
fracture wall biotites. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.2:  Eh-pH diagram of the system Eu-O-H, ∑Eu 10-10 M, 298.15K, 105 Pa 
(from Takeno, 2005). 
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Tc 

Arguably, the only radionuclide that would make any sense to examine in detail is 99Tc as it was 
injected in groundwater from the shear zone at its solubility limit. Unfortunately, this meant that 
no more than 12 Bq of 99Tc could be injected, which not only made it impossible to find 
anywhere in the analysed core material, but also made it impossible to detect in the 
groundwater. Nevertheless, this was an useful exercise in thatit:: 

• clearly shows the effects that true solubility control will have on radionuclides released 
from a repository (important for PA modellers, but difficult for them to grasp the reality 
without examples like this), 

• provides a clear example for communicating risk to the public (i.e. in reality, only very 
small quantities of radionuclides can be released from a repository sue to natural solubility 
controls in the host rock), 

• gives a warning of the likely difficulties which will be faced by any proposed post-closure 
monitoring of a repository (i.e. low solubility limits will make actual measurement of any 
released radionuclides very challenging). 

 

7.5 Flow-field characterisation 
After the flow-field geometry had been investigated in detail and the retardation behaviour of 
the different radionuclides studied, it was necessary to bring both data sets together to develop a 
conceptual model of groundwater and radionuclide transport in the geosphere. 

The structural model of the experimental shear zone presented in Figure 7.3 is based on:  

• The geological information gained from 8 successive slab surfaces (A2-2 to A2-9 which 
were digitised under UV illumination). 

• Incorporation of the observations from the preceding structural analysis of the entire 
experimental shear zone (see Chapter 4). 

• data on the distribution of radionuclides throughout the flow-field (Chapter 6). 

In order to visualise the flow-field parallel and perpendicular to the flow direction, the resin-
filled fractures were cut from the digitised images by optical image processing and pasted into a 
3D graphic programme. The visualisation of the flow-paths in the radionuclide flow direction 
was achieved by setting a horizontal section through the 3D model and connecting the resulting 
intersection points (see Fig. 7.3). 

The upper horizontal plane in the block model shows all types of fractures within the main 
mylonite in addition to small splays and cracks which extend into the surrounding matrix and 
the adjacent mylonite. This second mylonite was not impregnated with resin nor contained any 
radionuclides, even though it is directly connected to the main flow-path. Narrow fractures (eg 
concordant cracks or network type fractures) which lie in the main mylonite could not be 
followed through the entire observation area and therefore seem to be "dead-ends" or cul-de-
sacs for solute transport. A better connection was achieved for the channel type structures which 
can be traced throughout the entire observation area. This, allied to the fact that they also 
contained both resin and radionuclides, clearly shows that they are the main transport routes 
through the shear zone. 
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Fig. 7.3: Structural model of the experimental shear zone based on data from slabs A2-2 to 
A2-9 from the experimental shear zone augmented with the output from the whole 
shear zone structural analysis. 

 
In Figure 7.4 (top), the top plane of the block model in Figure 7.3 is enlarged for clarity. Fault 
gouge fills about 43 % of the available total space between the fracture walls. Fault gouge 
distribution in fractures is very inhomogeneous and varies from a thin coating on fracture walls 
of otherwise open fractures to completely filling the entire fracture. Impregnation of fault gouge 
with the in situ resin occurred mainly when the fault gouge did not fill the entire flow-path. 

The process model of radionuclide retardation in Figure 7.4 shows schematically radionuclide 
transport and retardation in a fracture with partial fault gouge filling and two different types of 
wall rock material. The open, tube-like flow-path in the middle is dominated by advective flow. 
Retardation of the nuclides takes place primarily on fault gouge surfaces and, to a lesser extent, 
on the granodiorite matrix and on mylonitic wall rock material. The same holds true for splay 
and crack type fractures beside the main flow-paths where retardation of the radionuclides is 
restricted to granodioritic and mylonitic wall rocks. Radionuclide retardation was only observed 
in the fault gouge and not into matrix or mylonites, but this is strongly affected by the 
experimental time scale. 
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Fig. 7.4: Conceptual model of solute transport in the flow-field. The top image is the top 
plane of the structural model in Figure 7.3. 

 
Nevertheless, this clearly shows the impact of double porosity transport and the complexities of 
flow (and retardation) in 3D where fracture "branches" and fault gouge "islands" all play a role. 
The significance of retardation in the fault gouge compared to the matrix for strongly retarded 
radionuclides should not be overlooked. This is probably a good reflection of what will happen 
in a fractured repository host rock, with strongly sorbing radionuclides having little chance to 
access the matrix when so many sites of retardation exist in the fracturing filling material.  

Thus opening the black box has proven useful to both GTS specific studies (eg flow system data 
has been used in both the CRR and CFM projects) and to transport modellers looking to make 
their models of radionuclide retardation in fractured media more realistic. 
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