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Zusammenfassung 
 
Im Hinblick auf die provisorischen Sicherheitsanalysen für Etappe 2 des Sachplans wird unter-
sucht, ob in den verfüllten Lagerkavernen des SMA-Lagers durch Korrosion sowie Material-
degradation und der damit verbundenen Gasbildung Gasdrücke entstehen können, die allenfalls 
die Barrierenwirkung des geologischen Tiefenlagers negativ beeinflussen könnten. Für die 
Beurteilung dieser Frage wurden numerische Modellanalysen zum Gasdruckaufbau und zur 
Gasfreisetzung nach Lagerverschluss durchgeführt.  

Im vorliegenden Bericht werden Sensitivitätsstudien zur Gasfreisetzung für die verschiedenen 
Wirtgesteine in den vorgeschlagenen Standortgebieten durchgeführt. Die Simulationen erfolgen 
mit einem generischen 2-D-Modell einer Anordnung von 3 parallelen SMA-Lagerkammern. 
Der Schwerpunkt der Sensitivitätsstudien liegt auf dem Vergleich des Gasdruckaufbaus in den 
verfüllten Lagerkammern unter der konservativen Annahme, dass das Gas ausschliesslich über 
das Wirtgestein (d.h., nicht entlang der verfüllten Untertagebauwerke) freigesetzt wird. Der 
Vergleich des Gasdruckaufbaus in den verschiedenen geologischen Situationen erfolgt unter 
Berücksichtigung der wirtgesteinsspezifischen Referenzparameter zur Gastransportkapazität 
(Senger et al. 2013) anhand der Referenzwerte zur Gasproduktion gemäss Papafotiou & Senger 
(2014a). Folgende Lagersituationen werden untersucht: 

• K09-Lagersystem im Opalinuston in 2 verschiedenen Tiefenlagen (500 m, 700 m). Die 
Resultate der Gasfreisetzungsmodellierungen werden auch mit den Ergebnissen der 
3-D Modellierungen (Papafotiou & Senger 2014a) verglichen, um den Effekt der Gas-
freisetzung entlang der Untertagebauwerke zu bewerten. 

• K09-Lagersystem im 'Braunen Dogger' in 2 verschiedenen Lagertiefen. Darüber hinaus 
wird der Einfluss der räumlichen Variabilität der hydraulischen Durchlässigkeit des 'Brau-
nen Doggers' untersucht. In einem weiteren Rechenfall wird der Gasdruckaufbau in einem 
K04-Querschschnitt modelliert. 

• K09-Lagersystem in den Effinger Schichten mit und ohne tektonische Überprägung. Es 
wurden 4 Rechenfälle implementiert, um den Einfluss der räumlichen Variabilität tektoni-
scher Störungen auf die Gasfreisetzung zur erfassen. 

• K09-Lagersystem in den Helvetischen Mergeln des Wellenbergs auf 3 verschiedenen 
Lagerniveaus (540, 400 und 200 m ü.M.) mit je 10 stochastischen Realisationen der hydrau-
lischen Wirtgesteinseigenschaften. Weitere Simulationen wurden für den K04-Querschnitt 
durchgeführt. 

Mit den Gasfreisetzungsmodellierungen wird die zeitliche Entwicklung des Gasdrucks und der 
Gassättigung in den Lagerkammern und im umgebenden Wirtgestein untersucht. Um die Ver-
hältnisse in den verschiedenen Lagersituationen vergleichen zu können, wird hierzu der maxi-
male Gasdruck in den Lagerkavernen normiert mit dem lithostatischen Druck auf Lagerebene. 
Der lithostatische Druck wird in der Literatur häufig als Indikator für die mechanische Schädi-
gung des Gebirges herangezogen. Die vergleichenden Untersuchungen zeigen, dass für alle 
Rechenfälle der Gasdruck in den Lagerkammern unterhalb des lithostatischen Drucks und in 
den meisten Fällen unterhalb des Schwellendrucks für dilatanzkontrollierten Gastransport / 
pathway dilation (ca. 80% des lithostatischen Drucks) bleibt. Nur für die Situation einer 
K09-Lagerkaverne im 'Braunen Dogger' im Standortgebiet ZNO wird ein maximaler Gasdruck 
über dem Schwellenwert für pathway dilation modelliert. Die berechneten maximalen 
Überdrücke in den Lagerkavernen treten, für alle Lagersituationen vergleichbar, nach ca. 
1'000 – 10'000 Jahren auf. Um den Gasüberdruck auch bei sehr geringer Durchlässigkeit des 
Wirtgesteins und / oder bei erhöhter Gasbildung gering zu halten, können die Gastransport-
eigenschaften der Verfüll- und Versiegelungsmaterialien an die entsprechende Lagersituation 
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angepasst werden ("Engineered Gas Transport System" – EGTS). Dies konnte in früheren 
Sensitivitätsstudien am Beispiel des Opalinustons gezeigt werden (Papafotiou & Senger 2014a).  

Schliesslich ist zu erwähnen, dass die gasbildenden Materialien in den SMA-Lagerkavernen bei 
Bedarf deutlich reduziert werden könnten (z.B. Pyroloyse von Organika). Darüber wurden im 
Rahmen des aktuellen Forschungs- und Entwicklungsprogramm der Nagra umfassende Studien 
initiiert, um die Ungewissheiten bezüglich der erwarteten Gasgenerationsraten zu reduzieren 
und somit eine bessere Auslegung des EGTS zu ermöglichen. 
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1 Introduction 

1.1 Background and scope 
The Sectoral Plan for Deep Geological Repositories ("SGT") foresees separate repositories for 
low- and intermediate-level waste (L/ILW) and for high-level waste (HLW). In response to 
Stage 1 of the Sectoral Plan, Nagra proposed that six siting regions be considered for the 
disposal of L/ILW. Four geologic formations were proposed for the disposal of L/ILW: 
Opalinus Clay, Effingen Member, 'Brown Dogger', and Helvetic Marls. As a decision basis for 
SGT-Stage 3, provisional safety analyses are to be elaborated for the authorities, addressing the 
proposed repository configurations in the six siting regions Jura-Südfuss (JS), Jura Ost (JO), 
North of Lägern (NL), Zürich Nordost (ZNO), Südranden (SR), and Wellenberg (WLB). 
Among other things, the provisional safety analyses assess whether gas pressures developing in 
the backfilled underground structures of the repository could adversely affect the radiological 
long-term safety of the repository. Gas formation has several important aspects that are 
considered in the safety analyses: (i) the possible impact on engineered and geological barriers 
through gas pressures buildup (ii) the impact on release, e.g. through the displacement of pore 
water with radionuclides from the repository caverns. 

In SGT-Stage 2 a comparison of the candidate sites is required from the long-term safety point 
of view. This includes an assessment of the gas pressure build-up in the emplacement caverns of 
a L/ILW repository with particular emphasis on the role of the capacity of the different host 
rocks to allow the release of gases at acceptable gas overpressures. In this context, a supported 
argumentation for the provisional safety analyses needs to be developed to demonstrate that gas 
formation would not compromise the safety function of the barriers (engineered barriers, host 
rock) in any of the investigated repository settings. In particular, the numerical studies are 
conducted to show that fracturing of the host rock can be excluded.  

The effectiveness of technical measures, proposed to limit the gas pressure build-up has been 
demonstrated successfully by complementary sensitivity studies. Thus, Papafotiou & Senger 
(2014a) performed two-phase flow simulations with a 3-dimensional model of a L/ILW 
repository in the Opalinus Clay formation. Evidence was given for the functional capability of 
the so-called Engineered Gas Transport System (EGTS)1, ensuring that gas is released along the 
backfilled underground structures at moderate gas pressures.  

Gas transport simulations have been conducted for a wide range of geological conditions in the 
proposed host rocks of the candidate siting regions. The 2-D models of the L/ILW caverns used 
in this report are based generic L/ILW repository design, described in Papafotiou & Senger 
(2014a). The gas related properties of the host rocks are referred Senger et al. (2013). 

1.2 Objectives 
Anaerobic corrosion and degradation of the wastes in the emplacement caverns of a L/ILW 
repository is associated with the accumulation of a free gas phase and the build-up of gas 
pressures in the backfilled repository structures. The release of the accumulated gases at 
moderate pressure ensures that the performance of engineered and geological barriers is not 
significantly affected by gas-pressure build-up.  

This report summarises the results of a numerical sensitivity study on the release of gas from a 
L/ILW repository for the different host rocks in the proposed siting areas. The simulations 
carried out with a generic 2-D model, representing a vertical cross-section of 3 parallel L/ILW 
emplacement caverns. Focus of the sensitivity studies is on the comparison of the gas pressure 

1  A detailed description of the technical concept of the EGTS is given in Nagra (2008). 
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buildup in the backfilled caverns under the conservative assumption that the gas is released 
exclusively through the host rock, whereas the gas release path along the backfilled 
underground structures is not considered here. The comparison is based on the reference values 
for gas production according Papafotiou & Senger (2014a). The following model variants are 
considered: 

• K09 cavern cross-section in the Opalinus Clay at 2 different depth levels (500 m, 700 m). 
The results of the gas release models are also compared with the results of the 3-D modeling 
study (Papafotiou & Senger 2014a) to evaluate the effect of the gas release along the 
underground structures. 

• K09 cavern cross-section in the 'Brown Dogger', located at 2 different depth levels, 
representing the geological conditions in the siting regions ZNO and NL, respectively. 
Furthermore, the influence of the spatial variability of hydraulic conductivity of the 'Brown 
Dogger' is examined. In another case, the gas pressure build-up is simulated for a 
K04-cavern cross-section. 

• K09 cavern cross-section in the Effingen Member with and without tectonic overprint. A 
total of 4 cases have been investigated revealing the influence of the spatial variability of 
tectonic structures to the gas release. 

• K09-bearing chambers in the Helvetian marls of the WLB siting area on 3 different depth 
levels (540, 400 and 200 m asl.) with a total of 10 stochastic realizations of hydraulic host 
rock properties. Further simulations were carried out for a K04-cross-section. 

1.3 Report outline  
This report provides a sensitivity analysis of the gas-related issues for a geological repository 
for L/ILW in the different host rocks of Switzerland.  

Chapter 2 is dedicated to the description of the L/ILW repository, including the waste inventory 
and gas production. The layout of the L/ILW repository is presented and an overview of the 
relevant boundary conditions and confining units is given. The main repository components are 
described at an appropriate level of detail for these gas-related studies, including a simplified 
timeline of the construction, operation and closure phases of a repository. Chapter 2 closes with 
a summary of host-rock hydraulic properties established through the interpretation and synthesis 
of geodata sets for the host-rock formations at different depths. 

Chapter 3 provides a detailed description of the L/ILW repository implementation in a 
numerical model for simulating the two-phase flow and transport of gas and water from the 
repository into the surrounding host-rock. A 2-D rectangular model grid was developed with an 
approximate representation of the L/ILW repository configuration and a relatively fine 
discretization of the host rock to consider potential heterogeneity associated with different facies 
and variability of properties of the different host rocks.  

Chapter 4 presents the model results assessing the effects of post-closure gas generation on the 
long-term performance of the L/ILW repository. First, the objectives of the calculations are 
given in terms of the safety aspects associated with gas transport for different siting regions and 
repository configurations. Based on these objectives a base case and various simulation variants 
are developed and elaborated. The interpretations of the model results form the basis for 
evaluating gas pressure build-up in the backfilled and sealed emplacement caverns and gas 
migration in the repository near-field.  

Chapter 5 provides a summary of the modelling study and draws the final safety-relevant 
conclusions based on the simulation results. 
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2 Setting and generic layout of the L/ILW repository 
The basis for the sensitivity analysis of gas release is defined by the established configurations 
comprised in the L/ILW repository design as well as the gas-related properties of the 
surrounding host rock formation. This chapter gives an overview of the current background 
based on studies performed by Nagra. Chapter 2.1 provides the general setting of the candidate 
siting regions for the different host-rock. Chapter 2.2 describes the generic repository design 
adopted in this study, which includes the geometry and generic layout of the repository 
components, the waste inventory, and the repository timeline associated with the realization 
schedule. Chapter 2.3 provides an overview of the assessment of waste-generated gas and the 
reference gas rates to be used in transport models. Chapter 2.4 provides the background and 
overview of reference values used for gas-related host rock properties at different depths.  

2.1 General setting 
In the candidate siting regions for a L/ILW repository in Northern Switzerland (JS, JO, NL, 
ZNO, SR), the depth of the Opalinus Clay ranges between 300 m and 910 m below ground level 
(bgl). Table 2.1-1 gives an overview of the depth and formation thickness in the five L/ILW 
siting regions as specified in Nagra (2010).  

 

Tab. 2.1-1: Depth below ground level (bgl) and thickness of the Opalinus Clay in the candidate 
siting regions of Northern Switzerland after Nagra (2010).  

 

Siting region min max median thickness 
JS (OPA) 490 700 560 85 
JO 300 510 410 105 
NL (OPA) 700 910 810 110 
ZNO 570 850 700 110 
SR 310 410 380 100 
According to Nagra (2010), Appendix A (Tables A3-3 to A3-12) – Reference values and 60% 
confidence limits 

 
  
The repository depths in the 'Brown Dogger' and Effingen Member relative to those in the 
underlying Opalinus Clay for the different host rocks in the different siting areas of Northern 
Switzerland are shown in Fig. 2.1-1. For the Wellenberg site, three repository elevations are 
considered as schematically indicated in Fig. 2.1-2. 
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Fig. 2.1-1: Repository level relative to the simplified stratigraphic profile for the different host 
rocks and siting areas in Northern Switzerland.  
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Fig. 2.1-2: Proposed repository depths for the Wellenberg siting area (repository levels at 
540 m, 400 m and 200 m asl).  

2.2 Basic design of generic repository 
In the context of SGT – Stage 2, basic layout principles were formulated for the L/ILW 
repository design from the viewpoints of safety assessment and engineering feasibility. 
Furthermore, a generic repository layout was developed, flexible enough to cope with the 
different geological conditions in the proposed siting regions. Abstractions were made with 
regard to repository geometry, EBS property assignment and timeline of construction/operation 
phases. The corresponding simplifications will be discussed below.  

2.2.1  Generic repository layout 
According to SGT, the geological repository for L/ILW has to be designed such that all L/ILW 
produced in Switzerland up to the year 2050 can be disposed safely. The modelling studies 
presented in this report are based on a generic waste inventory, assuming a 50 years operation of 
the existing nuclear power plants and collection of wastes from medicine, industry and research 
up to the year 2050. The inferred total volume of wastes and the corresponding cumulated 
length of the emplacement caverns in a generic repository configuration are given in Tab. 2.2-1.  

Fig. 2.2-1 presents a schematic view of a generic layout of the L/ILW repository, displaying the 
main elements of the underground structures, namely access ramp and shafts, operations- and 
access tunnels, pilot repository, rock laboratory, seal sections and the emplacement caverns. The 
generic layout was adapted to geological conditions in the candidate siting regions, in particular 
taking into account the burial depth and thickness of the host rock formations, their geotechnical 
properties (rock strength and hydraulic conductivity) and the environmental conditions with 
regard to relevant state variables (stress state, head distribution). Thus, reference configurations 
and layout variants were defined for the entire spectrum of host rocks and expected 
environmental conditions in siting regions. According to the layout principles in Nagra (2010), a 
total of six layout variants of the waste emplacement caverns K04-K20 were considered with 

200m

400m

540m
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regard to their engineering feasibility and with particular focus on tunnel stability during 
excavation and operation (Fig. 2.2-2). The bounding variants K04 and K20 reflect the cases of a 
deep repository in a clay-rich, weak host rock and of a shallow repository in a marly, strong host 
rock as end-members, respectively. The cavern cross-section K09 (Fig. 2.2-3) is seen as a 
reference layout for a repository in the Opalinus Clay at a typical depth of 500-600 m bgl. In the 
context of the present modelling study, only K04 and K09 will be considered for the L/ILW 
repository configuration.  
 

Tab. 2.2-1: Inferred total amount of wastes and derived length of L/ILW emplacement tunnels 
of the generic repository configuration, used to define the simulation cases in for 
the gas-related sensitivity analysis.  

 

 Value 
Amount of conditioned L/ILW 75,000 m³ 
Amount of packaged L/ILW 120,000 m³ 
Reference waste package LC1 
Equivalent number of reference waste packages 4616 
Total length of L/ILW emplacement caverns (type K09) 2203 m 
Cavern length of pilot repository 56 m 
Total length of main repository 2147 m 

 
 

 
Fig. 2.2-1: Plan-view layout of reference concept for a L/ILW repository and generic design of 

a L/ILW emplacement tunnel.  
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The waste inventory includes metals, organic and inorganic materials produced by the operation 
and decommissioning of nuclear power plants and by the use of nuclear materials in medicine, 
industry and research. The treatment and conditioning of the radioactive waste involves mixing 
with cementitious materials in steel drums. The waste drums are consequently placed into 
prefabricated reinforced concrete disposal containers and the void spaces within are filled with 
cementitious mortar M1. Various types of disposal containers are used for L/ILW; the LC1-20 
container containing 36 waste drums of 200 l each is used as the reference container in the 
present specification. Each LC1 container has a volume of 26 m³ and a length of 5.25 m. 

 
 

 
Fig. 2.2-2: Different layout variants of the waste emplacement caverns K04 - K20.  
 
 

 

Fig. 2.2-3: Cross-section of L/ILW emplacement cavern of type K09 after closure.  
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According to the K09 design eleven LC1 containers are placed in the cavern cross-section 
(Fig. 2.2-3). The length of the caverns is approximately 200 m. The caverns are supported with 
rock bolts and sprayed concrete lining including reinforcement. The void space between the 
disposal containers and the cavern lining is filled with mono-grain cementitious mortar (M1). 
Each cavern is connected to the operation tunnel through a branch tunnel. At the transition to 
the emplacement cavern, the branch tunnel is enlarged to provide sufficient space for the 
transfer of the disposal containers. A schematic sketch of the caverns in a vertical cross-section 
along the cavern axis is shown in Fig. 2.2-4. 

 

 
Fig. 2.2-4: Longitudinal section of L/ILW emplacement cavern after closure (from Nagra 

2008). 
 
The underground facilities are connected to the surface facility during both construction and 
operation through the access tunnel (Fig. 2.2-1). A more detailed description of the geometries 
and volumes of the different underground tunnel is given in Papafotiou & Senger (2014a).  

2.2.2  Backfill materials  
The M1 mortar used to backfill the emplacement cavern has high hydraulic conductivity and 
high porosity. The lining consists of shotcrete with a typical porosity of 25%. Disposal 
containers, reinforced concrete walls, etc. (see Fig. 2.2-3) are made of normal building concrete 
and high performance concrete. Comprehensive characterization programmes were conducted 
for these backfill materials (Nagra 2008). Back-of-the-envelope estimates of the volume 
fractions and porosities of the backfill materials in the emplacement caverns and corresponding 
permeabilities are given in Table 2.2-2 (see also Nagra 2008).  
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Tab. 2.2-2: Categories of cementitious materials applied for the backfill of the emplacement 
caverns and typical parameter values for the gas-related properties.  

 

Material group Volume 
fraction 

[%] 

Porosity  
[-] 

Permeability1  
[m²] 

Mortar M1 36 ~ 0.30 ~ 1.E-10 
Construction 
concrete 

Shotcrete 28 ~ 0.25 0.20 ~ 1.E-17 ~1.E-18 
Normal building concrete ~ 0.20 ~ 1.E-18 
High performance concrete 0.15 ~ 1.E19 

Waste fixation concrete 36 0.202 ~ 1.E-19 
1 Permeability tests performed with water.  
2 The effective pore volume of the backfilled waste drums is significantly higher than high 

performance concrete because the waste drums are not filled up completely.  
 
 

For the current sensitivity analyses, all the underground tunnel systems connected to the L/ILW 
cavern are not considered. The effect of the void space volumes available for gas storage and 
transport through the different underground structures of the entire repository are discussed in 
the detailed 3D L/ILW modeling study (Papafotiou & Senger 2014a). 

2.3 Host-rock hydraulic properties 
The elaboration of gas related properties of the different host rocks has been presented in detail 
in Senger et al. (2013) and is summarized in the following.  

2.3.1  Opalinus Clay 
The reference geodata sets comprising hydraulic properties of the host rocks, was based on a 
comprehensive survey of available hydrogeological and hydromechanical laboratory and field 
data and was integrated into a traceable interpretation methodology developed in Senger et al. 
(2013). The interpretation and synthesis performed for the Opalinus Clay indicated that:  

• The intact rock matrix of the Opalinus Clay is characterized by very low hydraulic 
conductivity typically in the range between 1.0E-14 and 1.0E-13 m/s. Variability of rock 
matrix conductivity is also low. Laboratory experiments carried out with core samples 
indicate anisotropy of matrix permeability related to bedding typically with anisotropy 
factors of approximately 5. Mineralogical evidence from core samples suggests that 
porosity increases with clay content and decreases with carbonates and quartz content. Core 
analyses from several boreholes further indicated that distributions of porosity vary with 
depth. Tests on core samples recovered from the Schlattingen SLA-1 borehole exhibit 
significant stress dependency of porosity and permeability. 

• Discrete water-conducting features (WCF) or faults in the Opalinus Clay are not 
hydraulically active. The inventory of brittle structures recovered from boreholes was 
integrated into the analyses of packer tests, revealing that discontinuities in the Opalinus 
Clay do not exhibit hydraulic conductivity higher than the intact rock matrix. This effect is 
attributed to self-sealing properties of the Opalinus Clay at overburden depths greater than 
200 m. Hydraulic conductivities determined from laboratory experiments on intact rock 
samples further indicate that packer test interval conductivity corresponds to conductivity of 
the rock matrix.  
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Furthermore, the host-rock geodata syntheses were extended through the comprehensive 
integration of laboratory tests, field campaigns and gas-related shale characterization studies for 
the determination of two-phase flow properties of the host rocks (Senger et al. 2013). The 
compilation of reference hydraulic properties for gas transport comprises two different sets of 
reference values, namely for the shallow and deep repository configurations (shallow: 
300-500 m bgl; deep: 500-900 m bgl). An overview of parameter reference as well as alternative 
values for the shallow and deep repository configurations is given in Tables 2.3-1 and 2.3-2, 
respectively. These gas-related parameters also include the two-phase parameter values based 
mostly on water retention measurements compiled in Senger et al. (2013). 
 

Tab. 2.3-1: Values for gas-related parameters of the undisturbed Opalinus Clay for a shallow 
L/ILW repository in Northern Switzerland (RV - reference value, AV - alternative 
value) from Senger et al. (2013).  

 

Parameter RV AV Remarks 
Opalinus Clay – shallow (300 – 500 m bgl) 

Intrinsic permeability 
normal to bedding 
k┴ [m2] 

1×10-20 2 × 10-21 (1) 
5 × 10-20 (2) 

RV: corresponds to the reference value for hydraulic 
conductivity at Mont Terri. 
AV(1): corresponds to the reference value for hydraulic 
conductivity in the ZNO. 
AV(2): corresponds to the upper range for hydraulic 
conductivity at Mont Terri. 

Anisotropy coefficient 
k║/k┴ 

5 1 RV: according to Senger et al. (2013). 
AV: no significant anisotropy 

Capillary pressure - saturation relationship van Genuchten parametric model  
Capillary strength Po 
[MPa]  
Shallow (< 500 m) 

18 121 

4.62 
RV: derived from capillary pressure measurements  
(drying path) 
AV1: derived from capillary pressure measurements 
(wetting path)  
AV2: Estimates from field tests 

Shape Parameter n 1.67 1.54 RV: derived from capillary pressure measurements  
(drying path) 
AV: derived from capillary pressure measurements 
(wetting path) 

Relative permeability – saturation 
relationship 

van Genuchten/Mualem parametric model using the 
shape parameter n from the Pc-S curve 

Residual water 
saturation Swr [-] 

0.5 0.1 RV: according to the results of adsorption / desorption 
measurements, suggesting that 50% of the total pore 
space can be classified as micro- and mesopores. 
AV: assuming that most of the pore water is mobile  
(not supported by experimental data) 

Residual gas saturation 
Sgr [-] 

0.00 0.003 RV: effective gas entry pressure of the rock is 
infinitesimal  
AV: the residual gas saturation determines the effective 
gas entry value. Effective gas entry values were 
determined by gas permeability testing at Mont Terri and 
Benken. 
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Parameter RV AV Remarks 
Total porosity [%] 12% 16% AV: Porosity of the shaly facies at Mont Terri: 16%. 

RV: corresponds to the reference value for the porosity of 
the ZNO area. At Mont Terri, the sandy facies exhibits 
typical porosity values of about 12% 

Lower bound of 
fracture pressure 
[MPa]  

σv=ρrock·g·z RV: lithostatic pressure σv at repository level  
(ρrock = 2.5 Mg/m3, overburden z in m bgl) 
AV: - 

Threshold pressure for 
pathway dilation1  
[% of σv]  

80% RV: the on-set of pathway dilation is assumed at about 
80% of the lithostatic pressure. 
AV: - 

Relationship between intrinsic permeability and hydraulic conductivity: 

 

ηw dynamic viscosity of water, [Pa⋅s] 
ρw density of water, [kg m-3] 
g gravitational acceleration, [m s-2] 
1 Linear permeability enhancement assumed, when gas pressure exceeds threshold pressure for 

pathway dilation (see Senger et al. 2013) 
 
  

[ ] [ ]sm  K   Kg  m k
w

w2 /101 7 ⋅×≈⋅
⋅

= −
ρ
η
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Tab. 2.3-2: Values for gas-related parameters of the undisturbed Opalinus Clay for a deep 
L/ILW repository in Northern Switzerland (RV - reference value, AV - alternative 
value) from Senger et al. (2013).  

 

Parameter RV AV Remarks 
Opalinus Clay – deep (500 – 900 m bgl) 

Intrinsic permeability 
normal to bedding k┴ 
[m2] 

2 × 10-21 1 × 10-21 RV: corresponds to the reference value for hydraulic 
conductivity at Benken. 
AV: corresponds to the lower range for hydraulic 
conductivity at Benken. 

Anisotropy coefficient 
k║/k┴ 

5 1 RV: according to Senger et al. (2013). 
AV: no significant anisotropy 

Capillary pressure - saturation relationship Parametric model according to van Genuchten  
Capillary strength Po 
[MPa] deep (> 500 m) 

34 601 

182 
RV: derived from capillary pressure measurements  
(drying path)  
AV1: derived from capillary pressure measurements 
(drying path)  
AV2: from shallow OPA 

Shape Parameter n 1.6 1.8 RV: derived from capillary pressure measurements  
(drying path)  
AV: derived from capillary pressure measurements  
(drying path – high Po) 

Relative permeability – saturation 
relationship 

Parametric model according to van Genuchten/ Mualem 
using the shape parameter n from the Pc-S curve  

Residual water 
saturation Swr [-] 

0.5 0.1 RV: according to the results of adsorption / desorption 
measurements, suggesting that 50% of the total pore space 
can be classified as micro- and mesopores. 
AV: assuming that most of the pore water is mobile  

Residual gas saturation 
Sgr [-] 

0.00 0.003 RV: effective gas entry pressure of the rock is infinitesimal  
AV: the residual gas saturation determines the effective gas 
entry value. Effective gas entry values were determined by 
gas permeability testing at Mont Terri and Benken  

Total porosity [%] 12% 10% RV: Porosity measurements from Schlattingen core 
(OPA-20) (avg. Value between different core samples) 
16%. 
AV: corresponds to the lower value in OPA-of about 10%  

Lower bound of 
fracture pressure 
[MPa]  

σv=ρrock·g·z RV: lithostatic pressure σv at repository level  
(ρrock = 2.5 Mg/m3, overburden z in m bgl) 
AV: - 

Threshold pressure for 
pathway dilation1  
[% of σv]  

80% RV: the on-set of pathway dilation is assumed at about 
80% of the lithostatic pressure. 
AV: - 
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Parameter RV AV Remarks 
Relationship between intrinsic permeability and hydraulic conductivity: 

 

ηw dynamic viscosity of water, [Pa⋅s] 
ρw density of water, [kg m-3] 
g gravitational acceleration, [m s-2] 
1 Linear permeability enhancement assumed, when gas pressure exceeds threshold pressure for 

pathway dilation (see Senger et al. 2013) 
 

2.3.2  'Brown Dogger' 
The informal term 'Brown Dogger' relates to the suite of generally clay-rich rock units strati-
graphically located between the Opalinus Clay and the Malm. The rocks range from claystones 
to calcareous marls. The rocks of the 'Brown Dogger' are considered as potential host rocks for 
the geological disposal of L/ILW in the ZNO and NL siting areas in Northern Switzerland. 

A comprehensive survey of the available stratigraphic and lithologic data base on the 'Brown 
Dogger' sequence is given in Bläsi et al. (2013) together with an evaluation of the depositional 
environment in the context of the general basin evolution. The detailed lithologic and 
stratigraphic characterisation of the 'Brown Dogger' in Nagra's investigation boreholes Weiach 
and Benken and in the geothermal well Schlattingen-1 suggests that the host rock formation is 
dominated by rather homogeneous sequences of claystones and clay-rich marls with intermitted 
thin layers of limestones and sandy-calcareous marls ("harte Bänke") with a typical thickness of 
decimeters. With regard to the evaluation of porewater flow in the microscopic pore system of 
the intact rock matrix, two types of heterogeneous sedimentary structures are of special interest, 
namely (a) oolitic ironstones and (b) calcareous sandstones and limestone beds. In the area of 
interest (siting regions NL, ZNO, SR) the stratigraphic sequence comprises the following units:  

• Wutach Formation, a heterogeneous succession of marly to calcerous oolitic ironstones 

• Variansmergel-Formation, a sequence of limestones with fossils and calcerous marls. 

• Parkinsoni-Württembergica layers, a sequence of thick and uniform claystones and marls 
with thin oolitic beds  

• Humphriesioolith-Formation, a heterogeneous succession of thin oolitic ironstones and 
limestones 

• Wedelsandstein-Formation, a rather uniform sequence of silty and clayey marls with 
intercalations of bioturbites. The lower Wedelsandstein-Formation exhibits a succession of 
calcareous sandstones and sandy claystones. 

• Murchisonae-Oolith-Formation, a sequence of oolitic ironstones and sandstones. 

  

[ ] [ ]sm  K   Kg  m k
w

w2 /101 7 ⋅×≈⋅
⋅
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ρ
η
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Hydraulic conductivity was obtained from the packer tests, indicating typical values in the range 
between 1E-11 and 1E-13 m/s (Beauheim 2013). In general, the largest conductivities 
correspond to packer tests spanning across the Wedelsandstein sequence with the highest value 
of 1.4E-9 m/s observed in Schlattingen. The hydraulic conductivity of the Wedelsandstein 
Formation in Benken is lower, despite the more abundant presence of brittle structures (see also 
Mazurek 2013). On the other hand, packer tests spanning the Parkinsoni-Württembergica and 
Ifenthal Formations show that hydraulic conductivity in Schlattingen is almost two orders of 
magnitude larger compared to Benken where brittle structures in the carbonate facies are 
practically absent. The distinct clustering of brittle structures observed by Mazurek (2013a) 
suggests a high spatial variability of pore water flow in the fracture systems of the 'Brown 
Dogger'.  

Geophysical logging and core inspection in the boreholes Weiach, Benken und Schlattingen 
reveal a significant variability in lithological and mineralogical parameters of the stratigraphic 
sequence of the 'Brown Dogger'. The lithological facies inventory comprises sequences of two 
rock types: (1) clay-rich marls and marly claystones alternating with thin layers of sandy-
calcareous marls, and (2) carbonate-rich iron-oolitic limestones (Fig. 2.3-1a&b). Comp-
lementary microstructural investigations on core samples from the borehole SLA-1 display 
further scales of internal variability of mineralogical and petrophysical parameters within the 
different facies (Fig. 2.3-1c).  

 
 

 

Fig. 2.3-1: The 'Brown Dogger' in Schlattingen (after Senger et al. 2013). 
(a) Stratigraphy and rock mineralogical compositions indicate the correlation between 
carbonate-rich limestone facies (brown) and clay-rich facies (blue) alternating with sandy-
calcareous marls (yellow); (b) photos of core samples, representing the main 
lithostratigraphic units in the 'Brown Dogger'; (c) SEM images with different magnification 
of a core sample from the Parkinsoni-Württembergica section (781.5 m bg) recovered from 
the Schlattingen SLA-1 borehole. The samples were polished with a Broad-Ion-Beam 
technique (BIB) perpendicular to bedding. 
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Brittle structures are of high significance for fluid flow and gas transport in the 'Brown Dogger' 
as they represent potential water conducting features (WCF). Mazurek (2013a) identified 
6 classes of discrete water conducting features in the boreholes Benken and Schlattingen 
SLA-1. The WCF distribution indicates a pronounced clustering, which is however observed 
differently in each borehole. In Benken, 37 WCFs were observed. Of these, 31 are observed in 
the Wedelsandstein formation with some WCFs distributed across the formation and a large 
cluster forming near the top of the formation below the boundary to the limestones of the 
Humphriesi formation. WCFs are absent in the Parkinsoni-Württembergica formation. In 
Schlattingen 85 WCFs were observed. The Ifenthal formation appears to be severely fractured 
with 44 WCFs distributed across the entire formation. The Parkinsoni-Württembergica 
formation is characterized by distinct clustering of 33 WCFs, whereas only 5 WCFs are 
observed in the Wedelsandstein Formation.  

Hydraulic reference parameters for the 'Brown Dogger' were derived from the representative 
hydraulic data bases compiled in Senger et al. (2013). Different sets of reference parameters 
were specified for the clay-rich marls (KMA) and the sandy-calcareous sequences (SKA), 
respectively. Accordingly, two sets of gas related reference parameters have been elaborated 
(Table 2.3-3). The parametric models used for the capillary-saturation relationship and the 
relative permeability of the 'Brown Dogger' are shown in Fig. 2.3-2 (reference values according 
to Table 2.3-3).  

 
 

 
Fig. 2.3-2: Parametric models of capillary pressure and relative permeability kr for water (w) 

and gas (g), representative for the 'Brown Dogger' formation. 
(reference parameter values RV and alternative values AV1 and AV2). 

 
  



NAGRA NAB 14-98 16  

Tab. 2.3-3: Reference values for the gas-related parameters of the clay-rich sequences of the 
'Brown Dogger' in Northern Switzerland (RV – reference value; AV – alternative 
value). 

 

Parameter RV AV Remarks 
Undisturbed host rock 

Intrinsic permeability 
(KMA(1), SKA(2)) k┴ 
[m2] 

1 × 10-20 (1) 
1 × 10-19 (2) 

1 × 10-18 (1) 

1 × 10-19 (2)  
RV: corresponds to the reference value of hydraulic 
conductivity for KMA, SKA  
AV: representation of the 'Brown Dogger' as a 
homogeneous and anisotropic porous medium 

Anisotropy coefficient 
k║/k┴ 

1 10 RV:  
AV: - 

Capillary pressure - saturation relationship Parametric model according to van Genuchten  
(Eq. 2-10)  

Capillary strength Po 
[MPa] 
(no distinction 
between KBA and 
SKA) 

36 501* 

4.62* 
RV: derived from WRCs (lowest wetting path),  
(Ferrari et al. 2013), accounting for fractures 
AV1: derived from WRCs by EPFL and UPC 
(representative of matrix)  
AV2: assumed value, derived from field tests in sandy 
facies of the Opalinus Clay (Marschall et al. 2005) 

Shape Parameter n 
(no distinction 
between KBA and 
SKA) 

2.4 1.81* 
1.542* 

RV: derived from WRCs 
AV1: lowest value from WRC fits 
AV2: assumed value, derived from field tests in sandy 
facies of the Opalinus Clay (Marschall et al. 2005) 

Relative permeability – saturation relationship Parametric model according to van Genuchten/ 
Mualem (Eq. 2-14 & 2-15) using the shape 
parameter n from the Pc-S curve 

Residual water 
saturation Swr [-] 

0.25 0.1 RV: reduced from MIP data to account for fracture 
effect 
AV: assuming that most pore water is mobile  

Residual gas saturation 
Sgr [-] 

0.00 0.00 RV: effective gas entry pressure of the rock is 
infinitesimal  
AV: - 

Total porosity [%] 10% 8% RV: Porosity measurements from Schlattingen cores 
(see Fig. 3-11) 
AV: corresponds to the lower value in BD at depth 

Lower bound of 
fracture pressure 
[MPa]  

σv = 
ρrock·g·z 

- RV: lithostatic pressure σv at repository level  
(ρrock = 2.5 Mg/m3, overburden z in m bg) 
AV: - 

Threshold pressure for 
pathway dilation  
[% of σv]  

80% - RV: the on-set of pathway dilation is assumed at about 
80% of the lithostatic pressure. 
AV: - 

 
  



 17 NAGRA NAB 14-98  

2.3.3  Effingen Member 
The Effingen Member of the Wildegg Formation comprises the majority of the Oxfordian strata 
(Malm, Upper Jurassic) in the candidate siting area Jura-Südfuss. In the area of interest, the 
Effingen Member is 170 to 260 m thick at depths of 410 to 720 m below ground (according to 
Nagra 2010, Appendix A3) and consists of interlayered calcareous marls to limestones, which 
are subdivided into three alternating sequences of (argillaceous) limestones and thinner 
(calcareous) marls (Kalkbankabfolgen, KBA 1 – 3). Based on the clay content from geophysical 
logs, Deplazes et al. (2013) have proposed the following lithostratigraphic facies for the 
Effingen Member (EFM), from top to bottom (Fig. 2.3-3; see also Fig. 2.1-1): 

• Gerstenhübel Beds sequence (GER): An alternating sequence of limestone layers and thin, 
clay-rich marls. Based on the proposed clay content correlation, the GER sequence has a 
regional extension with a thickness of 10 – 30 m in the eastern part of the siting region and 
not more than a few meters in the western part. 

• Local alternating sequences of (argillaceous) limestones and thinner (calcareous) marls 
(KBAx): There are several minor limestone sequences in the lower part of the EFF below 
the GER. The thickness is in the m range, the extension is quite uncertain. 

• Sequences which are dominated by (calcareous) marls (Kalkmergelabfolgen) can be found 
between the KBAs. The KMAs above the GER show more similarities in the clay content 
pattern than the KMAs below the GER. 

The characterization of hydrogeological properties of the Effingen Member is based on the 
hydrogeological interpretation of seismic investigations, geological mapping of outcrops, log 
interpretations and packer testing in the boreholes Schafisheim, Gösgen, Küttigen and Oftringen 
(Beauheim 2013). Geophysical logs in the Wildegg-Formation indicate a distinct variability of 
clay content with large horizontal correlation lengths, suggesting a division of the Effingen 
Member into an alternating sequence of limestones (KBA) and calcareous marls (KMA) as 
indicated in Figure 2.3-3. On the microscale, clear evidence is found for a distinct internal 
variability of the facies (Keller et al. 2013a, b). Structural analyses by Mazurek (2013b), 
drawing on core data from the different boreholes and outcrop mapping in the quarries 
Jakobsberg and Schümel, reveals a comprehensive inventory of discrete water conducting 
features (Fig. 2.3-3). A distinct clustering of the WCFs is observed in all boreholes, indicating 
high fracture frequencies along the KBA and GER sections. Furthermore, a comparison between 
the different boreholes reveals a general variability in fracture density (Mazurek et al. 2013).  

Senger et al. (2013) evaluate the hydraulic significance of the sedimentary and structural 
features in the Effingen Member. Figure 2.3-4 exhibits examples of property distributions in the 
Effingen Member on observation scales, ranging between hectometre and micrometer. 
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Fig. 2.3-3: Property distributions and relevant scales in the Effingen Member (after Senger et 
al. 2013). 
(a) Clay profiles, structural logs, fluid logging and packer testing in the Oftringen borehole; 
(b) brittle structures derived from core inspection; (c) microstructural investigations on core 
samples from the SLA-1 borehole. 

 
High interval transmissivities in packer tests are linked exclusively to test intervals in the 
argillaceous limestones (GER, KBA), suggesting that fracture flow dominates in those 
lithologies. In the calcareous marls (KMA), the interval transmissivities are generally low, 
which is regarded as a strong indication for matrix flow.  

Different sets of reference parameters were specified for the clay-rich marls (KMA), the 
argillaceous limestones and calcareous marls (KBA), and the Gerstenhüberl Beds (GER), based 
on the derived average hydraulic conductivies of the different sequences, which are summarized 
in Table 2.3-4. In terms of two-phase flow parameters, the WRC data are representative of the 
low-permeability KMA sequence, whereas the capillary-strength parameter is scaled to lower 
values for the higher permeable KBA and GER sequences (Fig. 2.3-4). 

 
  



 19 NAGRA NAB 14-98  

 

Fig. 2.3-4: Parametric models of capillary pressure and relative permeability kr for water (w) 
and gas (g), representative for the Effingen Member. 
(Reference parameter values RV and alternative values AV). 
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Tab. 2.3-4: Reference values for the gas-related parameters of the Effingen Member in the 
siting region JS in Northern Switzerland (RV – reference value; AV – alternative 
value). 

 

Parameter RV AV Remarks 
Undisturbed host rock 

Intrinsic permeability 
(KMA(1), KBA(2), 
GER(3) )  
k┴ [m2]║ 

1 × 10-20 (1) 
1 × 10-19 (2) 
1 × 10-19 (3)  

1 × 10-19 (1) 
1 × 10-18 (2) 
1 × 10-18 (3) 

RV: corresponds to the reference value for hydraulic 
conductivity of Kalkmergelabfolgen (KMA), 
Kalkbankabfolgen (KBA) and Gerstenhübel-
Schichten (GER) according to Senger et al. (2013). 
AV: corresponds to the value for hydraulic 
conductivity for the background fractures (Senger et 
al. 2013). 

Anisotropy coefficient 
k║/k┴ 

1 10 RV: no anistropy assumed 
AV: effect of intermitted sand-beds expressed as 
anistropic permeability 

Capillary pressure – saturation relationship Parametric model according to van Genuchten 
(Eq. 2-10)  

Capillary strength 1/α 
[MPa] 
(no distinction between 
KBA and GER) 

60(1) 

13(2, 3) 
13 RV: derived from WRC measurements (EPFL)  

AV: mean value for 2D model used in Papafotiou et 
al. (2014a); values for 2D heterogeneous field, scaled 
using Leverett) 

Shape parameter n 
(no distinction bet-ween 
KBA and GER) 

1.9 1.5 RV: derived from WRC measurements (EPFL) 
AV: value used in Papafotiou et al. (2014a) 

Relative permeability – saturation relationship Parametric model according to van Genuchten/ 
Mualem (Eq. 3-5 & 3-6) using the shape parameter n 
from the Pc-S curve 

Residual water 
saturation Swr [-] 

0.25 0.1 RV: lower values than what expected based on MIP 
due to fracturing  
AV: assuming that nearly all pore water is mobile 

Residual gas saturation 
Sgr [-] 

0.00 - RV: assuming all pore water is mobile 

Water loss porosity  
[%] 

8% (1) 
5% (2, 3) 

5% RV: based on porosity measurements by Mazurek 
(2011) 
AV: corresponds to the lower value in matrix 

Lower bound of 
fracture pressure [MPa]  

σv = 
ρrock·g·z 

- RV: lithostatic pressure σv at repository level  
(ρrock = 2.5 Mg/m3, overburden z in m bg) 
AV: - 

Threshold pressure for 
pathway dilation  
[% of σv]  

80% - RV: the on-set of pathway dilation is assumed at 
about 80% of the lithostatic pressure. 
AV: - 
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2.3.4  Helvetic Marls 
The Helvetic Marls in the Helvetic Zone of the Central Alps are being considered as a potential 
host rock for the geological disposal of L/ILW at the Wellenberg site in Kanton Nidwalden. The 
term "Helvetic Marls" refers to the Lower Cretaceous Palfris Formation and Vitznau Marls as 
well as the Tertiary Globigerina Marls and Shimberg Shales. The Palfris Formation consists of 
dark, silty-fine sandy, shaly clay marls, sometimes with isolated light limestone and lime marl 
beds and sometimes with such beds as interstratifications (limestone bed sequences). The 
Vitznau Marls consist of a clay-rich limestone/marl interstratification, with an upward transition 
into sand-rich limestones and marls. The Palfris Formation and Vitznau Marls form part of the 
base of the Drusberg nappe in Canton Nidwalden. The Globigerina Marls and Schimberg Shales 
are the uppermost Tertiary formations of the Axen nappe (Fig. 2.3-5).  

In addition to the tectonic activities producing these nappes and associated disturbances, the 
Wellenberg siting region was also affected by valley cutting, notably through glacial erosion. 
Due to tectonic accumulation, the marl formations have a vertical thickness of more than 1000 
m within the Wellenberg siting area.  

Seven deep boreholes were drilled to investigate conditions at Wellenberg from 1990 to 1995 
(Fig. 2.3-5). Hydraulic testing of portions of the Helvetic Marls was performed in all seven of 
the boreholes, wherein gas injection tests were performed in five boreholes for the 
determination of two-phase flow properties (Enachescu et al. 1997). Nagra (1997) provides an 
overall synthesis of all of the investigations undertaken in the Wellenberg siting area. 

 
 

 

Fig. 2.3-5: Geologic Profiles at the Wellenberg siting area and boreholes used for 
hydrogeologic characterization.  
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During the drawdown phase of packer testing in the Palfris formation, methane gas was 
observed quite frequently at the wellhead. A classification of the packer tests was performed to 
assess the validity of the test results on the existence of a free gas phase in the host rock (Nagra 
1997 and references therein). The evaluations revealed that only a few packer tests in the Palfris 
formation indicated the possibility of a free gas phase (12 of 141). A so-called gas-evidence test 
was performed in borehole SB4a (SB4a/s-VM11) to assess the volume fraction of free gas in 
water-conducting features (WCFs) under in-situ pressure conditions in the system (Nagra 1997). 
The detailed analyses of this test indicated the existence of a free gas phase in the test interval. 
However, the amount of free gas is very low and is probably only a small percentage (estimated 
about 3% of the pore space), and a value of more than 9% can practically be excluded. 

In two test intervals in borehole SB4a/s gas threshold pressure tests were conducted, which were 
used for the analysis of the two-phase parameter model and associated gas threshold pressure 
(Enachescu et al. 1997). Additional gas tests were performed in boreholes SB4 and SB2, for 
which the results are summarized in Table 2.3-5. The estimated two-phase flow parameters 
were based on the Brooks-Corey model together with the Grant model for the gas relative 
permeability.  
 

Tab. 2.3-5:  Results of two-phase analysis of hydrotests an gas threshold pressure tests in the 
investigation boreholes Wellenberg. 

 

Bore-
hole 

Tests2 Entry pressure Pd Parametric model Residual saturation 

  (MPa)  gas water 

SB2 VM10 2.9 Grant 01 0.251 
SB3 VM26, VM27, 

VM28 
3.8 - 4.8 n.d. n.d. n.d. 

SB4 VM2 n.d. Grant, Brooks&Corey 01 0.34 – 0.79 
SB4a/v VM13, VM14 0.022 – 0.13 Brooks&Corey, Grant 

(VM13), Grant (VM14) 
01 0.251 

SB4a/s VM11, VM14, 
VM16 

0.1 – 2.6 Grant (VM11, VM16), 
Brooks&Corey (VM14) 

0 – 0.03 0.07 – 0.25 

n.d. not determined 
1 assumed values 
2 Test intervals according to Nagra (1997) / Appendix A3-3.1 to A3-3.6  

Assumed pore size factor λ = 2  
 
 
The derived entry pressures Pd were cross-plotted with the permeability values from 
conventional packer test sequences. Thus, a characteristic Pd-k correlation could be established 
for the WLB site (Nagra 1997): 

 

 ][1031.1][ 2351.06 mkPaPo
−− ⋅⋅=  
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The cross-plotted data together with the empirical Wellenberg entry pressure – permeability 
relationship are presented in Fig. 2.3-6. 

 
 

 

Fig. 2.3-6: Wellenberg relationship between air-entry pressure (Pd) and intrinsic permeability. 
 
In the context of the Wellenberg geosynthesis project (Nagra 1997), the so-called Wellenberg 
K-model was developed, aimed at stochastic representation of the hydraulic conductivity 
distribution of the host rock on the scale of the siting area (Fig. 2.3-7). The Wellenberg K-model 
consists of the kriged K distribution and conditional realisations, leading to a realistic 
description of the distribution of hydraulic conductivity in the host rock and ensuring 
consistency with the results of the site investigations. Upscaling of the hydraulic properties for 
each borehole was quite critical for the final results. The volume for the effective hydraulic 
conductivity calculations was chosen as a cube with sides of 100 m and this was verified as a 
valid assumption, based on the conceptual model of the water-conducting features (block 
model) of the site (Fig. 2.3-7b). A fracture network approach ("Wellenberg DFN model") was 
applied to estimate K profiles along the boreholes, which allowed realistic assumptions about 
the size and distribution of the water-conducting features to be made (Fig. 2.3-7a).  
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Fig. 2.3-7: The Wellenberg K-model.  

(a) Approach for the conversion of measured fracture transmissivities into effective 
hydraulic conductivities on the block scale ("TK conversion") and (b) stochastic 
realisation of the K-distribution of the Helvetic Marls in the siting region Wellenberg (after 
Nagra 1997). 

 
An invasion-percolation approach (see Wettstein et al. 2011; Senger et al. 2013 for details) was 
applied to derive the effective water retention behaviour of the WLB fracture network on the 
block scale. For this, an entry pressure was assigned to each fracture of the stochastic fracture 
network by cubic scaling of the fracture transmissivities (Senger et al. 2013). A capillary 
pressure-saturation relationship was calculated by means of multiple Modified Invasion 
Percolation (MIP) simulations of a gas phase invading 100 × 100 × 100 m³ discrete fracture 
network realizations of the Wellenberg DFN model. The reference capillary pressure-saturation 
relationship was obtained by fitting Brooks-Corey functional relationship.  

The assignment of Brooks-Corey air-entry pressure values Pd,i to the individual blocks of the 
Wellenberg K-model was achieved through the application of Leverett scaling and cubic 
scaling, respectively, as shown in Figure 2.3-8. The cubic law may overestimate the gas 
transport capacity of the rock in the low permeability range, because the role of fracture flow 
decreases and matrix flow starts to take control. For this reason, the Leverett scaling was 
selected for the definition of the gas related reference values of the Helvetic Marls.  
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Fig. 2.3-8: Helvetic marls: Pd-k-relationships based on Leverett and cubic scaling.  

The relationships are based on the results of Invasion Percolation simulations by Wettstein 
et al. (2011), using a DFN model of the WLB site with an effective block conductivity of 
1.6E-11 m/s and an effective entry pressure of 70 kPa. 

 
The Wellenberg K-model served as a basis for the derivation of the gas related reference 
parameters of the Helvetic Marls in the siting region WLB. In summary, the approach consists 
of the following steps (see Senger et al. 2013 for details): 

• Derivation of intrinsic permeability distributions from the Wellenberg K-model 

• Derivation of the effective water retention behaviour of the WLB fracture network by an 
invasion-percolation approach. 

• Derivation of the relative permeability functions for gas and water from the Brooks-Corey / 
Mualem functional relationship. The Grant model was used for the relative gas 
permeability. 

• Derivation of spatial variability of capillary pressure – saturation relationship from the 
Wellenberg K-model through Leverett and cubic scaling, respectively.  

Accordingly, two sets of gas related reference parameters have been elaborated (Table 2.3-6). 
The parametric models used for the capillary-saturation relationship and the relative 
permeability of the Helvetic Marls are shown in Figure 2.3-9. 
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Tab. 2.3-6: Reference values for the gas-related parameters of the Helvetic Marls for a L/ILW 
repository at the Wellenberg siting area in Central Switzerland (RV – reference 
value; AV – alternative value). 

 

Parameter RV AV Remarks 
Helvetic Marls 

Effective permeability 
distribution 
ki [m2] 

K-model WLB 
(Nagra 1997) 

RV: corresponds to a repository depth 200 m below the 
regional discharge. 
AV: stochastic realisations of K distribution  

Capillary pressure - saturation relationship Parametric model according to Brooks-Corey Model  
Capillary strength Po 
[MPa] 

derived via Leverett 
(RV) and cubic 
scaling (AV) from 
WLB K-model  

RV, AV: Reference value Po derived from WLB 
relationship (ko  Po) according to Fig. 2.3-8  

Shape Parameter λ 0.7 - RV: fitted curve for discrete fracture IP (Wettstein 
2011) 

Relative permeability – 
saturation relationship 

B-C 
(Grant) 

B-C Parametric model according to van Brooks-Corey: 
RV: krg – Grant (high gas mobility in fractures) 
AV. Krg – B-C (reduced gas mobility) 

Residual water 
saturation Swr [-] 

0.5 0.1 RV: according to Nagra (1997) 
AV: assuming that most pore water is mobile  

Residual gas saturation 
Sgr [-] 

0.09 - RV: according to Nagra (1997) 
AV: - 

Water loss porosity  
[%] 

8% 5% RV: according to Nagra (1997) 
AV: assuming reduced porosity at the new repository 
level (200 m below regional discharge level) 

Lower bound of 
fracture pressure  
[MPa]  

20 - RV: according to Nagra (1997) and considering the new 
repository level (ρrock = 2.5 Mg/m3) 
AV: - 

Threshold pressure for 
pathway dilation  
[MPa]  

16 - RV: the on-set of pathway dilation is assumed at about 
80% of fracture pressure. 
AV: - 

 
 
 

 
Fig. 2.3-9: Parametric models of capillary pressure and relative permeability kr for water (w) 

and gas (g), representative for the Helvetic Marls in the siting region Wellenberg. 
(Reference parameter values only; the gas entry pressure corresponds to an effective block 
permeability of kmean = 1E-20 m2).  
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2.4 Two-phase flow parameter models  
In the framework of the current modeling study it is assumed that the rock mass always behaves 
like an elastic medium. The propagation of gas phase through the porous medium is controlled 
by the gas entry pressure, also known as the capillary threshold pressure, which represents the 
difference between gas pressure and water pressure needed to displace the porewater from the 
initially fully saturated medium. Once the gas entry pressure has been exceeded, the gas 
mobility is controlled mostly by the intrinsic permeability K of the formation, the permeability-
saturation relationship (commonly known as relative permeability), and the relationship 
between the capillary pressure and the water saturation (also known as suction or water 
retention curve). The functional dependency between the pore space saturation and the relative 
permeability or the capillary pressure is commonly described with parametric models, such as 
that by van Genuchten (1980), describing the functional relationship between water saturation 
and capillary pressure Pc, given as: 

 

 Pc = P0 ∙ �Se
n/(1−n) − 1�

1/n
 (2-1) 

 
where P0 is the capillary strength parameter (or apparent gas-entry pressure), n is the shape 
factor and Se is the effective saturation derived through normalization of the liquid saturation Sl 
with the liquid residual saturation Slr as: 

 

 Se = Sl−Slr
1−Slr

 (2-2) 

 
In comparison, the Brooks-Corey model formulates capillary pressure as 

 

 Pc = Pd ∙ Se
−1 λ�  

 

where Pd is the capillary air-entry pressure at Sl = 1, and λ is the shape factor that is related to 
the corresponding shape factor n in the van Genuchten model as λ = n-1. 

Relative gas/water permeability kr,g and kr,l can be derived by integration of the capillary 
pressure curve following the approach of Mualem (e.g. Helmig 1997), represented by the van 
Genuchten model using the same shape parameters obtained from the capillary pressure 
function, given by: 

 

 kr,l = Se
γ ∙ �1 − �1− Se

1
1−n�

n−1
n
�

2

 (2-3) 

 

 kr,g = (1 − Se)ε ∙ �1 − Se
n

1−n�
2(1−1n)

 (2-4) 
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where ε and γ are empirical shape factors, describing the pore connectivity of the medium which 
are typically set to ε = 1/2 and γ = 1/3 (Luckner et al. 1989).  

Relative permeability of liquid and gas phase can be described with the Brooks-Corey model, 
using the same shape parameter λ obtained from the capillary pressure function, given by: 

 

 krl = Se
2+3λ
λ  (2-3a) 

 

 krg = (1 − Se)2 ∙ �1 − Se
2+λ
λ �  (2-4a) 

 
Enhanced gas mobility is described by the Grant model (Grant 1977), where the relative 
permeability of the gas phase is given by:  

 
 kr,g = 1 − kr,l (2-5) 

 
With the Grant model, the gas and liquid phases tend to move independently of each other, 
which is typical for fracture-porous rocks where liquid tend to migrate primarily through the 
matrix due to higher capillary pressures, and gas migrates through the higher-permeable 
fractures characterized by lower capillary pressures. This has been used for upscaling a discrete-
fracture network (DFN) model of the fractured EDZ to a homogeneous continuous porous 
media (CPM) model with effective two-phase flow parameters based on the Grant model for the 
gas relative permeability (Senger et al. 2008). 

Dilatancy-controlled gas flow (or "pathway dilation"; terminology after Horseman et al. 1996) 
is a transport mechanism of special importance for argillaceous media with low tensile strength. 
Alonso & Olivella (2008) developed a hybrid formulation of pathway dilation, expressing the 
effective permeability of the rock as the superposition of an intrinsic matrix permeability and a 
stress dependent fracture transmissivity (2embedded fracture approach"). The approach was 
tested successfully for soft clays (bentonite) and for claystone. An even simpler approach has 
been introduced by Senger et al. (2008), using a pressure dependent permeability multiplier: 

 

 k = k0 �1 + (kfactor − 1) (P−P1
(P2−P1

�  (2-6) 

 
where k0 is the reference permeability, kfactor is a scaling factor, P1 is the characteristic pressure 
for the on-set of dilation, and P2 is maximum pressure corresponding to the maximum 
permeability. The relationship between capillary strength and permeability is typically 
represented by Leverett's function as: 

 

 𝑃𝑃𝑜𝑜′ = 𝑃𝑃0�
𝑘𝑘0
𝑘𝑘

  (2-7) 
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or by a cubic-law relationship: 

 

 𝑃𝑃𝑜𝑜′ = 𝑃𝑃0�
𝑘𝑘0
𝑘𝑘

3
  (2-8) 

 
The onset of pathway dilation is expected at 80% of the lithostatic formation pressure at the 
repository level assuming an average bulk density of 2.5 Mg/m³ of the rock formations above 
the repository. Permeability of the Opalinus Clay and of the EDZ is linearly enhanced by a 
factor of maximum of 10 between the onset (80%) and the lithostatic stress (100%). In addition, 
capillary strength P0 may also be reduced according to Leverett scaling of capillary pressure 
(through the capillary strength parameter P0).  

An important feature of the deformation behaviour of argillaceous materials is their self-sealing 
capacity (e.g. Nagra 2002). Permeability enhancement at elevated gas pressures tends not to be 
permanent; when the gas pressure is reduced the material reconsolidates and the hydraulic and 
mechanical properties of the porous medium approach the values which are characteristic for 
the undisturbed stress state. 
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3 Development of the 2D gas-release model  
 
The sensitivity analysis of gas release in the L/ILW repository involves the modelling of 
isothermal two-phase flow from the repository structures and surrounding host rock using a 
2D cross-sectional model. This study builds on the 3D modeling of gas flow from a repository-
scale model that accounted for the detailed underground structures and associated gas flow 
through the tunnels and seals of the EGTS (Papafotiou and Senger 2014a). For this, the 
numerical code TOUGH2 (Pruess et al. 1999) is used with the equation-of-state module EOS5 
for water and hydrogen. Diffusive transport of dissolved gas is neglected in this study, 
providing a conservative approach with respect to gas pressure build-up.  

Chapter 3.1 presents the development of a two-dimensional grid representing a vertical cross 
section through the L/ILW repository. Chapter 3.2 discusses the initial and boundary conditions 
applied for the simulations of gas migration in the repository, through the host-rock and into the 
confining rock formations. The implementation into the numerical model and assignment of 
hydraulic properties to the repository elements and surrounding host rock and confining units is 
discussed in Chapter 3.3.  

3.1 Mesh generation and model set-up  
The local-scale 2D model comprises three K9 L/ILW-Caverns located in the middle and at the 
lateral boundaries of the two-dimensional domain (Figure 3.1-1). Only half of the side caverns 
geometry is accounted for due to model symmetry. The horizontal length of the model equals 
200 m corresponding to a distance of 100 m between the caverns according to the configuration 
described in Nagra (2008). The vertical direction extends to as much as 125 m above and below 
the center of the L/ILW-Caverns, depending on the host rock and siting area. The grid spacing is 
1 × 1 m.  

The LC1 canisters are represented with a WASTE material for the waste and a BACKFILL 
material that corresponds to Mortar 2. CONCRETE material is assigned to the concrete base of 
the cavern, whereas the remaining of the cavern is assigned with MORTAR corresponding to 
Mortar 1. An EDZ with 1 m width is assumed.  
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Fig. 3.1-1: Model domain and representation of L/ILW-Caverns in the local-scale model.  

3.2 Initial and boundary conditions  
The model domain is assumed to be initially fully water-saturated and hydrostatic pressures are 
assigned to the elements representing the hostrock and surrounding confining layers. The top 
and bottom layers of the 2D grid are connected to external boundary elements with prescribed 
hydrostatic pressures. The initial pressure distribution and the prescribed pressures at the top 
and bottom boundaries are adjusted depending on the desired repository depth for the gas 
release modeling cases for the different siting areas. All vertical model boundaries represent no-
flow boundaries. The elements representing the repository are assigned initial atmospheric 
pressure conditions, assuming a uniform emplacement saturation of 50% for the different 
materials in the repository. The different operational phases implemented in the 3D modeling 
study (Papafotiou and Senger 2014a) was not considered for the 2D models. The instantaneous 
emplacement of the waste and backfill in the caverns produced relatively quickly significant 
depressurization around the caverns accounting reasonably well the operational phases prior to 
post-closure in the 2D model. 

Although the model sensitivity runs are run isothermally, fluid properties such as viscosity and 
density depend on temperature. Depth-dependent ambient temperatures are thus assigned to the 
grid nodes depending on the actual depth in each simulation case. For this, a temperature 
gradient of 0.044 °C is assumed with a 10 °C offset corresponding to the surface temperature.  
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3.2.1 Opalinus Clay ZNO 
The specific boundary conditions at the top and bottom of the 2D model representation of the 
Opalinus Clay host rock are schematically shown in Fig. 3.2-1. The confining units overlying 
and underlying the Opalinus Clay are represented by 1D external element. The top and bottom 
boundary correspond to aquifer units (top Effingen Member, bottom Arietenkalk), represented 
by prescribed hydrostatic pressure conditions.  

 
 

 

Fig. 3.2-1: 2D Model representation of L/ILW-reposity in the Opalinus Clay and 
corresponding boundary condition extending above and below the 2D local-scale 
model.  

3.2.2 'Brown Dogger' 
The specific boundary conditions at the top and bottom of the 2D model representation of the 
'Brown Dogger' are schematically shown in Figs. 3.2-2 and 3.2-3 for the ZNO and NL siting 
areas, respectively. The confining units overlying and underlying the Opalinus Clay are 
represented by 1D external element. The top and bottom boundary correspond to aquifer units 
(top Effingen Member, bottom Arietenkalk), represented by prescribed hydrostatic pressure 
conditions.  
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Fig. 3.2-2: 2D Model representation of L/ILW-reposity in the 'Brown Dogger' in the ZNO area 

and corresponding boundary condition extending above and below the 2D local-
scale model.  
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Fig. 3.2-3: 2D Model representation of L/ILW-reposity in the 'Brown Dogger' at the NL siting 
area, and corresponding boundary condition extending above and below the 
2D local-scale model.  

3.2.3 Effingen Member JS 
The specific boundary conditions at the top and bottom of the 2D model representation of the 
Effingen Member are schematically shown in Fig. 3.2-4. The top and bottom boundary of the 
2D model correspond to aquifer units, represented by prescribed hydrostatic pressure 
conditions.  
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Fig. 3.2-4: 2D Model representation of L/ILW-reposity in the Effingen Member at the 
JS siting area and corresponding boundary condition extending above and below 
the 2D local-scale model.  

3.3 Host rock property representations  
The different host rocks are characterized by different degrees of heterogeneity in terms of 
spatial distribution of different facies and in terms of the range in hydraulic properties. For this, 
different representations of hydraulic properties are considered. For the Opalinus Clay, only a 
homogeneous facies model was used, because the spatial variability of hydraulic properties is 
relatively narrow. The potential effect of heterogeneity on gas flow through the Opalinus Clay 
was examined in Papafotiou & Senger (2014a, b). The heterogeneity of the other host rocks and 
the implementation in the numerical models is described in the following. 
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3.3.1 'Brown Dogger' 
The heterogeneity of the 'Brown Dogger' was implemented in the numerical model by stochastic 
modeling of porosity uand permeability distributions. The porosity and permeability realizations 
for the 'Brown Dogger' for the ZNO siting area wer derived from geophysical logs and core data 
from the Benken borehole (Fig. 3.3-1). A porosity profile along the borehole was derived by 
calibrating the RHO-B log to laboratory measurements, providing good quality data for the 
different 'Brown Dogger' facies with the exception of some transitions between 
lithostratigraphic units where break-outs occurred during drilling. The empirical Kozeny-
Carman realationship was used to calculate hydraulic conductivity from porosity profile by: 

 
 𝑘𝑘 [𝑚𝑚2] =  1

𝜏𝜏2∙𝐶𝐶𝐾𝐾𝐾𝐾∙(𝜌𝜌𝑠𝑠𝑆𝑆)2
𝜑𝜑3

(1−𝜑𝜑)2
 

 
where CKC is the Kozeny-Carman coefficient to be fitted, the tortuosity τ = 1.41, the bulk grain 
density ρs = 2715 (kg/m3), obtained through the RHO-B porosity fit to core data, and the 
specific surface S0 (1/m) that relates to S (m2/kg) through S0 = S·ρs·τ, wherby the value of 
specific surface S was obtained as a linear function of clay content, given as S = 0.35*CC + 
15.6 m2/g (see also Senger et al. 2013). Change of dynamic viscosity μ with depth was 
accounted for by a viscosity-temperature relationship. Temperature-depth profiles were 
calculated for a temperature gradient of 0.043 ºC/m and assuming a temperature of 38 ºC at a 
depth of 650 m according to measurements in the Benken borehole (Nagra 2002). The resulting 
minimum and maximum temperature in 'Brown Dogger' for Benken is 29.45 and 33.21 ºC, 
respectively. Given the small temperature range, the temperature-viscosity relationship is 
assumed to be a simple linear scaling between textbook reference data pairs at 20, 30 and 40 ºC. 
The value of CKC is determined by fitting the calculated conductivity profiles to hydraulic 
conductivity measurements from packer tests. The test data were subjected to detailed analysis; 
best estimates and uncertainty ranges of interval transmissivities are reported in Beauheim 
(2013).  

To account for the statistics associated with the mineralogies and stratigraphic features in the 
'Brown Dogger' (i.e. 'Kalkbänke'), the statistical analysis of porosity and permeability values 
from the log-derived profiles was performed seperately for each facies identified in the Benken 
borehole (Chapter 2). The analysis resulted in experimental variograms for each of the facies 
that were subsequently fitted with model variograms (Fig.s 3.3-2 and 3.3-3). Details on the 
model variograms are given in Table 3.3-1. The anlysis indicated that the cyclic occurrence of 
limestone beds in the clay-rich facies results in hole-effect variogram structures (Varians-
Parkinsoni and Wedelsandstein facies), whereas iron-oolitic limestone facies rich in carbonates 
are typically characterized by exponential or Gaussian variogram structures. Correlation lengths 
in the horizontal direction were assumed to be 10 times larger than in the vertical. The 
realizations were generated using conditioned sequential Gaussian simulations for a 200 × 200 × 
90 m domain that was discretized with 1 × 1 × 0.25 m grid cells. The search radii used in the 
SGS correspond to 20 m in the carbonate-rich facies and 100 m in the clay-rich facies to sustain 
the horizontal extent of the limestone beds as determined from the geological investigations. 
Each realization was finally used to extract a 2D vertical slice in the WE direction and through 
the Benken borehole location, that was mapped on the 200 × 90 m grid used for the gas release 
model for ZNO (Fig. 3.3-4).  
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Fig. 3.3-1: Log-derived profiles of mineralogy, RHO-B porosity, and permeability of the 

'Brown Dogger' in Benken (left, middle), compared to facies realizations of log 
permeability (right). 

 
 

 

Fig. 3.3-2: Experimental and fitted model variograms of porosity in the facies of the 'Brown 
Dogger' in the Benken borehole.  
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Fig. 3.3-3: Experimental and fitted model variograms of permeability in the facies of the 
'Bown Dogger' in the Benken borehole.  

 
 

Tab. 3.3-1: Fitted variograms of porosity and log permeability of the 'Brown Dogger' facies in 
the Benken borehole (S: Sill, h: vertical correlation length). 

 

 Thickness 
(m) 

# data  Mean log-K 
(m/s) 

Fitted variogram porosity Fitted variogram log permeability 

Macroce-
phalus 

3.25 20 12.44 Gaussian S = 1.3, h = 1.35 Gaussian S = 1.1, h = 1.3 
Hole Effect w. S = 0.1, h = 0.4 

Varians/ 
Parkinsoni 

40.75 261 11.71 Exponential w. S = 0.15, h = 20 
Spherical w. S = 0.7, h = 1 
Hole Effect w. S = 0.15, h = 1 

Exponential w. S = 0.4, h = 25 
Spherical w. S = 0.55, h = 1 
Hole Effect w. S = 0.15, h = 1.4 

Subfurcaten 4.5 28 12.30 Gaussian w. S = 1.85, h = 2.9 
Hole Effect w. S = 0.22, h = 0.65 

Gaussian w. S = 1.8, h = 3 
Hole Effect w. S = 0.25, h = 0.7 

Blagdeni 5.0 35 11.79 Gaussian w. S = 0.85, h = 0.8 
Hole Effect w. S = 0.35, h = 0.8 

Gaussian w. S = 0.75, h = 0.8 
Hole Effect w. S = 0.43, h = 0.8 

Humphriesi 2.25 13 12.18 Gaussian w. S = 1.5, h = 0.6 
Exponential w. S = 0.6, h = 10 

Gaussian w. S = 1.65, h = 0.5 

Wedelsand-
stein 

31.75 174 11.71 Exponential w. S = 0.6, h = 15 
Spherical w. S = 0.3, h = 0.5 
Hole Effect w. S = 0.19, h = 1.2 

Exponential w. S = 1.0, h = 20 
Spherical w. S = 0.15, h = 0.2 
Hole Effect w. S = 0.14, h = 1.2 

Murchi-
sonae 

1.25 7 11.77 Exponential w. S = 1.15, h = 0.3 Exponential w. S = 1.35, h = 0.3 
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Fig. 3.3-4: 2D vertical sections of 10 permeability realizations for the 'Brown Dogger'. 
 
For the 'Brown Dogger' at the NL siting region, as single representation the 2D cross-sectional 
model with uniform properties of each facies was used. 
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3.3.2 Effingen Member JS 
The lithostratigraphy and associate heterogeneity is derived from a 3D facies model. For this 
facies model a regional cross-section of the Effingen Member was extracted shown in Fig. 3.3-
5. The different facies of the Effingen Member were described in Section 2.4.3. The different 
stochastic representation of hydraulic conductivies were based on the geostatistical 
characterization of hydrogeologic properties of the individual facies (Figure 3.3-5 top and 
middle) and associated fracture characteristics (Figure 3.3-5 bottom). From the regional cross 
section (6'144 × 250 m) that was based on a 5 × 1 m grid, a local-scale model (200 × 250 m) for 
which stochastic distributions of porosities and permeabilities were generated on a 1 × 1 m grid 
(Fig. 3.3-6). 

 

 

Fig. 3.3-5: Hydraulic conductiviy realizations from the Effinger members regional EW cross 
section: K-field without nugget effect (top), K-field with nugget effect (middle), 
fracture field (bottom). 
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The modeling cases include different representation of the hydraulic properties: (a) 
homogeneous facies representation, (b) heterogeneous facies, and (c) heterogeneous facies 
including fractures, which is described in Section 4.3 below. 

 
 

 

Fig. 3.3-6: Heterogeneous permeability field from the (200 × 250 m) local cross-section: 
heterogeneous field without fractures (top left), and three heterogeneous fields with 
fractures (top right, bottom left, bottom right). 

3.3.3 Helvetic Marls 
The realizations of hydraulic conductivity were generated by means of two-dimensional 
sequential Gaussian simulations on the X-Z plane for a 2'200 x 1'100 m domain discretized by 
1 × 1 m. The size of the domain was selected to include all available borehole profiles of 
hydraulic conductivity comprising depths 200 m and 900 m above and below the decompaction 
zone, respectively, and in the WE direction across the investicated area. The simulations were 
conditioned packer-test transmissivities at the locations of boreholes SB1, SB3, SB4, SB4av, 
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SB4as (Nagra 1997) as shown in Fig. 3.3-7. For this, the hydraulic conductivity profiles were 
transposed so that the reference elevation (z = 0) is relative to the base of the decompaction 
zone at the different borehole locations. This data was also used to calculate experimental 
variograms for each borehole that were subsequently fitted with a single Gaussian variogram 
with a sill of 5.0 and a vertical correlation length of 1000 m (Fig. 3.3-7). The correlation length 
in the horizontal direction was assumed to be 10 times larger than in the vertical. Furthermore, 
collocated kriging with depth as secondary variable was used instead of simple kriging in order 
to reproduce the depth trend observed in hydraulic conductivities of the Helvetic Marls and 
remove high permeability occurences in greater depths. Ten permeability realizations were 
generated in total (Figure 3.3.8). As the generated permeability fields correspond to elevations 
relative to the base of the decompaction zone, the reference elevation z = 0 has been 
consequently shifted to match the base of the decompaction zone at the repository location 
below the Eggelirat (Fig. 3.3-7). Each realization was then used to extract three permeability 
fields that were mapped on 200 × 250 m grids corresponding to repository depths at 200, 400, 
and 540 m a.s.l, respectively (Fig. 3.3-9). 

 
 

 

Fig. 3.3-7: Methodology for the 2D permeability realizations for the Helvetic Marls: 
permeability profiles derived from packer-test transmissivities (a) are used to 
calculate experimental and model variograms (b), and to condition the SGS 
realizations at the borehole locations (c). Elevations of the generated permeability 
fields are subsequently shifted to match the repository location based on the 
decompaction zone elevation below the Eggelirat (d).  

 



NAGRA NAB 14-98 44  

 

Fig. 3.3-8: Permeability realizations for the Helvetic Marls (10 realisations in total).  
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Fig. 3.3-9: Extraction of three permeability fields from each permeability realization to be 
used for gas transport modeling at the respective repository depths of 200 (top), 
400 (middle), and 540 m a.s.l. (bottom).  
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3.4 Gas generation rates  
Gas generation in the L/ILW repository after repository closure is predominantly due to 
corrosion of metals and degradation of organics in the waste, mainly H2 and minor amounts of 
CH4 and CO2. In the framework of preparatory work for SGT Stage 2, sensitivity analyses were 
performed to illustrate the range of time-dependent gas generation rates in the L/ILW repository 
(Papafotiou & Senger 2014a).  

For the current study a typical time-dependent gas generation rate for average L/ILW was used, 
given as m3-gas(SATP) per m3-waste per year (Fig. 3.4-1). The K09 emplacement cavern layout 
(Fig. 2.2-3) comprising 11 LC1 disposal containers each with 26 m³ volume and 5.25 m length 
(including gaps and other concrete structures within the cavern) yields about 55 m³ packaged 
waste per meter cavern length. This allows to express gas generation rates in terms of m³gas per 
metre cavern length per year. In comparison, the K04 emplacement cavern layout contains 
5 LC1 disposal containers.  

 

 
Fig. 3.4-1: Typical time-dependent gas generation rate for average L/ILW and steps for linear 

interpolation for implementation in the numerical model (TOUGH). 
 
For modeling the gas release it assumed that waste-generated gas has the properties of H2 in 
terms of viscosity, density and solubility. The volumetric gas generation rate is converted into 
hydrogen mass rate using the SATP H2 density (0.0824 kg/m³). This results in a generation rate 
of 4.59E-10 kg H2/s/m for a single LC1 container. The gas generation rates are prescribed 
uniformly to the grid cells representing the backfill material of the L/ILW caverns. 
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4 Gas release modeling for different host rocks  
 
In SGT-Stage 2 a comparison of the candidate sites is required from the long-term safety point 
of view. This includes an assessment of the gas pressure build-up in the emplacement caverns of 
a L/ILW repository with particular emphasis on the role of the capacity of the different host 
rocks to allow the release of gases at acceptable gas overpressures.  

The sensitivity analysis involves two-phase flow processes associated with the resaturation and 
waste-generated gas release (H2-water) during the post-closure of an L/ILW repository.  
 

Tab. 4.1-1: Summary of the simulation variants used for the sensitivity analysis of gas release 
from the L/ILW repository.  

 

Simulation 
variant 

Host rock Sitting 
area 

L/ILW 
repository 

depth 

L/ILW 
Cavern 

Host-rock 
consideration 

Hydraulic properties 

500m_K09 Opalinus 
Clay 

ZNO 500 m bg K09 Homogeneous RV shallow 

700m_K09 Opalinus 
Clay 

NL 700 m bg K09 Homogeneous RV deep 

Run1(BD) 'Brown 
Dogger' 

NL 450 m bg K09, K04 Homogeneous 
facies 

RV KMA/SKA 

Run2 (BD) 'Brown 
Dogger' 

ZNO 450 m bg K09, K04 Homogeneous 
facies 

RV KMA/SKA 

Run3-12 
(BD) 

'Brown 
Dogger' 

ZNO 450 m bg K09, K04 Heterogeneous 
facies 

K-distribution from 
geostatistical model,  
facies geom. mean equal 
RV KMA/SKA 

Run16 (BD) 'Brown 
Dogger' 

ZNO 450 m bg K09 Heterogeneous 
facies 

K-distribution from 
geostatistical model, 
conditioned to log values 
from Benken 

Run17 (BD) 'Brown 
Dogger' 

ZNO 450 m bg K09 Heterogeneous 
facies 

K-distribution from 
geostatistical model,  
KMA facies geom. mean 
5.E-20 m² 

Run1(EFF) Effingen 
Member 

JS 500 m bg K09, K04 Heterogeneous 
facies 

K- and phi-distribution from 
geostatistical model 

Run2-4 
(EFF) 

Effingen 
Member 

JS 500 m bg K09, K04 Heterogeneous 
facies + fractures 

K- and phi-  distribution 
from geostatistical model, 
overlay fractures  

Run1-10 
(deep) 

Helvetic 
Marls 

WLB 200 m asl. K09, K04 Heterogeneous  K-distribution from 
geostatistical model with 
depth trend 

Run1-10 
(middle) 

Helvetic 
Marls 

WLB 400 m asl. K09, K04 Heterogeneous K-distribution from 
geostatistical model with 
depth trend 

Run1-10 
(shallow) 

Helvetic 
Marls 

WLB 540 m asl. K09, K04 Heterogeneous K-distribution from 
geostatistical model with 
depth trend 
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4.1 Opalinus Clay 
The Opalinus Clay is considered a host rock for a L/ILW repository in all siting areas 
(Fig. 2.1-1), except for Wellenberg. The evaluation of gas pressure buildup in repository in the 
Opalinus Clay has been conducted using a 3D repository-scale model, accounting for the 
detailed underground structures as well as the surrounding host- and framework rocks, which is 
described in Papafotiou and Senger (2014a). In addition, potential effects of heterogeneity on 
gas migration through the Opalinus Clay was examined in Papafotiou and Senger (2014a). That 
study showed, that heterogeneity has only minor effects, due to the relatively small variability 
of the rock properties of the Opalinus Clay.  

For the current study, the simulated gas buildup using the 3D representation of the repository, 
accounting for the geometry and storage capacity of the underground tunnels and shafts, were 
compared with those using the 2D model representations, accounting for gas flow only from the 
repository cavern into the surrounding host rock.  

The 2D and 3D simulation used the same properties for the host rock and adjacent framework 
rocks and the corresponding gas generation rates. The results are show in terms of pressure 
developement in the L/ILW emplacement cavern for two repository depths, (a) shallow at 
500 m bgl., and (b) deep at 700-m bgl. in Figure 4.1-1. The results indicating significantly lower 
peak pressures in the 3D model compared to the 2D model. For the shallow repository, the peak 
pressure for the 2D model reached about 8 MPa, compared to about 5.8 MPa in the 3D model. 
For the deep repository, the difference es even greater, with the 2D model reaching 12 MPa and 
the 3D model reaching only 8 MPa. In the 3D model pressure buildup is delayed due to the 
preferential migration of waste-generated gas from the caverns through the cavern seal into the 
the branch-, operations-, and access tunnels, which provide significant storage capacity for gas 
accumulation and greater surface area for gas to migrated into the surrounding host rock. In the 
2D model, the waste-generated gas can only migrate radially in to the surrounding host rock. 
Thus, the 2D model results are highly conservative with regard to the pressure buildup. 
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Fig. 4.1-1: Comparison of 2D and 3D Simulation runs for a L/ILW repository in the Opalinus 

Clay at different depths: (a) shallow at 500 m, and (b) deep at 700 m.  

Run 500 m_K09 (ZNO): 
This simulation for the ZNO siting area assumes homogeneous host-rock with properties 
corresponding to the reference values of shallow Opalinus Clay. The initial conditions are 
represented with atmospheric pressure in the K09 emplacement caverns and hydrostatic 
pressure in the host rock corresponding to a repository depth of 500 m bg. The simulated 
distributions of pressure and gas saturation are shown in Figures 4.1-2 and 4.1-3. After 
200 years, a cone of depression extends from the caverns into the host rock whereas pressure 
buildup in the caverns due to gas generation and resaturation is negligible (Fig. 4.1-2a). After 
1'000 years (Fig. 4.1-2b), pressures in the caverns have increased to approximately 2.5 MPa 
which is still below the initial hydrostatic pressure in the host rock. The bottom of the cavern is 
gradually re-saturated whereas no migration of gas is observed into the host rock. Waste-
generated gas begins to migrate through the EDZ and into the surrounding host-rock after 
approximately 2'000 years, and after 10'000 forms a gas front connected across the caverns that 
extends approximately 35 m vertically into the host rock. The pressure build-up associated with 

a)

b)
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the accumulation of waste-generated gas in the caverns after 10'000 years is about 7.9 MPa 
(Fig. 4.1-2c). The gas front consequently reaches the top and bottom model boundaries that 
extend 40 m and 158 m above and below the host rock, respectively (Section 3.2.1). The 
corresponding over- and underlying formations are assigned permeabilities that are three and 
two orders of magnitude higher than the Opalinus Clay, respectively. After 100'000 years gas 
saturations thus decreased and pressures gradually dissipated through the boundaries as well as 
due to the decreasing gas generation (Fig. 4.1-2d). 

The time history of pressures in the emplacement caverns is shown in Figure 4.1-3. It is 
indicated that peak pressure corresponds to 8.1 MPa after approximately 11'000 years, which is 
significantly lower than the lithostatic pressure of 12.25 MPa corresponding to 500 m bg. 
Pressures then decline gradually to 6.2 MPa after 100'000 years.  
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Fig. 4.1-2: Simulation 500 m_K09 (ZNO): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 200 years, and (b) 1'000 years. (c) 10'000 years, and (d) 
100'000 years.  
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Fig. 4.1-3: Simulation 500 m_K09 (ZNO): Time histories of pressure evolution in the 

repository caverns.  

Run 700 m_K09 (NL): 
This simulation for the NL siting area assumes homogeneous host-rock properties with the 
reference values of deep Opalinus Clay. The initial conditions correspond to atmospheric 
pressure in the K09 emplacement caverns and hydrostatic pressure in the host rock for a 
repository depth of 700 m bg. The resulting pressures and gas saturations are shown in Figure 
4.1-4. After 200 years (Fig. 4.1-4a), the cone of depression around the caverns has more limited 
extent compared to the previous simulation (run 500 m_K09) due to the lower host-rock 
permeability. After 1'000 years, the gradual re-saturation in the bottom of the emplacement 
caverns continues and cavern pressures increase to 2.2 MPa which is still significantly below 
the initial hydrostatic pressure in the surrounding host rock (Fig. 4.1-4b). Gas migrates through 
the EDZ and into the host-rock after approximately 3'000 years, and after 10'000 years forms an 
oval gas front into the host rock that however does not extend to the adjacent caverns 
(Fig. 4.1-4c). The associated pressure buildup after 10'000 years is 11.7 MPa. The gas fronts 
from the caverns continue to migrate farther into the host rock and consequently merge, 
reaching the over- and underlying high-permeable units through the top and bottom boundary, 
respectively. After 100'000 years, gas pressure buildup has significantly dissipated (Fig. 4.1-4d).  

The time history of pressures in the emplacement caverns is shown in Figure 4.1-5. Peak 
pressures are reached after approximately 12'000 years and correspond to 12 MPa, which is 
significantly lower than the lithostatic pressure of 17.15 MPa at 700 m bg. Pressures then 
decline until 25'000 years and form a smaller second peak corresponding to 11.2 MPa after 
50'000 years. After 100'000 years, pressures have declined to 10 MPa.  
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Fig. 4.1-4: Simulation 700 m_K09 (NL): Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 200 years, and (b) 1'000 years. (c) 10'000 years, and (d) 
100'000 years.  
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Fig. 4.1-5: Simulation 700 m_K09 (ZNO): Time histories of pressure evolution in the 

repository caverns.  

4.2 'Brown Dogger' 
The L/ILW repository in the 'Brown Dogger' is considered for the ZNO and NL siting areas. For 
this, four scenarios are considered for emplacement cavern settings K04 and K09. The four 
scenarios include: 

• Run 1: homogeneous facies, NL siting area 

• Run 2: homogeneous facies, ZNO siting area 

• Run 3 – 12: ten realizations of permeability/porosity distributions of the different facies 
(ZNO). 

The simulation results are presented in terms of spatial distributions of pressures and gas 
saturations at different times and the corresponding time history of pressure buildup in the 
repository cavern. 

Run1 (NL): 
The simulation Run1 for the NL siting area assumes homogeneous properties of the different 
facies. The results for cavern configuration K09 are shown in Figures 4.2-1 and 4.2-2. Starting 
from intitial conditions, represented by hydrostatic pressures in the formation and atmospheric 
pressures in the caversn, caused a cone of depression extenting into the host rock after about 
200 years with negligible gas pressure buildup associated with gas generation and resaturation 
in the cavern (Fig. 4.2-1a). After 1'000 years (Fig. 4.2-1b), the gas pressures in the cavern 
increased, but is still below the initial hydrostatic in the host rock. The corresponding gas 
saturations indicate no gas migration into the surrounding formation, but some resaturation at 
the bottom of the cavern. After 10'000 years, a significant pressure buildup developed around 
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the caverns and gas migrated into the host rock, but did not extend to the adjacent caverns 
(Fig. 4.2-1c). However, both the pressure and gas front appears to reach the upper model 
boundary. As described in Section 3.2, the actual model boundary extends to the top of the 
overlying Effingen Member using 1D elements which are not shown in the plots. However, 
because of the higher permeability assigned to the fractured Effingen Member (i.e., one and two 
orders of magnitude higher than the facies permeability of the 'Brown Dogger'), the pressure 
gradient and associated gas saturation is greatly diminished across the boundary.  

After 100'000 years, the pressure in the cavern declined associated with the decreasing gas 
generation and with the expansion of the the gas extending to the top and bottom model 
boundary (Fig., 4.2-2d).  

 

 
Fig. 4.2-1: Simulation Run1_K09 (NL): Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 200 years, and (b) 1'000 years. (c) 10'000 years, and (d) 
100'000 years.  

 

run1
a)

b)

c)

d)
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The time history of the pressure evolution is shown in Figure 4.2-2 for both the K09 and 
K04 cavern configurations. The results indicated significantly higher peak pressure of as much 
as 12.0 MPa for K09 as compared to about 10.5 MPa for K04, due to the fewer LC1 container 
per cross-sectional area. There is a distinct break in the pressure buildup curve that is more 
pronounced for the K04 configuration, due to differences in permeability of the different facies. 
At the NL siting area, , the peak pressure of about 12 MPa for the K09 repository configuration 
is significantly below the lithostatic pressure of 15.9 MPa at the repository depth of 650 m. 

 
 

 
Fig. 4.2-2: Simulation Run1 (NL): Time histories of pressure evolution in the repository 

caversn for (a) K09 configuration and (b) K04 configuration (lithostatic pressure: 
15.9 MPa).  

  

a)

b)
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Run2 (ZNO): 
The results of the corresponding simulation for the ZNO siting area for the cavern configuration 
K09 are shown in Figures 4.2-3 and 4.2-4. In this area, the repository is assumed at a depth of 
450 m. Starting from intitial conditions, represented by hydrostatic pressures in the formation 
and atmospheric pressures in the caverns, caused a cone of depression extenting into the host 
rock after about 200 years with negligible gas pressure buildup associated with gas generation 
and resaturation in the cavern (Fig. 4.2-3a). After 1'000 years (Fig. 4.2-3b), the gas pressures in 
the cavern increased, but is still below the initial hydrostatic pressure in the host rock. The 
corresponding gas saturations indicate no gas migration into the surrounding formation, but 
some resaturation at the bottom of the cavern. After 10'000 years, a significant pressure buildup 
developed around the caverns and gas migrated into the host rock, but did not extend to the 
adjacent caverns (Fig. 4.2-3c). Similar to Run1, both the pressure and gas front appears to reach 
the upper model boundary. As discussed above, the actual model boundary extends to the top of 
the overlying Effingen Member using 1D elements. 

After 100'000 years, the pressure in the cavern declined associated with the decreasing gas 
generation and with the expansion of the the gas extending to the top and bottom model 
boundary (Fig., 4.2-2d).  
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Fig. 4.2-3: Simulation Run2_K09 (ZNO): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 200 years, and (b) 1'000 years. (c) 10'000 years, and (d) 
100'000 years.  

 
The time history of the pressure evolution is shown in Figure 4.2-4 for both the K09 and 
K04 cavern configurations. The results indicate peak pressures of as much as 10.97 MPa for 
K09 as compared to about 9.4 MPa for K04, due to the fewer LC1 container per cross-sectional 
area. At the ZNO siting area, the peak pressure of about 11 MPa for the K09 repository 
configuration is near the lithostatic pressure of 11.04 MPa at the repository depth of 450 m. 

 

a)

b)

c)

d)
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Fig. 4.2-4: Simulation Run2 (ZNO): Time histories of pressure evolution in the repository 

caversn for (a) K09 configuration and (b) K04 configuration (lithostatic pressure 
11.04 MPa).  

Run3 (ZNO): 
The results of the corresponding simulation for the ZNO siting area for the cavern configuration 
K09 are shown in Figures 4.2-5 and 4.2-6. In this simulation, the heterogeneous properties of 
the different facies are incorporated in the model both in terms of permeability and porosity. In 
addition, the capillary strength parameter P0 (see Table 2.2-3) is scaled to permeability using the 
Leverett relationship (see Eq. 2-7). 

The cone of depression after about 200 years extends more horizontally due to the anisotropy of 
the layering of the permeability distribution (Fig. 4.2-5a). After 1'000 years (Fig. 4.2-5b), the 
gas pressures in the cavern increased, but is still below the initial hydrostatic in the host rock. 
The corresponding gas saturations indicate no gas migration into the surrounding formation, but 
some resaturation at the bottom of the cavern. After 10'000 years, a significant pressure buildup 
developed around the caverns and gas migrated into the host rock. The pressure buildup and gas 
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saturations differ somewhat between the three caverns due to the random heterogeneity 
distribtuion (Fig., 4.2-5c). After 100'000 years, the pressure in the cavern declined associated 
with the decreasing gas generation and with the expansion of the the gas extending to the top 
and bottom model boundary (Fig. 4.2-5d). The gas saturations show some variability associated 
with the heterogeneity of the different facies.  

 

 

Fig. 4.2-5: Simulation Run3_K09 (ZNO): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 200 years, and (b) 1'000 years. (c) 10'000 years, and (d) 
100'000 years.  

 

a)

b)

c)

d)
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The time history of the pressure evolution is shown in Figure 4.2-6 for both the K09 and 
K04 cavern configurations. The results indicate peak pressures of as much as 10.96 MPa for 
K09 as compared to about 9.3 MPa for K04. Both show some variability in the pressure buildup 
curves due to heterogeneity. Overall, the pressure buildup is very similar to that in Run2 
assuming homogeneous properties for the different facies.  

 

 
Fig. 4.2-6: Simulation Run3 (ZNO): Time histories of pressure evolution in the repository 

caversn for (a) K09 configuration and (b) K04 configuration.  
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Runs 3 -12 (ZNO): 
The simulation results of additional realizations of permeability and porosity distributions are 
summarized in the pressure buildup curves for the K09 and K04 center caverns. The results 
indicate little differences between the different realization, producing nearly the same peak 
pressure of about 11 MPa for the K09 cavern and 9.4 MPa for the K04 cavern (Fig. 4.2-7). The 
variabiliy increases at late time following the peak, but it is less than the variation in the 
pressure buildup curve between the adjacent caverns (Fig. 4.2-6).  

 

 
Fig. 4.2-7: Simulation Runs 2-12 (ZNO): Time histories of pressure evolution in the 

repository caversn for (a) K09 configuration and (b) K04 configuration.  
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4.3 Effingen Member 
The L/ILW repository in the Effingen Member is considered only for the JS siting area. For this, 
four scenarios are considered for emplacement cavern configuration K04 and K09. The four 
scenarios include: 

• Run 1: heterogeneous without fractures 

• Runs 2 – 4: three different realization of heterogeneous facies with stochastic fracture 
distributions 

The simulation results are presented in terms of spatial distributions of pressures and gas 
saturations at different times and the corresponding time history of pressure buildup in the 
repository cavern. 

Run1: 
The results for cavern configuration K09 are shown in Figures 4.3-1 and 4.3-2. Starting from 
intitial conditions, represented by hydrostatic pressures in the formation and atmospheric 
pressures in the caversn, caused a cone of depression extenting into the host rock after about 
200 years with negligible gas pressure buildup associated with gas generation and resaturation 
in the cavern (Fig. 4.3-1a). After 1'000 years (Fig. 4.3-1b), the gas pressures in the cavern 
increased, but is still below the initial hydrostatic in the host rock pressure. The corresponding 
gas saturations indicate no gas migration into the surrounding formation, but some resaturation 
at the bottom of the cavern. After 10'000 years, a significant pressure buildup developed around 
the caverns and gas migrated into the host rock, but did not extend to the adjacent caverns 
(Fig. 4.3-2a). After 100'000 years, the pressure in the cavern declined associated with the 
decreasing gas generation and with the expansion of the the gas extending to the top and bottom 
model boundary (Fig. 4.3-2b).  

The time history of the pressure evolution is shown in Figure 4.3-3 for both the K09 and 
K04 cavern configurations. The results indicated significantly higher peak pressure of as much 
as 9.5 MPa for K09 as compared to about 8 MPa for K04, due to the fewer LC1 container per 
cross-sectional area. There is some variability of the the pressure buildup curve due to the 
heterogeneity within the different facies that varies slightly between the three cavern locations. 
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Fig. 4.3-1: Simulation Run1_K09: Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 200 years, and (b) 1'000 years.  
 

(a)

(b)
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Fig. 4.3-2: Simulation Run1_K09: Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 10'000 years, and (b) 100'000 years.  
 

(a)

(b)
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Fig. 4.3-3: Simulation Run1: Time histories of pressure evolution in the repository caversn for 

(a) K09 configuration and (b) K04 configuration (lithostatic pressure: 12.25 MPa).  
 
  

(a)

(b)
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Run2: 
The effect of the fracture distribution in the Effingen Member is examined in Run2, which uses 
the same heterogeneous field as in Run1, but was overlain by the generated fracture distribution. 
The results for cavern configuration K09 are shown in Figures 4.3-4 and 4.3-5. The effect of the 
fracture pattern is indicated by the difference in the cone of depression that developed after 200 
years (Fig. 4.3-4a). After 1'000 years, the pressure buildup to approximately hydrostatic 
pressures is more uniform, showing only slight differences between the caverns (Fig. 4.3-4b). 
After 10'000 years, the effect of the fractures becomes more visible in both the distributions of 
pressures and gas saturations (Fig. 4.3-5a). After 100'000 years, the pressures declined and are 
more uniform, whereas the gas front extended farther into the host rock, showing preferenital 
migration paths through the fractures (Fig. 4.3-5b).  

 

 
Fig. 4.3-4: Simulation Run2_K09: Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 200 years, and (b) 1'000 years.  
 

(a)

(b)
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Fig. 4.3-5: Simulation Run2_K09: Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 10'00 years, and (b) 1000'000 years.  
 
  

(a)

(b)
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The time histories of pressure buildup show greater variability between the caverns, with peak 
pressures ranging between 7.0 and 8.5 MPa (Fig. 4.3-6a). The corresponding simulation for the 
K04 repository configuration, the pressure buildup is as high as 7.3 MPa, showing less 
variability between the different caverns (Fig. 4.3-6b). 
 

 
Fig. 4.3-6: Simulation Run2: Time histories of pressure evolution in the repository caversn for 

(a) K09 configuration and (b) K04 configuration (lithostatic pressure 12.25 MPa).  
  

(a)

(b)
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Runs 3 and 4:  
The results of simulations runs 3 and 4 are summarized in the pressure buildup curves shown in 
Figures 4.3-7 and 4.3-8, respectively. The results indicate similar pattern with a narrow range on 
peak pressures for the different repository configuration.  

 
 

 
Fig. 4.3-7: Simulation Run3: Time histories of pressure evolution in the repository caversn for 

(a) K09 configuration and (b) K04 configuration (lithostatic pressure 12.25 MPa).  
 
 

(a)

(b)
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Fig. 4.3-8: Simulation Run4: Time histories of pressure evolution in the repository caversn for 

(a) K09 configuration and (b) K04 configuration (lithostatic pressure 12.25 MPa).  
 
A comparison of the simulated pressure buildup of all simulations is shown in Figure 4.3-9 for 
the centre cavern. The comparison shows that the simulation case without fractures (Run1) 
shows the highest pressures which are between 1.0 and 1.5 MPa higher than the cases with 
fractures. Overall, the peak pressures are well below the lithostatic pressure of 12.25 MPa for 
the repository depth of 500 m. 

 

(b)

(a)
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Fig. 4.3-9: Simulation Runs 1-4: Comparison of time histories of pressure evolution in the 

centre repository caverns for K09 and K04 configurations (lithostatic pressure 
12.25 MPa).  

4.4 Helvetic Marl 
The L/ILW repository in the Wellenberg siting area is evaluated for different repository depths: 
(a) deep (200 m amsl), (b) middle (400 m amsl), and shallow (540 m amsl). For each repository 
configuration, ten simulations were performed implementing different realizations of 
permeability distributions described in Section 2.3.4 and 2.4.  

Deep_Run1:  
The results for cavern configuration K09 are shown in Figures 4.4-1 and 4.4-2. The hydrostatic 
pressure for the deep repository elevation is about 10.56 MPa at a depth of 1056 m bg. Starting 
from intitial conditions, represented by hydrostatic pressures in the formation and atmospheric 
pressures in the caverns, a cone of depression extended relatively far into the host rock after 
about 200 years with negligible gas pressure buildup associated with gas generation and 
resaturation in the cavern (Fig. 4.4-1a). After 1'000 years (Fig. 4.4-1b), the gas pressures in the 
cavern already increased to about 7.7 MPa, which is still below the initial hydrostatic in the host 
rock. The corresponding gas saturations indicate no gas migration into the surrounding 
formation, but significant resaturation of the high-permeability mortar from the bottom of the 
cavern. After 10'000 years, the gas and pressure buildup developed around the caverns in a 
distinct irregular pattern corresponding the the gas front. (Fig. 4.4-2a). After 100'000 years, the 
pressure and gas front extended farther into the host rock, showing only a small decline in the 
pressure in the repository. However, the gas front did not reach the top boundary of the model, 
and is still far away from the shallow higher permeability zone at the decompaction zone (Fig. 
4.4-2b). 

The time history of the simulated pressures in the three caverns indicate only small variations 
between the caverns. Peak pressures in K09 reached as high as 12.12 MPa after about 
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8'000 years (Fig. 4.4-3a). This is followed by a relatively small decline to about 11.25 MPa after 
10'000 years. The pressure buildup in the K04 cavern reached 11.6 MPa after about 
11'000 years, with only a minor decline to 11.2 MPa after 100'000 years. (Fig. 4.4-3b). 

 

 
Fig. 4.4-1: Simulation Run2_K09 (deep): Simulated distribution of pressures (left) and gas 

saturations (right) after (a) 200 years, and (b) 1'000 years.  
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Fig. 4.4-2: Simulation Run1_K09 (deep): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 200 years, and (b) 1'000 years.  
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Fig. 4.4-3: Simulation Run1 (deep): Time histories of pressure evolution in the repository 
caverns for (a) K09 configuration and (b) K04 configuration (lithostatic pressure 
26.1 MPa).  
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A comparison of the pressure buildup for the ten different realizations indicates some variation 
in the buildup curves (Fig. 4.4-4). Peak pressures vary between 12.2 and 12.9 MPa for K09 and 
between 11.7 and 12.2 MPa for K04. These are significantly below the lithostatic pressure of 
26.1 MPa at the repository depth of 1'065 m. 

 
 

 
Fig. 4.4-4: Simulation Runs 1-10 (deep): Comparison of time histories of pressure evolution in 

the centre repository caverns for K09 and K04 configurations. (lithostatic pressure 
26.1 MPa) 
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Middle_Run1: 
The results for cavern configuration K09 are shown in Figures 4.4-5 and 4.4-6. The hydrostatic 
pressure for the intermediate repository elevation corrresponds to 8.59 MPa at a depth of 865 m 
bg. The initial conditions correspond to hydrostatic formation pressures and atmospheric 
pressure in the caverns, introducing a cone of depression that extends into the host rock 
similarly to that observed in the deep Helvetic Marls. After 1'000 years, pressures in the caverns 
reach 8.0 MPa which is slightly lower than the hydrostatic pressure. Gas saturation indicate 
some accumulation of gas in the waste packages with the simultaneous re-saturation of the 
morter, while no gas migration is observed into the surrounding host-rcok. After 10'000 years, it 
is indicated that gas phase has migrated into the host-rock following the heterogeneity pattern 
with pressures reaching 9.8 MPa inside the emplacement cavern and locally in the surrounding 
host-rock. After 100’000 years, gas phase has migrated through the host rock approximately 100 
m above the emplacement caverns, whereas gas pressures have declined. 

The time history of simulated pressures in the three caverns is shown in Fig. 4.4-7. Peak 
pressures in K09 reach a maximum of 9.9 MPa after approximately 8'000 years, and then 
decline to 9.4 MPa after 17'000 years. On the other hand, pressures in the K04 cavern peak at 
9.5 MPa after about 8'000 years and decline slightly to 9.2 MPa after 15'000 years.  

The comparison of pressure buildup for the ten realizations shows only minor variations 
between the different pressure curves (Fig. 4.4-8). The peak pressures vary between 9.6 and 
10.2 MPa for K09, and between 9.2 and 9.7 MPa for K04. These are significantly lower than the 
lithostatic pressure of 21.2 MPa at the repository depth of 865 m.  
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Fig. 4.4-5: Simulation Run1_K09 (middle): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 200 years, and (b) 1'000 years.  
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Fig. 4.4-6: Simulation Run1_K09 (middle): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 10'000 years, and (b) 100'000 years.  
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Fig. 4.4-7: Simulation Run1 (middle): Time histories of pressure evolution in the repository 
caversn for (a) K09 configuration and (b) K04 configuration.  
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Fig. 4.4-8: Simulation Runs 1-10 (middle): Comparison of time histories of pressure evolution 

in the centre repository caverns for K09 and K04 configurations.  
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Shallow_Run1: 
The simulated gas saturations and pressures for cavern configuration K09 are shown in 
Figures 4.4-9 and 4.4-10. The initial pressures assigned to the model domain are hydrostatic 
distribution in the formation, corresponding to approximately 7.21 MPa at a depth of 725 m bg 
for the shallow repository, and atmospheric pressure in the emplacement caverns. After 
200 years, the host-rock surrounding the caverns is depressurized and without any significant 
pressure build-up in the caverns, similarly to the deep and intermediate repository depths (Fig. 
4.4-9). After 1'000 years (Fig. 4.4-9), the gas pressures in the cavern have increased to 6.0 MPa 
which is lower than the initial hydrostatic pressure in the surrounding host rock. After 10’000 
years, gas has migrated through the EDZ and into the surrounding host-rock, with the accosiated 
pressure buildup in the caverns reaching approximately 8.6 MPa. After 100’000 years, gas 
phase continues to migrate upwards through the host-rock while pressures in the caverns 
decline. 

The time history of simulated pressures in the three caverns indicates that peak pressures are 
somewhat higher in cavern K09 compared to cavern K04 (Figure 4.4-11). Peak pressures in 
K09 reach approximately 8.9 MPa after 5'000 years, and then decline to 8.0 MPa after 20'000 
years, whereas peak pressures in K04 reach 8.5 MPa after 8'000 years and decline to 8.0 MPa 
after 20'000 years. For both types of cavern pressures remain then practically constant through 
100’000 years. 

The comparison of pressure buildup between the ten realizations is shown in Fig. 4.4-12 for the 
central emplacement cavern in each case. The pressure curves show peak pressures that vary 
between 8.7 and 9.1 MPa for cavern K09, and between 8.2 and 8.6 MPa for K04. It is thus 
indicated that peak pressures are lower than the lithostatic pressure of 17.8 MPa at the 
repository depth of 725 m bg.  
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Fig. 4.4-9: Simulation Run1_K09 (shallow): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 200 years, and (b) 1'000 years.  
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Fig. 4.4-10: Simulation Run1_K09 (shallow): Simulated distribution of pressures (left) and gas 
saturations (right) after (a) 10'000 years, and (b) 100'000 years.  
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Fig. 4.4-11: Simulation Run1 (shallow): Time histories of pressure evolution in the repository 
caversn for (a) K09 configuration and (b) K04 configuration.  
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Fig. 4.4-12: Simulation Runs 1-10 (shallow): Comparison of time histories of pressure 

evolution in the centre repository caverns for K09 and K04 configurations.  
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5 Summary and Conclusions 
 
A two-dimensional model geometry of a generic L/ILW repository system was used for the 
simulation of the migration of waste-generated gas from the repository into the different host 
rocks, following the waste emplacement in partially saturated backfilled L/ILW caverns under 
initial atmospheric pressure conditions. The effect of limiting the gas flow in a 2D vertical cross 
section was evaluated by comparing the simulation results with those using the 3D numerical 
model for the L/ILW repository in the Opalinus Clay which was described in detail in 
Papafotiou & Senger (2014a). The comparison showed a significantly higher gas-pressure 
buildup in the 2D models, which neglect gas flow through the EGTS and the potential gas 
storage volume of the underground tunnel system. The 2D model results are therefore 
conservative with respect to the gas pressure buildup, which is an important concern for the 
long-term safety of an L/ILW repository. One the other hand, the potential effect of 
heterogeneity of the host rock can be evaluated in the 2D models, using finely discretized 
numerical grids. 

This study focuses on the assessment of the various host rocks at the different siting areas, 
which include the Opalinus Clay (at all the siting areas, except WLB), the 'Brown Dogger' at 
ZNO and NL, the Effingen Member at JS, and the Helvetic Marl at WLB. A comprehensive 
sensitivity study was performed to evaluate in detail the gas transport into the different host 
rocks.  

5.1 Pressure Buildup relative to Lithostatic Pressures 
In a first evaluation, the simulated gas pressure buildup in the repository is compared to the 
lithostatic pressure at the different repository depths for the different siting areas.  

Opalinus Clay:  

The L/ILW repository in the Opalinus Clay is assessed for two different depths, represented by 
hydraulic properties of the shallow and deep Opalinus Clay at 500-m and 700-m depth, 
respectively. The simulated pressure buildup relative to lithostatic pressure is shown in Figure 
5.1-1. The results indicate that the peak pressures occur at 65% of lithostatic pressure for the 
shallow repository and at 70% for the deep repository. For both cases the peak pressure is 
therefore below the potential onset of pathway dilation, which is assumed to occur at 80% of 
lithostatic pressure. 
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Fig. 5.1-1: Opalinus Clay: Simulated pressure buildup relative lithostatic pressure for 

repository depths of (a) shallow at 500 m, and (b) deep at 700 m.  

'Brown Dogger' 
The L/ILW repository in the 'Brown Dogger' is examined for two different siting areas NL and 
ZNO. The simulated pressure buildup simulations relative to lithostatic pressure are shown in 
Figure 5.1-2 and 5.1-3 for the two siting areas. The pressure buildup for the K04 repository 
configuration is lower than for the K09 configuration because of the lower number of LC1 
container per cross section. The repository depth at NL is at 650 m and the lithostatic pressure is 
15.9 MPa. The resulting pressure buildup peak at 76% lithostatic pressure (Fig. 5.1-2). At the 
ZNO siting area with a repository depth of 450 m and a corresponding lithostatic pressure of 11 
MPa, the peak pressure is at 99.5% lithostatic pressure (Fig. 5.1-3).  
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Fig. 5.1-2: BD Run 1 (NL): Time histories of pressure evolution in the repository caverns 

relative to the lithostatic pressure for K09 configuration and K04 configuration.  
 

 
Fig. 5.1-3: BD Run 2 (ZNO): Time histories of pressure evolution in the repository caverns 

relative to the lithostatic pressure for K09 configuration and K04 configuration.  
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Effingen Member 
The L/ILW repository in the Effingen Member is considered for the JS siting area only, at a 
depth of 500 m corresponding to a lithostatic pressure of 12.25 MPa. The simulated pressure 
buildup indicates significant variation in peak pressures between the different caverns and 
cavern configurations. The simulated peak pressures relative to lithostatic pressures range from 
59 to 72% (Fig. 5.1-4). The highest pressures are obtained for run1 accounting only for the 
heterogeneity of the different facies, without the overprint of the fracture network. 

 
Fig. 5.1-4: EFF Runs 1-4 (JS): Time histories of pressure evolution in the repository caverns 

relative to the lithostatic pressure for K09 configuration and K04 configuration.  

Helvetic Marls 
The L/ILW repository in the Helvetic Marls at the Wellenberg siting area is evaluated for 
elevations of 200, 400, and 540 m asl., which correspond to approximate depths of 1065 m, 
865 m, and 725 m, respectively. The expected lithostatic pressures at these depths range 
between 26.1 and 17.8 MPa. The simulated pressure buildup relative to the lithostatic pressures 
for the different repository depths are summarized in Figure 5.1-5. The results indicate peak 
pressures of maximum 60% lithostatic pressures. Except for the deep repository, peak pressures 
barely exceed 40%, corresponding to the hydrostatic pressure at that depth. Only the simulations 
for the deep repository indicates higher pressure ratio indicating that even after 100'000 years 
the gas did not migrate into the higher permeable decompaction zone. 
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Fig. 5.1-5: HM Runs 1 (WLB): Time histories of pressure evolution in the repository caverns 

relative to the lithostatic pressure for K09 (left) and K04 (right) for different 
depths: 1. Deep (top), 2. Middle (middle), and 3. Shallow (bottom).  
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5.2 Effects of Heterogeneity of the different Host Rocks  
For the Opalinus Clay the effects of heterogeneity on gas migration through the host rock and 
associated pressure buildup are considered small. The characterization of heterogeneity in the 
Opalinus Clay and associated gas migration through the host rock has been examined as part of 
the sensitivity simulations on the HLW repository (Papafotiou & Senger 2014b) and is not 
considered in this study.  

For the 'Brown Dogger', different realizations of stochastic property distributions were 
generated. Overall, the results indicate relatively small variations in simulated pressure buildup 
in the different caverns. Moreover, assuming homogeneous properties for the main facies 
(KMA, and SKA) produced very similar results as those assuming heterogeneous properties of 
the different facies. This is shown Figure 5.2-1, where the simulated pressure buildup curves of 
all simulations for the ZNO siting area are combined. For these simulations, the heterogeneous 
permeability distribution was scaled such that the geometric mean permeability corresponds to 
the reference permeabilities for the main facies KMA and SKA, given in Table 2.3-3. 

 
 

  

Fig. 5.2-1: BD Runs (ZNO): Time histories of pressure evolution in the repository caverns 
relative to the lithostatic pressure for K09 (left) and K04 (right).  

 
The heterogeneous distributions of porosity and permeability used in the stochastic simulations 
were derived from the geophysical log data from the Benken borehole. As discussed in 
Section 3.3 above, these permeabilties do not explicitely account for the calcareous sequences 
within the KMA facies nor explicit fractures within the SKA facies. Instead the Kozeny-Carman 
relation was used to estimate permeability from porosity, which typically overestimates 
permeability. One alternative that was applied used the original permeability distributions for 
which the resulting geometric mean permeability of the uppermost KMA facies (TA-1) is about 
2.E-19 m2 that is significantly greater than the reference value of 1.E-20 m2 given in Tab. 2.3-3. 

Another alternative was used to account for the effect of higher permeability associated with the 
smaller calcareous layers in the KMA facies which are not explicitly accounted for in the 
numerical model (Fig. 3.2-2). For this, the permeability distribution was scaled to increase the 
geometric average from 1.E-20 m2 to 5.E-20 m2. For these two cases the simulated pressure 
buildup are significantly reduced from 100% lithostatic to 60% and 80%, respectively 
(Fig. 5.2-2).  
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Fig. 5.2-2: BD Runs (ZNO): Time histories of pressure evolution in the repository caverns 
relative to the lithostatic pressure for (left) original permeability distribution based 
on the geophysical log data from the Benken borehole, and (right) accounting for 
fractured Kalkbänke in the KMA facies assuming an increase in the reference 
permeability to 5.E-20 m2. 

 
For the Effingen Member, the heterogeneity is mostly controlled by the fracture distribution as 
indicated in Figure 3.3-5. The different simulations show large variations in pressure buildup 
curves (Fig. 5.1-4), both between the three caverns and between the K04 and K09 cavern 
configurations. Typically, the pressure buildup in the K09 cavern is significantly greater than 
for the K04 cavern. However for run 4 the peak pressures in K04 and K09 are nearly the same, 
indicating the effect of near field fractures (or absence of it) which is excluded in the 
K09 cavern because of the larger cross-sectional area than the K04 cavern.  

For the Helvetic Marl, the implemented heterogeneity (Fig. 3.3-9) indicate a distict depth trend 
for the shallow depth associated with the transition to the higher-permeable decompaction zone. 
For the middle and deep depths, the permeability distribution are more uniform with depth with 
increased distance to the decompaction zone. The simulated pressure buildup curves (Fig. 5.1-5) 
for the different realizations of permeability fields show little variations for the specific 
repository depths. The overall pattern is largely controlled by the distance to the decompaction 
zone.  

5.3 Concluding Remarks  
The sensitivity study with the 2-D model of a generic L/ILW repository for the different host 
rocks at the various siting areas shows typically low to moderate pressure buildup in the 
repository caverns. The exception is for the K09 configuration in the 'Brown Dogger' at ZNO 
for which the peak pressures relative to the lithostatic pressure reached near 100%. For the 
'Brown Bogger', the reference permeability of the KMA facies is relatively low and does not 
account for potential enhanced permeability associated with the fractured calcareous layers, 
which are not explicitly accounted for in the numerical model. Taking those into account by 
scaling the permeability distribution to overall higer permeability significantly reduces the peak 
pressure to 80% and 60%, respectively.  
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In comparison, the peak pressures for the Opalinus Clay reached 65 to 70% of lithostatic 
pressure and for the Effingen Member, the peak pressure reached 72% for the case without 
fractures. For the Helvetic Marls, the simulations indicate only a significant pressure buildup in 
excess of hydrostatic pressure for the deep repository. In that case, the cavern pressure remained 
high (> 40% lithostatic) after 10'000 years because the gas front did not reach higher permeable 
decompation zone at shallow depth. 

Overall, the 2D simulations are considered conservative with respect to the pressure buildup in 
the L/ILW repository, since the 2D model geometry does not account for the flow path of 
waste-generated gas through the tunnels and seals of the EGTS and for the gas storage volume 
of the backfilled underground structures. 
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