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Abstract
The present study provides an assessment of reactions that result in a gas pressure reduction –
also called gas sinks – in a generic deep geological repository for low- and intermediate-level
waste in Opalinus Clay. Both chemical reactions and microbial activity may contribute to or
reduce gas pressure build-up. A complete synopsis is given, comprising the current state of
chemical, microbial and geoscientific understanding of gas generation and consumption in a
L/ILW repository.
The degradation of organic materials (by both microbial and chemical reactions) and the anoxic
corrosion of metals will generate various gaseous products such as hydrogen, carbon dioxide,
methane, hydrogen sulphide and ammonia. Some of these gas species are expected to further
react with materials present at the point of origin. More particularly, carbon dioxide and
hydrogen sulphide are expected to react entirely with e.g. cement, water or iron. Thus, they do
not contribute to a gas pressure build-up in the repository. The remaining gas species – mainly
hydrogen, methane and small amounts of ammonia – are assumed not to react at the point of
origin and can thus contribute to gas pressure build-up.
Gas pressure build-up in the L/ILW emplacement caverns will result in gas migrating through
the gas permeable seals and through the excavation-damaged zone to reach the operational and
construction tunnels where microorganisms may utilise the gas and thus reduce gas pressure
build-up. In order to allow bacteria to thrive over longer periods, the backfill material of the
operational tunnel needs to have sufficient porosity and a porewater composition for favourable
living conditions. Experimental findings at the Mont Terri underground rock laboratory show
that bacteria found in borehole water are efficient at oxidising hydrogen as long as sulphate is
present in the borehole water.
Examples from nature and engineered underground structures provide supporting evidence that
these assumptions are reasonable. These analogues show that microbial activity in the subsurface can take place over long periods (hundreds to thousands of years) and at a large scale
(millions of cubic metres of gas converted).
For assessing the potential impact of gas sinks on the gas pressure development, mass balance
calculations were carried out and transport models run. The results show that the transport of
sulphate from the host rock to the various backfilled tunnels is a limiting factor in the conversion of the hydrogen. If, on the other hand, the backfill is an additional source of sulphate (e.g.
due to the addition of gypsum), then microorganisms can utilise it and impact the gas pressure
build-up accordingly.
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II

Zusammenfassung
Die vorliegende Studie befasst sich mit den Prozessen, die zu einer Reduktion des Gasdrucks in
einem generischen geologischen Tiefenlager für schwach- und mittelaktive Abfälle (SMA) im
Opalinuston beitragen. Solche Vorgänge werden auch als Gassenken bezeichnet. Sowohl chemische wie auch biologische Prozesse können zur Gasbildung führen resp. als Gassenken wirken.
Dieser Bericht enthält eine Zusammenfassung des heutigen Verständnisses bezüglich chemischer, biologischer und geologischer Prozesse, die gasbildend oder -senkend sind und die sich in
einem geologischen Tiefenlager für schwach- und mittelaktive Abfälle abspielen.
Der Abbau von organischem Material (durch mikrobiologische und chemische Prozesse) und
die anaerobe Korrosion von Metallen in einem geologischen Tiefenlager führen zur Bildung von
verschiedenen Gasen, u.a. Wasserstoff, Kohlenstoffdioxid, Methan, Schwefelwasserstoff und
Ammonium. Einige dieser Gase reagieren unmittelbar am Ort ihrer Entstehung. So wird beispielsweise erwartet, dass Kohlenstoffdioxid und Schwefelwasserstoff vollständig mit dem
Zement, dem Porenwasser oder mit Eisenmetall reagieren. Damit tragen sie nicht zum Gasdruckaufbau im Tiefenlager bei. Andere Gase, vor allem Wasserstoff und Methan und in
kleinem Mass Ammonium, reagieren hingegen nicht am Ort ihrer Entstehung. Diese tragen
deshalb zum Gasdruckaufbau im Tiefenlager bei.
Ein erhöhter Gasdruck in den Lagerkavernen führt zur Migration von Gas durch die gasdurchlässigen Versiegelungsstrecken und Auflockerungszonen. Erreicht das Gas die Bau- und
Betriebstunnel, können Mikroorganismen Gas zehren, wodurch der Gasdruck gesenkt wird.
Damit Mikroorganismen über eine lange Zeit aktiv sein können, muss das Verfüllmaterial der
Bau- und Betriebstunnel neben einem ausreichend grossen Porenraum auch günstigen Lebensraum aufweisen. Studien aus dem Felslabor Mont Terri zeigen, dass Bakterien in der Lage sind,
Wasserstoff effizient umzusetzen, solange Sulfat im Porenwasser vorhanden ist.
Beispiele aus der Natur und aus Untertagebauwerken stützen die Annahme, dass mikrobielle
Aktivitäten über lange Zeit andauern können (hunderte bis tausende von Jahren) und dabei
grosse Gasmengen umsetzen können (Millionen von Kubikmetern).
Um das Potenzial dieser Gassenken abschätzen zu können, wurden Massenbilanzierungen und
gekoppelte Transportrechnungen durchgeführt. Daraus geht hervor, dass der Transport von
gelöstem Sulfat aus dem Wirtgestein in die verfüllten Bau- und Betriebstunnel einen limitierenden Faktor bei der mikrobiellen Umsetzung von Wasserstoffgas darstellt. Würde dem Verfüllmaterial zusätzliches Sulfat beigemischt (z.B. in Form von Gips), so würde kontinuierlich
Wasserstoff umgesetzt, wodurch der Gasdruck im Tiefenlager sinken würde.
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Résumé
La présente étude propose une évaluation des processus entrainant une réduction de la pression
des gaz dans un dépôt géologique profond générique implanté dans l’Argile à Opalinus et
destiné au stockage des déchets de faible et moyenne activité (DFMA). Les réactions chimiques
et les processus biologiques sont deux facteurs susceptibles d’augmenter la pression des gaz ou
au contraire de la réduire. Un synopsis complet est fourni afin de présenter la compréhension
actuelle des phénomènes chimiques, microbiens et géologiques associés à la génération et la
consommation de gaz dans un dépôt pour DFMA.
La dégradation de matériaux organiques (par l'activité microbienne et les réactions chimiques)
et la corrosion des métaux en milieu anoxique génèrent divers gaz, tels que l'hydrogène, le
dioxyde de carbone, le méthane, le sulfure d'hydrogène et l'ammoniac. Certains de ces gaz réagissent avec les matériaux présents au niveau de leur point d'émission. On suppose en particulier
que le dioxyde de carbone et le sulfure d'hydrogène réagissent entièrement avec le ciment, l'eau
ou le fer, ce qui n’entraine par conséquent aucune augmentation de pression des gaz dans le
dépôt. Les autres gaz générés (principalement l'hydrogène, le méthane et, dans une proportion
moindre, l'ammoniac) ne réagissent pas au niveau de leur point d'émission et peuvent ainsi contribuer à l'augmentation de pression.
L'augmentation de la pression gazeuse dans les cavernes de stockage des déchets FMA entraine
la migration des gaz au travers des dispositifs de scellement (perméables aux gaz) et de la zone
perturbée mécaniquement. Lorsqu’ils atteignent les tunnels d'exploitation et de construction, les
gaz peuvent être consommés par les microorganismes, ce qui entraine une baisse de pression.
Afin de permettre la prolifération des microorganismes sur le long terme, le matériau de comblement du tunnel d'exploitation doit présenter une porosité suffisante et une eau interstitielle
favorable au développement de la vie. Les découvertes expérimentales réalisées au laboratoire
souterrain du Mont Terri montrent que les bactéries trouvées dans l'eau des forages sont en
mesure de transformer efficacement l'hydrogène, pour autant que cette eau contienne des
sulfates.
La plausibilité de ces suppositions est confirmée par des exemples probatoires tirés de structures
souterraines naturelles et techniques. Ces exemples indiquent que l'activité microbienne souterraine peut se produire sur le très long terme (plusieurs centaines ou milliers d’années) et à
grande échelle (millions de mètres cube de gaz transformé).
Des bilans de masses et modèles de transport ont permis d'évaluer l'impact potentiel des
réactions de consommation des gaz sur l'augmentation de la pression gazeuse. Les résultats
indiquent que le transport de sulfates entre la roche d'accueil et les différents tunnels une fois
comblés limite la conversion microbienne de l'hydrogène. Si, en revanche, le matériau de comblement s'avère être une source supplémentaire de sulfates (par ajout de gypse, par exemple), les
microorganismes peuvent alors l'utiliser, ce qui entraine une baisse de pression.
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Introduction

In Switzerland, the Nuclear Energy Act requires the disposal of all types of radioactive waste in
deep geological repositories (DGRs) (KEG 2003). The Swiss radioactive waste management
programme (Nagra 2016) foresees two types of repositories: a repository for spent fuel (SF)
vitrified high-level waste (HLW) and long-lived intermediate-level waste (ILW) and a repository for low- and intermediate-level waste (L/ILW). There is also an option to construct a HLW
and L/ILW repository at the same site, i.e. a so-called combined repository.
In a geological repository for L/ILW, significant quantities of gases may be generated as a result
of various processes, mainly comprising anaerobic corrosion of metals and degradation of
organic compounds by microbial and chemical processes (Poller et al. 2016), with hydrogen,
carbon dioxide and methane being the most important gases generated. The potential impact of
gas generation, accumulation and migration on the long term performance of engineered and
natural barriers in a DGR for L/ILW needs to be assessed in order to ensure that gas generation
does not compromise post-closure safety of the repository (Diomidis et al. 2016).
The motivation for this report can be found in the context of the regulatory guideline G03
(ENSI 2009) that states: Safety assessment as part of a safety case needs to include: Description
of the expected evolution of the materials in the repository, including the radioactive waste and
the engineered and natural barriers. The description has to take into account possible mutual
influences of the different materials. The general advice in ENSI (2009) requires further that the
gas pressure evolution be monitored in the pilot facility and that safety analyses include the description of the evolution of the engineered barriers.
More generally, the need to assess the consequences of gas generation also arises from the
general principle of optimisation, which requires that for every step in realising the repository,
various alternatives and their significance for long-term safety have to be considered qualitatively for each safety-relevant decision and a decision shall be made that is, overall, favourable
for safety (ENSI 2009).
The layout of a Swiss L/ILW repository includes an Engineered Gas Transport System (EGTS),
specifically designed to allow the release of gas from the emplacement caverns, thus limiting
gas pressure build-up in the repository (Nagra 2008). Furthermore, as described in Nagra
(2008), the excavation-damaged zone (EDZ) around the sealing sections can play a significant
role in the release of gas from the emplacement caverns. Gas and liquid pressure increase will
occur over time, causing a decrease in the effective stress in the host rock and the EDZ. This can
lead to localised deformation and to changes in pore volume by the re-opening of pre-existing
but sealed fractures or by the creation of new pathways (pathway dilation) for the generated gas
through the EDZ or the previously unperturbed host rock.
To examine whether irreversible and safety-relevant damage to the host rock resulting from gas
pressure build-up could occur in practice, numerical modelling studies have been conducted that
examine the evolution of gas pressure in an L/ILW repository (Diomidis et al. 2016, Nagra
2008, Leupin et al. 2016).
The present study provides in the context of the support to the overall report (Diomidis et al.
2016) a comprehensive assessment of potential gas pressure reduction processes, also called
sinks, which can occur in a generic DGR for L/ILW in Opalinus Clay, assuming a repository
depth of about 550 m below the surface. Both chemical reactions and microbial activity may
reduce gas pressure build-up. A complete synopsis is given, comprising the state of chemical,
microbial and geoscientific understanding of gas generation and consumption in and around a
L/ILW repository.
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1.1

2

Objective of this report

Anaerobic corrosion and degradation of the waste materials in the emplacement caverns of an
L/ILW repository are associated with the formation and accumulation of a free gas phase and
the build-up of gas pressure in the backfilled repository structures. Past studies (e.g. Papafotiou
& Senger 2016) have used 3D models of a generic L/ILW repository system for the simulation
of gas release through the host rock and along the backfilled underground structures to show
that the performance of the engineered and geological barriers is not affected significantly by
gas pressure build-up. In this study, the potential of chemical and biological sinks to further
reduce gas pressure build-up is investigated (Fig. 1-1). The main objectives of the present report
are to support the overall report (Diomidis et al. 2016) with the:


Evaluation of the impact of potential chemical and biological sinks on gas pressure build-up
in a L/ILW repository.



Assessment of the response of gas pressure build-up to microbial hydrogen and methane
oxidation processes.
Metals

Organics

Geochemical conditions
(Eh, pH, aw)

Geochemical conditions
(Eh, pH, aw)

Inventory

Inventory

Corrosion rate

Degradation rate
H2

H2, CO2, CH4

Gas generation rates
CO2: Carbonation of cement
Gas transport
Repository layout
(EGTS, volume, backfill etc.)
Microbial activity
Gas pressure buildup

Fig. 1-1:

H2 sinks: microbial oxidation of H2
production and sink of CH4
production of CO2

Schematic illustration of processes leading to gas pressure build-up caused by
corrosion and degradation of waste materials and processes that reduce pressure
build-up.
The red lines show chemical, biological and engineered processes that may lower gas
pressure build-up, the latter by for instance reducing the amount of organics in the waste
(by plasma treatment) or by delaying corrosion through melting down the metallic components in the waste. (aw relates to the water activity).

3
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Report outline

This report provides a sensitivity analysis of potential chemical and biological sinks for a
geological repository for L/ILW in Opalinus Clay at 550 m depth.
Chapter 2 is dedicated to the description of the L/ILW repository, including the waste inventory
and gas production processes. The layout of the repository is presented and an overview of the
relevant boundary conditions and confining units is given. The main repository components
comprising the EGTS are described at an appropriate level of detail. A simplified timeline of the
evolution and resaturation with a phenomenological process description is given. This chapter
also provides a detailed assessment of the boundary conditions of a L/ILW repository with
respect to microbial activity.
Chapter 3 provides an assessment of chemical and biological sources for repository gases.
Chapter 4 provides a phenomenological description of gas sinks in a L/ILW repository.
Chapter 5 provides a quantitative assessment of the processes described in Chapters 3 and 4
using a simple mass balance approach. Solute transport and a 3D two-phase model provides a
compehensive picture for the potential of chemical and biological sinks to reduce the gas
pressure build-up in a repository.
Chapter 6 provides a summary of the repository design measures for further reducing the gas
pressure build-up and draws the final safety-relevant conclusions based on the simulation
results.
Chapter 7 gives an overview and the main conclusions of the report.

5

2

Description of the L/ILW repository

2.1

Layout of the L/ILW repository
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The conceptual outline of the DGR for L/ILW is shown in Fig. 2-1. The repository will be
placed at a suitable depth (between 200 and 800 m below the surface) in Opalinus Clay as proposed in Nagra (2014a).
The safety concept for the planned repository is described in Nagra (2016) and is based on a
multibarrier system as shown in Fig. 2-2. The barrier elements in the case of L/ILW are the
waste matrix, the disposal container, the mortar backfill in the emplacement tunnels, the backfilling and sealing materials in the underground structures, the host rock and any confining rock
units.

2.2

Components of the repository system

Fig. 2-1 presents a schematic view of a generic layout of a L/ILW repository, displaying the
main elements of the underground structures, including the access ramp and shafts, the
operational and access tunnels, the pilot facility, the facility for underground geological investigations, the sealing sections and the emplacement caverns. The generic layout was adapted to
the geological conditions in the proposed siting regions (Nagra 2014a), 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 respect to the
relevant state variables (i.e. stress state, head distribution).
L/ILW will be classified into two waste groups according to chemical properties related to
radionuclide retention characteristics (Schwyn 2008 and Cloet et al. 2014a). The reference
length of the L/ILW emplacement caverns is set to 200 m. According to the base scenario of the
model waste inventory MIRAM 14 (Nagra 2014b) and the corresponding waste allocation, the
total number of L/ILW emplacement caverns is 9. The number of emplacement caverns assumes
that the emplacement cavern type is K09 (see Fig. 2-3) and that the average waste emplacement
density is 55 m3/m. A first rough approximation is that waste group 1 (also called "AG 1"
elsewhere) fills 7 emplacement caverns, and waste group 2 (also called "AG 2" elsewhere) fills
about 2 emplacement caverns. Currently, there is no requirement with regard to the location of
these emplacement caverns within the L/ILW repository. The different barrier components
contributing to respository safety are shown and described in Fig. 2-2.
Specific components of the repository system that are of special relevance for the assessment of
gas release are described in the subsequent sections of this chapter.
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Fig. 2-1:

6

Conceptual outline of the deep geological repository for L/ILW (Nagra 2016).
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Safety barrier system for L/ILW
Waste matrix (various materials)
• Fixation of radionuclides in the waste matrix
• Slow degradation rate of the waste matrix

Waste container and disposal container
• Containment of the waste for about one hundred years
• Thereafter: Restricted water inflow and retention of
radionuclides (sorption on container materials and
corrosion products)

Backfill (cement mortar)
• Suitable interface between disposal containers and the host
rock
• Favourable radionuclide retention properties
• Favourable conditions for long-term stability of the disposal
containers

Host rock
• Low groundwater flow rate
• Favourable structure of the pore space
• Favourable geochemical conditions for radionuclide
retention
• Favourable conditions for long-term stability of the engineered
barriers

• Favourable host rock configuration for arrangement of the
disposal caverns
• Favourable conditions for long-term stability of the barrier
system
• Absence of raw materials deposits that would be workable in
the foreseeable future

Geosphere

Geological situation

Placement of disposal caverns deep underground
• Isolation of the waste
• Prevention of unwanted access
• Protection from inadvertent intrusion
• Protection from natural events and processes at the surface

Fig. 2-2:

Host rock

Deep geological repository

The different safety barriers in the Swiss L/ILW repository (Nagra 2016).
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Emplacement caverns
Section 5.2.1 in Nagra (2010) gives an overview of the possible types of L/ILW emplacement
tunnels. The use of a specific tunnel type depends on the mechanical properties of the host rock
and the overburden at a specific site. The considerations and calculations in this report are based
on tunnels of type K09 as shown in Fig. 2-3.

Excavated Cross Section:
Outer Circumference:

123.6 m2
41.3 m

Lining

Mortar

13.2 m

Concrete

Mortar
Mortar
Concrete
Mortar

Waste

Filling Concrete

11.0 m

Fig. 2-3:

Planned emplacement cavern for L/ILW waste (after Leupin et al. 2016).

Access tunnel and shaft
The access tunnel provides the connection between the surface installations and the emplacement caverns. According to Nagra (2016), the tunnel will have a clearance cross-section of
approximately 31.8 m2 corresponding to an excavated cross-sectional area of approximately
42.2 m2. The overall length is assumed to be 2.4 km. After completion of the filling of the
repository, the access tunnels and shafts will be backfilled and sealed, as prescribed by law.
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Backfilling and sealing
The voids between the drums in each disposal container will be backfilled with a mortar of
monograin aggregate (Jacobs et al. 1994). After emplacement of the containers in the emplacement room is complete, the void space between the waste containers and tunnel lining, as well
as the transfer and unloading area, will be backfilled with the same mortar and hardened cement
paste (Jacobs et al. 1994). The monograin backfill is the most permeable component of the
engineered barrier system, providing a large pore space (porosity  0.24). The backfill mortar is
designed to contain an accessible volume for the gas formed in the emplacement tunnel and to
ensure mechanical stability by filling the voids between the waste containers. Each tunnel is
sealed with a concrete plug. A schematic view of the backfilled system is shown in Fig. 2-4.

Emplacement caverns

Transfer- Unloadingarea
area

Disposal container
Mortar

Fig. 2-4:

Mortar

Concrete
plug

Branch tunnel

Backfilled
operational
tunnel

Excavated material

Longitudinal section of a L/ILW emplacement tunnel after closure (Nagra 2016).

Heterogeneity of the waste matrix
More than 200 different materials (metals, organic and inorganic compounds) present in the
different waste types have been listed within the framework of the Swiss disposal programme in
Nagra (2014c). A few of the materials are present in many waste types (e.g. cement for solidification, steel), while others are found only in a few waste types (e.g. magnesium, graphite).
Many of the materials are expected to take part in chemical reactions (e.g. corrosion of metals,
degradation of organic compounds, etc.). Others will remain virtually unchanged over geological timescales (e.g. graphite). Furthermore, some of the materials or their degradation products
may react with the cement paste in the near-field and thus influence its barrier function, while
others are expected to have no significant impact on the near-field. The influence of individual
classes of materials, such as metals or organic compounds, on the long-term performance of the
near-field can be assessed based on expected chemical transformation processes and on the
evaluation of possible interactions between the materials or their degradation products and
cement paste. An overview of the organic compounds in the waste matrix is given in Fig. 2-5.
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Diethanolamine 2%
Rubber 2%
Cellulose 2%
Polyester 4%

Plexiglas (PMMA) 1%
Rest 1%

Polystyrene 4%
Plastics 5%

PVC 26%

low molecular
weight organics
5%
Bitumen 10%
Cation exchange
resin 23%
Anion exchange
resin 15%

Fig. 2-5:

Percentages of various organic waste components in a Swiss L/ILW repository
based on Nagra (2014c).

Repository operation and closure
An overview of the concepts for repository operation and closure is given in Nagra (2016). In
summary, after an individual emplacement cavern is filled with waste packages, it is backfilled
with mortar. The direct access to the tunnel is plugged with concrete at the tunnel entrance.
Once waste emplacement in all the tunnels has been completed, the operational and access
tunnels are backfilled with a sand/bentonite mixture. A concrete plug separates the backfilled
underground facilities from the shaft, the pilot facility and the test areas. This part of the
repository stays open during a monitoring phase. After the end of the monitoring period, all
underground facilities will be backfilled and sealed.
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Evolution of the repository

Internal concrete degradation
Cement – waste interactions
Mineral precipitation/dissolution with porosity changes
Waste degradation
Cement – clay interactions
+T 6 °C
Rock recompaction
10

100

1'000

Sw < 0.5

Sw < 1.0

10'000

100'000

Rel. cum. gas production

Rel. gas production rate

A schematic overview of the repository evolution (Fig. 2-6) shows the qualitative evolution and
the expected sequence of the repository-induced effects. More details are given in the following
sections. The scale of the time axis illustrates the different processes that are expected to occur.
More details of the processes mentioned below can be found in Leupin et al. (2016).

Time [a]

Fig. 2-6:

Expected duration and intensity of the different repository-induced effects in a
qualitative manner.
The vertical red line indicates repository closure after approximately 100 years and Sw
stands for the expected degree of saturation in the emplacement cavern.

100's of years
During this period, the most important process affecting near-field evolution is saturation of the
concrete and cementitious grouts with porewater migrating inwards from the host rock (Nagra
2008). This process initiates dissolution of solids such as portlandite and C-S-H gel in the
cementitious components, together with potential precipitation of ettringite, through reaction
with dissolved sulphate and aluminium ions in the rock porewater. Although dissolution of
primary cement minerals would increase the porosity, the molar volume of ettringite (710 cm3)
compared with portlandite (33.06 cm3) is such that a net porosity decrease is likely in cement
grouts and concrete during this phase of repository evolution (Leupin et al. 2016).
Cracking of cement grouts and mortars is expected to occur during the early post-closure period,
predominantly through the hydration of cements and also as a result of mechanical stresses from
the thermal expansion of EBS materials, and mineral transformations.
Although the engineered barriers are expected to degrade slowly as a result of interaction with
the rock porewater and with each other, they are expected to remain sufficiently intact that they
will be able to perform their intended safety functions fully. Throughout this period, the nearfield porewater is expected to be conditioned to a high pH (> 12) due to the dissolution of
components in the near-field cementitious materials. Cracking of grouts and mortars is not
expected to have a significant impact on the overall performance of the cementitious barriers
(Kosakowski et al. 2014).
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Redox processes will be dominated initially by the consumption of oxygen in entrapped air
through the corrosion of steel waste packages and engineered structures such as rock bolts.
Microbial consumption of O2 is not expected to be significant in the near-field, which is dominated by concrete and cementitious grouts, due to the very high pH of this environment.
Goethite is a likely product of aerobic steel corrosion, which can only take place during the first
few hundred years, when residual amounts of oxygen are probably available (Leygraf &
Graedel 2000):
0.75

0.5

O → goethite FeOOH

The production of goethite from steel will be based on the Pilling-Bedworth1 ratio increase by
300 % of molar volume, leading to cracking of grout around the waste packages and in shotcrete. Many radionuclides sorb strongly on iron oxyhydroxide minerals and, therefore, their
formation is beneficial from the viewpoint of radionuclide retardation.
With time, all oxygen will be consumed and steel will corrode anaerobically, leading to the
production of hydrogen through the dissociation of water:
2

→

2

Overall, therefore, this period of evolution is characterised by initial consumption of oxygen
from porewater through steel corrosion reactions, followed by gas (hydrogen) generation
through anaerobic corrosion of steel. There may be small increases in the volume of cement
grouts and concretes, with a more substantial expansion of steel due to the corrosion, potentially
leading to cracking of grouts/mortars.
Organic materials within the waste packages will begin to degrade by chemical, microbiological
and radiolytic processes before the repository is closed and sealed. Degradation is expected to
continue at a slow rate for many years after closure and will lead to the production of gases, the
production of radionuclide-complexing agents such as isosaccharinic acid, and the presence of
EDTA, NTA or cyanide released from the waste packages.
Superplasticizers in the concrete and cementitious grouts would be an additional source of
organics. Superplasticizers could, in principle, be degraded by microbes to form gases such as
CO2 and perhaps CH4, but degradation rates are expected to be very low, likely as a result of the
high pH imposed by cementitious materials (Stroes-Gascoyne & Hamon 2013).
Nevertheless, because of the expected slow steel corrosion rates, there will be a high degree of
physical containment of radionuclides resulting from the waste containers maintaining their
mechanical integrity over many hundreds of years. The barriers are expected to remain sufficiently intact, allowing them to fully perform their intended safety functions. The majority of
the degradation reactions that affect the engineered barriers are water-mediated. Limiting the
water influx thus limits both the rate of barrier degradation and the rate at which dissolved
contaminants can be transported away from the waste packages.

1

The Pilling-Bedworth ratio, in terms of metal corrosion, is the ratio of elementary cell volume of metal oxide to
the elementary cell volume of the equivalent metal where the oxide has been created.
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1'000 – 10'000 years
During this period of evolution, the near-field is expected to be characterised by equilibration of
the porewater to high pH (pH = 12.5) due to dissolution of portlandite and C-S-H gel from
cement, together with chemically reducing conditions (Eh = -450 mV at pH =12.5) due to the
continuing anaerobic corrosion of the steel waste packages and engineered structures (Nagra
2014a).
Magnetite will form directly from steel corrosion (adapated from previous equation):
3

4

→

4

During this phase, H2(aq) is expected to be generated and will accumulate in aqueous solution
until it reaches its solubility limit. Once reached, H2(g) escapes from the system and redox
conditions stabilise. Based on the Pilling-Bedworth ratio, there is a 110 % increase in solid
molar volume for the conversion of steel (Fe) to magnetite, which means that a continued
expansion of corrosion products will further decrease porosity, potentially inducing cracking of
grouts and mortars. Despite these changes in total material volumes, the net gas storage volume
in the pore space is not significantly reduced.
Other near-field materials may take part in redox-buffering reactions (e.g. blast furnace slag in
cementitious grouts; degradation of organic materials in waste packages; degradation of superplasticizers in cementitious materials) and reactions with these materials also tend to buffer low
porewater redox potentials. Microbially mediated reactions may also influence redox conditions
(although the high pH may reduce the rate of microbial activity) and, again, these reactions tend
to drive the system towards chemically reducing conditions.
Significant volumes of gas (mostly hydrogen, but also some methane and carbon dioxide) may
be generated in the near-field from the corrosion of the various steel components and the
degradation of organic materials in the waste. However, the gas generation rate may be limited
by the availability of water (corrosion) and the high pH (microbial reactions). Carbon dioxide is
expected to either dissolve or react with the cementitious grouts and mortars. Other gases are
likely to accumulate in the near-field, within pore spaces in the grout, initially dissolved in
porewater and then as a free gas phase as the concentration increases above the solubility limit.
Gas migration through the host rock via diffusion is relatively slow, so it is expected that some
pressurisation in the near-field will occur as a free gas phase develops, but the high porosity
backfill is designed to mitigate the localised build-up of excessive gas pressures and seals will
allow passage of gas while restricting flow of water.
Organic materials such as cellulose, halogenated and non-halogenated plastics, ion-exchange
resins and rubber will be present in the wastes. These materials will degrade over time to produce a range of degradation products, some of which might form aqueous complexes with
radionuclides in the waste. The formation of such complexes can stabilise radionuclides in
solution, causing an increase in solubility and a reduction in sorption. Cellulose contained in the
waste will degrade to a range of water-soluble cellulose degradation products, the most important of which is isosaccharinic acid (ISA). Although ISA can increase actinide solubility by
many orders of magnitude relative to the situation where ISA is absent, over time the concentrations of organic complexants in the waste will be reduced by chemical, radiolytical or
microbial degradation as well as by processes such as dilution or sorption (Glaus & Van Loon
2004).
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Continued steel corrosion will eventually lead to the penetration of waste containers (including
ingrowth), but radioactive decay will contribute to a decreasing inventory of radionuclides in the
waste packages.

> 10'000 years
During this period of evolution, the near-field is characterised by long-term chemical conditioning (pH and redox) of porewater and slow mineralisation (ageing) reactions in the cement
grouts and mortars that will effectively prevent significant migration of the radionuclides
through solubility limitation, precipitation, co-precipitation and sorption.
The pH will slowly decrease from 12.5 to 10 through incongruent (non-stoichiometric) dissolution of C-S-H gel of cement grouts and mortars. Other (mineralisation) reactions occurring
include (Kosakowski et al. 2014):


Carbonation through reaction with dissolved bicarbonate ions in porewater and through the
generation of carbon dioxide gas arising from the microbial degradation of organic wastes
to form calcite (CaCO3).



Reaction of magnesium in porewater with calcium-rich minerals to form magnesium
hydroxide (brucite, Mg(OH)2).



Reaction of aluminium with calcium and sulphate in porewater to form sulphate minerals
such as ettringite.

These reactions may influence both the evolution of the mineralogical composition of the
cements and the composition of the cement-equilibrated porewater. The potential significance of
such reactions depends on the composition of the porewater, the concentrations of the solutes
and volume changes associated with mineralogical changes. The spatial distribution of such
precipitates also may influence the evolution of the heterogeneity of the near-field.
The reducing capacity of the L/ILW disposal system is very large because of the presence of
large amounts of steel (e.g. in structural supports and waste containers). It is assumed that, on
the long term, steel corrosion will continue to lead to the formation of magnetite, which is the
thermodynamically stable iron phase under expected near-field conditions. The redox conditions
influence the solubility and sorption of radionuclides in the waste. Typically, the solubility of
the most redox-sensitive radionuclides tends to be lower, and sorption stronger, under reducing
conditions because lower oxidation states of a number of radionuclides are thermodynamically
more stable (e.g. Tc and Np).
Gas is continuously produced from the corrosion of metals, but the production rate is expected
to have significantly declined by this time.
Over this very long timescale, the EBS is not expected to provide complete containment. However, the degraded EBS barriers are expected to continue to retard the release of radionuclides
by chemical interactions, although by this time the vast majority of the radionuclide inventory
will have decayed.

2.4

Gas pressure reduction in the repository

Gases are produced in a repository by microbially mediated and/or chemical reactions and this
gas production can result in a gas pressure build-up if the solubility limit has been exceeded.
However, the gases that are produced during the different stages of the repository evolution can
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also react with other repository components (e.g. concrete and grout) or can be metabolised by
microorganisms. The reactions that reduce gas pressure build-up are called sinks and should be
considered when modelling the total pressure build-up and gas transport in a repository.
A distinction between chemical and microbial sinks is made in this report. An example of a
chemical sink is the carbonation of concrete. CO2 produced by the degradation of organic
compounds in the waste will, in the presence of water, react with portlandite in concrete, which
leads to the reduction of CO2 pressure. In operations tunnels backfilled with a sand/bentonite
mixture or crushed Opalinus Clay, microorganisms may find a suitable environment to utilise
H2 gas by reducing sulphate or carbonate in the porewater and, by doing so, reduce the gas
pressure build-up. Other microorganisms may be capable of reducing CO2 or CH4 pressures by
using these gases in their metabolic reactions.
A detailed description of these gas sinks (both chemical and microbial) forms the focus of this
report (see Chapter 4).

2.5

Evolution of water saturation and gas pressure in a repository system
assuming a poro-elastic medium

Understanding the coupling of resaturation and gas pressure development is key to estimating
the potential impact of microbial utilisation of gas. Model calculations of the development of
gas pressure in a L/ILW repository are reported in Nagra (2008) and Papafotiou & Senger
(2014) and clearly show that the EGTS2 will release gas that is produced in emplacement
caverns very efficiently through the underground structures to the backfilled access tunnel and
into the adjacent formation.
The gas transport mechanisms and relevant hydromechanical and hydrochemical couplings were
analysed and evaluated in Nagra (2008) and by Kosakowski et al. (2014). This detailed process
understanding is used below to provide a qualitative description of the long-term evolution of
the emplacement caverns under the influence of gas generation. In particular, it is examined
whether hydrochemical interactions could lead to sealing of the EGTS and of the gas paths
through the host rock, respectively. For this purpose, the development of the repository is
divided into the following phases (Fig. 2-7):


Operational phase of the repository, during which the open underground structures are
continuously ventilated (Fig. 2-7a).



Initial post-closure phase with a low degree of water saturation of the backfill in the
emplacement caverns (Fig. 2-7b).



Initiation of the resaturation of the emplacement caverns after exceeding the maximum gas
pressure in the emplacement caverns (Fig. 2-7c).



End of the gas production phase associated with a return to fully saturated conditions
(Fig. 2-7d).

2

In Nagra (2008), a specially designed backfill and sealing material (such as high porosity mortars as backfill
materials for the emplacement caverns and sand/bentonite mixtures with a bentonite content of 20 – 30 % for
backfilling other underground structures and for the seals (Engineered Gas Transport System – EGTS)) was proposed to keep the gas pressure low even in the case of a very low host rock permeability and/or increased gas production. The EGTS is aimed at increasing the gas transport capacity of the backfilled underground structures
without compromising the radionuclide retention capacity of the engineered barrier system. Sand/bentonite
mixtures with a low bentonite content exhibit a low permeability for water and a relatively high permeability for
gas due to their (micro) structure.
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The fluxes of gas and water in the vicinity of the emplacement caverns change significantly
between each repository evolution phase defined above. For self-sealing processes to occur, the
porewater flow regime (flow into and out of the emplacement caverns) and the degree of water
saturation of the emplacement cavern near-field are of main importance. Hydrochemical interactions can occur, for all practical purposes, only in the fully water-saturated portion of the pore
space3, whereas potential self-sealing processes in the gas-filled pore space are considered
unimportant. In the following, the relevant transport processes in the different phases are
discussed.

Operational phase of the deep repository (Fig. 2-7a)
During the operation of the repository, the underground structures will be ventilated continuously. The relative humidity of the inflowing air will be significantly below 100 % at an
average temperature of around 40 – 50 °C at repository level (depending on the depth of the
repository). The reduced relative humidity in the emplacement caverns will impose a significant
capillary suction pressure at the tunnel/emplacement cavern walls, resulting in a steep head
gradient for water flow from the surrounding rock into the tunnel/emplacement caverns (Nagra
2008). Due to the low permeability of the host rock, an unsaturated zone will develop in the host
rock surrounding the underground structures, as the water from the host rock adjacent to the
emplacement cavern surface is drained more readily into the emplacement caverns than it can be
supplied from the surrounding rock. This results in the unsaturated zone in the vicinity of the
emplacement caverns being characterised by significant suction pressures (i.e. negative water
pressure). This unsaturated zone can have a thickness of several metres, whereby the zone with
significant desaturation (Sw < 0.9) is restricted to a thickness of typically less than 1 m. Through
the evaporation of the porewater in the repository atmosphere, precipitation of originally
dissolved solids (e.g. NaCl, CaSO4) will occur on the emplacement cavern surface. During the
EU co-funded project NF-PRO (http://www.nf-pro.org/) at the Mont Terri URL, comprehensive
scientific studies have been carried out on the development of the unsaturated zone around a
ventilated tunnel (Mayor & Velasco 2008). In an in situ experiment lasting more than 5 years,
the development of a capillary fringe was observed within the unsaturated zone of a ventilated
tunnel section. A sequence of saturation and desaturation phases was simulated with numerical
models. In addition, geochemical concentration profiles were determined in radial boreholes,
indicating salt enrichment in the unsaturated zone (e.g. Fernàndez-Garcia et al. 2007). The
evolution of the emplacement cavern near-field during the operational phase can thus be
described relatively well, both qualitatively and quantitatively, on the basis of the available
experimental data. It is not expected that the build-up of mineral deposits during the operational
phase will be of any importance for gas transport in the host rock during the post-operational
phase.

3

For the sake of completeness it is noted here that disposal container corrosion can also be affected under humid
conditions, during which thin films of highly saline water can form on the steel surface and impact the corrosion
(e.g. Carroll et al. 2005).
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Early post-operational phase until maxiumum gas pressure is reached (Fig. 2-7b)
At the time of closure of the emplacement emplacement caverns, the backfill materials and the
EDZ are not fully water-saturated. After a short phase of aerobic corrosion, which is of low
significance for gas production, the onset of anaerobic corrosion processes will change the
saturation conditions in the backfill and the surrounding host rock. Water saturation in the backfill may be reduced in the case of very low rock permeability (hydraulic conductivity K of the
Opalinus Clay (OPA) ≤ 10-12 m/s), because the water consumption by the corrosion process may
not be fully compensated by the influx of porewater through the host rock. Furthermore, gas
pressures build-up in and around the emplacement caverns will limit the influx of porewater
from the host rock for a very long time period. Therefore, it is expected that the unsaturated
zone in the host rock will increase and that the degree of saturation in the emplacement cavern
backfill will stabilise for a long time, close to the level of the residual saturation, Swr = 0.3
(Nagra 2008). A closer analysis of the two-phase flow processes in the unsaturated zone shows
that, with an increasing gas pressure, the gas-filled pore space in the host rock remains
unchanged (macropores > 25 nm), whereas the influx of porewater is restricted to pores with
smaller pore radii (Papafotiou & Senger 2016). Possible hydrochemical interactions are consequently restricted predominantly to diffusion processes in the continuously water-filled mesoand micropore space of the host rock; these interactions could lead at most to a partial selfsealing (green dashed line in Fig. 2-7b). The model runs of the two-phase flow conditions in the
emplacement cavern near-field indicate that the emplacement emplacement caverns as well as
the EDZ in the host rock exhibit relatively high gas saturations over time periods of
100'000 years (see Diomidis et al. 2016). Because, after a few decades, gas pressures in the
emplacement caverns will exceed the hydrostatic pressure, permanent porewater outflow from
the emplacement caverns into the host rock develops. The water needed for maintaining
anaerobic corrosion is provided predominantly through vapour diffusion from the host rock
(Nagra 2008). The gas transport takes place predominantly along the EGTS and, to a lesser
extent, through the host rock. The model calculations support the conclusion that, after the
closure of the emplacement caverns, self-sealing processes due to hydrochemical interactions
are of low significance even over very long time periods. As a result of gas overpressures in the
emplacement caverns, the gas migration pathway through the EGTS and the host rock will be
kept open over a period of more than 10'000 years (Diomidis et al. 2016). Thus, the unsaturated
zone in the rock around the emplacement caverns will also provide an important contribution to
gas migration, because possible hydrochemical sealing processes will be restricted principally to
the water-saturated pore space within the micro- and mesopores, whereas the effective gas
transport capacity of the unsaturated zone will be determined by the gas-filled macropores.

Start of saturation of the emplacement caverns (Fig. 2-7c)
The emplacement caverns will begin to saturate only after the gas pressure decreases and
approaches the hydrostatic pressure. The water influx to the rooms takes place through the host
rock and also through the emplacement cavern plugs (Fig. 2-7e). Due to gravity and buoyancy
effects, it can be assumed that water saturation will increase preferentially in the lower part of
the emplacement caverns, whereas the remaining gas will move upwards. It should be noted,
however, that the saturation distribution in the emplacement cavern backfill will be determined
basically by the capillarity of the different backfill materials. This means that the construction
concrete in the emplacement cavern base, which has small pores, will be saturated rather than
the mortar in the emplacement cavern roof and the emplacement cavern sides, which has large
pores. In the fully water-saturated areas of the emplacement cavern, self-sealing processes could
occur on the boundary surface of the rock due to hydrochemical interactions. The self-sealing
processes will be controlled by advective transport (porewater flow from the host rock into the
emplacement caverns) and diffusive transport (mass flux along a chemical gradient), such that
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self-sealing can occur both in the water-saturated cement matrix and in the host rock, as shown
by the red and green skin zones in Fig. 2-7c. The corrosion gas generated could still circulate
freely in the unsaturated areas of the emplacement caverns, for example in the roof or in the
highly porous mortar in the emplacement cavern side walls, such that transport through the host
rock and along the EGTS is still possible. On the basis of the model calculations (Nagra 2008),
it is expected that saturation of the emplacement caverns will begin eventually after more than
100'000 years, in the late gas generation phase (Figure 4-4 in Nagra 2008). At that point in time,
an unsaturated zone of several metres will have formed in the host rock around the emplacement
caverns, in which the mobility of gas is increased significantly. This is valid also for the
emplacement cavern plugs and the backfilled access and operational tunnels (Fig. 2-7e). In this
gas-filled pore space, occurrence of self-sealing processes due to hydrochemical interactions can
largely be excluded, such that the gas transport capacity of the EGTS and the host rock will not
be reduced significantly. Considering the reduced gas generation rate during this late phase, a
renewed gas pressure build-up through hydrochemical self-sealing processes can be excluded.

End of the gas generation phase (Fig. 2-7d)
At the end of the gas generation phase, the unsaturated zone in the host rock and the emplacement cavern backfill will decrease and the gas pressure in the emplacement caverns will
equilibrate with the hydrostatic pressure. Some isolated zones with a free gas phase will remain
(i.e. trapped gas, most likely at the top of the emplacement caverns), which will disappear
eventually through dissolution processes. Hydrochemical interactions as a result of advective
and diffusive mass fluxes could lead to a self-sealing process at the host rock/concrete matrix
contact in the saturated space and thus reduce the porewater flux. However, this evolutionary
phase of the emplacement cavern near-field is of no relevance to gas release and will not be
discussed further in this report.
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Schematic sketch showing the evolution of a emplacement cavern near-field during
the operational phase and after closure: a) Development of an unsaturated zone
during the operational phase; b) – d) Mass transfer processes in the early time, mid
time and late time after closure; e) Mass transfer processes around the emplacement cavern plug after closure (Nagra 2008).
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Microbial life in a L/ILW repository

The Opalinus Clay formation, which is foreseen as the host rock for a DGR, has been investigated in great detail (Keller et al. 2011, Mazurek et al. 2008, Wersin et al. 2011a and b). The
different repository elements fulfill different functionalities and consist of materials that define
specific chemical and/or physical boundary conditions, for instance in the emplacement caverns
the porewater will be characterised by a high pH and low water activity.
In the long run, these conditions will not prevent microbial life in a DGR. Numerous studies in
natural and engineered systems have demonstrated that microbial life is possible under extreme
natural conditions, although it is often difficult with current techniques to determine whether
microbial cells are merely surviving or are in fact active and multiplying at very low rates.
Elevated temperature, high salinity, high pH, radiation, low substrate concentration (e.g. carbon
needed for metabolic processes) and low porosity may pose specific challenges for microorganisms and, therefore, the possibility of microbial life under these conditions will be discussed in detail below. Tab. 2-1 compares microbially relevant parameter values in Opalinus
Clay and in a L/ILW DGR at a depth of 550 m. For a more detailed overview of geochemical
parameters of the Opalinus Clay, see Appendix A.

Tab. 2-1:

Microbially relevant parameters in Opalinus Clay compared to conditions that can
be expected in a L/ILW repository at a depth of 550 m (Nagra 2014a).
For a more detailed review of geochemical and microbial parameters see Tab. A-1.
*

This temperature only applies during hydration of the cement, which typically takes up
to 28 days. Because of the isolation capacity of Opalinus Clay, the hydration heat may
take up to a decade to dissipate (Darcis et al. 2014).

Parameter

Reference cement

Host rock
(Opalinus Clay)

12.55

7.24

50 – 60 °C *

40 – 50 °C

-12.22

-2.78

Carbonate species in solution [mM]

0.01

2

Wate ractivity aw

0.993

0.994

13 – 38

Var.

-7

Var.

pH
Temperature
Pe

Accessible porosity [%]
Average pore size [m]

1 × 10

Saturation

low

1

2-

SO4 [mM]

0.1

24.7

N (dissolved)

n.a.

n.a.

100 – 1000

n.a.

P (dissolved) [ppm]
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Temperature
In an L/ILW repository, the temperature increase which results from the setting of the cement is
limited to 5 – 10 °C in the first decade after closure of the repository. While the geothermal
in situ temperature ranges from 40 – 50 °C, the temperature in an L/ILW repository can reach
60 °C in the first decade after closure as a result of the hydation of cement. Elevated temperatures can result in denaturing of proteins and the collapse of membranes of microorganisms.
However, thermophilic and hyperthermophilic microorganisms (Fig. 2-8) exhibit various
adaptation strategies to survive such temperatures. For example, an exchange of some crucial
amino acids can lead to a modified folding architecture and eventually to a heat-stable tertiary
structure of a protein. For membranes it has been shown that an increase of long-chain fatty
acids and a lower content of unsaturated fatty acids results in more heat-stable structures
(Madigan et al. 2015). Note that for such adaptations to occur, the microorganisms need to be
active and metabolising, which may not be the case if exposure to high temperatures is relatively sudden. In addition, spores are able to survive much harsher conditions with respect to
temperature than vegetative organisms and such surviving spores could germinate when conditions become more favourable with respect to temperature. Spores, therefore, must be considered in a repository where high temperatures have prevailed.
Numerous reports have demonstrated microbial growth at temperatures up to about 110 °C. One
report describes Pyrolobus fumarii, which was isolated from a deep-sea black smoker and was
still able to grow at a temperature of 113 °C. Another report claims that an Fe(III) reducing
Archae isolated from a hydrothermal vent has a doubling time of 24 h at 121 °C and remains
viable after exposure to 130 °C (Burgess et al. 2007). However, while the above illustrates the
high temnperatures at which microbial life may persist, it should be emphasised that these
observations were made in aqueous environments. A repository environment with its tight
buffer and backfill would differ substantially from an aqueous environment. A temperature of
40 – 50 °C in a repository will favour organisms that are tolerant to higher temperature (i.e. are
thermophilic but with lower temperature maxima) rather than those commonly found at lower
temperatures, but will not exclude all microbial life.

Growth rate

Mesophile
Psychrophile

Thermophile

Hyperthermophile Hyperthermophile

Example:
Geobacillus
stearothermophilus

Example:
Thermococcus
celer

Example:
Escherichia coli

Example:
Polaromonas
vacuolata

60°

Example:
Pyrolobus
fumaril
106°

88°

39°

4°
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100
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Fig. 2-8:

Temperature and growth response in different temperature classes of microorganisms.
The temperature optimum of each example organism is shown on the graph (after Madigan
et al. 2015).
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Salinity
The ionic strength of the environment can have an impact on the growth rate of microorganisms. Porewater of Opalinus Clay has a similar chloride concentration to seawater (salinity
3.5 %) and can be as high as 662 mmol/kg H2O (Cloet et al. 2014b). The optimum NaCl concentration for marine microorganisms such as Aliivibrio fischeri is about 3 %; for extreme halophiles it is between 15 and 30 % depending on the organism (Madigan et al. 2015). In a L/ILW
repository, salt minerals can effectively accumulate and precipitate in the EDZ around the
emplacement caverns as long as evaporation of water containing salts is ongoing. After closure
and during resaturation of the repository with water, these salt precipitates will eventually
dissolve and the salt gradients will equilibrate diffusively. Based on the growth rates and NaCl
concentrations in Fig. 2-9, the salinity in the porewater and EDZ of a DGR in Opalinus Clay
might favour mostly halotolerant and halophilic organisms but will not impede all microbial
activity.

Halotolerant

Growth rate

Example:
Staphylococcus
aureus

Extreme halophile
Halophile
Example:
Aliivibrio fischeri

Example:
Halobacterium
salinarum

Nonhalophile
Example:
Escherichia coli
0

5

10

15

20

NaCl (%)

Fig. 2-9:

Effect of the NaCl concentration on growth of microorganisms with different salt
tolerances or requirements (after Madigan et al. 2015).

pH
At any external pH, regulatory mechanisms allow microorganisms to maintain an internal pH in
the range of 6 – 9 (Fig. 2-10). For most microorganisms the basic mechanism for producing
energy is based on the synthesis of ATP4 by the enzyme ATPase. This enzyme is able to exploit
a proton gradient across the membrane to produce ATP from ADP5 and phospate (ΔG°' =
30.5 kJ/mol). Consequently, under acidic conditions (pH of habitat < 6), such a gradient is
readily available and the challenge for the microorganisms (assuming an internal pH in the
range of 6 to 8) consists of eliminating the inflowing protons. In contrast, under alkaline
4

ATP: Adenosine triphosphate is a nucleoside triphosphate used in cells as a coenzyme, often called the "molecular unit of currency" of intracellular energy transfer.

5

ADP: Adenosine diphosphate is an organic compound in metabolism and is essential to the flow of energy in
living cells.
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conditions (pH of habitat > 9), such a gradient cannot be established and microbes have to find
other ways to maintain a proton gradient. For example, in the absence of such mechanisms, a
microorganism with an internal pH of 9 living on cement (pH 11) would have a proton gradient
across the cell membrane of two pH units but in the unfavourable direction. Nevertheless,
microbial life can be observed under these conditions. For example, Bacillus pseudofirmus can
grow at pH 11 (Krulwich et al. 2007). It has been shown that this organism is able to operate a
modified form of the ATPase by exploiting a sodium gradient instead of a proton gradient.
pH Example

Moles per liter of:
+
H
OH

0

Acidophiles

10-12

10-3

10-11

10-4

10-10

10-5

10-9

10-6

10-8

10-7

10-7

10-8

10-6

Very alkaline
natural soil
Alkaline lakes
Soap solutions
Household ammonia
Extremely alkaline
soda lakes
Lime (saturated
solution)

10-9

10-5

10-10

10-4

10-11

10-3

10-12

10-2

10-13

10-1

10-14

1

6

9

Alkaliphiles

10-2

Seawater

5

10
11
12
13
14

Fig. 2-10:

10-13

8

3
4

Increasing
alkalinity

10-1

7

2

Neutrality

10 -14

Volcanic soils, waters
Gastric fluids
Lemon juice
Acid mine drainage
Vinegar
Rhubarb
Peaches
Acid soil
Tomatoes
American cheese
Cabbage
Peas
Corn, salmon, shrimp
Pure water

1

Increasing
acidity

1

The pH scale: Although some microorganisms can live at very low or very high
pH, the cell's internal pH remains near neutral (Madigan et al. 2015).

Radiation
There will be a somewhat higher radiation field in the direct vicinity of radioactive waste.
However, it has been demonstrated that a number of microorganisms show resistance to
ionising radiation (Makarova et al. 2001, Cox & Battista 2005). For example, Deionococcus
radiodurans can grow continuously in the presence of a radiation field of 6 kilorads/h and can
survive a total exposure of more than 1500 kilorads. The organism has a very efficient enzymebased DNA repair mechanism. This mechanism is able to repair several DNA double–strand
breaks simultaneously. Moreover, it is thought that several structural features contribute to
radiation resistance, e.g. the diffusion of DNA fragments produced by irradiation seems to be
limited. In food irradiation, a sudden high dose of radiation delivered at a high dose rate does
not allow time for DNA repair in most microorganisms. In a DGR, radiation dose rates are low
and are expected to allow time for DNA repair in most or all microorganisms. For instance, a
maximum average dose rate in a L/ILW repository can be found for the waste type RA-M-F-F2SMA, where for the year 2075 a total surface dose rate (gamma plus neutron) of 54 mSv/h was
calculated (1 kilorad = 10 Gy = 10 Sv for a radiation weighting factor (wg) of 1), representing
only 0.0009 % of 6 kilorads.
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Substrate concentration
Morgan & Dow (1986) suggested that, when considering low carbon environments such as
found under subsurface conditions in Opalinus Clay, certain types of bacteria must be considered. Based on the definition of Kuznetsov et al. (1979) oligotrophic bacteria are those able
to grow in environments with carbon levels of 1 – 15 mg L-1. If unable to grow at higher carbon
levels, they are termed as obligate oligotrophs; otherwise they are referred to as being facultative oligotrophs. Bacteria growing optimally at organic concentrations higher than this have
been termed copiotrophic (Poindexter 1981).
Morgan & Dow (1986) also noted that the correlation of the status of nutrients with carbon
alone precludes oscillating multiple limitations of carbon, phosphate, sulphate, nitrogen and/or
trace elements operating in conjunction with other environemental factors such as temperature,
pH and oxygen partial pressure.
A significant fraction of microbial life is found in the terrestrial deep subsurface, in general
representing mostly low carbon environments (Lovley & Chapelle 1995). That microbial acivity
is possible under such conditions is illustrated by for instance the work of Bagnoud (2015).
They showed that if H2 is added to the porewater from the Opalinus Clay formation, a community of microorganisms with interconnected metabolisms was supported. Metagenomic
binning and metaproteomic analysis revealed a complete carbon cycle, driven by autotrophic
hydrogen oxidisers. Dead biomass from these organisms was utilised as a substrate by a fermenting bacterium that produced acetate as a product. In turn, heterotrophic sulphate-reducing
bacteria utilised the acetate and oxidised it to CO2, closing the cycle. This metabolic reconstruction emphasised the possible and likely existence of a hydrogen-fueled carbon cycle, and a
sunlight-independent and low carbon ecosystem in the deep subsurface, where H2 could come
from sources such as water radiolysis or, in the case of a DGR, from anoxic metal corrosion (see
section 4.6).
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Pore space
There is a long-standing debate on whether porewater in a hard rock environment harbours
indigenous microbial life (e.g. Pedersen 2014). On the one hand, most rocks have usually gone
through periods of high temperature and pressure and a complete sterilisation can be expected.
On the other hand, after cooling, physical and chemical processes may have generated networks
of pores which may eventually facilitate colonisation by microorganisms. Sampling procedures
also raise a lot of questions about the presence of indigenous micro-organisms. It is most
challenging to retrieve rock samples in such a way that contamination can be excluded.
However, with regard to a L/ILW repository, this debate is somewhat redundant because the
incoming waste will not be sterile and will harbour a rich diversity of microorganisms serving
as an inoculum.
Undisturbed Opalinus Clay has been shown to have very limited pore space (Keller et al. 2011).
However, excavation of emplacement caverns, tunnels and drifts in the host rock leads to stress
redistribution that results in micro- and macro-scale fractures within an excavation-damaged
zone (EDZ). The formation of an EDZ alters (possibly temporarily) the properties of the host
rock adjacent to the emplacement caverns, sealing zones and other underground structures. In
particular, damage to the host rock results in an increased porosity, leading to a higher hydraulic
conductivity and gas permeability (Papafotiou & Senger 2016) and thus potentially providing
more space for microbial activity.

Conclusion
Based on the broad range of chemical environments (temperature, ionic strength, pH, radiation,
substrate concentration and pore space) in which microorganisms can survive, the presence of
microorganisms in the waste and the space created during excavation, there are no obvious
scientific reasons why microorganisms would not be present and active in a L/ILW repository,
but microbial populations will likely be heterogeneously distributed and more active in some
places than others.
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Gas sources in a L/ILW repository

The degradation of organic materials (both by microbial and chemical reactions) and the anoxic
corrosion of metals will produce various gaseous products such as H2, CO2, CH4, H2S and NH3.
Some of these gas species are expected to further react with materials present at the point of
origin. More particularly, carbon dioxide and hydrogen sulphide are expected to react entirely
with cement and/or water (see also Chapter 4). Thus, they are not relevant from the point of
view of the impact of gas pressure build-up on the safety barriers. The remaining gas species –
hydrogen, methane and ammonia – are assumed not to react at the point of origin6 and thus
contribute to gas pressure build-up.
Concerning the gas volumes produced, an extensive analysis of gas production rates and gas
volumes produced can be found in Nagra (2014c), Diomidis et al. (2016) and Poller et al.
(2016). Tab. 3-1 presents the total amounts of gas produced in a L/ILW repository. A graphical
representation of the values is given in Fig. 3-1. Waste packages classified as waste group 2
contain materials that produce larger quantities of CO2, which in turn degrades the cement by
carbonation and might thus impact the near-field properties (i.e. reduce the pH of the cementitious environment). In contrast, waste packages in waste group 1 produce less CO2. The production of other gases is not considered in this classification (Schwyn 2008 and Cloet et al. 2014a).
Tab. 3-1:

Total amounts of gas produced at the end of the timeframes relevant for safety
assessment.
For L/ILW, the timeframe relevant for safety assessment is 105 years (Poller et al. 2016).
Total amount of gas produced [m³ SATP]
H2

Sum L/ILW

CH4

2.41 × 10

7

2.18 × 10

NH3
6

1.06 × 10

CO2
5

1.38 × 10

H2S
6

9.30 × 10

Net
4

2.64 × 107

H2

Gas

CH4
NH 3
CO2
H 2S
0

Fig. 3-1:
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Graphical representation of the total gas volumes produced (values from Tab. 3-1).

These gas species may react at other locations within the repository, such as in the access tunnel, where microbial
interaction might take place.
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In this chapter, the main reactions leading to gas production will be discussed briefly. This
includes both chemical and microbial reactions. In Fig. 3-2 an overview of the relevant processes leading to the production of gases or dissolved species in the L/ILW near-field is presented schematically. Gas sinks are discussed in Chapter 4.
Sources
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Fig. 3-2:

H 2S
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+
H 2S

CaCO3

Ca(OH)2

Different gas sources and sinks.
The gas sources originate both from chemical and microbial reactions. Sinks in blue are
microbial sinks, while sinks in green are chemical sinks.

3.1

Production of H2

Two chemical processes that produce H2 gas can be distinguished: the anoxic corrosion of
metals and the radiolysis of water. In the modelling by Poller et al. (2016), the fast corrosion of
reactive metals (especially Zn) results in high production rates of hydrogen within the first year
of the modelling period of up to 0.7 m3 (SATP) a-1 per unit volume of packaged waste (see
equation below for a general equation for the corrosion of metals forming hydroxides). The
modelling results by Poller et al. (2016) suggest that hydrogen originating mainly from the
corrosion of carbon steel and other ferrous materials is the dominant gas species in the subsequent years. Production rates are reported to be in the range of 0.1 m3 (SATP) a-1 per unit
volume of packaged waste, which equals roughly 5.0 m3 (SATP) a-1 m-1, if an emplacement
cavern of type K09 is assumed. Based on these calculations, it is estimated that a L/ILW repository will eventually produce 2.41 × 107 m3 (SATP) of H2 during a hundred thousand years.
→

/2

The radiolytic production of H2 from water has been demonstrated in laboratory and field
experiments (Sauvage et al. 2014). The gas production is related linearly to the applied radiation
dose over four orders of magnitude. Due to the very low radioactivity level in L/ILW and in
accordance with international practice (e.g. Rodwell & Norris 2003), the gas generation from
the radiolysis of water is not considered to contribute significantly to H2 gas production in a
L/ILW respoitory.
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In addition to the chemical reactions there are a number of biochemical pathways which may
lead to the production of H2 through the fermentation of monomers. In particular, different types
of fermentations, which proceed under O2-limiting conditions, may occur in a L/ILW
repository. To maintain the redox balance, fermenting microorganisms usually excrete reduced
species such as acetate, ethanol, lactate or butanol. In addition, fermenting microorganisms may
also produce H2, a process that is catalysed by the enzyme hydrogenase. It should be noted that
H2 will usually only accumulate temporarily and will react eventually with oxidised species
such as SO42- (a process catalysed by sulphate reducers, see section 4.3) or CO2 (a process catalysed by methanogens, see section 4.3; the latter occurs when sulphate reducers are not very
active, i.e. at low sulphate levels).

3.2

Production of CO2

As shown in the report by Poller et al. (2016), both carbon dioxide and methane resulting from
the degradation of various organic compounds are produced in roughly similar quantities.
From a microbiological point of view, CO2 and CH4 will be the final products of the oxidation,
fermentation (and subsequent methanogenesis) of organic compounds present in the L/ILW
inventory. Polymers and other high molecular weight organic molecules such as polystyrene,
PVC, bitumen and cellulose (Fig. 3-3) are first degraded to monomers. The consecutive degradation of monomers by microbial activity will lead to the production of CO2, H2 and/or CH4 (see
Fig. 3-3). This oxidation is coupled to the reduction of oxidants in the order of decreasing
reduction potential of the oxidant, starting from molecular oxygen, followed consecutively by
nitrate, iron, manganese and sulphate (Fig. 3-3). The L/ILW near-field in Nagra’s repository
concept mainly consists of cementitious materials and microbial activity is expected to be suppressed as a result of the high pH. Nevertheless, the degradation of organic material (e.g. after
hydrolysis of cellulose) is conservatively assumed to be microbially mediated. This assumption
can be justified by considering the heterogeneity of the waste drums and the resulting expected
variability of the pH inside the waste containers. Some waste containers will contain mainly
metal waste in a cementitious matrix, while others will contain resin (polystyrene) and still other
waste packages will be filled with bitumen. Since the influx of surrounding porewater into the
waste container will depend on the degree of water saturation, the environment inside some
waste containers may temporarily sustain microbial life, which will degrade the organic waste to
CO2 and CH4.
Small et al. (2008) reported the results of a large-scale gas generation experiment at the L/ILW
repository in Olkiluoto (Finland) where gas generation from the waste drums was investigated.
The rate and composition of the gas generated, as well as the aqueous geochemistry and microbial populations present at various locations within the experiment, were monitored over a
period of nine years. Small et al. (2008) found considerable heterogeneity within the experiment: the pH varied from 5.5 to 10 between organic-rich waste and water equilibrated with concrete. The authors concluded that the observed heterogeneity resulted from competing anaerobic
processes occurring together in the experiment but within different geochemical niches:
microbial activity which was initially dominant in organic waste reduced the alkalinity of the
concrete over time.
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Complex polymers: Cellulose, other polysaccharides,
proteins, lipids, nucleic acids

Hydrolysis by cellulolytic and
other polymer-degrading
bacteria

Monomers: Sugars, amino acids, fatty acids
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Acetate
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Methanogens

Methanogenesis

CH4, CO2

Fig. 3-3:

Under anoxic conditions various groups of fermentative anaerobes cooperate in the
conversion of complex organic materials to CH4 and CO2.
This pattern occurs in environments in which sulphate-reducing bacteria play only a minor
role (adapted from Madigan et al. 2015).

Small et al. (2008) modelled the results of this experiment with a biogeochemical reactiontransport code (GRM). Microbial processes included in GRM are discussed in Humphreys et al.
(1997). The model represented the main anaerobic microbial processes leading to methanogenesis and the observed spatial and temporal variations in aqueous and gaseous species. In
order to model the experiment, its heterogeneity was considered such that individual waste
containers were represented and assumptions were made concerning transport rates of chemical
species. Cellulose waste was oxidised by microbial activity, using for example sulphate as an
oxidant, leading to CO2 production. When no other oxidant (e.g. oxygen, nitrate, iron or
sulphate) is present, CO2 can be converted into CH4 by methanogenesis (see also Fig. 3-4).
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Redox scale for microbial reactions (after Madigan et al. 2015).
(CH4 will be produced once chemical compounds with higher reduction potential are depleted).

3.3

Production of CH4

Methane resulting from the degradation of various organic compounds will (in waste group 1)
be produced to roughly the same amount as carbon dioxide while waste group 2 will produce
slightly more methane. For waste group 2, the sum of methane and carbon dioxide produced is
comparable with hydrogen production in the period between 1'000 and 20'000 years. As shown
in Poller et al. (2016), this results from the similar amounts of gas-producing organics and
metals in this waste group.
In the long term, after depletion of oxidants with a higher energy yield such as O2, NO3- , Fe3+
and SO42- (Fig. 3-4), the only oxidant remaining for the degradation of organics will be CO2
and, therefore, ultimately CH4 will be produced. Methanogenesis is a complex microbiological
process. The initial steps are catalysed by fermenting microorganisms and this usually leads to
an intermediate accumulation of CO2, H2 and acetate. These intermediates are subsequently
4H → CH
2H O (Fig. 3-3) and
converted to CH4 by hydrogenotrophic Archaea CO
CO . In the case of hydrogenotrophic methaby acetotrophic Archaea CH COOH → CH
nogenesis, 5 moles of gas are converted into 1 mol of CH4, whereas in the case of acetotrophic
methanogenesis 2 moles of gas are produced from 1 mol of acetate.
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Production of NH3

The production rate for ammonia (modelled by Poller et al. 2016) (about 1.0 × 103 m3
(SATP) a-1 per unit volume of packaged waste for waste group 1) is quite substantial (about 5 %
of the production rate for CH4,) and mainly results from the degradation of urea which is present
in different waste types. The gas generation rate for NH3 from waste group 2 is, however, negligible. Moreover, ammonia is highly soluble in porewater and, therefore, will not contribute
significantly to the overall gas pressure build-up.
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Gas sinks in a L/ILW repository

The gases generated by chemical or microbial processes (e.g. anoxic corrosion, degradation of
organics) may be chemically or biochemically consumed in the repository near-field. Taking
into account the chemical environment in which these gases are released (high pH from the
cementitious backfill in the L/ILW repository) and the solubility of gases in water, some gases
will be present predominantly in the gas phase, while others will be largely dissolved. The
solubility of gases is defined by Henry’s law constant (KH), which is the ratio of the equilibrium
concentration of the dissolved gas to a given partial pressure of the gas. CO2, NH3 and H2S
dissolve easily in water. Because of the high-pH porewater of the cementitious environment,
CO2 and H2S will be quickly deprotonated (HCO3- / CO32- or HS-/S2-). The dissolved gases may
react either with other minerals or may be consumed by microorganisms. An example of the
interaction with other compounds is the carbonation of cement, in which dissolved CO2 reacts to
form calcite. NH3 also dissolves easily in water, but given the alkaline environment, NH3 will
not be protonated to NH4+. Other gases such as CH4 and H2 dissolve less well in water and do
not react with water upon dissolution and, therefore, are considered to contribute to the gas
pressure build-up. In this section, the chemical and biochemical consumption (or sinks) of the
three gases present in the largest volumes in a L/ILW repository (CO2, CH4 and H2) is described
(see Fig. 4-1 for an overview).
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Different gas sources and sinks.
The gas sources originate both from chemical and microbial reactions. Sinks in blue are
microbial sinks, while sinks in green are chemical sinks.

Depending on the heterogeneity of the materials in a waste container, microbially favourable
conditions may be present locally in some waste containers. These conditions will allow organic
materials to be degraded by microorganisms to produce CO2 and CH4. Because of the large
quantities of cementitious backfill surrounding the waste containers, it is, however, assumed
that microbial activity will not be significant in the cementitious backfill of a L/ILW repository.
Possible microbial sinks are, therefore, not considered to occur in the cementitious backfill, but
instead in the backfilled operational tunnels. Gas pressure build-up in the emplacement caverns
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will result in gas migrating through the EGTS and through the EDZ (as long as it stays open) to
eventually reach the operational tunnels where microbial activity might reduce the quantity of
gas and, therefore, gas pressure build-up. The backfill material is designed to have a greater
porosity and a neutral porewater, in order for bacteria to thrive (see Fig. 4-2).
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HS- + CO2(aq)

Partially saturated

CH2O → CO2 + CH4
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H2O
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CH2O +SO42- → CO2(aq) + HS-

EDZ
Liner

FeS(x)s
Opalinus Clay

Fig. 4-2:

Conceptual schematic illustration of the possible gas-related reactions in a L/ILW
repository, which depend on the local physical and geochemical conditions of the
different repository compartments (adapted from Nagra 2008).

4.1

Thermodynamic boundary conditions

Under standard conditions, the energy yields (ΔG°') of most anaerobic microbial reactions (e.g.
chemolithotrophic reactions or fermentations) are negative, i.e. the reactions are exergonic, they
release energy and are spontaneous. However, within the network of microbiologically catalysed processes, occasionally there are also endergonic steps or conversions with a very low
energy yield. Two examples which might be relevant for a L/ILW repository are discussed
below:
Example I: Transfer of H2 in the methanogenic food web: Although the overall process of
methanogenesis is exergonic, some individual steps are endergonic under standard conditions.
These steps can only proceed if they are tightly coupled with an exergonic step. The concept of
this interaction is illustrated by taking the conversion of propionate to CH4 and CO2 as an
example in Fig. 4-3. The endergonic degradation of propionate yields H2 as one of the products.
The exergonic methanogenesis requires H2 as one of the substrates. Consequently, the energy
yields of both reactions are a function of the H2 partial pressure and a "concentration window"
may exist in which both reactions are exergonic. Taking the steady state concentrations of the
reactants in a methanogenic bioreactor, it can be demonstrated that such a "concentration
window" exists for the conversion of propionic acid as well as butyric acid to CH4 and CO2. The
"concentration window" for H2 is in the nM range. These concentration ranges were indeed
observed in many methanogenic systems. It has also been reported that the Km (Michaelis
constant, determines the kinetics of reaction) values for H2 uptake are in a very low range
(Zinder 1993). This suggests that the H2 produced during metal corrosion in a L/ILW repository
may suppress or even inhibit certain fermentations but accelerate methanogenesis from H2 and
CO2.
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Free Energy as a function of H2-pressure
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Interspecies hydrogen transfer within the methanogenic food web illustrated with
the degradation of propionic acid.
methanogenesis:

2

→
4 →

2

3 (∆Go' = +76.1 kJ/mol) and
(∆Go' = -135.6 kJ/mol).

Example II: Oxidation of methane under sulphate-reducing conditions (Caldwell et al. 2008,
Thauer & Shima 2006). The oxidation of methane by using SO42- as an electron acceptor is a
slow process and has a very poor energy yield under standard conditions (ΔG°' = -18 kJ/mol). In
this dual organism process, electrons liberated are transferred to sulphate-reducing bacteria and
eventually consumed by SO42-. This process is common in deep sea sediments and in these
habitats neither the substrates nor the products will be under standard conditions. At a depth of
2500 m bsl, for example, CH4 will be under a pressure of 250 bar and the SO42- concentrations
in seawater will be around 30 mM. Furthermore, on the product side, it can be expected that at
least part of the HS- will be precipitated by Fe2+. Most of these factors will favour the reaction
(see Fig. 4-4).
These two examples illustrate that microorganisms are occasionaly able to overcome endergonic
steps or conversions with a very low energy yield.
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Sulfate-reducing Bacteria
Methanotrophic Archaea
(ANME-types)

+

-

Sum: CH4 + SO42- + H → CO2 + HS + 2 H2O
(ΔG°' = -18 kJ)

Fig. 4-4:

Oxidation of methane under sulphate-reducing conditions (Madigan et al. 2015).

4.2

Kinetics of microbial conversion

From a microbiological point of view, the basic modeling concept of the enzymatic conversion
of a substrate is the Michaelis Menten equation. The basic modeling concept of the growth of a
microbial culture is the Monod equation. There is a huge body of literature on the applications
and extensions of these equations, particularly with regard to complex environmental conditions, potential inhibitors and multi-substrate turnovers (Marangoni 2013).
In a L/ILW repository, the rates of gas production and consumption will probably not be dominated by microbiological kinetic constants (such as those in the above-mentioned modelling
equations) but rather by the spatial characteristics, i.e. the diffusive and advective transport of
the reactants. Major sources and sinks of reactants are spatially separated and transport becomes
a major issue (Fig. 4-2). One of the exceptions might be the oxidation of Corg by sulphatereducing microorganisms in Opalinus Clay and backfill. In this case the reactants will be in
close proximity. However, in most cases the transport rates will dominate the turnover rates. In
this context, the transfer of H2 from the producer to the consumer may serve as an illustration.
This transfer is important from a thermodynamic point of view (see section 4.1) and a fast
transfer will speed up the overall reaction. Short spatial distances between producers and
consumers are favourable and it has been observed that many H2 consumers (e.g. methanogens)
are tightly associated with H2 producers (e.g. fermenters) (Madigan et al. 2015).
The organic waste in a L/ILW repository consists of polymers, which have to be converted to
monomers before they can serve as an energy and carbon source for microorganisms. However,
there is little information on the rate of this conversion and, therefore, the steady-state concentration of the readily bioavailable intermediates such as monomeric sugars and short chain fatty
acids remains largely unknown (Warthmann et al. 2013). It cannot be excluded that these
steady-state concentrations will be extremely low. This begs the question whether there is a
lower concentration limit to sustain microbial life. It is unlikely that such a limit will be reached
in a L/ILW repository. Studies in natural systems (particularly marine sediments in oligotrophic
ocean basins, see Appendix B) revealed that microbial life can be sustainable over millions of
years in systems where generation times of thousands of years can be expected (Hoehler &
Jorgensen 2013).
In the Microbial Activity (MA) experiment in the Mont Terri underground rock laboratory,
estimates of the hydrogen consumption rate were made (for more details on the MA experiment,
see section 4.6). Bagnoud et al. (2016a) calculated in situ rates of microbial hydrogen oxidation
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and sulphate reduction based on field and laboratory experiments. More specifically, rates were
calculated from two distinct in situ experiments (MA and Hydogen Transfer (HT) experiments),
using several measurement and calculation methods. Volumetric consumption rates were about
1.48 µmol cm-3 day-1 for H2, and 0.17 µmol cm-3 day-1 for sulphate. From the calculations in this
study it appeared that the sulphate to hydrogen stoichiometry was closer to 1:8.5 than to the
theoretical value 1:4. This result suggested that, in Opalinus Clay, electrons derived from
hydrogen oxidation not only reduce sulphate, but also carbon dioxide, via carbon fixation
pathways, and probably also iron(III), through alternate respiratory processes (Bagnoud et al.
2016b). This ratio between H2 and sulphate consumed is comparable to the one reported by
Vinsot et al. (2014) in the HT experiment at the Mont Terri URL in which H2 consumption in
Opalinus Clay also was monitored. In that study, it was estimated that 6 H2 molecules were
oxidised per molecule of sulphate reduced. Unfortunately, Vinsot et al. (2014) gave no information on the volumetric rates of H2 and sulphate consumption in the porewater. It should be kept
in mind that the rates calculated from the MA and HT experiments are optimum rates obtained
in an aqueous environment. In a L/ILW repository, rates will likely be lower in the sand/
bentonite backfill because of transport being limited by molecular diffusion.

4.3

Consumption of H2

Hydrogen produced during the anoxic corrosion of metals may be used by the microbial
populations present in the backfilled operational tunnels. In these tunnels a more favourable
combination of pore space, water activity and nutrients may be available (compared to the
cement-filled near-field) to enable the microbial oxidation of hydrogen gas. Some of the
following microbiological sinks for H2 could be present in a L/ILW repository. Which of these
process will take place in situ will depend on the availability of electron acceptors and rates may
be transport-dependent. The thermodynamic sequence as shown in Fig. 3-4 will dictate the
sequence of oxidation – reduction reactions taking place.
Bacterial chemolithotrophic oxidation of H2 using O2 will most probably not take place in a
L/ILW repository. According to the expected repository evolution, the oxic phase will last only
for a short time after repository closure, during which H2 production will still be minimal. This
type of bacterially catalysed process will thus not play a role in a L/ILW repository.

Methanogenesis and acetogenesis
During most of the repository evolution, anoxic and reducing conditions will dominate and,
therefore, anaerobic microorganisms will consistute the bulk of the microbial population. There
are two types of strictly anaerobic microorganisms that both use CO2 as an electron acceptor
and H2 as an electron donor in their energy metabolism. On the one hand there is methanogenesis (conversion to CH4) and on the other hand there is acetogenesis (conversion to acetate)
(Fig. 3-3). Both mechanisms rely on the same autotrophic pathway (acetyl-CoA pathway) for
their energy metabolism, albeit in opposite directions. Although both methanogenesis and acetogenesis consume H2, the mass balance of the reactions should be carefully considered, since
methanogenesis also produces gas (CH4).
Methanogenesis is a complex microbial process that is carried out by a group of methanogens.
Two mechanisms for methanogenesis are possible. Either methane is produced from CO2 and
H2, or methane is produced from acetate (section 3.3). The former mechanism is carried out by
hydrogenotrophic Archaea and the latter by acetotrophic Archaea. The latter mechanism is not
identical to acetogenesis, in which acetate is produced. Hydrogenotrophic methanogenesis also
occurs in environments where other compounds such as formate, CO or even alcohols can
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supply the electrons for the reduction of CO2. Hydrogenotrophic and acetotrophic methanogenesis processes were both observed to be the main mechanisms taking place in the underground town gas storage facility in Lobodice (see Appendix B), leading to the loss of H2 and an
increase in CH4 concentration.
4

→

2

→
Acetogenesis is a process in which acetate is produced from 2 moles CO2 and 4 moles H2. Compared to methanogenesis, this reaction releases slightly less free energy (G0' = -105 kJ/mol for
acetogenesis; -131 kJ/mol for methanogenesis). The overall mass balance indicates a gas
pressure reduction owing to acetate production.
4

2

→

4

Sulphate-reducing bacteria
Sulphate is an important electron acceptor in anaerobic respiration and sulphate-reducing microorganisms are widespread in nature. They can use many different electron donors for the
reduction of sulphate: hydrogen gas, lactate, acetate, propionate, pyruvate, etc. Almost all
sulphate-reducing bacteria are capable of using hydrogen as an electron donor, whereas other
electron donors are restricted to a limited number of specific species. The energy released by the
following reaction is -152 kJ.
4

→

4

The presence of such sulphate-reducing bacteria has been examined and proven in the MA and
HT experiments at Mont Terri URL (section 4.6).

4.4

Consumption of CO2

The major chemical sink for CO2 is the carbonation of the cementitious engineered barrier
(equations i – iv). During this reaction, the main cement minerals in the hardened cement paste
– portlandite
and the C-S-H phases (
∙
∙
with 0.833 < x < 1.667) –
). After dissolution of CO2 in
will be transformed by reaction with CO2 into calcite (
water, a neutralisation reaction with the hydroxides from the portlandite or the C-S-H phases
will occur. Reaction of the C-S-H phases reduces the C/S ratio because the dissolution is
∙ 32
) or
incongruent. Other minor cement minerals such as ettringite (
) will react with CO2 into gypsum and amorphous AlAFm-phases (
∙ 12
and Si-oxyhydroxides (Venhuis & Reardon 2001). At the same time, water that was bound to
these cement minerals (C-S-H phases, AFm-phases and ettringite) is released upon reaction with
CO2 (Kosakowski et al. 2014).
i.
ii.

∙

∙

→
→
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iii.

∙ 32

iv.

3

∙ 12
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→3

3

3

→3

∙3
∙3

29
9

The major microbial sinks for CO2 are methanogenesis and autotrophic carbon fixation. Methanogenesis was described previously in the section on hydrogen sinks; it forms methane from
CO2 and H2 (Fig. 3-3). Autotrophic carbon fixation is a process in which CO2 is reduced to
make biomass instead of being used in energy metabolism. This process is essential for phototrophic microorganisms (that use light for their energy metabolism, which is not applicable in a
L/ILW repository) and chemolithotrophic microorganisms. However, chemolithotrophic carbon
fixation requires O2 as an oxidant (Madigan et al. 2015) and, therefore, potential activity of
chemolitotrophs will be limited or short-lived in a L/ILW repository.

4.5

Consumption of CH4

In the older literature it was claimed that CH4 can only be metabolised in the presence of
molecular oxygen. The microorganisms and enzymes which catalysed the initial step (turnover
of CH4 to methanol) were recently characterised in detail. Two types of enzymes were found: a
soluble methane monooxygenase (sMMO) and a particulate methane monooxygenase (pMMO)
(Murrel & Smith 2010, Nazaries et al. 2013).
In the late 1980s there was increasing evidence that O2 is not an essential co-substrate for the
oxidation of CH4. Particularly in marine sediments it was found that microbial CH4 oxidation is
also possible using SO42- as a co-substrate (Alperin & Reeburgh 1985). The biochemistry of the
reaction remained enigmatic and was only elucidated about 10 years ago (Thauer & Shima
2006, Thauer & Shima 2008 and Thauer et al. 2008). It was demonstrated that the last step in
methanogenesis (CoM-S-CH3 → CH4; Fig. 4-5), which is catalysed by the methyl-coenzyme M
reductase, is reversible. Later on it was demonstrated that not only O2 and SO42- but also NO3can serve as an oxidant for CH4 oxidation (Alperin & Reeburgh 1985). From a thermodynamic
point of view, CH4 should also be oxidisable with Fe3+ and Mn4+ as oxidants. Indeed, there is
unequivocal biogeochemical evidence that these processes take place (Riedinger et al. 2014,
Sivan et al. 2011 and 2014, Beal et al. 2009, Egger et al. 2015). However, an enrichment or a
pure culture catalysing this process has not yet been found (Glass et al. 2014). In summary, at
present the following enzymatically catalysed oxidations of methane are well documented
(Thauer & Shima 2008, Caldwell et al. 2008):
i.
ii.

→
5

8

iii.

8

iv.

4

v.

2
8
2

→5
→

8

→

4

8
2

4

→

14
8
6
2
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Fig. 4-5:

Reduction of CO2 to CH4 within the methanogenic food web (after Madigan et al.
2015).

4.6

Metabolic potential of microorganisms in Opalinus Clay

A clear sign of microbial activity in Opalinus Clay was observed for the first time in the
Porewater Chemistry (PC) experiment at the Mont Terri URL (Mauclaire & McKenzie 2006,
Stroes-Gascoyne et al. 2007, Stroes-Gascoyne et al. 2011). The low pH and the high sulphide
concentration in the borehole water were strong indicators that microbially mediated reduction
of dissolved sulphate to sulphide was taking, or had taken, place in this experiment.
The Microbial Activity (MA) experiment at the Mont Terri URL (Fig. 4-6) also demonstrated
that in situ or introduced microorganisms can thrive in a borehole in Opalinus Clay when there
is sufficient water, enough space and the necessary nutrients (electron donors, electron acceptors, carbon sources, energy sources). In the MA experiment, Bagnoud (2015) demonstrated the
presence of a large variety of microorganisms (including various SRB) and their potential to
consume introduced H2(g) while reducing sulphate to sulphide in the porewater.
The borehole of the MA experiment (BCR-3) was drilled normal to the bedding. Downhole
equipment included a central tube containing sampling lines (green line for water sampling and
injection; red line for gas injection), a hydraulic packer and a PVC screen, shown in Fig. 4-6.
The above-ground equipment included a cabinet under Ar atmosphere with different sampling
options, online probes for monitoring S2-, dissolved oxygen (DO) and pH and a peristaltic pump
to circulate the porewater (Fig. 4-6).
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Fig. 4-6:

Schematic of the setup of the MA experiment at the Mont Terri Research Laboratory.

The MA experiment entailed the repeated (approximately weekly) injection of H2(g) into the
borehole and the experiment took place over a period of 500 days. While the borehole was
initially aerobic, dissolved oxygen (DO) quickly decreased after H2 injection and, after approximately a month, DO had fallen below the detection limit. Subsequently, the concentration of
ferrous iron increased, followed by a rapid decrease and the establishment of steady sulphatereducing conditions starting at approximately day 50 (Fig. 4-7).
Several approaches were used for the detailed study of the microbial community in the
MA experiment. First, amplification of the 16S rRNA gene in 60 samples followed by
sequencing yielded a detailed picture of the evolution of the microbial community as a function
of time and chemical conditions (Fig. 4-8). During the oxygen reducing phase, more than 50 %
of the microbial community was represented by Gammaproteobacteria such as Pseudomonas
and Xanthomonadaceae species, while the rest consisted mostly of Alphaproteobacteria such as
Novispirillum and Rhodobacteraceae. The latter two microorganisms persisted throughout the
500 days of the experiment. While these organisms clearly were instrumental in consuming
oxygen by reduction with H2, they are unlikely to be relevant for repository conditions as the
oxygen in a repository might first be used up by the aerobic corrosion steel. Interestingly, the
composition of the microbial community during the Fe(II) production phase (presumed to be a
microbial iron-reduction phase) was very similar to that of the sulphate-reducing phase,
suggesting that the sulphate-reducing bacteria may have reduced Fe(III) (presumably derived
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from the oxidation of pyrite in the borehole while it was open to the atmosphere for several
years) first, before starting to reduce sulphate. SRB species such as Desulfovibrio vulgaris, a
deltaproteobacterium, are well known to also reduce Fe(III) (Park et al. 2008). In fact, for the
majority of the duration of the experiment, a Deltaproteobacterium, belonging to the order
Desulfobacterales and identified by 16S rRNA sequencing to belong to the genus Desulfocapsa,
was the most abundant microorganism identified. In addition, Gram-positive SRB were also
present throughout. In order to better deconvolute the role of the various microorganisms in the
oxidation of H2 and the reduction of sulphate, as well as to attempt to reconstruct their metabolic web in the borehole, a combined metagenomic and metaproteomic study was carried out
subsequently.

Time (days)

Fig. 4-7:

Evolution of the dissolved species over a period of 500 days in the MA expriment.
Concentrations of dissolved O2 are indicated with the blue line (right y-axis), Fe(II) with
the green line (right y-axis) and S(-II) with the orange line (left y-axis) in borehole water,
starting 50 days before the first H2 injection that occurs at day 0. Initially, H2 injection was
done through a small reservoir at the surface via a gas permeable membrane when recirculating porewater. Dissolved oxygen falls below the detection limit after around day 50
while sulphide increases to concentration of around 550 µM.

After assembly of the sequencing data for 16 samples, a binning approach was used for
assembled contigs, and individual genomes were reconstructed in silico. In particular, seven
organisms were identified with sufficient protein to infer their actual metabolic activity in the
borehole. Two autotrophic microorganisms were identified: a member of the Desulfobulbaceae
family (corresponding to Desulfocapsa from the 16S rRNA sequencing) and a member of the
Rhodospirillaceae family (corresponding to Novispirillum from the 16S rRNA sequencing). The
former uses the reductive acetyl-CoA pathway for CO2 fixation, while the latter uses the CalvinBenson-Bassham cycle. Metaproteomic data clearly showed that the Desulfobulbaceae strain
actively oxidised H2, reduced sulphate and fixed CO2. In contrast, the Rhodospirillaceae strain
appeared to also use H2 as an electron donor while fixing CO2, but the electron acceptor
remained elusive. Further, a Hyphomonas species was identified and interpreted to be a fermentative organism, most likely utilising microbial necromass as a source of carbon and energy, and
releasing fatty acid intermediates (e.g. acetate) that could be used by other heterotrophic
microorganisms in the community. In particular, four heterotrophic SRB were identified and
exhibited active sulphate reduction, presumably fueled by the oxidative acetyl-CoA pathway
utilising acetate (and potentially other organic acids). Three of the four SRB were Firmicutes,
while one was a species from the Desulfatitalea genus, a Deltaproteobacterium.
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Evolution of microbial community composition in the MA experiment borehole
water after H2 injection, based on amplicon sequencing of the V4 region of the
16S rRNA gene.
The colored bar at the top of the plot indicates the final electron acceptor in the different
redox regimes.

Overall, the metabolic web reconstructed in the borehole comprised autotrophic growth dependent on H2 as a source of energy, fermentation of necromass, and the oxidation of organic acids
back to CO2, closing the carbon loop. From the MA experiment, it was evident that H2 consumption in Opalinus Clay borehole water was rapid and that this energy source would be able
to support a thriving and actively sulphate-reducing microbial community. It should be emphasised that the MA experiment took place in a water-filled borehole. In a L/ILW repository, most
microbial activity is expected to occur in the tunnel backfill where pore sizes are larger and the
pH lower (circumneutral) than in the cementitious backfill surrounding the waste containers. In
the tunnel backfill of a L/ILW repository, microbial metabolism would be dependent on diffusional transport of energy sources and nutrients, which would likely result in metabolic rates
lower than in a borehole filled with water. It should also be emphasised that, at this point, it is
still being determined whether the microbes present in borehole water in many experiments at
the Mont Terri URL were organisms residing in the Opalinus Clay or were inadvertently introduced during drilling and experiment installation.
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Quantification of gas production and consumption in a
L/ILW repository

The potential impact of gas generation, gas pressure build-up and gas transport on the performance of both the engineered barriers and the natural geological barrier is an important issue in
the assessment of long-term radiological safety of a nuclear waste repository.
As discussed in Chapter 3, significant quantities of gases may be generated as a result of various
processes, comprising anaerobic corrosion of metals and microbial degradation of organic compounds. The most important gases generated are hydrogen, methane and carbon dioxide. Quantification of the gas sources can be found in Diomidis et al. (2016).
The amount of gases generated could potentially be reduced by treating the waste and/or by
considering the presence of gas sinks (Fig. 1.1). The potential gas sinks for H2, CO2 and CH4
were discussed in Chapter 4, as they may reduce gas pressure build-up. Both chemical (e.g.
cement carbonation) and microbial sinks (e.g. methanogens and sulphate-reducing bacteria)
were discussed.
The aim of this chapter is to quantify the impact of chemical and microbial sinks through mass
balance calculations. This will be carried out for the two most relevant sinks that can currently
be assessed in a qualitative way, namely H2 consumption (section 5.1) and CO2 consumption
(section 5.2).

5.1

Quantitative assessment of H2 gas consumption

Sulphate-reducing microbes may reside, for example, in the branch and access tunnels and in
the excavation-damaged zone of a L/ILW repository. In these areas hydrogen may be consumed
by reaction with sulphate ions in the porewater according to following reaction:
4H

SO

H → HS

4H O

Sulphate ions are present in the Opalinus Clay porewater. Sulphate minerals are also present in
the rock and in materials that may potentially be used to line and backfill the repository access
structures.
The following paragraphs present estimates of the amount of hydrogen that can be consumed by
this reaction, based on the various sources of sulphate that may be present, as indicated in
Fig. 5-1.
Two approaches are adoped to perform these estimates, one for sulphate sources in the
repository near-field and one for sources in the geosphere. In particular:
1. For the near-field, a mass balance approach is used, in which the amount of sulphate
potentially available from sulphur-bearing minerals in the engineered barriers and their
EDZs is compared with the amount of hydrogen produced in the repository to give an
indication of the maximum potential magnitude of the hydrogen sink that could be provided
by these minerals.
2. For the geosphere, an approach is used whereby the diffusion of dissolved sulphate from the
host rock towards the repository is modelled.
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Fig. 5-1:

Conceptual schematic of a L/ILW repository, with approximate amounts of
minerals relevant for the microbial utilisation of hydrogen.
OPA is Opalinus Clay, OPA-PW is Opalinus Clay porewater.

Mass balances for sulphate sources in the engineered structures and EDZs
For the mass balance calculations, the sulphate sources considered are related to the repository
near-field, i.e.:


shotcrete liners and potential backfill materials for the access structures, considering these
to be either crushed Opalinus Clay, a 70/30 sand/bentonite mixture or Friedland clay



disturbed Opalinus Clay in the EDZs around the access structures and emplacement
caverns.

Hydrogen in dissolved form or as a free gas phase is assumed to access the pore spaces of these
sources relatively rapidly. Thus, a simple mass balance approach can be used to assess whether
there is enough sulphate present to consume all the hydrogen produced in the repository.
Detailed information on the repository dimensions and the calculated volumes of the EDZ,
access and branch tunnels can be found in Appendix C.
Considering the shotcrete liner, each cubic metre of shotcrete can supply 107 moles of sulphate
(ESDRED cement, Fries et al. 2016). The 38'171 m3 of shotcrete liner can thus supply
4.08 × 106 moles of sulphate which, according to the previous equation, can consume four times
this many moles of H2, i.e. 1.63 × 107 moles of H2 molecules.
The backfill of the branch tunnels and other tunnels is assumed to be either crushed Opalinus
Clay, a 70/30 sand/bentonite mixture or Friedland clay.
Firstly, the case where sand/bentonite is used for backfill in the branch tunnels and crushed
Opalinus Clay is used elsewhere is considered. The main sulphur minerals in bentonite are
pyrite (FeS2; 0.6 wt.%) and gypsum (CaSO4H2O; 0.9 wt.%). Oxidation of pyrite in bentonite
could potentially occur during storage, during transport underground and in situ in its final
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location in the repository, before anoxic and reducing conditions are established. Complete
oxidation of pyrite will not necessarily occur in reality, but is assumed here to give an indication
of the maximum potential magnitude of hydrogen sinks.
Oxidation of one mole of pyrite (by O2) would give a maximum of two moles of sulphate,
which can reduce 8 moles of hydrogen according to reaction (see below) and one mole of ferric
iron (Fe3+), which can reduce ½ mole of H2 by the reaction:
2Fe

H → 2Fe

2H

Thus, in all, 8.5 moles of hydrogen can potentially be consumed by reaction with one mole of
pyrite that has undergone complete oxidation.
In the case of gypsum (CaSO4∙.2(H2O)), 4 moles of hydrogen can be consumed per mole of this
mineral according to:
4H

SO

H → HS

4H O

The main sulphur-bearing mineral in (crushed) Opalinus Clay is pyrite (0.2 wt.% – 3.6 wt.%).
Again, if this is oxidised completely during the pre-closure and early post-closure phases, it
could generate a source of SO4 that could react with H2. There is also indirect evidence of minor
sulphate phases that are very difficult to detect by standard methods, here assumed to be predominantly celestite (SrSO4) (see note 1), Tab. 5-1). Again, 4 moles of hydrogen can be consumed per mole of celestite according to the previous equation.
Based on these considerations, the total maximum amounts of hydrogen that could be consumed
by reaction with each of the sources of sulphate are given in Tab. 5-1.
These amounts are plotted in Fig. 5-2a, together with the cumulative amount of hydrogen produced as a function of time in the L/ILW emplacement caverns (after Poller et al. 2016).
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Tab. 5-1:

Hydrogen potentially consumed by reaction with various sulphide sources in the
repository engineered structures and EDZs.
Sulphate
source

Formula
weight

Concentration

Volume

Dry
density

[g/mol]

[wt.%]

[m3]

[kg/m3]

Celestite

184

0.02 – 0.06 1)

155'059

2394 2)

Pyrite

120

0.2 – 3.6 3)

Branch tunnels
(sand/bentonite)

Gypsum

172

0.9 4)

Pyrite

120

0.6 3)

Other tunnels
(crushed OPA)

Celestite

184

0.02 – 0.06 1)

Pyrite

120

0.2 – 3.6 2)

Gypsum

172

2 5)

Pyrite

120

0.8 4)

EDZ
(OPA)

Other tunnels
(Friedland clay)
Cement 6)
1)

2)
3)
4)
5)
6)
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19'611
182'143

2000
2000

2030 4)

Max. H2 that
Moles H2
potentially
could be
consumed per consumed
mole mineral
[moles]
4

1.61 × 106 –
4.84 × 106

8.5

5.26 × 107 –
9.47 × 108

4

8.21 × 106

8.5

1.67 × 107

4

1.58 × 106 –
4.75 × 106

8.5

5.16 × 107 –
9.29 × 108

4

1.72 × 108

8.5

2.10 × 108
1.63 × 107

p. 177ff in Wersin et al. (2013). Note that this is a hypothetical range, assuming that the "excess sulphate" concentrations observed from leachates when compared to squeezed water are explained by the congruent dissolution
of a minor sulphate phase, which is taken to be celestite.
Table 9.2-1 in Nagra (2002).
Table 4-1 in Wersin et al. (2013).
Karnland (2010).
Wersin et al. (2014).
Assuming 3.5 m3 shotcrete per metre of tunnel and drift (based on information given in the cost studies 2011 and
modified to be consistent with current planning assumptions according to Nagra 2016 and with expected range of
geomechanical conditions), a total tunnel/drift length of 10'906 m (including 3'200 m of emplacement tunnels and
branch tunnels and 7'706 m of other tunnels), and 107 moles of sulphate per m3 cement (ESDRED Cement), the
amount of hydrogen potentially consumed is 1.63 × 107 moles.

The figure shows that, of the sulphate sources considered, only pyrite in the EDZ and in the
crushed Opalinus Clay tunnel backfill (other tunnels) potentially consumes a significant fraction
of the H2 release from the emplacement caverns. This assumes, however, that this pyrite has
been entirely oxidised before anoxic and reducing conditions are established and also that H2
generated in the rooms has access to all the SO4 produced by this oxidation, even in parts of the
repository remote from the emplacement caverns. To evaluate this would require a more elaborate approach than the simple mass balance presented here.
Next, the case is considered where Friedland clay rather than crushed Opalinus Clay is used as a
backfill material. According to Table 4-1 of Wersin et al. (2014), Friedland clay contains 0.8 %
pyrite and 2 % gypsum. The resulting amounts of hydrogen consumed are again presented in
Tab. 5-1 and plotted in Fig. 5-2b.
Fig. 5-2b illustrates that, in the case where Friedland clay is used to backfill the access tunnels,
not only the pyrite in the EDZ and in the tunnel backfill (other tunnels), but also gypsum in the
tunnel backfill, would constitute the largest potential source of sulphate, in the event that all
pyrite is oxidised and all resulting sulphate is available for reaction with H2.
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Hydrogen potentially consumed by reaction with various oxidised sulphide sources
in the repository engineered structures and EDZs, together with the total amount of
hydrogen produced as a function of time in the L/ILW emplacement caverns.
It is assumed that sand/bentonite is used as backfill in the branch tunnels and that (a)
crushed Opalinus Clay or (b) Friedland clay is used elsewhere in the access tunnel system.

In-diffusion of sulphate from the host rock
Besides the sulphate reservoirs in the shotcrete, backfill materials and the EDZ, sulphate in
undisturbed Opalinus Clay porewater and from sulphate minerals in Opalinus Clay should be
taken into account as a source of sulphate (see also Fig. 5-1; 25 mmol L-1). However, a mass
balance approach is not sufficient to assess these sources as they are diffusion-dependent.
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This sulphate must diffuse from the host rock to the emplacement caverns and repository access
structures, or to their associated EDZs, before it can be reduced by microbial activity and consume hydrogen. Thus, an assessment of the rate of hydrogen consumption due to these sources
is somewhat more complicated in that it has to consider the rate of sulphate diffusion.
Sulphate present in aqueous form in the host rock can potentially consume hydrogen through
the action of sulphate-reducing bacteria present at or near the interface between the repository
tunnel system and the rock. The sulphate that supplies sulphate-reducing bacteria must migrate
through the host rock to the interface, predominantly by diffusion.
To model this situation, an initially uniform sulphate concentration Cs is assumed in the rock
pores. Only radial diffusion is considered, taking place in a plane normal to the tunnel/drift axis,
which is conservative in the sense that diffusion of sulphate parallel to the tunnel axis would
cause some further consumption of hydrogen. Furthermore, the kinetics of the microbially
facilitated reaction with hydrogen is assumed to be fast, such that the reaction rate is controlled
by the supply of reactants. More details on the governing equations for in-diffusion and their
solution can be found in Appendix C.
In a first model variant, the supply of sulphate by dissolution of Opalinus Clay minerals (pyrite
and celestite) is ignored, but is considered below in a second variant.
Fig. 5-3 shows the results of modelling this variant considering separately (i) the emplacement
caverns, (ii) the branch tunnels and (iii) other tunnels. The figure compares the hydrogen production in the rooms with potential hydrogen consumption at the boundaries of each of these
structures. In the case of the other tunnels, the STMAN solution is also shown up to a million
years. The solution method used to generate the results for H2 consumption shown as continuous curves is given in Appendix C. The solution disregards the curvature of the tunnel walls.
The dotted curve shows an alternative numerical solution obtained using the Nagra STMAN
code (Nagra 2002) for other tunnels. The STMAN solution is more realistic, in the sense that it
takes account of the curvature of the outer boundary of the tunnels. Although the differences
between the STMAN solution and the solution disregarding tunnel wall curvature increase with
time, even at a million years the error introduced by using the latter more simplified solution is
only around a factor of 2. The simplified solution is also conservative, in the sense that, compared with STMAN, it underestimates the amount of hydrogen consumed by reaction with
sulphate.
Fig. 5-3 shows that the amount of hydrogen consumed by reaction with dissolved sulphate from
the rock is, at most times, two orders of magnitude (or more) less than the amount of hydrogen
produced. Thus, even when it is assumed that hydrogen is distributed throughout the room/
tunnel system, thereby maximising the surface area for reaction with sulphate, the amount of
hydrogen consumed by reaction with sulphate remains substantially less than the amount of
hydrogen produced.
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Fig. 5-3:
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Hydrogen potentially consumed by in-diffusion of dissolved sulphate from the host
rock to the emplacement caverns, the branch tunnels and other tunnels, together
with the total amount of hydrogen produced as a function of time in the L/ILW
emplacement caverns.

The first model variant takes no account of the potential supply of sulphate from the dissolution
of minerals in Opalinus Clay. It was shown previously that pyrite, which is present at
0.2 - 3.6 wt.% in Opalinus Clay, is also potentially significant if crushed Opalinus Clay is used
as a tunnel backfill. However, this requires the oxidation of sulphide in the pyrite to sulphate,
which is conceivable in the backfill and EDZ, but not in the bulk of the rock, where anoxic and
reducing conditions are expected to prevail at all times. The other potential source of sulphate is
celestite. A second model variant that estimates the supply of sulphate and consumption of
hydrogen due to the dissolution of celestite in the host rock is illustrated in Fig. 5-4.
As celestite dissolves and supplies sulphate for reaction with hydrogen, a host rock zone
depleted of celestite will form around the emplacement cavern or access tunnel under consideration. Sulphate supplied at the outer boundary of the zone (retreating front) will have to diffuse
across this zone before reacting with hydrogen at the inner boundary, where it is assumed that
sulphate-reducing bacteria are present; there are known to be no active, sulphate-reducing
bacteria in the undisturbed Opalinus Clay and this is expected still to be the case if it is depleted
in celestite. If there is insufficient in-diffusion of sulphate to consume all the hydrogen present
in the tunnel, hydrogen may also diffuse outwards through the zone and essentially be lost from
the system under consideration. It will not react with sulphate in the celestite-depleted rock due
to the absence of microbial activity. However, quantifying the rate of loss by diffusion is not
straightforward, since it depends on the distribution of hydrogen between dissolved and gaseous
forms within the room/tunnel, and is omitted in the present analysis.
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r

Celestitedepleted rock

r = rf (t)

r=a
Retreating front

H2 diffusion
Retreating front

EGTS

+
4H2 + SO 24 + H → HS + 4H20

C≥0
Sulphate diffusion

Undisturbed rock
C = Cs

Fig. 5-4:

Model for estimating the supply of sulphate and consumption of hydrogen due to
the dissolution of celestite in the host rock. H2 diffusion is not considered in the
present application.

Consider first the hypothetical case in which the hydrogen generated remains confined within
the emplacement caverns at all times, where it is at least partly consumed by reaction with
sulphate from celestite in the rock diffusing into the room according to the above model
(Fig. 5-4). Fig. 5-5 shows the resulting amount of hydrogen present in an emplacement cavern
as a function of time. For comparison, the figure also shows the amount of hydrogen that would
be present in the room in the case of no consumption. Fig. 5-6 shows the corresponding extent
of the region of Opalinus Clay depleted of celestite. A detailed description of the numerical
solution to this problem can be found in Appendix C.
Three parameter combinations are considered:
1. celestite: 0.02 wt.%,
= 2.0 × 10-12 m2 s-1 (the latter being the reference value for chloride
diffusion in a deep repository from Table A3.5-3a in Nagra (2014b);
2. celestite: 0.06 wt.%,

= 2.0 × 10-12 m2 s-1;

= 1.0 × 10-11 m2 s-1 (the latter being the upper limit for chloride
3. celestite: 0.06 wt.%,
diffusion in a deep repository from Table A3.5-3a in Nagra (2014b).
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Fig. 5-5:

Hydrogen present in an emplacement cavern as a function of time, taking into
account consumption by reaction with sulphate from celestite in the rock diffusing
into the room.
The cumulative amount of hydrogen generated in the room in the case of no consumption
(H2 production) is also shown for comparison.

2.0 × 10-12
2.0 × 10-12
1.0 × 10-11

Fig. 5-6:

Radial extent of the region of Opalinus Clay depleted of celestite for the cases
shown in Fig. 5-5.
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Depending on the combination, it takes between about 100'000 and a million years for enough
celestite to be dissolved to make a significant impact on the amount of hydrogen confined
within the room. By this time, the radius of the depleted region is some tens of metres and may
well exceed the lateral spacing of the rooms. Thus, essentially all the celestite in the rock
between the rooms needs to be dissolved in order to make an impact and this takes so long that
gas pressures will have long before driven the hydrogen from the rooms into the access tunnel
system.
Next, consider the case that hydrogen is dispersed throughout the access tunnel system. Fig. 5-7
shows the amount of hydrogen present in the access tunnel system (the other tunnels, as defined
earlier, with a total length of 6'442 m and an assumed average radius of 3 m) as a function of
time, taking into account consumption by reaction with sulphate from celestite in the rock
diffusing into the tunnel system. Again, for comparison, the figure also shows the cumulative
amount of hydrogen generated in the room in the case of no consumption. Fig. 5-8 shows the
corresponding extent of the region of Opalinus Clay depleted of celestite.
Although faster than in the case where hydrogen is confined to the emplacement caverns, it
takes up to around 100'000 years for enough celestite to be dissolved to make a significant
impact on the amount of hydrogen within the access tunnel system.
Overall, therefore, it can be concluded that sources of sulphate in the undistubed host rock are
unlikely to consume significant amounts of repository-generated hydrogen and that, in the nearfield, only pyrite in the EDZ and in the crushed Opalinus Clay tunnel backfill (other tunnels)
could potentially consume a significant fraction of the hydrogen released from the emplacement
caverns.
4 
2
) that may
These mass balances do not account for methanogenesis (
further reduce the hydrogen gas pressure when the electron acceptor sulphate is depleted. The
source of CO2 here is not degradation gas from the waste but rather resulting from the
dissolution of carbonate minerals such as calcite (Moore et al. 2004).
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Fig. 5-7:

Hydrogen present in the access tunnel system (room) as a function of time, taking
into account consumption by reaction with sulphate from celestite in the rock
diffusing into the tunnels.
The cumulative amount of hydrogen generated in the room in the case of no consumption
(H2 production) is also shown for comparison.
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Fig. 5-8:

Radial extent of the region of Opalinus Clay depleted of celestite for the cases
shown in Fig. 5-7.
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Quantitative assessment of CO2 gas consumption

Degradation of organic waste materials (microbially and chemically initiated degradation) will
produce approximately equimolar amounts of methane (CH4) and carbon dioxide (CO2), for
which a simplified reaction can be written as (Stumm & Morgan 1996):
2

→

where {CH2O} represents an average composition of organic materials. Carbon dioxide would
dissolve in the alkaline porewater and react with portlandite (Ca(OH)2) and precipitate as
calcite. All organic materials listed in the MIRAM inventory (Nagra 2014c) are characterised by
a model degradation reaction that describes the formation of CO2 and CH4 for each organic
component (for a list of model reactions see Cloet et al. 2014a). A total of 2.43 × 105 mol CO2
could be produced from all organic compounds in the inventory.
As described in section 4.2, the reaction between CO2 and Portlandite (Ca(OH)2) in cement
paste will lead to the formation of CaCO3. This leads to the degradation of cement and the
reduction of the pH value. Taking into account the volume of the cementitious backfill and the
volume of CO2 produced, one could make, through simple mass balance calculations, an
estimate of the effect of this sink. For the mass balances the following assumptions were made:


Emplacement cavern volume for all 9 emplacement caverns (radius 5.7 m) of 200 m length:
200 m × (5.7 m)2 × π × 9 = 183'726 m3



Assume 350 kg cement /m3 with 24.7 % of portlandite (86 kg portlandite /m3).



Reaction of CO2 only with portlandite (ignore C-S-H buffer capacity): 1'160 mol/m3
Ca(OH)2 equivalents per m3 of emplacement cavern since 1 mole of CO2 is consumed by
1 mole of portlandite.



The total amount of portlandite in all emplacement caverns:
183'726 m3 × 1'160 mol/m3 = 2.13 × 108 mol portlandite.

The total amount of portlandite present clearly exceeds the total amount of CO2 that is produced
from the degradation of organic compounds in the repository.

5.3

Modelling gas transport and sinks on the scale of a repository system

Sensitivity analysis of gas release in the L/ILW repository taking into account microbial consumption of H2 requires the modelling of isothermal two-phase flow through the repository
structures and surrounding host rock coupled with H2 and sulphate transport. For this, a numerical model has been developed with the TOUGH2 code using the equation-of-state module
EOS7R for a gas phase, a liquid phase and two species ("components") that can both be volatile/
dissolved (Pruess et al. 2012). The liquid phase is used to describe water with dissolved
sulphate. The gas phase in the repository structures originates from the ventilation of the tunnels
prior to backfilling. The first species can be used for hydrogen. The second component can be
used for methane or another volatile/dissolved species. The hydrogen gas generated in the
emplacement tunnels can be explicitly tracked as a mass fraction of H2 in the gas phase. The
microbial consumption of the hydrogen component in the backfill of the EBS tunnels can be
modelled as a function of dissolved sulphate concentration in the porewater, whereby four
moles of H2 are consumed for each mole of SO4 consumed. Although the solubility of hydrogen
is accounted for, the viscosity of the gas mixture is assumed to be the same as that of air. This is
a reasonable assumption at early times (due to the air phase existing in the pore space of the
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backfilled structures) and constitutes a conservative approach with respect to gas pressure buildup at later times, as the viscosity of air is higher by a factor of about 2 than that of hydrogen.
Fig. 5-9 shows the process couplings implemented in the multiphase flow framework, which
can be broken down into processes in the liquid and gas phase, respectively. The solid phase is
assumed to be an immobile elastic medium with the capability to adsorb/desorb dissolved
matter. The following source and sink terms have been implemented:


Water consumption and hydrogen production associated with corrosion processes (instantaneous reaction).



Water production, hydrogen consumption and SO4 consumption by microbial processes
(instantaneous reaction).



Desorption of SO4 from the solid phase in the porewater (reversible, instantaneous linear
sorption).
+

2-

Initial concentration SO4
(in porewater): 25 mmol/L

k in

liquid phase
H2 O

et i

cs

SO4

-

4H 2 + SO42- + H → HS + 4H 2O

sorption/
desorption

solid phase

H2
Initial concentration SO4
(adsorbed): 1 % wt.%

exsolution/
dissolution

evaporation/
condensation

H2 O

2-

H2
(CH4 /air/...)
gas phase

Fig. 5-9:

advection

production (corrosion)

production (microbial)

diffusion

consumption (corrosion)

consumption (microbial)

Flow and transport mechanisms in the multiphase/multicomponent flow concept
implemented in the TOUGH2 code (Pruess et al. 1999).
Three phases (liquid, gas, solid) and three components (H2O, H2, SO4; optionally H2 is
substituted by CH4, "air") are addressed. Implemented transport processes are advection
and diffusion in the liquid and gas phase respectively. The implemented phase transition
processes are evaporation/condensation (liquid/gas phase), dissolution/exsolution (liquid/gas phase) and sorption/desorption (liquid/solid phase). The source terms (water and sulphate consumption, hydrogen production by corrosion and microbial activity) are associated with the liquid phase.
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A brief summary of model implementation and assessment cases is given in the subsequent
paragraphs. Further details concerning the model set-up, parameter assignments, sensitivity runs
and discussion of the results are described in Papafotiou & Senger (2016).

Implementation of the model geometry
The model is built on an Integrated Finite Differences (IFD) grid with nested refinements in the
vertical and horizontal directions. The nested grid allows for a finer discretisation around the
repository elements that coarsens away from the repository and towards the model boundaries,
resulting in a total number of nodes of approximately 345'000 with 1'053'000 connections
between them. The grid consists of 30 horizontal layers in total. The emplacement caverns are
discretised as two inner layers comprising 5 × 10 × 3 m3 cells and two outer layers with
4 × 10 × 2 m3 cells. The operational and ventilation tunnels are discretised with cells with dimensions of 10 × 3 × 3 m3. The coarsest cells, with dimensions of 80 × 80 × 30 m3, correspond to the
edges of the rectangular model domain.
An overview of the L/ILW repository model is shown in Fig. 5-10. Details of the implementation of the model geometry are given in Diomidis et al. (2016). The repository plane is assumed
to lie in the middle of the Opalinus Clay, which is assigned a thickness of 110 m, while the
upper and lower confining units above and below the Opalinus Clay have thicknesses of 75 m
and 160 m, respectively.
Initial and boundary conditions, gas source terms and property assignments are presented in
Papafotiou & Senger (2016). The assessment cases that account for microbial consumption of
hydrogen are discussed in the subsequent section.

Assessment cases with focus on microbial gas consumption
The assessment of gas release from a L/ILW repository was carried out by defining a base case,
which is then used as a basis for comparison with a number of alternative assessment cases
(simulation variants). These assessment cases were developed to account for different configurations and scenarios related to the microbial consumption of hydrogen in the repository
tunnels.
A simplified EBS model was developed for the simulation variants that account for microbial
consumption of hydrogen to avoid excessive CPU times. The validity of the simplified model
could be justified by additional simulations (see Papafotiou & Senger 2016), which indicated
clearly that the ingress of sulphate from the host rock is negligible when compared to the total
amount of sulphate in the backfilled repository structures.
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Detailed views of model geometry and grid.
Top: plan view. Middle: XZ slice through emplacement cavern. Bottom, left: plan view
detail including the repository seals and access tunnels. Bottom, right: XZ cross-section
showing the operation tunnel and shaft (specified lengths in italic letters: reference concept).
(1) L/ILW emplacement caverns (cross-section K09, 200 m). (2) V5 plugs (20 m).
(3) Branch tunnels (97 m). (4) Operation tunnel. (5) Ventilation tunnel. (6) V2 plugs
(60 m); (7) Test area. (8) Observation gallery. (9) Pilot facility (cross-section K09, 45 m).
(10) Pilot branch tunnel. (11) Access tunnels. (12) V4 repository plug (30 – 40 m). (13)
Access tunnel/ramp (not explicitly represented in this model). (14) V3 seal (47 m).
(15) Operation shaft. (16) Upper Confining Unit. (17) Lower Confining Unit.
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In the simplified EBS model, the host rock and EDZ surrounding the repository are omitted and
the release of gas takes place only through the repository tunnels. Moreover, there is no
exchange of water between the repository tunnels and the host rock. The baseline simulation
with the EBS model assumes there is no microbial consumption of hydrogen; it is used for
comparison with the subsequent variants. This simulation is denoted as run2EBS.
Variant run2EBS_c1 assumes a "slow" consumption rate for hydrogen and sulphate when both
constituents are present. It is assumed that the consumption rate corresponds to 0.02 m3/m/year
for hydrogen (and the equivalent rate for sulphate based on the stoichiometry). The production
of water as a product of the microbial reaction is not taken into account. The amount of sulphate
available for consumption corresponds to 25 mmol/l (2.4 × 10-3 kg SO4 / kg H2O) following
emplacement and no additional sources from solids are taken into account.
Variant run2EBS_c2 assumes a "fast" consumption rate for hydrogen and sulphate when both
constituents are present. It is assumed that the consumption rate corresponds to 0.2 m3/m/year
for hydrogen (and the equivalent rate for sulphate based on the stoichiometry). The production
of water as a product of the microbial reaction is not taken into account. The amount of sulphate
available for consumption corresponds to 25 mmol/l (2.4 × 10-3 kg SO4 / kg H2O) following
emplacement and no additional sources from solids are taken into account.
Variants run2EBS_c1_kd and run2EBS_c2_kd add the effect of sulphate dissolution from solid
to the consumption variants with slow and fast consumption rates, respectively. For this, an
adsorption coefficient of 1.118 × 10-2 m3/kg is assumed for the sulphate corresponding to the
average value for clays provided by Alves & Lavorenti (2004).
Variants run2EBS_c1_g and run2EBS_c2_g account for sulphate present in the backfill in a
mix of crushed Opalinus Clay with gypsum (sulphate from celestite and gypsum) in the consumption variants with slow and fast consumption rates, respectively. It is assumed that all
sulphate from the solids is dissolved instantly in the backfill water at the beginning of the postclosure phase. This results in approximately 1.2 mol/l (1.44 × 10-1 kg SO4 / kg H2O) in the
operational, ventilation and access tunnels; for the emplacement caverns it is assumed that the
initial amount of sulphate in the emplacement caverns remains at 25 mmol/l (2.4 × 10-3 kg SO4 /
kg H2O).
Fig. 5-11 shows the pressure transient from variants taking into account the microbial consumption of hydrogen in the operational, ventilation and access tunnels. It is shown that the dissolved
sulphate present initially in the tunnels cannot sustain sufficient microbial consumption to
reduce the pressure build-up in the repository. On the other hand, dissolution of additional
sulphate from the backfill solids (i.e. in crushed Opalinus Clay, potentially also enriched with
gypsum) can supply enough sulphate to sustain microbial consumption over longer periods and
decrease pressure in the repository. Hence, the simulations suggest that microbial consumption
can be tailored accordingly as a mitigation measure against pressure build-up. The kinetics of
the microbial reaction, expressed in the models with "slow" and "fast" consumption rates, has
only a minor impact on the pressure evolution.
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Fig. 5-11:

Time-history of pressure in the emplacement caverns for the simulation variants
that account for microbial hydrogen consumption.
Top: Baseline case run2EBS and variants assuming slow kinetics. Bottom: Baseline case
run2EBS and variants assuming fast kinetics. Note that several runs were stopped prematurely due to extremely long CPU times.
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Design measures to limit pressure build-up

Various engineering measures have been assessed that could reduce the development of
excessive gas overpressures in the emplacement caverns. As discussed in detail in Diomidis et
al. (2016), measures can be taken if needed to reduce the gas production rate (e.g. melting of the
metallic waste). In addition, the gas-forming materials can be somewhat reduced in the L/ILW
emplacement caverns (e.g. by pyrolysis of organics). There are, however, probably only a few
existing materials that can replace steel used in repository construction, for instance in tunnel
supporting structures.
There are also options that increase the gas storage volume and gas transport capacity of backfilled underground structures. The concept of an engineered gas transport system (EGTS) has
been developed and is aimed at providing controlled release of the gases generated along the
backfilled repository structures (Nagra 2008). In the EGTS, advantage is taken of specially
designed backfill materials. Thus, high porosity mortars are selected as backfill materials for the
emplacement caverns to increase gas storage capacity. Sand/bentonite mixtures with a bentonite
content of 20 – 30 % are chosen as backfill materials for access tunnels and for seals. The sand/
bentonite mixtures with low bentonite content exhibit the favourable feature of low permeability
to water, whereas the gas permeability is relatively high. With the EGTS concept, the gas
transport capacity of backfilled underground structures can be increased considerably without
significant negative impact on the radionuclide retention function of the backfill.
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Summary and conclusions

Repository-generated gases may interact chemically with the environment at their place of
origin (e.g. carbonation of cement backfill by CO2 or precipitation of H2S as mackinawite or
pyrite). Chemical sinks are assumed to completely consume the respective gas species since
mass balance calculations have shown the availability of the required quantities of reactants,
reactions to be thermodynamically favourable and not limited by kinetics considering the timeframe of assessment.
Repository-generated gases may also be consumed by microorganisms in the backfilled operational tunnels, where conditions are suitable for microbial activity (i.e. larger pores, higher
water activity and circumneutral pH). A reduction of the H2 gas pressure will likely be mediated
by sulphate-reducing bacteria, which reduce sulphate in the porewater to HS-.
These conclusions are supported by observations from natural analogues. For instance, evidence
from nature (e.g. ocean sediments, subglacial environments, deep mines) shows that microbial
activity in the subsurface can take place over long periods of time (hundreds to thousands of
years) and evidence from engineered underground structures (e.g. town gas underground storage
systems) shows that microbial activity can occur at a large scale (millions of cubic metres of gas
converted). Moreover, studies from the underground rock laboratory at Mont Terri show that
bacteria found in borehole water are efficient at oxidising hydrogen as long as sulphate is
present in the borehole water.
For assessing the potential impact of sinks for repository-generated gas, mass balance calculations and transport models were run which showed that both chemical and biological sinks for
repository-generated gas may decrease the gas pressure build-up compared to the situation that
would arise in the absence of these processes.
However, the above transport models also suggest that the sulphate transport from the host rock
to the various backfilled tunnels may not be sufficiently fast to sustain an ongoing microbial
conversion of the hydrogen produced from the corrosion of waste and waste containers. If the
backfill provides enough sulphate (e.g. through added gypsum), then microorganisms might
impact the gas pressure build-up according to the amount of sulphate in the backfill.
The models do not account for the conversion of hydrogen to methane, which is an additional
reaction mechanism that would reduce the gas pressure build-up.
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Appendix A Geochemical parameters of Opalinus Clay
Tab. A-1:

Basic characteristics of the Opalinus Clay rock formations (modified from
Mazurek et al. 2008 and Nagra 2014d, Dossiers IV and VI).
Opalinus Clay in Northern
Switzerland (ZNO)

Opalinus Clay at
Mont Terri

shallow marine

shallow marine

Aalenian, ca. 174 Ma

Aalenian, ca. 174 Ma

Max. temperature reached during
diagenesis [°C]

85

85

Present burial depth (centre) [m]

596

275

Maximum burial depth (centre) [m]

1650

1350

1.5 – 2.5

2.5 – 3.5

Thickness [m]

113

160

Clay minerals [wt.%]

54

66

Illite, kaolinite, ill/smec mixedlayers, chlorite

Illite, kaolinite, ill/smec
mixed-layers, chlorite

Quartz [wt.%]

20

14

Feldspars [wt.%]

3

2

Calcite [wt.%]

16

13

Dolomite / ankerite [wt.%]

1

b.d.

Siderite [wt.%]

4

3

Pyrite [wt.%]

1.1

1.1

Organic carbon [wt.%]

0.6

0.8

CEC [meq/100 g rock]

10.6

11.1

Na-Cl-SO4

Na-Cl-SO4

12898

18296

-170

-227

Bulk wet density [Mg/m ]

2.52

2.45

Water content [wt.% relative to dry
weight]

4.0

7.03

Physical porosity [-]

0.12

0.16

0.06

0.09

Total specific surface [m /g]

90 (EGME)

130 (EGME)

External specific surface [m2/g]

28 (BET N)

31 (BET N)

Property / parameter
Depositional environment
Age

Over-consolidation ratio [-]

Clay mineral species (in order of
decreasing abundance)

Porewater type
Mineralisation [mg/L]
Eh [mV]
3

Anion-accessible porosity [-]
2

Eff. diffusion coefficient De (HTO)
normal to bedding [m2/s]
Anisotropy factor

6.1 × 10
5

-12

1.5 × 10 -11
5
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Tab. A-1:

A-2

(continued)

Property / parameter
Eff. diffusion coeff. De (Cl, Br, I)
normal to bedding [m2/s]
Anisotropy factor
Hydraulic conductivity K normal to
bedding [m/s]
Anisotropy factor

Opalinus Clay in Northern
Switzerland (ZNO)

Opalinus Clay at
Mont Terri

6.5 × 10-13

4.1 × 10-12

5

6

2.4 × 10

-14

4.0 × 10-14

1 – 10

ca. 5

3030 (normal)
4030 (parallel)

2620 (normal)
3030 (parallel)

Uniaxial compressive strength
normal to bedding [MPa]

30

16

Undrained E (tangent) modulus
normal to bedding [MPa]
Anisotropy factor

5500

3600

2.1

1.6

Cohesion normal to bedding at low
confining pressure [MPa]

8.6

5

Friction angle normal to bedding at
low confining pressure [°]

25

25

1.1 (normal)
0.15 (parallel)

1.2 (normal)
0.5 (parallel)

Seismic velocity Vp [m/s]

Swelling pressure [MPa]
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Appendix B Case studies
B.1

Methods in microbial ecology

Over the last few decades the methodologies used in environmental microbiology have become
increasingly sophisticated. In the past the detection methods usually required cultivation of the
microbial communities. Since only a small fraction (< 5 %) of the microorganisms can be
cultivated, most communities and processes remained largely unknown. Today most methods
are cultivation-independent and particularly the nucleic acid-based and isotope-based tools have
led to an explosion of knowledge. Moreover, many methods can be applied in the laboratory as
well as in the field (Madigan et al. 2015). Last but not least, the field of environmental microbiology has also profited from major developments in analytical chemistry and bioinformatics
as well as from the availability of modern modelling tools. Microbial communities and processes which were unknown in the past can now be documented in detail.
To illustrate the situation, some selected state-of-the-art methods in environmental microbiology
are listed here (Madigan et al. 2015):


FISH and CARD-FISH staining as well as MAR-FISH



PCR amplifications of DNA as well as of RNA



High throughput sequencing



Genomic, proteomic and metabolomic tools



Microsensors



Stable isotope probing



Stable isotope fractionation



NanoSIMS technologies



Flow cytometry

B.2

Selected natural habitats featuring a turnover of H2 and CH4

Over the last two decades there has been a rapidly growing body of literature on the turnover of
H2 and CH4 in the subsurface. Particular attention has been given to ocean sediments, to the
ocean seafloor, to subglacial environments and to deep mining areas. In most cases researchers
have dealt with very slow microbial growth, with microbial life in porous media, with extreme
environmental conditions and with low substrate concentrations. Many of these systems have
obvious similarities with L/ILW repositories and it will be rewarding to study the relevant
processes in these systems (Fig. B-1).
The fact that these natural systems have persisted over thousands and even millions of years is
of particular interest. Hoehler & Jorgensen (2013) compared the life phases in batch cultures
with the microbial life in ocean sediments and found striking differences. A batch culture has
doubling times in the range of hours and days and the microbial activities may extend up to
weeks or a few years. In contrast, natural populations in ocean sediments have doubling times of
several hundreds or thousands of years and the activities extend up to millions of years.
Comparing these systems, Hoehler & Jorgensen (2013) also calculated the specific carbon
turnover rates (expressed as moles of carbon assimilated per mole of cell carbon). It was found
that even turnover rates in the range of 10-5/day provided enough energy to sustain microbial
life.

NAGRA NTB 16-05

B-2

This section will focus on five selected types of subsurface ecosystems: (i) ocean sediments in
oligotrophic and highly productive zones; (ii) ocean sediments in the vicinity of methane
hydrates; (iii) ocean floors above zones where serpentinisation is ongoing; iv) subglacial zones
and (v) microbial communities in deep mining zones.
0

10

L/ILW repository

Laboratory or
field experiments
Natural systems
(e.g. processes in
deep subsurface)

Fig. B-1:

10 2

10 3

10 4

10 5

10 6

Time [years]

100'000 years

<5y

3

6

10 - 10 years

A combination of laboratory scale (< 5 y) experiments and the understanding of
natural systems (103 to 106 y) will allow the formulation of convincing arguments
regarding the sustainability of microbial processes over a large spectrum of spatial
and temporal scales.

Ocean sediments in oligotrophic and highly productive zones
Ocean sediments are usually characterised by a steady input of organic material from the photic
zone of the sea (Fig. B-2). However, depending on the location the primary production in the
ocean can deviate by several orders of magnitude and, consequently, the input rate of organic
material to the sediment surface and the bacterial biomass in the sediment is also very sitespecific (Sarmiento & Gruber 2006). Sedimentation rates range from a few mm to several cm
per 1000 y (Mueller & Suess 1979). This means that a depth of 10 m bsf (metres below sea
floor) represents an age in the range of 106 to 107 years.
Numerous publications deal with the microbial biomass in ocean sediments. For example, in the
rather productive upwelling zone of the equatorial Pacific at a depth of 10 m bsf about 106 live
microbial cells per cm3 were found (Kallmeyer et al. 2012). In contrast, in the very oligotrophic
zone of the South Pacific Gyre at a depth of 10 m bsf only about 103 live microbial cells per cm3
were found (Kallmeyer et al. 2012). In a recent review Parkes et al. (2014) summarised the
results of numerous drilling programmes in productive and oligotrophic zones. A plot of the cell
numbers as a function of depth revealed an average of 106 microbial cells per cm3 at a depth of 1
mbsf and 104 microbial cells per cm3 at a depth of 1000 mbsf.
Microorganisms in the ocean sediments show very low activities and it is very demanding
experimentally to quantify the turnover rates. However, adequate methodologies have been
developed and, already more than 10 years ago, solid evidence was presented that these microorganisms are physiologically active even at depths several hundred metres below the sea floor
(Wellsbury et al. 2002). Usually particulate organic matter, CH4 and H2 serve as energy sources.
Today the literature on the microbial ecology in ocean sediments is abundant. For example, it
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was found that in very oligotrophic zones the ocean sediments stay aerobic down to several
hundred mbsf whereas in productive zones they become sulphate-reducing or methanogenic a
few mbsf (Walsh et al. 2014). Riedinger et al. (2014) showed that Fe(III) reduction may be
important in low sulphate sediments.

Sea surface

Sea floor

Low primary
production
(e.g. South
Pacific)
CH2O

Aerobic

High primary
production
(e.g. Santa
Barbara)

Methane
hydrates

Hydrothermal
vents

Aerobic

Aerobic

CH2O

Sulfate
reducing
or
methanogenic

Sulfatereducing

CH4

Fig. B-2:

Serpentinisation
(e.g. Lost City)

H2S (Fe2+,
CH4)

H2 (CH4)

Simplified schemes of selected biologically active deep sea sediments.
In blue: the water column, in green: microbially active zone, in light brown: sediment.

Ocean sediments in the vicinity of methane hydrates
Ocean sediments in the vicinity of methane hydrates are characterised by an input of CH4 from
the underlying methane hydrate stability zone (Fig. B-3). The CH4 diffuses upwards and eventually meets SO42- which diffuses downwards. The contact zone is the ideal habitat for sulphatereducing methane oxidizers (section 3.3.3). Depending on the site, this process proceeds under a
pressure of about 250 bars which is energetically favourable. In the laboratory the simulation of
this process is usually carried out under elevated pressure and CH4 concentrations (Milucka et
al. 2012). However, it is noteworthy that there is solid evidence that sulphate-reducing methane
oxidizers are also present in the sediments of Lago di Cadagno (TI, Switzerland), where neither
high pressure nor high concentrations of CH4 can be expected (Schubert et al. 2011). For longterm modelling of methane in sea sediments, see Buffett & Archer (2004) and Archer et al.
(2012).
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Fig. B-3:

CH4

Anaerobic methane oxidation in ocean sediments above methane hydrates.
In blue: the water column, in green: microbially active zone, in light brown: sediment.
Figure adapted from Thauer & Shima (2006), Thauer et al. (2008), Marquardt et al. (2010).

Ocean floors above the serpentinisation processes
The chemical conversion of olivine (a mineral that is common in the earth's mantle) to
serpentinite releases H2 (and some CH4 which is not shown in the figure), generates heat and
drives the pH up to 11.0 (Madigan et al. 2015). The process takes place on the sea floor in the
vicinity of tectonic plate boundaries. Both H2 and CH4 serve as energy sources for a variety of
aerobic and anaerobic microorganisms. The first ecosystem of this type was found in the
Northern Atlantic and called Lost City (Fig. B-4). Later on, many other systems were found
along the Mid-Atlantic Ridge and eventually low temperatures systems were found in the Mediterranean Sea. Isotopic data suggest that these ecosystems persist for thousands if not millions
of years (Alt et al. 2013, Fruh-Green et al. 2003, Kelley et al. 2005, Lang et al. 2012, Boetius
2005). This example illustrates that H2 and CH4-fueled aerobic and anaerobic systems can
persist over extended time periods.

Subglacial zones
Subglacial zones are usually characterised by oligotrophic conditions, cold temperatures and
absence of light. Microbial life was considered to be essentially absent. However, recently a
number of publications clearly demonstrated the occurrenceof microbial processes in subglacial
zones (Dieser et al. 2014, Stibal et al. 2012, Wadham et al. 2012). Key reactions include the
degradation of particulate organic matter and the production and consumption of methane. The
existence of methane is considered to be a strong indicator for microbial life although it cannot
be excluded that part of the methane is not biologically produced but is liberated from the
bedrock (Nauer et al. 2014). Based on studies in sub-Antarctic sediments, Wadham et al. (2012)
developed a model which includes the aerobic and anaerobic oxidation of methane and the oxidation of sulphide.
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Fischer-Tropsch type reaction:
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+
SCO2 (mantle) + H2 → HCOO + H

SO42H2
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HS

-

Fluid flow (O2, DIC, B, SO4 (85%))

Ultrabasic oceanic crust
Serpentinisation:
(Mg, Fe) 2SiO4 + H2O → Mg3SiO5(OH) 4 ± Mg(OH) 2 + Fe3O4 + H2
Olivine → Serpentine ± Brucite + Magnetite + Hydrogen

Fig. B-4:

Mantle input:
CO2 + He

Schematic of fluid flow and major reactions at the Lost City hydrothermal field.
Figure adapted from Lang et al. (2012).

Microbial communities in deep mining zones
In crustal fractures of South African mines (> 500 m depth), CH4, H2 and microorganisms have
been found (Fig. B-5). There is good evidence that CH4 has been formed through biotic and
abiotic processes, whereas H2 is the product of H2O radiolysis. The microbial cultures were
identified based on phospholipid fatty acids (PLFA) profiles and DNA sequences. H2 oxidation
catalysed by thermophilic sulphate reducers seems to be the dominant process able to maintain
microbial communities over millions of years (Lin et al. 2005 and 2006, Silver et al. 2010,
Davidson et al. 2011, Onstott et al. 2006). Lin et al. (2005 and 2006) conclude that the sulphatereducing bacteria in this Archean metabasalt were sustained by geologically produced sulphate
and hydrogen at concentrations sufficient to maintain activities for millions of years with no
apparent reliance on photosynthetically derived substrates.
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Geological section and a sampling locality in a deep subsurface mine in South
Africa where sources and sinks of hydrogen were found: Hydrogen is produced by
radiolysis of H2O in the bedrock while CH4 is produced by biogenic and abiogenic
processes in crustal fractures.
Samples were taken around 3000 m below surface (see red circle). Figure from Onstott et
al. (2006).

B.3

Town gases: conversion of H2 and CH4 in large-scale engineered
underground structures

From the 1960s to 1990s, underground gas storage facilities (UGS) were run in Europe for
storing town gas (Kretzschmar 2010). Porous geological formations such as depleted gas or oil
reservoirs and aquifers were used as interim storage for town gas produced from coal. The gas
was injected in summer and retrieved in winter when gas demand was high. With H2 contents of
30 – 50 %, CH4 contents of 10 – 30 %, and given the geological setting, town gas storage facilities show some similiarities with a L/ILW repository. From processes observed in UGS, lessons
can be learned regarding the potential effects of microbial processes on the fate of gases in a
L/ILW repository.
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Most of the European town gas UGS showed strong biochemical reactions of the gas components, particularly of the reactive H2. These reactions resulted in considerable loss of gas
volume and corresponding gas pressure reduction in the storage layer. The process chain
consists of the following main reactions (Kretzschmar 2010, Schmitz & Kretzschmar 2011):


COrganic degradation



H2 pressure reduction



Formation of fatty acids



CH4 pressure reduction



Formation of H2S

The geological conditions in the backfilled underground structures of a geological repository in
a clay-rich host rock can be compared to those of a town gas UGS:


the pore space of the storage/disposal system is filled with porewater,



the initial pressure and temperature are comparatively low,



microbial colonisation occurs during the construction and operational phases.

In the resulting biochemical gas "reactors", especially the "artificial" components of H2 and
COrganic are decomposed. If occurring, these processes can significantly reduce the maximum gas
pressure in the emplacement caverns of the repository.
In the following, observations from UGS Ketzin near Berlin are discussed. This UGS had some
substantial operational problems with gas losses and, as a result, was closely monitored.
Fig. B-6 shows the geological map and drilling scheme of UGS Ketzin (Schmitz & Kretzschmar
2011).
The aquifer used for gas storage was a freshwater type, i.e. somewhat less mineralised than
Opalinus Clay porewater, with a porosity of 20 – 30 %.
The injected town gas (operating pressure: 31 bar) consisted of 18 vol.% CH4, 7 vol.% N2,
55 vol.% H2, 16 vol.% CO, 3.5 vol.% CO2, 0.3 vol.% O2 and 0.2 vol.% hydrocarbons (ethane,
propane, butane). Concerning H2 and CH4, this composition resembles very roughly the
expected composition of the gas produced by metal corrosion (H2) and decomposition of
organic compounds (CH4) in a L/ILW repository; CO, however, will probably not be present.
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Fig. B-6:

B

Town gas UGS Ketzin; left: Geological schematic of the UGS Ketzin structure –
map and cross-section, right: Gas storage horizons (red) and drilling scheme
(Schmitz & Kretzschmar 2011).

Observations during the operation of UGS Ketzin
The UGS Ketzin was in operation between 1964 and 2005 with yearly cycles of injection and
retrieval. During this period, gas losses were observed totalling 322 million m3, corresponding
to 50 – 80 % of the total volume. Tab. B-1 lists the losses by gas components.
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Volume losses by gas component from town gas UGS Ketzin (Schmitz &
Kretzschmar 2011).

Gas component

Volume
[× 106 m³]

Proportion of total gas loss
[%]

Hydrogen H2

195.5

61

Carbon monoxide CO

90.7

28

Methane CH4

21.5

7

Oxygen O2

10.2

3

Carbon dioxide CO2

2.8

0.7

Hydrocarbons (C2 – C4)

1.3

0.3

Total

322

100

During the operation of the UGS Ketzin, the following observations were made:


The temperature increased from 20 ºC to 30 – 40 ºC.



The sulphate concentration in the porewater decrease from 1.20 g/l to 0.39 g/l correspondding to a consumption of about 10'000 t SO42-.



H2S was detected in the gas. In 1984 concentrations up to 170 mg/m3 were measured before
countermeasures against the toxic component in the town gas were taken.



Water analyses in 1980, 1985 and 1986 revealed the presence of acetic, butyric and also
propionic acid (total acid content: around 2 g/l).

From 1995 on, the UGS Ketzin was converted into a storage facility for natural gas and, subsequently, gas losses virtually ceased in 1997.

Conclusions and lessons learned from the UGS in Ketzin applicable to a L/ILW
repository
Considering the above observations, it is very likely that microbial activity was responsible for
gas losses during the operation of the UGS Ketzin:


Hydrogen is the most affected component in the town gas. This is not surprising since it is
very attractive for microbes due to its high energy yield. As pointed out in this report, H2 is
present in natural environments only in traces because it is immediately used up wherever it
is produced.



Much less affected is methane, which is present in natural environments (natural gas). Even
if a suitable electron acceptor such as SO42- is available, its microbial degradation is limited.



Sulphate from the porewater was consumed and later (probably after exhaustion of the
retention capacity of the soil) H2S showed up in the gas. SO42- most probably served as an
electron acceptor for the microbial oxidation of H2, CO (not relevant for a L/ILW repository) and CH4. Whether other electron acceptors such as Mn(IV) and Fe(III) were involved
is not known.



The temperature increase in the UGS due to the exergonic gas oxidation is obvious.



The (usually temporary) accumulation of organic acids (acetic, propionic, butyric) is a
typical indicator for microbial activity. The relatively high amounts found in the porewater
may have been caused by H2 inhibition of fermentation (section 3.4 of this report).
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Most town gas underground storage facilities showed similar microbiological activities, in
particular the ones using aquifer systems with a moderate salinity. In one UGS (Kirchheilingen,
Germany), no town gas losses were observed. In this case the porewater was a brine
(340 g salt/l) containing H2S and CO2 fixing the pH value between 4.5 and 4.8. The composition
of the porewater may have hindered microbial activity.
The experiences with town gas underground storage facilities, in particular the observed loss of
hydrogen, suggest that H2 produced in a L/ILW repository by anaerobic metal corrosion will
most likely be oxidised by microbes, provided the latter find acceptable conditions (with respect
to porosity and porewater composition, including the presence of electron acceptors such as
SO42-).

Evidence of methanogenesis in underground town gas reservoirs in Lobodice
Šmigáň et al. (1990) describes an underground reservoir for town gas near Lobodice, Czechoslovakia, which was artificially created in water-saturated strata of an anticlinal structure. The
main storage strata of the reservoir were formed by heterogeneous, Miocene rock-sand, gravel
and sandstone layers. Samples of underground formation water (from 400 – 500 m bsl) were
collected from wells located near the water-gas contact phase.
The original injected gas had an average composition (in vol.%) of 45 – 50 H2, 20 – 25 CH4, 8 –
12 and CO2 and 12 – 15 N2. Considerable annual losses of stored gas volume (10 – 20 %) were
recorded. In the extreme case, the low H2 and high CH4 contents made the gas practically
unusable for town gas applications.
In their paper, Šmigáň et al. (1990) stated the need for a satisfactory explanation of all processes
occurring in the reservoir because of a planned conversion of this reservoir to natural gas
storage in 1991-92. Because leaking of H2 alone could not explain the changes in the gas
composition of the reservoir, methanogenesis described by the two following volumedecreasing reactions was considered:
4
3

→

2

→

Šmigáň et al. (1990) reported that methanogenesis was considered not only because the gas
composition had changed over time but also because:


At the beginning of the development of underground gas storage, when the gas cushion was
formed, the temperature in all injection wells wasaround 20 °C. With increasing inventory
volume, every new injection was followed by a considerable increase in temperature in
production wells, reaching temperatures as high as 50 °C in some cases.



New compounds in the porewater in the reservoir were detected. The most frequent were:
Fe and Ni carbonyls (in concentrations in the order of 102 mg mm-3), organic acids (formic,
acetic and propionic) and aldehydes (mg mm-3). Organic acids increased the corrosion of
well equipment and additional separation of highly toxic carbonyls was necessary.

Panfilov et al. (2006) showed, by using a mathematical model, that the work performed by
Šmigáň et al. (1990) and Buzek et al. (1994) had confirmed the possibility of reactions (1) and
(2) to occur under reservoir conditions in the presence of methanogenic microorganisms. The
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isotopic analysis of methane produced from wells (Buzek et al. 1994), showed that the difference in isotopic fingerprint of the injected methane and the methane retrieved could be
explained by the microbial conversion of CO2 and CO to methane.
Panfilov et al. (2006) pointed out that gas sampling at the Lobodice site revealed non-trivial
reaction of the stored gas, with creation of zones in the reservoirs preferably saturated by either
hydrogen or methane. These zones were mobile in time, i.e. a type of chaotic zone dislocation
over the reservoir was registered. In their paper, Panfilov et al. (2006) conclude that this gas
mobility could be caused by:
1. Probable natural losses of hydrogen
2. CO2 carbonation
3. Natural generation of methane and
4. A possible natural segregation of gases inside the reservoir

Conclusions and lessons learned for a L/ILW repository from the UGS in Lobodice
Considering the observations above, it is likely that microbial activity is responsible for gas
losses during the operation of the UGS Lobodice:


When sulphate is not present, bacteria utilise CO2 and CO as electron acceptors and produce
methane. This reaction has been shown to take place in a UGS where hydrogen gas was
stored together with CO2 and CO. As these reactions result in a volume decrease, the overall
gas pressure decreases.



The reactions observed resulted in a substantially increased porewater temperature and the
formation of Fe and Ni carbonyls, organic acids (formic, acetic and propionic) and
aldehydes.



Segregation of gases within the reservoir might occur.

C-1

NAGRA NTB 16-05

Appendix C Quantification of gas sinks: Assumptions and
calculations
C.1

Repository layout

For the quantitative assessement of the microbial sink (sulphate-reducing bacteria) in a L/ILW
repository, the following repository layout based on a K09 emplacement cavern was used in the
calculations. Simplified assumptions were made for the dimensions of the L/ILW repository
emplacement caverns and tunnels, as presented in Tab. C-1:
Tab. C-1:

Assumed dimensions for a L/ILW repository (Papafotiou & Senger 2016).
Length [m]

Radius [m]

1800 (9 × 200)

5.7 1)

Rooms/tunnels
Emplacement caverns (L/ILW emplacement
caverns K09)
V5 Seals

Disregarded in the present study

Branch tunnels

Other tunnels

1)

960
Operational tunnels

1162

Ventilation tunnel

1060

Pilot facility (PIL)

42

V5 seal PIL

20

Pilot branch tunnel

100

Test facility

1584

Observation gallery

372

Access tunnels in OPA

1380

Pilot operational tunnel

528

Shafts (V3) in OPA

94

Shafts

100

Total: 6442

2.55

Assumed average: 3

Equivalent radius based on a cross-sectional area of 102.2 m2.

In summary:


there are 9 emplacement caverns, each 200 m long and with a radius of 5.7 m;



there are 9 bentonite-filled branch tunnels, with a total length of 960 m, each with a radius
of 2.55 m, requiring a backfill volume of 19'611 m3;



there are 6'442 m of other tunnels, with an assumed average radius of 3 m, requiring a backfill volume of 182'143 m3;



3.5 m3 of shotcrete is used per metre of tunnel and drift (see explanation under "cement" in
Tab. 5-1 of the main text).
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This gives a total length of tunnels and drifts of 9'202 m (including 2'760 m of emplacement
tunnels and branch tunnels and 6'442 m of other tunnels), requiring 3.5 × 9'202 = 32'207 m3 of
shotcrete liner.
A fixed EDZ thickness of 0.7 m is assumed for all underground openings, consistent with the
assumptions made in Poller et al. (2014). The EDZ volumes are 9 × 200 m ×  × 0.7 m ×
(2 × 5.7 m + 0.7 m) = 47'897 m3 for the emplacement caverns, 960 m ×  × 0.7 m × (2 × 2.55 m
+ 0.7 m) = 12'245 m3 for the branch tunnels and 6'442 m ×  × 0.7 m × (2 × 3 m + 0.7 m) =
94'917 m3 for other tunnels, giving a total EDZ volume of 155'059 m3.
Gas generation rates are for the waste only and are taken from Diomidis et al. (2016). Rates for
the construction materials are significantly lower and are not included in the present estimates.

C.2

Radial in-diffusion of sulphate towards the tunnel

The problem of radial in-diffusion can be solved numerically using the Nagra code STMAN
(Nagra 2002). Alternatively, assuming a zero-concentration boundary condition is maintained at
all times at the tunnel/rock interface, a simple analytical solution is available. This solution
ignores the curvature of the tunnel surface, in which case the one-dimensional diffusion equation in a homogeneous, isotropic porous medium is:
∙

(1)

,

where
is the pore diffusion coefficient, C is concentration, x is distance and t is time.
Assuming this surface to have an area and the rock outside this surface to be semi-infinite, the
amount of solute that diffuses from the rock to the surface (W) in time is given by7:
2∙

∙ ∙

∙

∙

(2)

,

where is the porosity of the medium and Cs is the initial concentration of solute in the
porewater within the rock (in the present application, the concentration of sulphate, controlled
e.g. by equilibrium with celestite). In the case of a circular tunnel of radius and length , the
area can be set equal to the surface area of the tunnel, such that:
4∙

where

∙

∙

∙ ∙

∙ ∙

(3)

∙ ,

is the effective diffusion coefficient.

Four moles of hydrogen can be consumed by each mole of sulphate according to the reaction
given by Eq. 5-1 (page 46, main text), such the total amount of hydrogen consumed at time is:
4∙

7

16 ∙

∙

∙ ∙

∙ ∙

∙ b.

This solution may be found, for example, in Section 9-11 of Riley (1974).

(4)
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Additional parameter values needed to apply this solution, in addition to the geometric parameter values defined earlier, are as follows.
Parameter

Value

Source/comments

0.055

Nagra 2014b, Table A3.5-2a (porosity for anions in
OPA-Tief, reference value)

2.0 × 10-12 m2 s-1

Nagra 2014b, Table A3.5-3a (effective diffusion
coefficient for anions in OPA-Tief, reference value)

25 mol m-3

Mäder (2009)

Fig. 5-3 (section 5.1, main text) illustrates the hydrogen consumed by radial in-diffusion of
sulphate to the tunnel/rock interface.

C.3

Hydrogen distribution in the system

Two situations can be envisaged: one in which the consumption of hydrogen is sufficient to
remove all hydrogen from the room/tunnel as it is produced, and another where it is insufficient,
in which case hydrogen will accumulate in the room/tunnel. Considering the first of these
situations, if a cubic metre of undisturbed host rock can supply moles of sulphate before it is
depleted of celestite, and assuming that celestite dissolutution is the only source of sulphate,
then the rate of supply of sulphate is:
2 ∙
where

(5)

,

∙ ∙

∙

is the front radius and

is the length of the room/tunnel.

Let be the rate of production of hydrogen. Since, in the present situation, it is assumed that all
this hydrogen reacts with inwardly diffusing sulphate from the rock (four moles of H2 reacting
with one mole of sulphate according to the equation at the beginning of section 5.1 of the main
text):
4

8 ∙

∙

∙ ∙

.

(6)

The front radius can then be obtained by integration:
.

∙

∙ ∙

(7)

It is further assumed that the timescale for diffusion across the depleted region is short
compared with the rate of retreat of the front, so, in calculating diffusion, a pseudo-steady state
sulphate concentration distribution may be assumed across the depleted region. This distribution
is the steady-state solution to the diffusion equation in cylindrical polar coordinates:
∙

∙

,

(8)
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is the solubility of celestite (assumed equal to
where is the radius of the room/tunnel wall,
is the (timethe undisturbed concentration of sulphate in the Opalinus Clay porewater) and
dependent) sulphate concentration at the wall of the room/tunnel, which is yet to be determined.
The (inwardly directed) sulphate mass transfer across the region is:
2 ∙ ∙

∙ ∙

2 ∙

,

∙ ∙

(9)

where, as before,
is the effective diffusion coefficient of sulphate in the host rock. Using
Eq. 9 to eliminate :
∙

∙

ln

∙

∙ ∙ ∙

0.

1 ;

(10)

Sulphate can be supplied by diffusion at a rate sufficient to consume all hydrogen produced
provided
(as calculated using Eq. 10) > 0. If this condition is not met, then the second situation described above arises. In this situation, there is too much hydrogen entering the room/
tunnel to react completely with the sulphate supplied by dissolution of celestite and diffusion
0, but
/4.
from the rock, in which case
Eliminating
∙

from Eq. 5 and 9:
∙ ln

∙

(11)

.

If, at time , the radius of the depleted region is
integrating Eq. 11:

, its radius

at time

,

ln

is obtained by
(12)

where
ln

ln

ln

1/2

ln

1/2

.

(13)

is obtained by solving Eqs. 12 and 13 iteratively.
Having determined , the sulphate flux to the wall of the room/tunnel is obtained using Eq. 9
(with
0), and the rate at which hydrogen accumulates in the room/tunnel is equal to
4 .

