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A B S T R A C T

Persistence of aerobic conditions after backfilling of a spent fuel emplacement drift is of high relevance for the selection of canister material and canister design, as
well as for the prediction of the onset of H2 production. This paper presents the results of the O2 monitoring during the backfilling and early heating phases of the
Full-scale Emplacement Experiment at the Mont Terri underground laboratory (Switzerland), as well as the first results of laboratory experiments and 3D reactive
transport modelling which aim at identifying the processes controlling O2 concentrations. The monitoring shows the disappearance of gaseous O2 and onset of
anaerobic corrosion in sections not affected by O2 inflow from the access tunnel within weeks after backfilling, and even before closure of the drift for the deepest
parts of the experiment. The laboratory experiments show that O2 can significantly adsorb on granular bentonite exposed to high temperatures and might in principle
also adsorb at ambient temperature and relative humidity as low as 55%. Thus, gas sorption should be considered in the balance of O2 in the experiment. These
results are consistent with the numerical model indicating that the excavation damaged zone but also the bentonite backfill are the main sinks for O2, whereas
corrosion of metallic components seems to play a negligible role. Previous studies estimated the duration of aerobic conditions in an emplacement drift between a few
years and several decades; our results show that anaerobic conditions may be reached within a few weeks up to maximum a few months after closure of an
emplacement drift for spent fuel.

1. Introduction

In a deep geological repository for radioactive waste different gas-
eous species will be produced, consumed and transported. Such pro-
cesses can potentially affect the performance of the host rock and the
engineered barrier system by changing their state conditions or by the
build-up of gas pressure (Diomidis et al., 2016). In addition, such
processes can affect the evolution of the repository by influencing
phenomena such as porewater displacement or heat conduction.

One gaseous species that is of particular importance in the evolution
of the repository near field is oxygen. Indeed, the duration of the
aerobic period is a key parameter for the corrosion and lifetime pre-
diction of spent fuel (SF) and high-level waste (HLW) disposal canisters.
Furthermore, the presence of oxygen delays the generation of hydrogen
due to anaerobic steel corrosion and thus controls the onset of gas
production in the repository. In a HLW repository constructed in
Opalinus Clay according to the Swiss disposal concept, the total amount
of oxygen trapped in the near field is relatively small. Even if it was
consumed exclusively by the uniform corrosion of the steel disposal
canisters, it would lead to a corrosion depth smaller than 100 μm, thus
contributing little to the overall corrosion allowance, which is 2 cm for
the current design (Diomidis, 2014; Patel et al., 2012). However, the
importance of oxygen lies on its contribution to more aggressive

corrosion mechanisms such as pitting or crevice corrosion, which can
endanger the integrity of the disposal canisters relatively rapidly
(Landolt et al., 2009). Localized corrosion is less likely under anaerobic
conditions as the thermodynamic driving force is diminished (H2O is a
less powerful oxidant than O2) and it is less likely that the required
spatial separation of anodic and cathodic processes will occur. This
means that an understanding of processes affecting the fate of oxygen in
a deep geological repository can simplify the description of long-term
corrosion processes and mechanisms, can improve the accuracy of
canister lifetime predictions and broaden the materials options under
consideration for the manufacturing of disposal canisters.

Oxygen as part of free air is first introduced during excavation of the
underground structures, and a continuous supply is ensured by venti-
lation during the operational period of the repository, which may last
for decades. After backfilling and closure of the repository, oxygen re-
mains trapped in the pore space of near field materials, where it con-
trols the redox conditions and influences the geochemical evolution of
the repository. It is expected that several processes will contribute to
the consumption of O2 after closure of the repository, leading to the
eventual onset of anaerobic conditions; for instance:

• Aerobic corrosion of the numerous metallic components present in
the near field of the repository, such as disposal containers and
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tunnel support.

• Mineral oxidation: The excavation of the underground structures
will expose reduced minerals, such as pyrite, to air, which will leads
to their oxidation.

• Microbial activity: The repository will not be sterile, and respiration
of aerobic bacteria will lead to oxygen consumption.

Predictions of the duration of the aerobic period in a HLW re-
pository in Opalinus Clay have been based on the modelling of different
oxygen consuming processes. There is significant variability in the re-
ported results which range from a few years to several decades (Wersin
et al., 2003; Landolt et al., 2009; Senger, 2015). Modelling attempts in
other waste management programmes, e.g. in Canada (Kolář and King,
1996; King and Kolář, 2006) and in Sweden (Wersin et al., 1994), led to
predictions of aerobic phase duration varying between a decade and
several centuries. In-situ experiments have contributed to the explora-
tion of the fate of oxygen in a repository in the Swiss (Giroud, 2014),
French (Vinsot et al., 2014, 2017a) and Swedish (see for example
Lydmark, 2011) disposal programmes. De Windt et al. (2014) modelled
a fast and complete consumption of O2 in a closed disposal cell for HLW
according to the French concept, however, the materials under con-
sideration differ significantly from the Swiss concept.

At the Mont Terri rock laboratory (Switzerland) the Full-Scale
Emplacement (FE) experiment (Müller et al., 2017) provides an op-
portunity to study gas-related processes in-situ and at scale. As a result,
the main aim of the FE-G experiment presented in this overview article
is to study the various sources and sinks of gas and the associated
transport processes in the FE experiment, including:

• Gas transport through the near field, excavation damaged zone
(EDZ), and drift plug

• The duration of the aerobic period following backfilling

• Gas exchange with the Opalinus Clay (OPA)

• Gas-related (bio)geochemical processes

In order to deepen our understanding of these processes, a combi-
nation of field gas monitoring (Tomonaga et al., 2018 in this Special
Issue), laboratory studies, and 3D reactive transport modelling is being
employed. This paper describes the experimental set-ups, models and
preliminary results related to the fate of oxygen.

2. Drift construction

The layout of the FE experiment was designed to simulate the Swiss
repository concept for spent fuel disposal (Nagra, 2016). First, a 50-m-
long experimental drift was constructed (Fig. 1). At the deep end of the
FE drift a 12-m-long intermediate sealing section (ISS) was built using
only steel arches and mesh for rock support, while the rest of the drift is
supported by mesh and shotcrete. The shotcrete along the remaining
38m of the drift was applied in two layers with a total thickness of at

least 16 cm. The inner diameter of the FE drift varied between 2.5 and
2.7 m. The EDZ and its importance on the transport of fluids have been
extensively studied, and the results are presented in Marschall et al.
(2017), Lisjak et al. (2015), and references therein.

Three heaters with dimensions similar to those of SF disposal can-
isters were emplaced on top of bentonite block pedestals. The first
heater emplaced at the deep end of the FE drift was named H1, the
middle one H2, and the heater closest to the plug H3. The remaining
space was backfilled with a highly compacted granulated bentonite
mixture (GBM). Finally, the experiment was sealed off with a concrete
plug holding the bentonite buffer in place and attempting to minimize
vapour escape from the backfilled drift.

The backfilling of the FE drift was performed in several steps. The
filling of the deep end of the FE drift was done in July 2014 with porous
concrete. Then, a 2-m-long bentonite block wall was constructed in the
ISS in early September 2014. In total, about 14m3 of bentonite blocks
were emplaced. The average dry density of each block was 1.78 g/cm3

and the average water content was 18 %w/w, which corresponds to an
equilibrium relative humidity (RH) of approx. 70% (Garitte et al.,
2015). A global bulk dry density of 1.69 ± 0.05 g/cm3 was achieved
for the entire bentonite block wall. The remaining 6.6 m of the ISS were
backfilled with a total of around 70,000 kg of GBM. As preparation for
each heater emplacement and backfilling, bentonite block pedestals
were assembled. Heater H1 was emplaced in October 2014, heater H2
in November 2014 and heater H3 in January 2015. After the con-
struction of each bentonite block pedestal and the subsequent empla-
cement of the associated heater, each section was then backfilled in-
dividually. Together with the relevant section of the ISS and the volume
towards the plug, 29.6m of the FE drift were filled with approximately
255,000 kg of GBM. The available GBM slopes were scanned with a 3D
laser scanner in order to determine the backfilled volumes leading to
the calculation of backfilled bulk dry density for the different sections
(Fig. 2). The GBM had an initial water content of 4–6 %w/w, which
corresponds to an equilibrium RH of about 50%. Overall, a global dry
density of approximately 1.49 g/cm3 was achieved. The backfilling of
the FE drift was completed by stepwise construction of a vertical re-
taining wall in February 2015. This retaining wall consisted of 20-cm-
thick concrete segments stacked in five rows. Finally, the retaining wall
was sealed with two layers of resin in order to reduce vapour and gas
transport. After the completion of the retaining wall, the plug was
constructed. On the 17th of March 2015, 31m3 of self-compacting
concrete were pumped into the space between the retaining wall and
the formwork. Forty days after casting, the shrinkage gap at the shot-
crete lining-plug interface, estimated to be less than 1mm and resulting
from settlement of the fresh concrete and from drying, was injected
with resin.

3. Gas instrumentation

The bentonite backfill is equipped with sensors for the online

Fig. 1. Visualization of the general layout of the FE experiment and the 50-m-long FE drift. ISS: Intermediate sealing section; GBM: Granulated bentonite material;
H1, H2, and H3: Heater 1, 2, and 3, respectively.
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determination of the oxygen content of the unsaturated pore space, as
well as with a series of sampling ports, distributed longitudinally and
radially in the drift. The O2 sensors, mounted in a Polyvinylidene
fluoride (PVDF) housing with a silver coated Nylon filter mesh, are
optical sensors of the type Hamilton® VisiFerm™ DO 120. From the total
of 6 sensors, one is located in the ISS in the deepest part of the ex-
periment, two around H2, one close to H3, and 2 on the granular
bentonite side of the retaining wall (Fig. 2). The sampling ports consist
of a PVDF housing of about 300mL volume, with a coated Nylon mesh
filter and two polyether ether ketone (PEEK) lines which allow the gas
phase to be circulated and homogenized. Out of 10 ports, 7 have silver
coated filters, and 3 are stainless steel coated. The objective of the silver
coating is to limit the formation of potential biofilms and subsequent
clogging of the filters. The port distribution in the drift is shown in
Tomonaga et al. (2018). It should be noted that the two deepest ports
are not located in the GBM like the deepest O2 sensors, but in the porous
concrete backfilling of the end of the drift. The sampling lines are
connected to a gas circulation system in the access niche, allowing
regular sampling of the gas phase for laboratory analysis, as well as on-
line monitoring of the gas composition (e.g. N2, O2, He, Ar, Kr, CO2,
CH4) by means of a quadrupole mass spectrometer (see Tomonaga
et al., 2018).

4. TH evolution

An exhaustive list of the TH instrumentation and results are pro-
vided in Nagra (2018), and only the main observations are summarized
here.

The heating phase started in December 2014 with H1, joined by
heaters H2 and H3 in February 2015. All three heaters are power-
controlled at 1350W. The temperature is monitored in the bentonite by
a total of 238 temperature sensors, as well as by ca. 300 m of fibre-optic
cables (Müller et al., 2017). Additionally, boreholes drilled perpendi-
cularly to the drift and radially around the drift from the access niche
have been equipped with a total of 260 temperature sensors and 360m
of fibre-optic cable for distributed temperature sensing.

Three years after the beginning of the heating, temperatures are still
increasing in the granular bentonite backfill as well as in the OPA. The
temperature distribution in the granular bentonite and in the rock is a
function of heater properties and heterogeneity of the thermal prop-
erties of the different materials. The heater surface temperature ranges
between 117 and 133 °C. Fig. 3 shows an example of the temperatures
recorded around the middle section of heater 2, at tunnel-meter (TM)
28. Temperature at the drift wall in the heated sections reaches
45–50 °C. The sensor shown in Fig. 3 (green) is located 0.8m from the
heater surface and reached 41.5 °C at the end of 2017, after about 35
months of heating. The three blue curves show sensors emplaced in a
short borehole drilled into the EDZ, perpendicular to the FE drift. The
shallowest sensor is located about 0.05m into the rock (1.3 m from the
heater), and the other two are 0.3 and 0.6 m deeper in the borehole,
respectively. The sensor showed in violet, emplaced in a far-field
borehole drilled from the access niche, shows that the temperature
response to heating is slower at 2.5m into the OPA, but the temperature

still increased by about 16 °C compared to pre-heating conditions.
A variety of sensors measure relative humidity (RH) and/or water

content in the various parts of the experiment. In particular, the ben-
tonite buffer is equipped with 99 RH sensors, in addition to 6 time
domain reflectometry (TDR) probes (Müller et al., 2017). After back-
filling of the drift and starting the heating, two competing processes
affect the relative humidity in the bentonite pore space: water flowing
from the host rock increases the RH of the outer periphery of the
backfill, while the high temperature around the heaters dries out the
bentonite and produces water flow in the gaseous form (e.g. water
vapour) through the GBM, away from the heaters.

In the ISS, where the Opalinus Clay is not supported by a shotcrete
liner, the EDZ has been partially desaturated due to the ventilation of
the drift during the construction and emplacement phases, whereas the
lined sections of the rock are close to full saturation behind the shot-
crete. In the early heating phases, RH values in the range 40–50% were
measured in the GBM close to the heaters, which decreased to about
20% due to heating. In the bentonite blocks, RH decreased from 80% to
about 40% in the same time. In the non-heated sections only, seepage of
water from the rock increases gradually the RH in the bentonite back-
fill. Fig. 4 shows the respective RH evolution in the EDZ (blue), at the
drift wall (green), and in the GBM (orange) in the ISS, at TM 43.

5. Evolution of the O2 concentrations in the GBM

The monitoring of O2 in the drift backfill started during the em-
placement of the experiment on 6 November 2014, when the sensors
were connected to the data acquisition system. All sensors were already
installed in their final position in the drift, but only the deepest one
(FE_O2_080) had already been backfilled with GBM on 24 September
2014. As shown by the brown line in Fig. 5, the first measurement, 40
days after backfilling, lies below 13 %v/v O2 and keeps decreasing to

Fig. 2. Longitudinal section of the backfilled FE drift indicating the position of the 3D slope scans and the resulting bulk dry densities calculated for each of the
sections. The coloured dots show the position of the O2 sensors. The section backfilled with GBM extends between tunnel meter (TM) 15 and 45.

Fig. 3. Temperature evolution with time at the heater surface, in the granular
bentonite and in the host rock at the section TM 28. The sketch on the right side
shows the position of the selected sensors on a drift cross-section. The centre
grey circle, the beige area, and the outer irregular circle represent the heater,
the GBM, and the surface scan of the drift shotcrete liner, respectively. The
bentonite block heater pedestal is not shown.
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reach values below 0.1 %v/v at the beginning of March 2015, i.e. about
6 months after the sensor was backfilled. It should be noted that until
the 23 October 2014, two weeks before the start of the measurements,
the sensor was only distant by a few tens of cm from the open gallery.
The other sensors show a rapid decrease of the O2 concentration as soon
as they are covered by GBM, as a result of competing processes of O2

consumption, and O2 inflow from the open gallery through the un-
saturated GBM. The diffusion path length for each backfilled sensor
increases at each backfilling step (slope scans on Fig. 2), resulting in a
higher decrease rate until the sealing of the experiment drift with the
retaining wall and the final concrete plug. The steepest slope is ob-
served for sensors located immediately behind the retaining wall (red
and yellow on Fig. 5) after completion of the plug construction. Sensors
located at TM 26 and beyond (brown, dark blue and light blue) reach
values below 0.1 %v/v O2 by the end of March 2015. That corresponds
to 46 days after sealing of the retaining wall with a layer of Masterseal®,
and 14 days after casting of the concrete plug. The sensors located
immediately behind the retaining wall do not reach the same low values
and show irregular concentration variations in the range 0.5–10 %v/v.
A similar behaviour is observed, although to a smaller extent, for the
sensor located at TM 20 on the pedestal of heater 3. The strong varia-
tions in the measured O2 concentrations, also observed on most other
sensors during the concentration decline, are positively correlated to
atmospheric pressure variations in the access niche. From this we can
reasonably conclude that O2 is transported into the FE experiment from
the access niche. A few months after closing the experiment, the system
approached a steady-state between inflow of O2 and consumption. The
trends observed by the in-situ sensors are confirmed by the measure-
ments of gas species achieved by the on-line mass spectrometer
(Tomonaga et al., 2018). Additionally, H2 was detected in gas samples

collected in March 2015, even before the construction of the plug, in-
dicating that anaerobic conditions had locally been attained.

The rate of decrease in the O2 concentration is apparently slower in
the ISS than in the sections close to the heaters (Fig. 5). Consumption
rates are not expected to be slower than in other sections, and the O2

flux from the open gallery is expected to be the lowest at the deepest
end of the drift. A possible explanation is that the concrete plug at the
far end of the tunnel represents a large source of O2 with limited con-
sumption processes due to the absence of pyrite and the inhibition of
corrosion and microbial processes by the alkaline pore water condi-
tions. Therefore, O2 from the concrete plug diffuses into the RM portion
of the ISS and contributes to the apparent lower rate of consumption.

6. Laboratory tests

We conducted laboratory experiments in order to understand the
role of individual materials present in the FE experiment with respect to
the observed O2 consumption. A first set of trials targeted gas dynamics
in the presence of untreated FE GBM aliquots (“Mixture 3” as described
in Garitte et al., 2015). The gas measurements were performed by
connecting the inlet of a portable mass spectrometric system
(Brennwald et al., 2016) to airtight bottles containing the material to be
investigated. The same analytical system has been used for the on-line
monitoring of the gas composition in the FE experiment (Tomonaga
et al., 2018).

6.1. Gas measurement system

The mass spectrometric system used to measure gas species is de-
scribed in detail by Brennwald et al. (2016). The system allows quan-
tification of the partial pressures of He, Ar, Kr, N2, O2, CO2, and CH4 in
gaseous and aqueous matrices with an analytical uncertainty of ap-
proximately 1–3% (standard deviation of replicate analyses of standard
gas). The gas is collected through a capillary pressure reduction system
into a vacuum chamber, where its composition is determined using a
quadrupole mass spectrometer (Stanford Research Systems RGA-200).
Calibration of the system is achieved using a gas calibration bag (Linde,
Plastigas®) at an ambient pressure of approximately 960mbar filled
with atmospheric air.

The capillary inlet of the on-line gas monitoring system is connected
to the outlet of a six-port selection valve (VICI® C5-2306EMHY). The
inlets of the valve are connected to 1) a first stainless-steel bottle con-
taining an aliquot of test material, 2) a second stainless steel bottle
containing an additional aliquot of test material, 3) a third empty
stainless-steel bottle having the same volume as the other two bottles to
quantify the gas loss trough the capillary of the analytical system, 4)
and a short crimped capillary for blank determination.

All stainless-steel bottles consist of a cylinder with two DN40 ends
(VACOM® SC40K-316) sealed at the bottom with a blind flange
(VACOM® KF40BS-316) and at the top with a DN40 to 1/4″ Swagelok®

adapter (VACOM® KSWA407316). The sealing is achieved by O-rings
(VACOM® KF40SVCR-316) tightened by aluminium chains (VACOM®

XA40). The capillaries of the mass spectrometric system are connected
to the stainless-steel bottles using 1/4″ to 1/16″ adapters (Swagelok®

SS-100-R-4).
The analytical protocol starts with a calibration step followed by the

determination of the analytical blank. Subsequently, gas from the three
bottles is analysed at intervals of 5 h. Instrumental drifts are controlled
and corrected by the analysis of gas from the calibration bag prior to the
measurements of the gas from the bottles.

The data obtained from the measurement of the gas composition in
the bottles containing test material are corrected for gas consumption
due to the gas removal for the analyses using the according measure-
ment of the third empty bottle.

Fig. 4. Early evolution of the relative humidity at TM 43. The blue, green, and
orange labels represent RH sensors located in short boreholes in the EDZ, at the
drift wall, and in the GBM, respectively.

Fig. 5. Oxygen concentration in the GBM pore space atmosphere during and
after backfilling and sealing of the experiment. Position of the sensors in tunnel-
meters (TM), as shown in Fig. 2.
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6.2. Experimental results

About 15 g of granulated bentonite were filled in open glass vials
which were placed into the stainless-steel bottles that were subse-
quently sealed airtight. The initial gas phase in the sealed bottles was
atmospheric air at ambient pressure. In the experiment presented in this
section all bottles were kept at laboratory temperature (∼ 23 °C). The
relative humidity in the laboratory atmosphere is about 55%. As the
used GBM was rather dry (approximately 6 %w/w water content), the
RH in the bottles is expected to not exceed this value during the mea-
surements at ambient temperature. The experiment lasted approxi-
mately 17 days. The second bottle containing a bentonite aliquot was
treated slightly differently. Starting from day 14, all the measurements
were stopped, and the second bottle was heated at 100 °C for one day.
From day 15 the measurements started again and were performed until
day 17. Fig. 6 summarizes the results of this heated experiment.

Prior to day 14 both bottles show similar partial pressures for all
measured gases. From day 15, i.e. after the 1-day-long heating of the
second bottle (blue circles), the measured gas partial pressures differ
significantly. The gas partial pressures in the second bottle are about
25–30% lower compared to the partial pressures of the first bottle with
non-heated bentonite (red circles).

The decrease of all gas partial pressures in the second bottle makes
the case that a common physical process is responsible for the observed
phenomenon. As chemically inert gases such as Ar or Kr are also af-
fected, it seems reasonable to conclude that the process responsible for
the observed gas loss is gas adsorption onto bentonite. Adsorption of
gases on clays has been well studied in the fields of natural gas ex-
ploration and storage, carbon storage, industrial applications (porosity
measurement, chemical gas separation), as well as, in a limited manner,
in the frame of radioactive waste disposal (see e.g. Gregg and Sing,
1982; Gadikota et al., 2017; Song et al., 2017; Truche et al., 2018).

However, at this stage we cannot elucidate the microscopic me-
chanism(s) fostering gas adsorption onto bentonite in our laboratory
experiments. A potential explanation is that the 1-day-long heating step
removed a share of the adsorbed water molecules from the mineral
surfaces leaving free active sorption sites that were subsequently

occupied by gas species.
The general trend towards slightly lower partial pressures during

the first 14 days of the laboratory experiment suggests that sorption
may occur also at ambient temperature. Sorption of gases on bentonite
being (partly) exposed to atmospheric gases over a time span of a few
years might be surprising, as the general expectation is that the sorp-
tion-effective surface area should be already saturated. Nevertheless,
we cannot exclude that the storage of the bentonite (e.g., in plastic
bags) was sufficient to hamper the sorption of atmospheric gases and
preserve part of its sorption capacity. From the linear regression of the
O2 partial pressure data for the first 14 days we can infer a sorption rate
of about 0.2·10−6 mol/g/day. It should be noted that the gas removal
necessary for each analysis in the presented experiment can partly (or
completely) mask the gas consumption due to sorption. Thus, the pre-
sent O2 sorption rate should be taken as a zeroth-order estimation and
gas sorption at ambient conditions should be targeted (and possibly
confirmed) by future experiments. The inferred O2 sorption rate is one
order of magnitude lower compared to the range of O2 consumption
rates observed in the FE experiment (approximately 5–20 · 10−6 mol/g/
day). This is reasonable, as the total O2 consumption rates neglect other
processes such as chemical reactions and physical gas exchange. Thus,
although at this stage we cannot fully assess the gas sorption capacity of
bentonite under common environmental conditions, such process could
be one of the potential O2 sinks in the FE experiment.

7. Modelling

7.1. Reactive-transport model

The FE-G 3D reactive transport model was created using COMSOL
Multiphysics® Version 5.3 and specifically the Corrosion module. A
cylindrical model geometry representing the deepest part of the drift
was selected for the initial development in order to avoid complications
due to the expected influence of the radially varying temperature, while
still maintaining the effects of the spatially and temporally varying RH
(Fig. 7). Four cylindrical geometrical components were defined, com-
prising:

Fig. 6. Gas partial pressures determined
during the measurement of the gas compo-
sition in airtight sealed bottles containing
untreated bentonite. After a heating step of
1 day at 100 °C, the partial pressures of all
gases in the respective bottle (blue circles)
drop significantly compared to the partial
pressures in the bottle kept at ambient
temperature (red circles). The observation
of a decrease in the partial pressure of Ar
and Kr (i.e., chemically inert gas species)
makes the case that bentonite can adsorb
effectively gases.
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• An inner component representing the GBM, bentonite block wall,
and/or porous concrete. This cylinder of a nominal radius of 1.5m
was further divided into a central component (radius 1m) and an
outer ring (outer radius 1.5 m) to represent the different types of RH
behaviour.

• An intermediate cylinder (inner radius 1.5 m and outer radius
1.75m) representing a composite of the steel tunnel supports (steel
sets and/or mesh) and either GBM or concrete.

• An outer cylinder representing the EDZ with a nominal thickness of
1m.

In addition to the domains representing the GBM and associated
steel and EDZ layers, domains were added to represent the bentonite
block wall (BBW) and porous concrete and their associated EDZs, giving
a total model length of 12.2m. The model diameter, including the 1-m-
thick EDZ is 5.5m. Because of the limited number of RH sensors in the
BBW and porous concrete, these domains were not further sub-divided
and the RH in each was assumed to be uniform.

All components were treated as equivalent porous media with an
associated porosity (φ) and tortuosity factor (τ) shown in Table 1. Some
of the cylindrical components were sub-divided into upper and lower
halves or into four quadrants in order to better represent the spatial
variability of the RH or the positioning of steel mesh only in the upper
portion of the drift. Each domain is also characterised by the time-de-
pendent RH and the nature of the reactions occurring within the do-
main.

Two species were included in the model, namely gaseous (O2(g))
and dissolved (O2(aq)) oxygen. Dissolved O2 is assumed to be trans-
ported, to exchange with O2(g), and to react, whereas gaseous O2 is
assumed only to be transported or to exchange with O2(aq). No gas-
phase O2 consumption reactions are included in the current version of

the model. Dissolved and gaseous O2 are assumed to be in equilibrium
with the concentrations given by Henry's law. Transport of gaseous and
dissolved O2 is assumed to occur by diffusion only. The effective dif-
fusion coefficient of O2 (DEFF) is a strong function of the degree of sa-
turation (S). Equation (1) is used to describe the DEFF of O2 through
unsaturated bentonite and is based on a review of gas diffusion models
through unsaturated porous media by Collin and Rasmuson (1988).

= − +D τ S φD τφSD(1 )EFF A
3

0 (1)

The two terms on the right-hand side are the contributions from
O2(g) and O2(aq), respectively, and DA and D0 are the diffusion coef-
ficients of O2 in air and in bulk solution and have values of 0.176 cm2/s
and 2.1×10−5 cm2/s at 25 °C, respectively (Cussler, 1997). This ex-
pression has been used to estimate the rate of corrosion of copper nu-
clear waste canisters due to the diffusion of O2 through unsaturated
bentonite buffer material (King and Kolár 1̌995, 2006; King et al., 2008,
2011). The RH readings from the FE probes were converted to the de-
gree of saturation (S) using the soil-water characteristic curve (SWCC)
for bentonite pellets (Man and Martino, 2009).

Oxygen is assumed to be consumed by corrosion of the steel tunnel
supports and by reaction with the bentonite and OPA. In the latter
cases, the exact nature of the reactions is not defined but could involve
pyrite (or other oxidisable mineral phases) or aerobic microbial re-
spiration. Finally, O2 is assumed not to be consumed in the porous
concrete (siliceous aggregate with negligible sulphide content, see
Nagra, 2018). A set of six reactions are included in the model, each
described by a first-order rate constant k:

• k1 – reaction with bentonite

• k2 – reaction with OPA in the EDZ

• k3 – corrosion of the steel mesh in the top half of the GBM- and
bentonite-block-filled sections of the ISS

• k4 – corrosion of the steel sets encircling the entire drift in the GBM-
and bentonite-block-filled sections of the ISS

• k5 - corrosion of the steel mesh in the top half of the drift sealed by
the porous concrete

• k6 - corrosion of the steel sets encircling the entire drift around the
porous concrete

Because the nature of the reactions responsible for O2 consumption
in the bentonite and EDZ are undefined, an estimated value for the
respective rate constants was obtained by fitting the data from sensor
FE_O2_080 to a first-order kinetic plot (Fig. 8). Clearly O2 consumption
does not follow first-order kinetics, which would be indicated by a
linear kinetic plot, but the data in Fig. 8 were regardless fitted to a
linear dependence to provide an estimated value for k1 and k2 of
4× 10−7 s−1 (Table 2). The rate constants for the various corrosion

Fig. 7. Geometry of the model including the GBM, bentonite block wall, and
porous concrete. The outer cylinder represents the EDZ, while the inner three
nested cylinders represent the backfill with various degrees of water saturation
and support steel (steel sets and steel mesh in the outer backfill cylinder).

Table 1
Input parameter values used for the various materials in the model.

Material Tortuosity factor Porosity

GBM 1 0.44 (based on 1.49 g/cm3 dry
density)

EDZ φ1/3S10/3a 0.137
Bentonite block (in wall) 0.1 0.33 (based on 1.78 g/cm3 dry

density)
Porous concrete 1 0.5

a Based on the model of Millington and Quirk (1961), where φ is porosity
and S is the degree of saturation.

Fig. 8. First-order kinetic plot for the O2 concentration data from sensor
FE_O2_080. P0 is the initial probe reading and P1 and P2 are the probe readings
at times t1 and t2, respectively.
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reactions were based on assumed aerobic corrosion rates for the steel
mesh and arches in contact with bentonite of 10 μm/y and 5 μm/y,
respectively, and corresponding corrosion rates for both materials in
contact with the porous concrete of 1 μm/y with suitable conversion
based on the respective steel surface area to bentonite or concrete vo-
lume ratios (data are available in Nagra, 2018).

Since O2 is assumed to react in the dissolved form only, it is rea-
sonable to expect that the reaction only occurs in the presence of suf-
ficient moisture. This is a well-known observation in atmospheric cor-
rosion where a threshold RH of approximately 70% is commonly
observed, below which there is an insufficiently thick surface water
layer for corrosion to occur. Similarly, aerobic microbial respiration
would only be expected to occur at a sufficient water activity or RH
(Brown, 1990). Although the RH-dependence of mineral alteration
processes have been less well-studied, it does not seem unreasonable to
assume that such redox reactions would also only be facilitated by the
presence of liquid water. Therefore, a threshold RH was defined for
each of the six reactions which, by analogy with atmospheric corrosion,
was initially set to 70% for all reactions (Table 2), although this value
was also varied for the consumption of O2 by bentonite (rate constant
k1) based on preliminary experimental evidence (see Section 6 La-
boratory tests).

Two different sets of boundary conditions were used. First, zero-flux
conditions on all boundaries were used to allow an accurate assessment
of the O2 mass balance. Second, to better represent the expected
boundary conditions within the FE experiment, a zero-flux condition
was used on all surfaces except for the interface between the GBM and
steel sets/mesh domains and the heated section of the drift. These latter
surfaces were maintained at a constant (aerated) condition to represent
the access to the atmosphere from the un-backfilled drift during the
period corresponding to the decrease in O2 concentration recorded by
sensor FE_O2_080.

The focus of the modelling was an attempt to fit the observed O2

consumption profile using a combination of enhanced rate constants
and lower RH thresholds for the reaction between O2 and bentonite.
Rate enhancement factors (in this case, of 25, 50, or 100-fold) were
applied to the rate of reaction between O2 and both bentonite (rate
constant k1) and the EDZ (rate constant k2). The rate of reaction was
assumed to be the same for the GBM and the compacted bentonite in
the bentonite block wall.

The threshold RH for reaction between O2 and bentonite (rate
constant k1) was set to values of either 25%, 40%, or 60% RH. These
values were selected in reference to the measured RH in the GBM
(Fig. 4). At a threshold RH of 25%, the entire volume of the GBM would
react with O2. In contrast, for a threshold RH of 40%, the innermost
domain of GBM would remain inactive during the period of O2 con-
sumption. Lastly, for a threshold of 60% RH, the bentonite within the
upper-left quadrant containing the steel mesh and sets would react with
O2 whereas the bentonite associated with the steel support around the
remainder of the drift would be too dry to react.

7.2. Modelling results

The model simulates O2 transport and consumption in the entire ISS
including the GBM, bentonite block wall, porous concrete, and the as-
sociated EDZs. The porous concrete is a significant source of O2 as it is
assumed to be only 50% saturated initially and because it is assumed
that the oxygen does not react with the concrete itself. This source of O2

is apparent in Fig. 9 which suggests that the interior of the porous
concrete is still essentially in an aerated condition after 25 days,
whereas significant O2 consumption has already occurred in the GBM
and EDZ. Since O2 is assumed not to be consumed by the concrete, the
predominant flux of oxygen is outwards towards the EDZ. This outward
radial diffusion of O2 also predominates in the GBM section of the ISS
even though oxygen is consumed by the bentonite, and implies that the
EDZ is the primary sink for oxygen.

The predicted rate of O2 consumption is dependent on both the
threshold RH for reaction with the bentonite and the rate of reaction in
the bentonite and EDZ, as shown in the results of the sensitivity analysis
presented in Fig. 10. The effect of lowering the threshold RH is to in-
crease the volume of bentonite reacting with O2. From a modelling
perspective, we can bound the observed O2 consumption profile either
by adjusting the threshold RH to permit reaction with the entire volume
of bentonite with a rate enhancement factor of 25 (green asterisk curve
in Fig. 10) or by using a higher enhancement factor of 100 combined
with a higher RH threshold (and, hence, a smaller volume of reacting
bentonite) (red asterisk curve in Fig. 10). In both of these cases, ap-
proximately equal amounts of O2 are predicted to be consumed in the
bentonite and EDZ domains. For the low RH threshold and 25-fold rate
enhancement factor, 52% of the O2 is predicted to be consumed by
reaction with the bentonite and 48% by reaction in the EDZ (for zero-
flux boundary conditions). For the higher RH threshold (60% RH) and
higher rate enhancement factor (x100), 44% is predicted to be con-
sumed in the bentonite and 56% in the EDZ. In both cases≤0.1% of the
trapped O2 is predicted to be consumed by corrosion of the steel sets
and mesh.

Further developments of the model will include the simulation of
temperature-dependent processes in the heated section of the tunnel

Table 2
Values of first-order rate constants and corresponding threshold relative humidity values.

Process Rate constant Value Threshold RH

Reaction with bentonite k1 4× 10−7 s−1 25%, 40%, 60%, 70%
Reaction with pyrite in EDZ k2 4× 10−7 s−1 70%
Corrosion of steel mesh in GBM (top half of outer GBM layer) k3 1.4× 10−8 s−1 70%
Corrosion of steel sets in GBM (acts on entire outer GBM layer) k4 1.1× 10−7 s−1 70%
Corrosion of steel mesh in concrete (top half of outer concrete layer) k5 1.4× 10−9 s−1 70%
Corrosion of steel sets in concrete (acts on entire outer concrete layer) k6 1.1× 10−8 s−1 70%

Fig. 9. Predicted distribution of dissolved O2 at day 25 with zero-flux boundary
conditions. Threshold RH for O2 consumption by bentonite of 25%, rate en-
hancement factor of 25 for reaction with bentonite and the EDZ.
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and the inclusion of possible gas-phase sorption reactions involving
O2(g).

8. Discussion

The sources of O2 in the FE experiment are the free air present in the
drift during construction of the experiment, as well as air inflow.
Indeed, the concentrations of O2 near the plug clearly indicate that
atmospheric air is flowing into the FE drift. The exact pathways and
transport processes have not yet been studied in detail, however the
correlation with atmospheric pressure points at an advective transport
between the access tunnel and the backfilled drift. Most plausible
pathways are instrumentation cables and pipes, the interface between
the rock and the concrete plug, and the EDZ. The consequence of this
inflow of O2 on the results may be an overestimation of the O2 con-
centrations in the FE experiment compared to a several hundreds of
meters long SF emplacement drift.

On the other hand, the potential sinks for O2 are:

a) Aerobic corrosion of construction material (steel mesh, steel sets,
anchors, bolts) emplaced at the drift wall or in the EDZ, although
corrosion rates should be lower for the elements emplaced in the
high-pH shotcrete liner. The corrosion of the heaters is limited by
the low relative humidity in the GBM, particularly after the begin-
ning of the heating phase (February 2015).

b) Microbial respiration, producing CO2; a positive CO2 anomaly was
indeed detected in one gas sampling port (Tomonaga et al., 2018),
but the measured concentrations are too low to account for a sig-
nificant fraction of the lost O2, unless a significant sink would
consume most of the CO2 resulting from microbial respiration, e.g.
the shotcrete and the cement backfill at the deep end of the drift.
Microbial activity is also subject to the availability of water, i.e. to
the periphery of the drift, as seen in Fig. 4.

c) Pyrite oxidation in the bentonite: The GBM contains about 0.3 %w/
w pyrite (Garitte et al., 2015), which could mathematically account
for the consumption of O2, but the presence of water is a limiting
factor for this process as well (see Equation (2)), as is the availability
of fresh pyrite surfaces. The latter are, however, not realistically
possible to quantify.

d) Gas exchange with the OPA porewater, as discussed in Tomonaga
et al. (2018). The pyrite content of the OPA is ∼ 1 %w/w (Pearson

et al., 2003) and is likely to act as a sink for O2 that dissolves into
OPA porewater, most likely within the EDZ. The steady increase of
light alkanes and alkenes (e.g. methane, ethane, n-/i-butane, n-/i-
pentane, …), measured in the gas samples (not shown here) also
confirms the presence of gas exchange processes between the FE
drift and OPA porewater, as also shown by Vinsot et al. (2017b). The
controlling factor for the decrease rate for this process is the dis-
solution rate of O2 into the porewater, which depends on Henry's
law and on the available surface area of the interface between
aqueous and gaseous phases.

e) Adsorption on mineral surfaces in the bentonite: The results of the
laboratory experiments tend to indicate that gas adsorption on re-
latively dry bentonite significantly adds to the list of O2-consuming
processes. This is consistent with the modelling results, which in-
dicate that the inner (e.g. dryer) regions of the GBM are likely to
contribute to the capture of O2 (i.e. green asterisk curve in Fig. 10,
with a lower RH threshold value of 25%). Literature data on O2

sorption on bentonite are scarce. Volzone et al. (1999) provide
equilibrium gas adsorption capacity values of montmorillonite for a
variety of gases, including O2 and N2, but we cannot decipher ad-
sorption rates under FE conditions with these data. Also, experi-
mental data from the literature focus on the interaction of single gas
phases with clay particles, which does not account for the compe-
tition between the gases present in the FE experiment and water
(liquid and vapour). Our analyses also show that a temperature of
100 °C applied to the bentonite increases the efficiency of the
sorption process. In the heated section of the FE experiment, tem-
peratures in excess of 130 °C are measured, and this may play a
significant role on the sorption properties of the bentonite. Further
laboratory experiments are needed to determine temperature and
RH dependency of the sorption properties of O2 on bentonite. The
adsorption of O2 had not been considered in previous studies and
may be responsible for the large overestimation of the persistence of
aerobic conditions in SF and HLW emplacement drifts.

From the results of the modelling and the laboratory experiments, as
well as the in-situ monitoring presented in Tomonaga et al. (2018), it
seems reasonable to conclude that among the processes described
above, corrosion of metals (a) and pyrite oxidation in the GBM (c) must
play a negligible role in the mass balance of gaseous O2, whereas the
importance of microbial activity (b) remains unclear. The main pro-
cesses controlling gases in the backfilled drift seem to be exchange with
the OPA porewater (d) and sorption on GBM (e).

9. Conclusions

The fate of oxygen in a deep geological repository for spent fuel and
high-level waste according to the Swiss disposal concept was studied by
in-situ monitoring of a full-scale emplacement drift, bench-top experi-
ments on individual materials and 3D reactive-transport modelling. The
monitoring of the gas composition in the drift showed a rapid decrease
of the O2 concentration in the bentonite backfill, even outpacing dif-
fusion through the granular bentonite during the backfilling process.
The modelling indicates that the dominant sinks are reactions in the
EDZ and in the bentonite, while corrosion of construction materials
plays only a minor role in the control of O2. However, the limited
availability of water in a large section of the GBM points to the need to
reconsider the interaction between bentonite and O2. The laboratory
experiments undertaken on GBM show that O2 is being consumed by
bentonite equilibrated with ∼ 55% relative humidity. The fact that
noble gases are captured at rates comparable to O2 implies a sorption
process on bentonite, which is consistent, at least qualitatively, with
data from the literature showing an important sorption capacity of
montmorillonites. Potentially, this process could even be fostered by
the elevated temperatures encountered in the vicinity of the heaters in
the experiment or the disposal canisters in the repository. Adsorption of

Fig. 10. Sensitivity of the time dependence of the relative O2 concentration at
the location corresponding to the sensor FE_O2_080 on the threshold RH for
reaction with the bentonite and the rate enhancement factor (here denoted kf)
for reaction with the bentonite and EDZ. The time dependence of the sensor
reading is also shown.
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O2 on relatively dry bentonite could at least partly explain the high
consumption rates observed in the experiment, together with the ex-
change with the porewater of the Opalinus Clay.

Additional effort is needed to be able to quantify the different
processes and their respective importance in the control of oxygen.
Mineral oxidation and microbial respiration are expected to be irre-
versible in the boundary conditions of an underground repository,
while on the other hand the reversibility of the capture of gases by
sorption on bentonite minerals remains to be determined. In the case of
release of O2 from sorbing sites at a later stage, the timing and rate of
release need to be better understood, in order to assess the resulting
effect on the repository evolution scenarios. Complementary laboratory
experiments at varying T and RH are being undertaken to address these
questions, as well as the further monitoring of the in-situ experiment.

The combined results of the in-situ monitoring in the FE-G experi-
ment, modelling and dedicated laboratory experiments indicate that
anoxic conditions may be reached in an emplacement drift for spent
fuel within a few weeks to a maximum of a few months after closure,
which is much faster than previously estimated.
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