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A B S T R A C T

An on-line gas monitoring has been conceived and implemented to study the evolution of the composition of the
free gas phase in the Full-scale Emplacement (FE) experiment in the Underground Rock Laboratory at Mont Terri
(Switzerland). The FE experiment is a trial run for a spent-fuel emplacement drift for a repository according to
the Swiss concept for radioactive waste disposal. The monitoring of gas species such as He, Ar, Kr, Xe, N2, O2, H2,
CH4, and CO2 was performed successfully over several months. The partial pressures of gases relevant for the
operational safety such as H2 and CH4 have been found to be below the concentration threshold for ignition. The
combination of the on-line monitoring data and conventional noble-gas isotope measurements reveals rapid gas
exchange between the pore space of the compacted bentonite granulate material used as backfilling and both the
access niche and the host rock surrounding the FE tunnel (Opalinus Clay). Such fast gas exchange partly explains
the disappearance of oxygen from the bentonite pore space detected by O2 sensors even prior to sealing of the
drift and the accumulation of a fraction of terrigenic gases such as 4He, 40Ar, CH4, and CO2.

1. Introduction

The build-up of pressure due to gas generation is an important
element in the safety assessment of deep geological repositories for
radioactive waste disposal. Different processes are expected to produce
or consume gas, which will have a direct influence on the composition
of the gas phase and the pressure build-up (Diomidis et al., 2016). The
accuracy of the evaluation and prediction of safety-relevant processes
can be increased through the quantification of the rates of gas pro-
duction/consumption and the understanding of the underlying me-
chanisms. This should help to better address topics such as corrosion
and material selection for canisters.

In this context, the Full-scale Emplacement (FE) experiment at the
Mont Terri rock laboratory (Switzerland) is a unique opportunity to
study the evolution of the gas composition in the near-field of an em-
placement drift for spent fuel (SF) according to the Swiss concept for
radioactive waste disposal during the early period after closure (see
Müller et al., 2017). A simplified sketch of the FE experiment is shown
in Fig. 1. The 50-m-long tunnel of the FE experiment has been

excavated in the Opalinus Clay (OPA) formation of the Jura mountains.
The first 10m of the tunnel serve as access to a 5-m-thick concrete plug
sealing the experiment. The completion of the plug on February 2015
sets the closure time of the FE experiment. Behind the concrete plug, a
23-m-long test section hosts three heaters simulating the thermal be-
havior of waste canisters containing SF. The deepest part of the tunnel
is a 12-m-long interjacent sealing section (ISS) that, according to the
Swiss concept for SF disposal (Nagra, 2010), should prevent axial flow
paths for radionuclides along the tunnel lining. While all other sections
of the tunnel have been covered with shotcrete, the ISS is supported by
steel sets only. The test section was backfilled with a compacted
granulate bentonite (MX-80), while the ISS was filled partly by porous
concrete and by bentonite blocks (for further details see Müller et al.,
2017).

Although primarily conceived to investigate repository-induced
thermo-hydro-mechanical (THM) coupled effects on the host rock, the
FE experiment has been also equipped with gas sensors and gas sam-
pling ports in contact with the pore space of the backfill. In this work,
identification and quantification of processes controlling the
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composition of the gas phase in the near field of the FE experiment have
been targeted by the following observational activities: 1) collection of
data in the field by on-site monitoring of the gas composition (He, Ar,
Kr, Xe, N2, O2, H2, CH4, and CO2) in the FE tunnel by means of an on-
line mass spectrometer system, 2) regular sampling of the gas phase for
precise conventional analyses (e.g., major and trace gases, noble-gas
isotopes, alkanes, alkenes, δ13CCH4, δ2HCH4; see also Giroud et al.,
2018).

The host rock surrounding the emplacement drift experienced a
partial loss of its original water content and is likely characterized by
variable permeabilities depending on the drift depth, the radial distance
from the drift axis, and the time of the experiment. Accordingly, the
effective surface for gas exchange between the gas phase in the drift and
the pore water phase in the host rock might vary in space and time. The
same applies to the bentonite material used as drift backfill. For in-
stance, fully saturated bentonite is known to have a good sealing ability
(Liu et al., 2018a). However, during the initial stages of the FE ex-
periment, the bentonite buffer is far from being saturated and pore
water from the host rock is expected to require several years to fill the
entire pore space without any external forcing (e.g., water injection; Liu
et al., 2018b). Thus, the gas transport properties of the bentonite pore
space are likely to change in time.

During the time frame in question, relevant gas transport mechan-
isms include: diffusion through unsaturated bentonite/OPA, advection
through the plug, and exchange with the host-rock pore water.
Additionally, experimental artifacts (i.e., specific to the FE experiment
as compared with a SF emplacement drift) may also affect the behavior
of gases, in particular due to the instrumentation of the experiment.

The present contribution focuses on the on-line monitoring of gas
species in the FE experiment and aims to explain the observed phe-
nomena.

2. Materials and methods

The extraction of gases from the bentonite pore space of the FE
experiment was performed using a gas circulation system (Gas Module,
GM) conceived and built by the company Solexperts AG (Rösli and
Lettry, 2016). The on-line monitoring was performed by connecting the
inlet of a portable mass spectrometer system (miniRUEDI by Gasome-
trix GmbH, www.gasometrix.com; Brennwald et al., 2016) to the loop
of the GM. Samples for regular gas analysis have been acquired by
extending the GM circulation loop with sampling containers connected
in series (Swagelok bottles or copper tubes). An overview of the GM and
on-line monitoring systems is given in Fig. 2. Details on the gas sam-
pling ports are given in Table 1.

The data presented here were collected between January and July
2017. On the one hand, our measurements do not comprehend the most
dynamic phase with regard to THM conditions (Müller et al., 2017) and
gas exchange (Giroud et al., 2018) right after the closure of the FE ex-
periment in February 2015. On the other hand, seven months of gas
analyses are a rather short period compared to total runtime of the ex-
periment foreseen to last for at least 10–15 more years. Therefore, our
investigations have been conducted under conditions that can be con-
sidered more or less stable. For instance, changes in temperature inside
the experiment are minor (i.e., less than 0.1 °C/month at the middle
heater) compared to the preceding two years (more than 2 °C/month).

2.1. Gas circulation system

In total ten gas sampling ports were installed in the FE gallery
(Fig. 1; see also Table 1). Seven of these ports are mounted at the tunnel
wall. These sampling ports consist of a silver-coated nylon filter hosted
on a polyvinylidene difluoride (PVDF) housing. Three sampling ports
(FE_GAS_005, FE_GAS_006, and FE_GAS_007) are installed close to the
heaters and are designed to withstand higher temperatures (up to
80 °C). Therefore, these sampling ports are equipped with stainless steel
filter meshes supported by a PVDF housing.

For gas circulation, each gas sampling port in the FE tunnel is
connected with two polyether ether ketone (PEEK) lines (i.e., an inlet
and an outlet) to the GM. The two sampling ports FE_GAS_001 and
FE_GAS_002 are connected by PEEK lines with an outer diameter
of 1/4". All other sampling ports are equipped with 1/8" PEEK lines.
The presence of two lines allows mixing and homogenization of the gas
phase in the volume comprising the sampling port, the PEEK tubes, and
the GM (a total of about 900–1100mL) at a flow rate of 20mL per
minute. The gases are forced by a membrane pump (KNF N022) from
the sampling ports to the GM in one PEEK line and from the GM to-
wards the sampling ports in the second PEEK line. The ten sampling
ports are connected to the two automatic VICI® valves of the GM
(Fig. 2). In addition, the gas circuit design makes it possible to connect
the GM to 1) a closed stainless steel loop (for periods of inactivity or
leak testing of the GM), 2) a gas bottle delivering N2 at atmospheric
pressure (about 1 bar) for flushing the GM, and 3) a vacuum pump (KNF
N813.4ANE) to evacuate the GM. Before connecting the gas sampling
ports to the GM, the latter is pumped (3min) and flushed with N2 (3 s)
for three times and subsequently evacuated for 20min until the pres-
sure in the system reaches approximately 0.05mbar. For the on-line gas
monitoring and for the acquisition of gas samples for regular analysis
each gas sampling port is connected to the gas circulation system for
about 4 h to minimize artifacts resulting from the presence of residual
gas with a slightly different composition in the PEEK lines and in the
GM. A water trap (SMC AMJ3000-F03) installed on the GM loop up-
front the connection to the on-line gas monitoring system prevents the
circulation of macroscopic water droplets.

2.2. On-line gas monitoring system

The mass spectrometer system used to monitor gas species in the FE
experiment (miniRUEDI, Gasometrix GmbH, Switzerland) is described
in detail in Brennwald et al. (2016). The system was originally con-
ceived to allow quantification of the partial pressures of He, Ar, Kr, N2,
O2, CO2, and CH4 in gaseous and aqueous matrices with an analytical
uncertainty of 1–3%. In the present work we extended the gas analysis
to Xe and H2. The gas is sampled through a capillary pressure reduction
system into a vacuum chamber, where its composition is analyzed in
dynamic mode using a quadrupole mass spectrometer (Stanford Re-
search Systems RGA-200).

Calibration of the system is achieved using gas calibration bags
(Linde, Plastigas) at an ambient pressure of approximately 960mbar
(see Brennwald et al., 2016). In the analytical setup at Mont Terri two
calibration bags are installed. The first bag (AIR) is filled with atmo-
spheric air (for its composition please refer to e.g. Ozima and Podosek,
1983) to calibrate the partial pressures of He, Ar, Kr, Xe, N2, and O2.

Fig. 1. Simplified sketch of the FE experiment at
Mont Terri (St.-Ursanne, Switzerland). The symbols
at the bottom of the figure indicate the position along
the tunnel where the gas sampling ports are located.
ISS: Interjacent sealing section, partly filled with
porous concrete.
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The second bag (MIX) is filled with a gas mixture comprising N2 (97%),
H2 (1%), CH4 (1%), and CO2 (1%).

The capillary inlet of the on-line gas monitoring system is connected
to the outlet of a six port selection valve (VICI® C5-2306EMHY, as de-
scribed in Brennwald et al., 2016). The inlets of the valve were con-
nected to 1) the circulation loop of the GM, 2) the AIR bag, 3) the MIX
bag, 4) the atmosphere of the FE niche, 5) a short crimped capillary
section for blank determination.

H2 (m/z = 2), CH4 (m/z = 15, i.e. the CH3
+ fragment ion),

N2 (m/z= 28), O2 (m/z= 32), Ar (m/z= 40), and CO2 (m/z= 44) are
measured on the Faraday cup of the mass spectrometer (where m/z is
the mass/charge ratio used for the mass spectrometer analysis). He
(m/z = 4), Kr (m/z = 84), and Xe (m/z = 129) are measured on the
electron multiplier detector. Each measurement on the Faraday cup
consists of 20 reading cycles while for the electron multiplier detector
the number of cycles is set to 40. The output of each measurement step
consists of the mean intensity for each gas species.

The main loop of the analytical protocol starts with two calibration

steps (AIR and MIX) followed by the determination of the analytical
blank. Subsequently, gas from the FE niche and from all ten gas sam-
pling ports is analyzed. Instrumental drifts are controlled and corrected
by the analysis of gas from both the AIR and MIX calibration bags prior
to the measurements of the gas from each sampling port.

The measurements were conducted at the highest frequency
(1 measurement every ~4 h). Including the time required for calibra-
tion of the system and the analysis of the gas composition in the FE
niche, each gas sampling port is measured approximately every 3 days.
Leak tests of the GM were conducted before the different measurement
blocks (i.e., before starting the monitoring and before resuming it after
the computer system malfunction). To this end, the GM was evacuated
and afterwards set in closed-loop mode. The on-line mass spectrometer
measured the residual gas in the GM over several days. No significant
increases in the gas partial pressures have been observed. O2 con-
tamination was investigated in detail, as any injection of atmospheric
O2 from the FE niche into an O2-free sampling port would have com-
promised the validity of the gas monitoring. The maximum leak rate

Fig. 2. Schematic overview of gas circulation system and the on-line mass spectrometer installed at the FE experiment. QMS: quadrupole mass spectrometer.

Table 1
Specifications of the gas sampling ports according to Rösli and Gisiger (2016). The temperature (T) and relative humidity (RH) given in the last two columns have
been measured by sensors in the vicinity of the respective sampling port on Jan. 18th, 2017 which coincides with the date of sampling for conventional gas analyses.
PL: PEEK line.

Sampling port Gallery meters [m] PL diameter ["] Filter mesh T [°C] RH [%]

FE_NICHE ∼0 n.a. Capillary inlet 18.5 47
FE_GAS_001 48.0 1/4 Ag-coated nylon 18.6 45
FE_GAS_002 47.8 1/4 Ag-coated nylon 18.6 44
FE_GAS_003 28.4 1/8 Ag-coated nylon 52.0 89
FE_GAS_004 27.9 1/8 Ag-coated nylon 72.0 64
FE_GAS_005 25.5 1/8 Stainless steel 70.3 52
FE_GAS_006 25.5 1/8 Stainless steel 70.3 52
FE_GAS_007 17.9 1/8 Stainless steel 69.6 45
FE_GAS_008 15.1 1/8 Ag-coated nylon 25.6 50
FE_GAS_009 16.4 1/8 Ag-coated nylon 32.3 57
FE_GAS_010 24.4 1/8 Ag-coated nylon 43.2 48
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determined for O2 was less than 0.7mbar/day (i.e., a maximum theo-
retical increase of 0.1 mbar during gas circulation at each sampling port
over 4 h) which can be considered negligible with respect 1) to the
overall effect on other gas partial pressures, 2) to the analytical preci-
sion of the on-line measurements (approximately± 3 mbar for O2), and
3) to other atmospheric gas contamination sources (e.g., dead volume
of the VICI® valves of the GM, the residual gas in the GM after eva-
cuation).

2.3. Regular gas sampling and analyses

Samples for off-site laboratory-based gas analyses are collected in
75mL stainless-steel cylinders (Swagelok 304L-HDF4-75-T) closed at
both ends with bellows-sealed valves (Swagelok SS-6H-MM connected
with SS-6-MTA-1-4 fittings) and in copper tubes sealed airtight with
two metal clamps (e.g. Beyerle et al., 2000; Brennwald et al., 2013;
Tomonaga et al., 2011; Tyroller et al., 2016). The sampling containers
are connected in series to the circulation loop of the GM via a manual
four-way Swagelok valve. This valve allows connection of the addi-
tional short loop consisting of the sampling containers or bypass of the
latter during the on-line monitoring using the mass spectrometer system
described in Section 2.2.

The gas samples for noble-gas analysis were collected from a se-
lection of sampling ports adequate to reveal spatial heterogeneities with
regards to the noble-gas concentrations in terms of depth within the FE
tunnel. Although the gas samples have been acquired three months
before the on-site monitoring time period, the results are expected to be
comparable, as no major changes are expected in terms of gas exchange
dynamics or physical conditions within the FE drift.

The noble gas isotope composition in the collected gas samples was
analyzed in the Noble Gas Laboratory at the Swiss Federal Institute of
Science and Technology in Zurich (ETH Zurich). Gas aliquots
(0.20–0.22 cm3

STP) from each sample were analyzed by static mass
spectrometry (Beyerle et al., 2000). After transferring an aliquot into
the gas purification system, the gas was separated into a He-Ne fraction
and an Ar-Kr-Xe fraction in the purification system using a series of cold
traps cooled by liquid nitrogen. A first split of the He-Ne fraction was
used for combined analysis of 4He, 20Ne, and 22Ne using a non-com-
mercial sector-field mass spectrometer equipped with a Baur-Signer ion
source (Baur, 1980). After He-Ne analysis, the Ar-Kr-Xe fraction was
used for combined analysis of 36Ar, 40Ar, 86Kr, and 136Xe using the same
mass spectrometer. A second split of the He-Ne fraction was further
purified using a cryogenic trap at 70 K and subsequently used for
3He/4He analysis in a Micromass 5400 sector-field mass spectrometer
equipped with a Nier-type ion source. Mass spectrometer results were
calibrated using aliquots of an air standard collected in Zurich (Swit-
zerland), which were processed exactly in the same way as the sample
aliquots. Typical precisions for the concentration measurements are
0.3% (He), 0.9% (Ne), 0.3% (Ar), 0.8% (Kr), and 1.0% (Xe). For the
isotope ratios, typical precisions are 0.7% (3He/4He), 0.3%
(20Ne/22Ne), and 0.2% (36Ar/40Ar). For further details on the analytical
setup used at ETH Zurich please refer to Beyerle et al. (2000).

3. Results and discussion

3.1. On-line gas monitoring

Figs. 3 and 4 summarize the results of the on-line monitoring of the
FE experiment at Mont Terri over a time span of about three months.
Unfortunately, a computer system malfunction resulted in an apparent
data gap for the months of May and June 2017.

The distribution of the O2 partial pressures is in agreement with the
sensor data reported by Giroud et al. (2018) showing that, even prior to
closure, a rapid decrease of the O2 concentrations in the pore space
occurred within a few months. Our monitoring data indicate that traces
of O2 (10–40mbar) are detectable only between the concrete plug and

heater 3 in a short tunnel segment being the closest to the FE niche
where atmospheric O2 partial pressures prevail (i.e., about 210mbar;
see Figs. 1, 3 and 4). In the remaining part of the FE tunnel O2 is vir-
tually absent.

The N2 partial pressure at each sampling port is inversely correlated
to those of O2 (i.e., the second most abundant gas species; see Figs. 3
and 4). As N2 is the major gas phase in atmospheric air (Ozima and
Podosek, 1983) and in the OPA pore water (Vinsot et al., 2017a), its
partial pressures cannot be used to gain additional insights on the gas
dynamics in the FE experiment (i.e., very minor changes are likely to
occur within the analytical error range). Nevertheless, the N2 partial
pressures reflect the evolution of the total pressure in the system. Ac-
cording to the measured data, the pressure in the bentonite pore space
is close to the ambient pressure in the FE niche.

The presence of O2 in the bentonite pore space immediately behind
the concrete plug suggests that the sealing is not fully airtight and air
from the FE niche is able to enter the experiment (see Giroud et al.,
2018). The existence of a connection between the FE niche and the FE
tunnel suggests that the disappearance of O2 from the bentonite pore
space in the early stages of the experiment produced a total pressure
drop resulting in a gas flow from the FE niche into the drift. This ex-
plains why in general the partial pressures of all atmospheric gases
(with the exception of O2) are higher compared to the respective partial
pressures in atmospheric air but the total pressures do not differ sig-
nificantly from the one in the FE niche. These findings are in line with
the interpretation of the spatial distribution of 4He, 40Ar, and CH4 (see
below).

The noble-gas isotopes 4He, 40Ar, and 84Kr in the FE experiment
(Fig. 3, colored symbols) are clearly enriched with respect to the air in
the FE niche (Fig. 3, black dots), which is close to atmospheric air
composition. The partial pressures of 4He and 40Ar increase consistently
with increasing tunnel depth (Fig. 4) indicating accumulation of a
terrigenic-gas component coupled with transport towards the concrete
plug. The migration of 4He (produced from the decay of U and Th in
mineral phases; e.g. Mamyrin and Tolstikhin, 1984; Tomonaga et al.,
2017) from the OPA pore water into the bentonite pore space is ex-
pected. The same applies for radiogenic 40Ar produced from the decay
of 40K. Indeed, 4He and 40Ar have been reported to be (highly) enriched
in the OPA pore water (e.g., Pearson et al., 2003).

The interpretation of the progressive enrichment of 84Kr with in-
creasing distance from the FE niche (Fig. 4) is less straightforward in
terms of terrigenic fluid origin. All gas sampling ports in the bentonite
pore space show higher 84Kr partial pressures compared to the FE niche
which is charaterized by a 84Kr partial pressure close to the one of at-
mospheric air (about 6⋅10−4mbar).

Previous studies report Kr concentrations in OPA pore water at
Mont Terri between air-saturated water (ASW; (0.8-1.1)⋅10−7 cm3

STP/g
assuming a temperature of 4 °C and a rather reasonable salinity
range of 0–35 g/kg; Rübel et al., 2002) and two times AWS (up to
2.1⋅10−7 cm3

STP/g; Maineult et al., 2013). Furthermore, the dissolved-
gas concentrations in the OPA pore water may vary depending on the
sampling location within the laboratory at Mont Terri (Pearson et al.,
2003) and, hence, a direct comparison with previous studies is not
necessarily meaningful. Nevertheless, the observed 84Kr enrichment
might be also the result of the gas partitioning between OPA pore water
and the free gas phase in bentonite pore space, as discussed in detail in
Section 3.2. From this point of view, the decreasing 4He, 40Ar, and 84Kr
partial pressures close to the plug indicate that gas exchange between
the FE niche and the bentonite pore space occurs.

The 129Xe data series reveals higher partial pressures for this gas
species between heater 3 and heater 2 (Fig. 4). Under common en-
vironmental conditions (and in absence of a gas purification line) Xe
isotopes should be hardly detectable by the adopted mass spectrometer
system. However, in the case of the FE experiment the heaters used to
mimic the thermal behavior of canisters containing SF had been filled
with Xe-spiked N2 (i.e., 2000 ppmv Xe). Such Xe concentration
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Fig. 3. Gas partial pressures determined during the on-line monitoring of the FE experiment at Mont Terri. Different symbols indicate different sampling ports within
the FE tunnel, as shown in Fig. 1.

Fig. 4. Gas sampling port depths (abscissa axis, in gallery meters) plotted against the respective average gas partial pressures (ordinate axis) determined during the
on-line monitoring of the FE experiment at Mont Terri. The different symbols have the same meaning as in Fig. 1.
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(equivalent to 0.002mbar) matches rather well the observed Xe partial
pressure range between heater 3 and heater 2 (0.001–0.002mbar; see
Fig. 4). It should be noted that the large error of the 129Xe measure-
ments (slightly more than 30%) does not allow identification of a well-
defined concentration maximum in terms of FE drift depth. According
to a Mont Terri Project report (Aitemin, 2015) heater 3 had a fall in-
cident during the emplacement phase where some cables and fittings
connected to the heater body were damaged. In the light of the on-line
Xe measurements it seems reasonable to hypothesize that this incident
resulted in a minor gas leakage with direct consequences for the overall
Xe budget in the bentonite pore space of the FE experiment.

The measurements conducted with the on-line mass spectrometer
system reveal that the highest H2 partial pressures (about 0.6 mbar or
0.06%) can be found close to the central heater (i.e., heater 2; Figs. 1
and 4). It should be noted that the average error of the H2 measure-
ments (about 0.2 mbar) is large compared to the determined partial
pressures. The H2 spatial distribution (Fig. 4) suggests ongoing anae-
robic corrosion of the surface of the heaters or of other metal parts
belonging to the instrumentation of the FE experiment being mainly
installed at the depth range of the three heaters. Sampling ports
FE_GAS_001 and FE_GAS_002 are located in porous concrete char-
acterized by higher pH and, therefore, lower corrosion rates are ex-
pected for steel. The agreement of the H2 partial pressures of FE niche
and the deepest part of the FE tunnel (see Fig. 4) indicate that no sig-
nificant share of H2 is provided by the OPA.

Methane accumulation occurs concomitant to the migration of other
terrigenic gas species. Emanation of CH4 from the OPA (up to a few %
over a time span of less than three years) has been illustrated by a
recent study that estimated the pore water concentrations to be about
0.3 mmol/L (Vinsot et al., 2017a). The highest CH4 concentration de-
termined in the present study (about 1.4 mbar or 0.1% accumulated
over approximately two and a half years since experiment closure at
ports FE_GAS_001 and FE_GAS_002) agrees with previous observations
(Vinsot et al., 2017a) suggesting that the OPA pore water can act as a
CH4 reservoir. Indeed, the CH4 flux estimated for the FE experiment
using the OPA geometric surface (280m2) and the bentonite pore space
volume (~70m3) is about 7⋅10−3mol/m2/yr which roughly agrees
with the flux determined in the BHT-1 experiment at Mont Terri (ap-
proximately 5⋅10−3mol/m2/yr; Vinsot et al., 2017a). The CH4 spatial
distribution pattern being similar to the one of inert gases such as 4He
and 40Ar (i.e., increasing partial pressures with increasing tunnel depth)
indicates that similar transport processes foster the accumulation (and
loss) of CH4 in the bentonite pore space.

At first sight, the measured carbon dioxide partial pressures are si-
milar to the one of atmospheric air (about 0.3mbar or ~0.03%) with
the exception of sampling port FE_GAS_004 being characterized by al-
most four times higher partial pressures. A small enrichment, enough
to be significant with respect to the average analytical error of
± 0.02mbar, is also observed at sampling port FE_GAS_005. CO2 par-
tial pressures in the OPA pore water are in the range of 10−2 to

10−3 bar (e.g., Pearson et al., 2003, 2011; Vinsot et al., 2014). The
occurrence of higher CO2 partial pressures at some sampling ports
could indicate microbial activity. As discussed in Section 3.2, the ob-
served CO2 enrichment may be produced also by the presence of
pathways for fluid transport from a different geochemical reservoir
towards the bentonite pore space. Such pathways could be related to
the extent and geometry of the excavation damaged zone (EDZ) which
is about 1–2 times the tunnel radius and is characterized by much
higher permeabilities compared to the undisturbed OPA (a few orders
of magnitude higher permeabilities within the inner 1m zone; Bossart
et al., 2002). Alternatively, CO2 originating from the OPA pore water
might be consumed at different rates in the vicinity of the respective
sampling ports (e.g., by sorption; Giroud et al., 2018). Gas sampling
port FE_GAS_008 (located immediately after the concrete plug) is
characterized by CO2 partial pressures being lower (i.e., ~0.05mbar)
than those of the FE niche and of atmospheric air. These lower partial
pressures suggest ongoing carbonatation of the concrete plug (possibly
also occurring in the porous concrete of the ISS). Nevertheless, other
processes could explain the observed lower CO2 concentrations (see
e.g., Vinsot et al., 2017a).

3.2. Off-site laboratory-based analyses

The results of the conventional noble-gas analyses are reported in
Table 2.

The measured He, Ar, and Kr concentrations are in general agreement
with the measurements of the on-line mass spectrometer system pre-
sented in Section 3.1. Similar concentration gradients with respect to the
tunnel depth are found for all the gas species. He concentrations are up to
five times higher (2.7⋅10−5 v/v) than in atmospheric air (5.2⋅10−6 v/v).
The Ne concentrations, similarly to the other noble gases, are enriched
(up to 2.3⋅10−5 v/v, i.e. an enrichment of 24%) with respect to atmo-
spheric air (1.8⋅10−5 v/v). Part of such enrichment could be attributed to
the gas flow from the FE niche into the bentonite pore space produced by
the disappearance of O2 (see Section 3.1). Indeed, the induced relative
change of the partial pressures is expected to be similar for all atmo-
spheric gases. For instance, the increase of the partial pressure of N2 is
about 20% resulting in an enrichment of approximately 25% compared
to the atmospheric N2 concentration. Nevertheless, Maineult et al. (2013)
report Ne pore water concentrations being significantly higher (up to
4.9⋅10−7 cm3

STP/g and an average of 2.3⋅10−7 cm3
STP/g) than ASW con-

centrations ((1.6-2.1)⋅10−7 cm3
STP/g assuming a temperature of 4 °C and

a salinity range of 0–35 g/kg). Hence, gas originating from the OPA can
also contribute to the measured concentrations. The same applies to Ar
and Kr showing maximum excesses of 27% and 33%, respectively. Al-
though Pearson et al. (2003) did not find Ne excesses in OPA pore waters,
in the same work they report a few Kr (up to 1.3⋅10−7 cm3

STP/g)
and Xe (up to 2.7⋅10−8 cm3

STP/g) concentrations being slightly higher
than ASW ((0.8-1.1)⋅10−7 cm3

STP/g for Kr and (1.2-1.6)⋅10−8 cm3
STP/g for

Xe taking into account the same temperature and salinity conditions used

Table 2
Noble-gas concentrations and isotope ratios measured in the gas samples collected from the FE experiment at Mont Terri on Jan. 18th, 2017. The noble-gas
concentrations and isotope ratios for atmospheric air are reported at the bottom of the table. A: gas amount in aliquot. STP= standard temperature (0 °C) and
pressure (1 atm).

Sample A [cm3
STP] He [10−5 v/v] 3He/4He [10−7] Ne [10−5 v/v] 20Ne/22Ne [-] Ar [10−2 v/v] 36Ar/40Ar [10−3] Kr [10−6 v/v] Xe [10−5 v/v]

FE_GAS_001 0.209 2.71 ± 0.01 4.15 ± 0.07 2.17 ± 0.02 9.77 ± 0.01 1.183 ± 0.001 3.36 ± 0.02 1.49 ± 0.01 1.73 ± 0.01
FE_GAS_002 0.204 2.74 ± 0.01 4.67 ± 0.06 2.18 ± 0.02 9.79 ± 0.01 1.187 ± 0.001 3.365 ± 0.002 1.52 ± 0.01 1.74 ± 0.01
FE_GAS_003 0.217 2.52 ± 0.01 4.70 ± 0.07 2.25 ± 0.02 9.80 ± 0.01 1.177 ± 0.001 3.36 ± 0.01 1.47 ± 0.01 3.66 ± 0.03
FE_GAS_004 0.200 2.62 ± 0.01 5.19 ± 0.08 2.25 ± 0.02 9.81 ± 0.01 1.163 ± 0.001 3.391 ± 0.002 1.43 ± 0.01 3.53 ± 0.03
FE_GAS_009 0.206 1.79 ± 0.01 4.87 ± 0.08 2.12 ± 0.02 9.81 ± 0.01 1.122 ± 0.001 3.40 ± 0.02 1.40 ± 0.01 2.29 ± 0.02
FE_GAS_010 0.209 2.17 ± 0.01 5.03 ± 0.08 2.22 ± 0.02 9.80 ± 0.01 1.179 ± 0.001 3.37 ± 0.01 1.45 ± 0.01 3.83 ± 0.03
Atmospheric aira 0.524 ± 0.005 13.9 ± 0.1 1.818 ± 0.004 9.80 ± 0.08 0.934 ± 0.001 3.349 ± 0.003b 1.14 ± 0.01 0.0087 ± 0.001

a From Ozima and Podosek (1983).
b From Lee et al. (2006).
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for ASW Ne concentrations). From the previous observations and from
our noble-gas measurements it is reasonable to assume that the elemental
signature of OPA pore water differs to a certain extent from the one of
ASW.

In the three-isotope plot of Fig. 5 the decrease of the values of both
the 20Ne/4He ratios and the 3He/4He ratios with increasing tunnel
depth (see Fig. 1 for the position of the sampling ports) indicates ac-
cumulation of isotopically heavy He. The terrigenic He source should
certainly be the OPA pore water being characterized by a 3He/4He ratio
with an average of 1.3⋅10−7 (Pearson et al., 2003; Rübel et al., 2002) or
a range of (1.4–9.1)⋅10−7 (Waber and Rufer, 2017). The higher
3He/4He ratio of sample FE_GAS_004 may correlate with the anom-
alously high CO2 partial pressures detected by the on-line gas mon-
itoring (Section 3.1) and might suggest the presence of a connection to
a geochemical reservoir providing a minor share of fluids slightly en-
riched in 3He and CO2. OPA pore waters have been shown to host three
to four orders of magnitude higher He concentrations (i.e., from (4–9)
⋅10−5 cm3

STP/g up to about 1⋅10−4 cm3
STP/g; Waber and Rufer, 2017;

Pearson et al., 2003; Mazurek et al., 2011) compared to ASW (about
4⋅10−8 cm3

STP/g; e.g., Kipfer et al., 2002). All evidence indicates that He
from the OPA pore water is expected to degas into the bentonite pore
space. Assuming that the He isotope ratios in the bentonite pore space
result from the binary mixing of atmospheric air and gases from the
OPA pore water, the shares of terrigenic He cover a range of 70–75%.

A similar behavior can be observed for the Ne and Ar isotopes as
shown in Fig. 6: both isotope ratios decrease with increasing tunnel
depth. The decrease of the 36Ar/40Ar ratios can be explained by the
accumulation of radiogenic 40Ar produced by the decay of 40K in the
OPA pore waters (Rübel et al., 2002). For the decrease of the 20Ne/22Ne
ratios, at least for the moment, we can only speculate that either the
OPA pore water signature does not reflect the one of ASW (i.e., a

20Ne/22Ne ratio of about 9.78; Beyerle et al., 2000) or that some frac-
tionation mechanism is affecting the Ne isotopes. In particular, two gas
samples are characterized by Ne and Ar isotope ratios being sig-
nificantly higher than the atmospheric air values (Fig. 6, open square).
We hypothesize that these high Ne isotope ratios are produced by a
fractionation process like, for instance, diffusion-controlled gas trans-
port through the plug or the EDZ. Nonetheless, the observed trend in
the isotope composition implies the presence of quite complex gas ex-
change processes that for the time being cannot be further constrained.

The elemental plot of the Ar/Kr ratios against the Ne/Kr ratios in
Fig. 7 highlights again the gas exchange occurring between the OPA
pore water and the gas phase in the bentonite pore space. The measured
values (black dots) deviate significantly from the atmospheric air
composition (open square) and follow a trend towards the elemental
composition of OPA pore water (grey shaded area; Maineult et al.,
2013). In the following we aim to investigate the observed elemental
fractionation using two different approaches: 1) A binary mixing of
OPA pore water gases with atmospheric air and 2) gas partitioning
between OPA pore water and the free gas phase in the backfill pore
space at solubility equilibrium. It should be noted that both approaches
are intended to illustrate and estimate the gas dynamics on a conceptual
level; they do not provide precise constraints on the gas exchange in the
FE experiment.

Assuming a binary mixture of atmospheric air and an unfractionated
pore water gas component (open circle in Fig. 7 being the average
elemental ratios from Maineult et al., 2013) we can estimate the
minimum shares of gas originating from the OPA at each sampling port
to about 2–12% (average for all samples: (7± 2) %). It is possible to
roughly assess the amount of pore water required to produce the ob-
served elemental shift in the gas phase of the bentonite pore space using
the measured Ne concentrations (Table 2) and the determined OPA
pore water gas shares. The amount of Ne provided from the OPA pore

Fig. 5. Three-isotope plot of the 20Ne/4He ratios against the 3He/4He ratios.
The dashed arrow is a visual help to follow the trend in isotope composition
changes with the increasing drift depth. Symbol shapes and colors indicate
different gas sampling ports as in Fig. 3. The decreasing 3He/4He isotope ratios
with increasing tunnel depth clearly indicate accumulation of radiogenic 4He
from the OPA. A slightly higher 3He/4He ratio for a gas sample from a sampling
port FE_GAS_004 located in the region of heater 2 might correlate with a CO2
anomaly detected by the on-line gas monitoring (Section 3.1). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 6. 36Ar/40Ar ratios against 20Ne/22Ne ratios. Symbol shapes and colors
indicate different gas sampling ports as in Fig. 3. The isotope signature of at-
mospheric air (e.g. Ozima and Podosek, 1983; Sano et al., 2013) is marked by
the open square. Similarly to Fig. 5, there is a trend towards a terrigenic
component of the Ar isotopes being enriched in 40Ar. Ne isotope ratios being
even higher than the value for atmospheric air might indicate the occurrence of
a fractionation process. Although at the moment we cannot fully explain the
observed Ne isotope fractionation, it is significant. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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water can be inferred by multiplying the determined Ne concentrations
by the share of gas from the OPA and the volume of the bentonite pore
space (~70m3 assuming a bulk bentonite volume of 160m3 and a
porosity of 45%). The respective mass of water from where the total
amount of Ne from the OPA should originate is then the Ne amount
divided by the expected Ne concentration for ASW. From these
simple calculations, at least 125–910m3 (average for all samples:
VPW = 500m3) of OPA pore water should have been involved in gas
exchange.

The estimated pore water volumes are unexpectedly large but
should be considered only as a zeroth-order estimation. Taking into
account an OPA porosity (ϕ) of 16.4% (Gimmi et al., 2014) and a FE
tunnel surface (AFE) of about 280m2, the average depth of effective gas
exchange (Δx = VPW/(ϕAFE)) should be about 11m. It should be noted
that the characteristic length for diffusive transport of noble gases in
bulk water Δz = (2⋅Dmol,i⋅t)1/2 (where Dmol,i is the molecular diffusion
coefficient of gas i=He, Ne, Ar, Kr, and Xe; t is the time between ex-
periment closure and gas sampling) covers a range of 0.3–0.8m. This
clearly indicates that gas exchange in the FE experiment cannot be
explained exclusively by diffusion of gases from the OPA pore water
into the bentonite pore space through an interface being limited to the
tunnel surface (as Δz = Δx requires AFE≫280m2), i.e. purely diffusive
transport in a pore water phase would require decades/centuries to

produce the observed shift in the noble-gas elemental composition.
The physical partitioning between the liquid OPA pore water phase

and the gas phase in the backfill pore space can be further investigated
using the Henry coefficients Hi(T,S) (i being the measured gas species
Ne, Ar, Kr) for the specific temperature (T) and salinity (S) conditions
prevailing at each gas sampling port (see e.g., Kipfer et al., 2002;
Aeschbach-Hertig and Solomon, 2013; Brennwald et al., 2013). It is
possible to infer the solubility equilibrium concentrations in the pore
water (Ci,eq) from the measured partial pressures (pi) according to
Henry's law pi = Hi(T,S)⋅Ci,eq. The noble gas elemental signature for a
water phase at solubility equilibrium with the gas phase in the FE ex-
periment (Fig. 7, red dots) agrees well with the value range known for
air-saturated water (ASW, thick black line). A slight deviation of the
calculated equilibrium concentrations from ASW might result from the
specific OPA pore water gas composition (grey shaded area in Fig. 7;
Maineult et al., 2013).

In the inset plot of Fig. 7 the pore water elemental signatures at
solubility equilibrium (red dots) are compared with those expected for
ASW at each sampling port (blue dots). The temperatures given in the
inset are the ones registered by the sensors close to each gas sampling
port at the time of the sampling. A general shift of the pore water
elemental ratios towards lower values with respect to the values for
ASW suggests that the pore water signature might be indeed different
compared to ASW. Although the original elemental and isotope sig-
nature of the OPA pore water cannot be fully constrained with the
available empirical data (Maineult et al., 2013; Pearson et al., 2003),
decreasing differences between the elemental composition of pore
water at solubility equilibrium and the elemental composition of ASW
with increasing temperatures make the case that gas partitioning is not
yet at a steady state. This is reasonable, as the energy released by the
three heaters in the FE experiment results in a continuous temperature
increase in the bentonite/OPA and the mass transfer related to gas
exchange is likely to be slower than energy transfer of the heating.

The general agreement of the calculated equilibrium concentrations
(Fig. 7, red dots) with the expected ASW value range (Fig. 7, black solid
line) makes the case that gas partitioning between liquid and gaseous
phases in the FE experiment is effective. Hence, it seems that the initial
atmospheric air signature (i.e., isotope and elemental composition) has
been replaced to a significant extent with the OPA pore water signature.

The effective exchange of gases between the OPA pore water and
the backfill pore space let us speculate that unconstrained geometrical
factors foster the gas exchange within the FE experiment. A hypothesis
could be that gases can access transport pathways not available for li-
quid phases 1) allowing faster gas transfer towards the backfill pore
space and 2) providing additional surface for gas exchange within the
OPA. From this point of view, the EDZ and EDZ-like features produced
by mechanical disturbances of the OPA may play a major role in the
overall gas transport. The formation of the EDZ has been shown to in-
crease significantly the permeability of the host rock (Armand et al.,
2008; Marschall et al., 2017) and the fracture network in the first meter
of the EDZ was found to be well interconnected (Bossart et al., 2002).
The boreholes drilled radially from the drift into the OPA as well as
construction elements such as rock bolts (up to 7.5m) and ex-
tensometers (up to 8m) potentially also play a role in the diffusive
transport of gases.

Gas exchange with the OPA could in part explain the disappearance
of O2 from the bentonite pore space, as illustrated by the published
sensor data (up to ~1.2% per day; Giroud et al., 2018). Indeed, O2 is
totally absent in the OPA pore water and gas partitioning with a O2-
containing gas phase would result in O2 transfer from this gas phase
into the pore water phase. The highly reducing conditions in the OPA
(similarly to the ones observed in Callovo-Oxfordian claystone; Vinsot
et al., 2017b) could in principle sustain a high concentration gradient
between the bentonite pore space and the OPA pore water fostering O2
removal from the gas phase in the FE tunnel.

The Xe depth profile determined by conventional noble-gas

Fig. 7. Ar/Kr ratios against the Ne/Kr ratios. Black dots are the measured
elemental ratios. The grey-shaded square indicates the value range from OPA
pore water measurements performed by Maineult et al. (2013) and the open
circle is the respective average. The gas in the bentonite pore space is char-
acterized by an elemental signature that differs significantly from the one of
atmospheric air (open square). The observed elemental fractionation could
result from a binary mixing between atmospheric air and gas from the OPA pore
water (open circle). However, if the measured free gas concentrations are
converted into dissolved gas concentrations using the Henry coefficients for the
local temperature conditions at each sampling port, the resulting concentra-
tions (red dots) lie very close to the expected ASW values (thick black line). This
suggests that part of the atmospheric air initially present in the bentonite pore
space has been replaced by a significant share of gases from the surrounding
OPA. In the inset plot the pore water elemental ratios (red dots) are compared
with the expected ASW values (blue dots). The shift of the pore water signature
towards “lower” temperatures compared to those for ASW suggests that the
overall gas exchange is not yet at steady state. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the Web version
of this article.)
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measurements is shown in Fig. 8. The highest concentration of
3.8⋅10−5 v/v is located between heater 2 and 3, as already suggested by
the on-line gas monitoring (Section 3.1). This concentration is more
than two orders of magnitude higher than the atmospheric air con-
centration (8.7⋅10−8 v/v). Such a huge Xe enrichment is clearly pro-
duced by gas leakage from one of the heaters containing Xe-spiked
N2 (2⋅10−3 v/v Xe) and explains why the quadrupole mass spectro-
meter of on-line gas monitoring system was able to detect differences
between the various gas sampling ports. Despite the anthropogenic
release of Xe being likely to hamper any detailed investigation of nat-
ural gas exchange processes in the FE experiment using this tracer (e.g.,
the Xe mass originating from the OPA of from the FE niche is negligibly
small compared to the one from the heaters), further observation of the
behavior of Xe might provide useful constraints on transport processes
affecting other gas species. For instance, the detection of Xe enrich-
ments in the region of the far-field instrumentation could allow esti-
mation of the extent of the pathways accessible for gas transport pro-
vided by the EDZ.

4. Conclusions

The gas monitoring of the FE experiment at Mont Terri reveals
complex processes affecting the gas species in the pore space of the
bentonite used as tunnel backfilling and in the surrounding OPA.

Our results show that gas exchange with the surrounding OPA plays
a significant role in the overall gas budget. The OPA pore waters seem
to act both as source (e.g., He, Ar, CH4, CO2) and sink (e.g., O2) for
atmospheric and terrigenic gases. Gas exchange with the OPA pore
waters is expected and it can explain in part the O2 partial pressure
decrease detected by O2 sensors during the initial phase of the experi-
ment. Oxygen removal (and the respective total pressure drop) is likely
to have induced the inflow of atmospheric air from the FE niche into the
bentonite pore space immediately after closure of the FE experiment.

Additional data are needed to better understand the processes
controlling the CO2 concentrations in the bentonite backfill. In parti-
cular, stable isotopes analyzed in gas samples may provide a better
insight on the influence of microbial activity on the behavior of CO2.

Although H2 has been detected, suggesting the onset of anaerobic
steel corrosion, the highest H2 partial pressure was only 0.6 mbar

(0.06%). CH4 showed a maximum enrichment of 1.3 mbar (0.1%).
Based on the insights provided by the on-line gas monitoring of the

FE experiment, it is difficult to fully understand on a conceptual level
the gas dynamics during the early stages and even at present. The in-
strumentation of the FE tunnel (e.g., boreholes with multi-packer sys-
tems, several hundred sensors with the respective wiring) could be in
part responsible for experimental artifacts in terms of gas transport
(e.g., preferential pathways), that cannot be clearly identified with the
limited amount of data available. Also, the impact of EDZ and EDZ-like
structures cannot be further constrained with the available data. The
ongoing gas monitoring in the FE experiment, together with the ac-
quisition and interpretation of thermo-hydro-mechanical data over
several more years, should improve our understanding of these struc-
tures in the future. Additionally, the use of tracer gases between the
backfill and the far-field may also provide useful information.
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