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Abstract Two experiments have been installed at Mont
Terri in 2004 and 2009 that allowed gas circulation within
a borehole at a pressure between 1 and 2 bar. These
experiments made it possible to observe the natural gases
that were initially dissolved in pore-water degassing into
the borehole and to monitor their content evolution in the
borehole over several years. They also allowed for inert
(He, Ne) and reactive (H,) gases to be injected into the
borehole with the aim either to determine their diffusion
properties into the rock pore-water or to evaluate their
removal reaction kinetics. The natural gases identified were
CO,, light alkanes, He, and more importantly N,. The
natural concentration of four gases in Opalinus Clay pore-
water was evaluated at the experiment location: N,
2.2 mmol/L £ 25%, CH,; 0.30 mmol/L £+ 25%, C,Hg
0.023 mmol/L + 25%, CsHg  0.012 mmol/L + 25%.
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Retention properties of methane, ethane, and propane were
estimated. Ne injection tests helped to characterize rock
diffusion properties regarding the dissolved inert gases.
These experimental results are highly relevant towards
evaluating how the fluid composition could possibly evolve
in the drifts of a radioactive waste disposal facility.
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1 Introduction

Opalinus Clay pore-water contains dissolved natural gases:
N,, CO,, CH, and other light alkanes, He and other noble
gases. With the exception of N,, these gases were identified
before 2000 in the Mont Terri rock laboratory thanks to
measurements on gas samples extracted from cored rock
samples or from boreholes (Pearson et al. 2003). Further-
more, in the framework of studies devoted to nuclear waste
geological disposal feasibility, intense efforts were made
on precise quantification of CO, and He content in the
pristine pore-water. CO, is of key interest regarding the
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understanding of the processes that control the pore-water
composition (Gaucher et al. 2009; Pearson et al. 2011;
Tournassat et al. 2015) and He data enables to characterize
transport properties of solutes within Opalinus Clay rock
(Riibel et al. 2002; Mazurek et al. 2011). More generally,
dissolved gases are affected by both reaction and migration
processes. As a consequence, data regarding dissolved gas
concentration distribution in Opalinus Clay may give some
insight on both transport properties of solutes in this
argillaceous rock and processes that control the pore-water
composition. Regarding light alkanes, data interpretation
also meets broader research topics on the relationships
between their chemical and isotopic composition and the
questions about their origin along with the kinetics asso-
ciated to their production, their potential migration paths,
their potential retention properties on clay minerals etc.
(Prinzhofer and Pernaton 1997; Zhang and Krooss 2001;
Sherwood Lollar et al. 2008; Prinzhofer et al. 2009;
McCollom et al. 2010; Stolper et al. 2015).

In 2004, a new experimental method has been imple-
mented at Mont Terri rock laboratory with the objective to
quantify more precisely the CO, content at the measure-
ment location. The method is based on gas circulation, at a
pressure between 1 and 2 bar, in the packed off interval of
a 15-m long ascending borehole (Vinsot et al. 2008). This
experiment, named pore-water chemistry (PC-C) gave a
series of data on natural Opalinus Clay gases. The same
method has been used since 2009 to study transport and
reactivity of dissolved hydrogen gas in Opalinus Clay pore-

water. This last experiment, named Hydrogen Transfer
(HT), has given data on natural gases over a period of
6.5 years. In 2011, He and Ne were injected together with
H, in the test interval to study their transport properties in
Opalinus Clay pore-water and possible H, consumption
(Vinsot et al. 2014).

This paper presents the new data regarding natural dis-
solved gases in Opalinus Clay pore-water obtained in these
experiments and the link that may be drawn with available
data obtained on core samples.

2 Geological context and rock characteristics

The Mont Terri rock laboratory is located in the security
gallery of a motorway tunnel in the Jura Mountains (Fig. 1),in
north-western Switzerland at a depth of about 300 m below
ground level (Bossart et al. 2017). It is a “methodological
laboratory” (Delay et al. 2014) in the Opalinus Clay, which is
a well consolidated Jurassic age claystone with a hydraulic
conductivity below 3 x 10~'? m/s (Thury and Bossart 1999).

The clay-rocks at the test locations (shaly facies) consist
of a dominant clay fraction (~60 wt.%) including illite,
kaolinite, chlorite, and illite—smectite mixed layers, associ-
ated with quartz (~ 15 wt.%), calcite (~20 wt.%), feldspar,
dolomite, siderite (a few wt.% each), pyrite (~1 wt.%), and
organic matter (around 1 wt.% organic C) (Pearson et al.
2003). From thin section microscope observations, the rock
displays a fine grain fabric with heterogeneities. The clay
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Fig. 1 Geological cross-section of the Mont Terri anticline and location of the Mont Terri rock laboratory (Nussbaum et al. 2017)
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matrix is essentially formed of detrital particles of less than
I pm of illite and illite—smectite mixed layers, with minor
10-50 pm sized flakes of biotite, muscovite, and chlorite.
The carbonate fraction consists of calcite test and shell
fragments and diagenetic carbonates including calcite (ma-
jor micrite, sparite, and rare euhedral grains), dolomite/
ankerite (essentially euhedral grains) and siderite (dissemi-
nated pm-sized grains, rare clusters). Pyrite occurs as pm-
sized framboids of diagenetic origin. The heterogeneities of
the clay-rocks are essentially due to the occurrence of the
fossil debris ranging in size from 50 pum to few millimetres.
The fossil debris include calcite test and shell fragments, but
also particles of organic matter and phosphate elements. The
water content is around 7 wt.% (with respect to the dry rock
mass) and the total porosity is between 16 and 18% by
volume.

3 Experiments: setup and methods

3.1 Experimental layout

Two 15 m-long, 101 and 76 mm in diameters respectively,
inclined ascending boreholes perpendicular to the bedding

were drilled from the vault of underground drifts in the
Mont Terri rock laboratory: BPC-C1 in 2004 in the PP
niche from the Security Gallery and BHT-1 in 2009 in
Gallery-08. Both boreholes are 20 m far from one another
perpendicularly to the Opalinus Clay contact with the
limestones of the Passwang Formation. The last 5 m of
these boreholes constitute the test intervals in contact with
the rock. These zones were drilled using nitrogen in BPC-
C1 and argon in BHT-1. The drilling tools were disinfected
with chlorinated water and alcohol to minimize the intro-
duction of external micro-organisms in the boreholes.
Immediately after coring, a device comprising an
inflatable packer was installed in order to isolate the test
intervals from the drift atmosphere. As soon as the packers
were set in place, the test intervals were filled with argon in
both boreholes. In the test intervals, the equipment took up
over 80% of the volume, leaving only a maximum volume
of about 5 and 10 litres remaining for fluids in BPC-C1 and
BHT-1 respectively. It includes a PFA (per-fluoro-alkoxy)-
coated, stainless steel inner tube. BHT-1 equipment com-
prises ceramic filter screen pieces having a porosity of 42%
and a thickness of 14.75 mm, which surround the 40 mm
diameter central tubing. However, BPC-C1 equipment does
not include a filter screen. The intervals are closed at the

& Water sampling line
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Water sampling

Drift axis



378

A. Vinsot et al.

bottom by a packer made of either neoprene-covered nat-
ural rubber or polyurethane rubber and inflated with water.
In the boreholes, 4 to 6 measurement and circulation lines
made of either PEEK (poly-ether-ether-ketone) or stainless
steel, pass through the central tubing and connect the test
interval with the drift (Fig. 2). Two stainless steel lines are
dedicated to gas circulation between the interval and the
drift. The gas extraction line enters the filter a few cen-
timetres from the top of the interval, and the gas injection
line 40 to 60 cm from the base of the interval. At the top
level in BHT-1 borehole, another stainless steel line is
dedicated to pressure measurements. Two PEEK lines enter
the filter 2 cm from the bottom of the interval; one is for
water extraction, the other for pressure measurements. The
pressure sensors (Keller LEO 3 pressure gauges) are
located in the drift at the far end of the pressure mea-
surement lines.

In the drift, a module comprising a KNF gas-tight pump
is used for circulating the gas. This module comprises 10
Swagelok stainless steel sampling cylinders in which the
gas circulates continuously. These cylinders (75 or
150 mL) may be disconnected to perform gas sample
analyses, without modifying the total gas pressure. Various
devices were connected to the gas circuit over several time
periods to perform non-destructive in-line analyses of
certain gases with an infrared (Cailteau et al. 2011a, b) or a
Raman spectrometer (Lundy and Vinsot 2010). In addition,
the BHT-1 gas circulation module includes a HY-OPTIMA
740 by H2scan H, specific solid detector probe and a
Teledyne ISCO D-500 gas injection pump.

In the rock surrounding the test intervals, the water
pressure is 15 to 25 bar. In spite of the low hydraulic con-
ductivity value of the rock (below 3 x 10712 m/s), the
difference in pressure between the interval and the rock
induces a 3 to 20 mL/day water seepage flow rate from the
rock to the interval (Vinsot et al. 2008, 2014). The water
seeping into the interval accumulates at the bottom due to
gravity. In the drift, a module is used for water extraction.
This module includes in-line water sampling cylinders made
of either PTFE (poly-tetra-fluoro-ethylene)-coated stainless
steel or PEEK. The water lines and the fittings are made of
PEEK. The extraction flow rate was adjusted so that the
vertical water height in the interval did not exceed 30 cm. In
the 4 or more meters above this surface, the available vol-
ume was taken up by gas, circulating between the borehole
and the drift in a closed loop at a rate of 20 mL/min. This
flow induced practically no head loss, thus the pressure was
the same at any point of the circuit by +5 mbar.

All of the sensors (pressure, gas flow rate, hydrogen,
scale etc.) are connected to a central database which
acquires and stores the values measured every 5 to 20 min
(Tabani et al. 2010).

3.2 Tests chronology

At the beginning of each test, after having filled the test
interval and the gas circulation module with pure argon at a
pressure of 1.3 £ 0.1 bar, the circulation of this gas and
the monitoring of its composition were initiated.

In BPC-C1, the composition of the circulating gas was
monitored over almost the entire first year of testing.
During this phase, the test interval was purged twice with
argon after 44 and 231 days. The most consistent set of
data was obtained over 70 days after the second purge,
when a uniform gas pressure along the whole gas circuit
was obtained (Vinsot et al. 2008). The continuous extrac-
tion of seepage water from the test interval had started just
before the second purge and the chemical composition of
seepage water has been analysed in two water samples
before the end of the first year (Vinsot et al. 2008). At the
end of the first year, gas circulation and water extraction
were stopped. As a result, the water seeping out of the rock
filled the test interval. As the gases could not escape during
the filling, the gas pressure increased up to a value com-
prised between 5 and 6 bar. Over the span of approxi-
mately a year, water had completely filled the test interval,
with the exception of its top far end that contained a gas
bubble. At the end of this time period, water extraction
resumed. Since then, the dissolved gas concentrations have
been analysed in the water samples taken in-line without
any contact with the ambient air. The remaining gas bubble
was eliminated 2.6 years later by extracting water from the
line previously used to extract gas from the top interval.

In BHT-1, the composition of the circulating gas has
been monitored continuously since the beginning, except
for a period lasting half a year after the first 1.5 year of
testing. Since the end of the first year, seepage water has
been continuously extracted from the borehole and its
composition has been regularly analysed (Vinsot et al.
2014). The dissolved gas concentrations have not been
measured in the water samples. After 2 years of testing, the
gas from the test interval was replaced by a mixture of
gases containing 5 vol% H,, 5 vol% He, 5 vol% Ne, and
85 vol% Ar at a total pressure close to 1.5 bar. The
objective was to study the hydrogen transport and potential
hydrogen consumption processes in Opalinus Clay (Vinsot
et al. 2014). The non-reactive gases He and Ne served as
references as changes in their content should only depend
on dissolution and diffusion processes in the rock pore-
water. As a consequence, they can help to calibrate the
transport part in a reactive transport model. The gas pres-
sure value was set as low as possible, in order to maximize
the water flow towards the borehole, but not below the
atmospheric pressure, in order to prevent air intrusion in
the gas circuit.
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Fig. 3 N,, CH,, C,Hg, C3Hg, i-C4H;, and n-C4H; content measured
in the gas circulating in BHT-1 borehole; logarithm scale; GC gas
chromatography; analytical uncertainty is included within the symbol
size

Half a year later, a semi-continuous hydrogen injection
phase was launched. It consisted in regularly injecting pure
hydrogen in order to maintain a partial pressure close to
0.06 bar in the test interval. This phase lasted 1.5 year.

In spite of the preventive maintenance, the BHT-1
experiment encountered two leakage events over the
6.5 years of its duration. The first one occurred after
1.5 year of testing. Damage to the gas circulation pump led
to air being admitted into the test interval over a period of
26 h. Then, the test interval was filled with pure argon
again and closed off 9 days later for a period of 0.6 year.
The second leakage event took place after approximately
3.4 years and induced an introduction of atmospheric air
into the gas circuit detectable in the N, content (Fig. 3). Air
could be introduced into the gas circuit in spite of its
overpressure with respect to the surrounding air because
the circuit was locally depressed between the gas flow
controller and the pump and a leak occurred at this
location.

3.3 Chemical analyses

In the laboratory, the gas composition was analysed using a
Shimadzu GC17A gas chromatograph equipped with two
capillary columns: (a) Plot Fused Silica, Molsieve 5A,
50 m x 0.53 mm, df = 50 pm (Varian); (b) Plot Fused
Silica, CP Poraplot Q-HT, 25 m x 0.53 mm, df = 10 pm
(Varian) and two detectors: Detector 1: micro-TCD (Mi-
cro-Volume Thermal Conductivity Detector, VICI Instru-
ments Inc.); Detector 2: FID (Flame Ionization Detector,
Shimadzu). Sample attachment is carried out with a special
quick connection (Swagelok), allowing direct connection
of the sample cells with the evacuated inlet system of the
gas chromatograph (8 Port Dual External Sample Injector,
Valco Europe) without contact with the external

atmospheric gases. The uncertainty affecting the gas con-
tent result is £5%.

Carbon-13 content of the alkanes is analysed by a GC-
IRMS (IRMS Finnigan Delta S, GC 3400 Varian, resolu-
tion (5% valley) 110, abundance sensitivity 2 x 10> for
44/45, high voltage stability: 2.1 x 107°). The alkanes are
completely oxidized to CO, in a combustion interface and
then measured in the isotope ratio mass spectrometer.
Measured results are corrected to carbon standards
NBS18—Calcite, IJAEA CO-1, NBS23-SrCO;, CO,-lab
standard 1, and CO,-lab standard 2.

The water sample cylinders were connected to a special
cell to measure the pH without contact with the ambient
air. A few mL of the water are immediately used for
alkalinity measurement by titration. Another 2 mL are
immediately transferred into one arm of a two-armed glass
vessel, the second arm containing H3PO, (85%). The
vessel is then flushed with pure N, and closed. Inclining the
vessel causes the H3PO,4 to mix with the sample and, as a
result, the CO, from all dissolved inorganic carbon com-
pounds is released into the gas phase. Then, the gas phase
is transferred to the evacuated sample loop of the isotope
ratio mass spectrometer with dual inlet system for mea-
surement (IRMS: MAT-250, resolution (5% valley): 200,
abundance sensitivity: 1.3 x 107 for 44/45; high voltage
stability: 1 x 107°). Measured results are corrected to
carbon standards NBS18—Calcite, NBS19—Calcite,
NBS23-SrCO5;, IMEP8-CO,, CO,-lab standard and
Hydroisotop lab standard (DIC). The 1 sigma error for
clean standard material is £0.2%o. The §8'°C results are
related to VPDB Vienna standard (Vienna Pee Dee
Belemnite) in the delta-notation.

3.4 Volume of the gas circuits

The values of total pressure, total volume and temperature
of the circulating gas are required in order to quantify the
fluxes of gas that are exchanged with the rock pore-water.
In both BHT-1 and BPC-CI1, the total gas pressure was
continuously measured; its uncertainty value was £0.1%
and its maximum variation along the gas circuits was 0.3%.
The theoretical volumes available for fluids in the test
intervals have a value of 4.7 L in BPC-C1 and 9.3 L in
BHT-1. This is based on the characteristics of the borehole
equipment, assuming perfectly cylindrical boreholes. In
reality, the boreholes may be deformed and, as a result,
their volumes may be reduced. Moreover, the volume
between the equipment and the borehole top is not pre-
cisely known. In BHT-1, two types of operations provided
opportunities to estimate the actual volumes available for
fluids in the test intervals at a given date by using the ideal
gas law: (1) addition of empty parts (gas module or gas
sampling cylinders) of known volume on the gas circuit
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inducing gas expansion; (2) extraction of known volumes
of water inducing gas expansion. Such operations led to an
estimation of the volume of the BHT-1 test interval of
9.5 L &£ 3%. This volume is close to the theoretical one. In
the case of BPC-Cl1, the volume available for the gases in
the test interval was supposed to be the theoretical one.
During the course of the experiments, each time a gas
sampling cylinder was disconnected, both the total volume
available for the gases and the total mass of circulating gas
decreased, whereas neither the pressure nor the gas content
were modified. On the other hand, the cylinders that were
added onto the gas circuit were filled with pure argon at a
pressure around 20 mbar. As a result, each time a gas
sampling cylinder was added, the gas pressure decreased and
the total volume available for the gases increased, whereas
the total mass of circulating gas and the content of each gas
were nearly not affected. Furthermore, the gas volume var-
ied inversely with the water level in the borehole interval,
which depended on both the seepage and the water extrac-
tion flow rates. The water level is deduced from two abso-
lute pressure measurements and its uncertainty value is
+2 cm. In BHT-1, the water extraction flow rate was con-
trolled by a pressure controller and measured by a weight
scale. The seepage flow rate has been estimated at a value of
12 mL/day. In the case of BPC-Cl1, the water extraction flow
rate was controlled by a syringe-pump and the seepage flow
rate was evaluated at around 3 mL/day during the first year.
Unfortunately, the exact volume of the BPC-C1 gas circuit
was not precisely known because a tank was inline on the
gas circuit, and its volume, which had been modified for the
purge operations, could not be precisely controlled. Conse-
quently the tank volume, which maximum value was 5.4 L,
was considered as a variable parameter in the calculations.

4 Experimental results
4.1 Natural gas content

The composition monitoring of the gas circulating in bore-
holes BPC-C1 and BHT-1 showed the inflow of N,, light
alkanes up to C6 and CO,. Helium was also detected, whereas
oxygen was not. N, and alkane contents increased continu-
ously over the experiment time duration (Figs. 3, 4; Electronic
Appendix-Table 1, Electronic Appendix-Table 2). N, apart,
the occurrence of these gases in the Opalinus Clay pore-water
has been described by Pearson et al. (2003).

In the case of BPC-Cl, an uncertainty subsisted
regarding the origin of N, because the test interval of this
borehole had been cored with N, (Vinsot et al. 2008). In
the case of borehole BHT-1, for which argon was used
when coring, the increase of N, content in the circulating
gas over time showed that this gas arises from pore-water.

BPC-C1 gas
10.0000
o o O X
1.0000 & N2 (GC)
> —o— % O CH4 (GC)
o 0.1000 ——CH4 (IR)
N
. <o
E @ ® *2 © C2H6 (GC)
0.0100 5 % & % C3H8(GC)
0 i-C4H10 (GC
0.0010 1 (sq)
o X n-C4H10 (GC)
0.0001
230 250 270 290 310
Time [days]

Fig. 4 N,, CHy, C,Hg, C5Hg, i-C4H(, and n-C4H | content measured
in the gas circulating in BPC-C1 borehole from the second argon
purge onwards; logarithm scale; GC gas chromatography; IR infrared
spectrometry; analytical uncertainty is included within the symbol
size

In borehole BPC-C1, the CO, concentration in the gas
was lower by 0.5 log unit than those at equilibrium with the
pore-water calculated from the measurements of pH,
alkalinity, and total inorganic carbon and this discrepancy
was not understood (Vinsot et al. 2008). In borehole BHT-
1, the CO, concentrations in the gas are very variable,
unexpectedly low and far lower than those at equilibrium
with the pore-water calculated from the measurements of
pH, alkalinity, and total inorganic carbon (Vinsot et al.
2014). The measurements of the gases have been checked
and are not an issue. The current hypothesis for explaining
the large deviations is that one of the items of equipment in
the HT experiment (borehole BHT-1) and not in the PC-C
experiment (borehole BPC-C1) might contain an adsorbing
material acting as a CO, trap. The equipment in question is
currently thought to be the ceramic screen. Indeed, large
pieces of this type of screen (~3 dm?®) are present in BHT-
1, while pieces only measuring a few cm® were used in
BPC-C1 to protect the line ends at the place where they
exit the central tubing. This hypothesis is supported by
similar observations in Andra’s Meuse/Haute-Marne
Underground Research Laboratory at Bure. In an experi-
ment based on the same experimental layout, with the
ceramic screens being replaced by PTFE (Lundy et al.
2013), the measured CO, content in the gas phase was less
than 0.5 log unit lower than the CO, partial pressure that
was deduced from speciation calculations based on the
water chemical analysis results. Laboratory tests and
numerical modelling calculations are underway to assess
the validity of this hypothesis.

4.2 Natural gas content in seepage water

Chemical compositions of dissolved gases were also
measured on ten BPC-C1 water samples after the borehole
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Fig. 5 Dissolved CH,, C,Hg, and C3Hg concentrations measured in
BPC-C1 seepage water; logarithm scale; analytical uncertainty is
included within the symbol size; water pressure of the test interval
measured in the drift at a vertical distance of 9.6 and 12.9 m from the
bottom and from the top of the test interval, respectively; the water
pressure into the test interval is 1.0 to 1.3 bar lower than the measured
one

interval had been filled with water (Fig. 5; Electronic
Appendix-Table 3). In the test interval, the water pressure
varied over a range of several bar until the 7th year of the
experiment. Then, it stabilized at a value larger than 5 bar.
If this value was lower than the total pressure of the gases
dissolved in the water, than gas bubbles should form and
the dissolved gases should escape the water. If the opposite
was true, the dissolved gases should remain in the water. In
that case, measured values of dissolved gas concentrations
should tend towards those that are representative of pristine
pore-water. After 10 years of water composition monitor-
ing, the measured methane concentration was 0.16 mmol/
L, the measured ethane concentration was between 0.015
and 0.016 mmol/L, and the measured propane concentra-
tion was between 0.007 and 0.008 mmol/L. If they were
stable, these values could be representative of the alkane
concentrations in undisturbed pore-water. However, as they
were still increasing, these values indicate the minimum
concentrations of these three alkanes in Opalinus Clay
pore-water at this location.

4.3 Natural gas isotopes

The isotopic composition of alkanes, up to C3, was mea-
sured in the gas and water samples. In both boreholes BPC-
C1 and BHT-1, the isotope contents of methane are scat-
tered while those of heavier gases evolve more smoothly
(Fig. 6; Electronic Appendix-Tables 1 to 3). The largest
methane §'°C variations are observed when gas was added
to or removed from the test interval. These operations
induced gas fractionation between the lighter and the
heavier gases. For all the alkanes, the 3!3C values tend to
decrease after a flushing of the test interval and to stabilize
afterwards. Rayleigh fractionation could explain this

-10 A CH4 BHT-1 gas
¢ CH4 BPC-C1 water
A C2H6 BHT-1 gas

B 20 A % & C2H6 BPC-C1 water
S .
o A
o) A
2 %ﬁ ¢ A V'S
g 0 g A *
w0 *
-60
0 4 8 12

Time [years]

Fig. 6 5'°C of CH, and C,Hg measured in the gas circulating in
BHT-1 and in BPC-C1 seepage water; analytical uncertainty is
included within the symbol size

observation. The stabilized values are between —30 and
—45%0 VPDB for all alkanes in both boreholes.

4.4 Injected gases

After replacing the gas from the test interval with the
mixture of gases containing 5 vol% H,, 5 vol% He, and
5 vol% Ne in argon, all the injected gas concentrations
decreased, H, much faster than He and Ne (Vinsot et al.
2014; Fig. 7). The evolution of Ne concentration could be
reproduced over the first year with a diffusion model,
considering dissolution and diffusion in pore-water. The
difference observed between the evolution of the He con-
centration and the evolution of the Ne concentration was
interpreted as being due to a leak of He because He has a
smaller atomic size than Ne. In contrast, even with the
possibility of a hydrogen leak, its concentration evolution
was much faster than the leak rate.

S Modelling
5.1 Model description

The model which had been constructed with PHREEQC-3
(Parkhurst and Appelo 2013) to describe the transport of
the gas injected in the borehole to the surrounding rock
(Vinsot et al. 2014) has also been used to simulate the
transport of natural gases in the opposite direction in BHT-
1. The model calculates diffusional transport of the gases
through the Opalinus Clay by explicit finite differences in a
radial one-dimension configuration. Each dissolved gas is
supposed to access the entire water-filled porosity but it is
given its own diffusion coefficient in pure water (Appelo
and Wersin 2007; Appelo et al. 2010). The effective
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Fig. 7 Changes in the He and
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diffusion coefficient D, of each dissolved gas is related to
its diffusion coefficient Dy, in pure water by D, = ¢D,/G
with ¢ the porosity and G the geometric factor (see for
example Van Loon and Mibus 2015). The porosity value is
0.16. A G-value of 7.7 £ 0.2 parallel to bedding was
obtained in situ for HTO in the same Opalinus Clay shaly
facies at Mont Terri (Appelo and Wersin 2007). This value
was used here in the model for all the dissolved gases
(neutral species). The solubility values and diffusion
coefficients used for the different dissolved gases are pre-
sented in Table 1.

Diffusion of gases over the water—gas interface is
modelled with the two-film model of Liss and Slater
(1974). This model allows obtaining the flux over a general
interface by finding the concentration and the pressure at
the boundary of water/gas (Appelo and Postma 2005). The
gas and water concentrations are considered to be in
equilibrium at the gas—water interface. The water-film
thickness is assumed to be 0.25 mm (in agreement with
calculations for other systems (Appelo and Postma 2005)).
However, this value has little influence on the calculations,
because the solute concentrations in the cell that borders
the borehole are close to equilibrium with the gas con-
centrations (at the time and space discretization of the
model). The wall surface area has been multiplied by a

Time [years]

rugosity factor R = 10 to take into account the surfaces
created by the drilling in the damaged rock surrounding the
borehole. This hypothesis has been previously applied for a
very similar experiment performed in Andra’s Meuse/
Haute-Marne Underground Research Laboratory (Trémosa
et al. 2015). The rugosity factor modifies the gas fluxes that
are exchanged with pore-water in the first cell of the model.
It influences significantly the results when the conditions
change rapidly in the gas, i.e. at the beginning of the coring
phase or when the interval is flushed with a new gas
mixture. Otherwise it does not change significantly the gas
content evolution because this one is mainly controlled by
the diffusion in the following cells. The sensitivity of the
results to the value of the rugosity factor has been looked
at. Increasing the value above 10 does not impact the
results anymore. The advective part of the transport is not
taken into account in the model as previous calculations
showed that its impact on the gas content evolution was
very small compared to diffusive transport. The geometric
characteristics of the model used to describe the BHT-1
borehole are presented in Table 2.

It has been verified that the model radial length was
sufficiently large: the maximum distance of influence of the
borehole on the dissolved gas contents in the rock pore-
water after 7 years is less than 2 m from the borehole
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Table 1 Solubilities (—log K, a5 —log Ky _AH, (KJ/mol) D,, (10° m%s) D, (107" m¥s)

Ky being the Henry constant)

and diffusion coefficients for the H,0 —1.506 —44.03 2.04 3.54

gases in the model H, 3.10 (Polynomial) 5.13 8.12
He 341 (Polynomial) 7.29 11.53
N, 3.19 (Polynomial) 1.96 3.10
Ne 3.35 (Polynomial) 4.04 6.39
Ar 2.86 (Polynomial) 2.45 3.88
CO, 1.468 (Polynomial) 1.92 3.04
CH,4 2.85 (Polynomial) 1.85 2.93
C,Hg 2.69 —19.5 1.53 2.42
C3Hg 2.85 —222 1.29 2.04

The solubilities (Scharlin et al. 1998) and diffusion coefficients in pure water (Dy,) are for 25 °C; value for
HTO in water comes from Mills and Harris (1976); values for the gases N,, Ar, CH4 and CO, were taken
from Table 4.4 in Boudreau (1997) and stem from Jdhne et al. (1987) and Ohsumi and Horibe (1984).
Values for the gases C,Hg and C3Hg come from Hayduk and Laudie (1974) and (Table 4.3 in Boudreau
1997), but multiplied by 1.1 to be commensurate with the higher diffusion coefficient for CH, given by
Jahne et al. (1987) compared with Hayduk and Laudie (1974); in the model, solubilities are corrected to
15.6 °C using Van’t Hoff’s equation with the dissolution reaction enthalpy (AHr) or with a polynomial;
effective diffusion coefficients (D.) are corrected by accounting for the viscosity change of water with
temperature at 15.6 °C

Table 2 Geometric characteristics of the PHREEQC model used for the BHT-1 experiment

Initial gas volume Interval length Borehole radius Radial length Cell number Cell size

95L 5m 38 mm 49 m 45 20-480 mm

centre; this distance is less than half the model radial
length.

The total pressure in the test interval is calculated from
the gas masses by using the ideal gas law. It is assumed that
the gas mixture in the borehole remains homogeneous
while the gases diffuse in-and-out of Opalinus Clay. The
effect of the variation in water level is taken into account to
evaluate the volume available for the gases and the area of
the rock in contact with the circulating gas. The operations
or events that occasionally modify either the total volume
available for the gases or the total mass of gas are
accounted for in the model (Electronic Appendix-Table 4).
Operations of interest can be: (1) extracting water; (2)
adding empty parts to the gas circuit, such as sampling
cylinders containing 20 mbar argon, in which the circu-
lating gas expands; (3) involuntary gas introduction or
outflow.

5.2 Modelling results
5.2.1 BHT-1 experiment

Alkane concentrations in Opalinus Clay pore-water are the
unknowns in the model. Furthermore, alkanes may be

adsorbed onto rock solids. As a consequence, both the
concentrations and the retention properties of each alkane
have to be estimated. For each alkane, a linear retention
coefficient K’y was used in the model, such that the
adsorbed alkane concentration C,qs = K'yq x Cp; Cy cor-
responds to the dissolved alkane concentration; K’y is
dimensionless. The total content of the alkane under con-
sideration is C; = Cy + C,qs = Co (1 + K'y). By using the
bulk dry density value (mass of dry rock over volume of
saturated rock, pg = 2.3 g/cm?) of Opalinus Clay deduced
from both bulk wet density and porosity values (Mazurek
et al. 2008), one can calculate Ky (L/kg) = Ky x &/pq4 for
each alkane. The values obtained for Cy and Ky are pre-
sented in Table 3. Deduced partial pressures at equilibrium
with Opalinus Clay pore-water and total concentration (C)
values are also presented in Table 3. Figures 7 and 8 show
the comparison between observed and calculated contents
for He, Ne, N,, methane, ethane, and propane, and the
comparison between observed and calculated pressure.
Hydrogen and CO, contents evolve independently from the
other dissolved gases (Vinsot et al. 2008, 2014; Cailteau
et al. 2011a); hydrogen evolution involves consumption
processes, whereas CO, content is controlled by reactions
with rock minerals and the ceramic screen in the case of
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Table 3 Concentrations,

. A . Parameter N, CH, C,Hg C;Hg

retention coefficients and partial

pressures of N,, CH4, C,Hg and Kq© 0 0.25 3.98 12.59

C3Hg in the rock surrounding

the borehole BHT-1 Ky (L/kg) 0 0.02 0.28 0.88
K™ (L/kg organic C) 0 2.18 34.62 109.47
Co (mmol/L) 2.2 0.30 0.023 0.0125
C, (mmol/L) 2.2 0.375 0.115 0.170
Partial pressure at equilibrium with C, (bar) 3.16 0.19 0.01 0.007

C, concentration of the dissolved gas in pore-water, C, total concentration of the gas in the rock (except

non-reversibly sorbed gas)

Fig. 8 Changes in the N, and

alkane contents in the 30
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BHT-1. H, and CO, data are not commented here anymore
as they do not impact non-reactive gas migration. How-
ever, the carbonate species and their equilibrium in solu-
tion are taken into account in the model.

On both days 220 (0.60 year) and 365 (1 year),
respectively 100 and 160 mL water were extracted from
the borehole BHT-1 by opening a water line valve. An
unknown mass of gas escaped from the circuit at the end of
the water extraction. In the model, the escaped masses of
gases have been estimated (Electronic Appendix-Table 4)
by adjusting the total pressure at these dates and assuming
that all the gases escaped at the same rate, in proportion of
their content in the borehole. From day 452 (1.24 year), a
failure of the pressure controller prevented the water to be

Time [years]

extracted from the borehole. As a consequence, the water
level increased in the borehole interval, inducing a
diminution of the volume available for the gases. In spite of
this volume decrease, the measured gas pressure decreased,
showing that gas was leaking out of the borehole. In the
model, the water level increase is simulated however the
leak is not giving a discrepancy between the measured and
the calculated pressure (Fig. 7). An excess of N, and
alkanes is also calculated by the model with respect to the
measurements during this time period (Fig. 8); the dis-
crepancy may be mainly explained by the leak.

On day 1232 (3.4 years), the air introduction observed is
modelled by adding N, in the borehole. The mass of added
N, was adjusted to fit the measured N, content (Electronic
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Appendix-Table 4). The introduction of air oxygen has not
been taken into account, supposing that oxygen was con-
sumed by reaction with components of the rock such as
pyrite because it has been previously observed that this
reaction is very fast. In spite of these modelling choices,
the calculated pressure is larger than the observed one
(Fig. 7). This result and also the evolution of Ne content
that decreased faster than expected by the model after the
air introduction, suggest that gases have escaped out of the
circuit when air entered. As a consequence, the alkane
concentrations in pore-water used in these simulations may
be considered as minimum values.

Over the 4-year time period that began at the moment of
the H,—He—Ne—Ar mixture injection, the calculated con-
tents of N, and alkanes and the calculated pressure in the
borehole are in relative accordance with the measured ones
(Figs. 7, 8). As already mentioned, the calculated Ne
content is also in accordance with the measured one up
until the air introduction event that occurred at day 1232
(3.4 years). On the other hand, the calculated He content
agrees with the measured one only over the first 50 days
(Fig. 7). However, from November 2011 until September
2012, the measured He content value was more or less
stable, oscillating in the range of 3 £ 0.1 vol%. A possible
explanation for this observation is that He escaped out of
the gas circuit into the 500 mL hydrogen filled syringe.
Subsequently, when the syringe injected hydrogen, it
released back its He content at the same time. From the
syringe, He could have also diffused into the 3 L-volume
hydrogen reservoir. In that case, He recovery in the cir-
culating gas could take several years and it could become
undetectable.

The partial pressure of the dissolved N, and CI1 to C3
alkane estimated with the model is 3.4 bar at 16 °C. This
pressure corresponds to the pressure of these gases in a
virtual gaseous phase which is in equilibrium with water.
Based on this result, while taking into account the other
dissolved gases present in the pore-water (i.e. CO,,
heavier alkanes), the value of the total pressure of dis-
solved gases in Opalinus Clay pore-water, also named the
“bubble point”, is larger than 3.4 but it should not reach
4 bar.

5.2.2 BPC-CI experiment

The model developed for the BHT-1 experiment was
applied without any change regarding the parameters of
interest (i.e. concentrations in Opalinus Clay pore-water,
retention coefficients, diffusion coefficients of the dis-
solved gases) to calculate the gas content evolution in
borehole BPC-C1. The events that affected this experiment
are listed in Electronic Appendix-Table 5. For these cal-
culations, the single hypothesis concerned the initial

volume of the test interval and the precise volume of the
tank. Assuming that the former was the theoretical one and
that the tank volume value was either O L or 5.4 L (max-
imum value), we obtained the calculated curves presented
in Fig. 9. The general agreement between measured and
calculated data regarding alkane (C1 to C3) contents sug-
gests that alkane contents in Opalinus Clay pore-water
could have the same range of values at the BPC-C1 loca-
tion than at the BHT-1 location. Measured N, content after
the second argon purge (from day 231 onwards), was larger
than the calculated one. At the beginning of this sequence,
between the first two analytical results, the N, content
increased at an apparent rate close to 0.1% per day.
However, the N, content increase rate was only 0.05% per
day between the second and the following analytical
results. Moreover, the CH4 and the N, contents are linearly
correlated from the second analytical result onwards, whilst
the first result is out of this relationship. These observations
suggest that air N, could have entered the gas circuit
between the first two sampling operations.

6 Discussion

6.1 Natural gas content and retention properties
in Opalinus Clay at Mont Terri

6.1.1 Model sensitivity analysis

Estimated values of N, and C1 to C3 alkane concentration
in Opalinus Clay pore-water at Mont Terri have been
obtained thanks to in situ gas circulation experiments and
by modelling diffusion and degassing of these gases with
the code PHREEQC-3. The sensitivity of the results to the
modelling parameters used (effective diffusion coefficient
and volume values) has been checked. The effective dif-
fusion coefficient (D.) used in the calculations was based
on a porosity (€) value of 16% and a geometric factor G
value of 7.7 (¢~ "!"). With this D, value, the He and Ne
evolutions calculated reproduced satisfactorily the mea-
sured ones during the early 50 days for He and during more
than one year for Ne. However G values could depend on
the gas molecule size in clay rich rocks (Jacops et al. 2013).
Smaller D, values than the reference value would have
prevented an acceptable fit for these gases, even during the
early time period. On the other hand, porosity values close
to 18% have been measured on BHT-1 core samples. D,
values up to 22% larger than the reference value have been
taken into account in the model. The maximum D. value
considered corresponds to a G factor of 6.2 (¢ "). This
increase of the diffusion coefficient does not significantly
modify the calculated gas content evolution. The influence
of the initial interval volume value within its uncertainty
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Fig. 9 Changes in the N, and
alkane contents measured in the
gas circulating in BPC-C1 and
calculated with PHREEQC

N,/BPC-C1 gas

¢ Measured (GC)

CH,/BPC-C1 gas
© Measured (GC)
—— Measured (IR)

8 Calculated (tank volume = 5.4 L) 1.0 Calculated (tank volume = 5.4 1)
=== Calculated (tank volume = 0 L) - == Calculated (tank volume =0 L)
6 0.8
X x 0.6
— 4 — Lo /
[}
> g 04 ol
2
0.2 V
0 0.0 .
0 100 200 300 0 100 200 300
Time [days] Time [days]

C,H¢/BPC-C1 gas

© Measured (GC)

C;Hy/BPC-C1 gas

¢ Measured (GC)

0.10 ~— Calculated (tank volume = 5.4 L) 0.10 —— Calculated (tank volume = 5.4 L)
=== Calculated (tank volume = 01L) === Calculated (tank volume = 01L)
0.08 | 0.08
x 0.06 X 006
— [}
S >
> 0.04 - S 0.04
i
0.02 | 0.02
0.00 0.00
0 100 200 300 0 100 200 300
Time [days] Time [days]

range on the gas content evolution is also minor. On the
contrary, reducing the discrepancy between the measured
and the calculated gas content values over the first
1.5 years of the BHT-1 experiment leads to a significant
change in the natural gas contents of about —25%. This
adjustment also leads to calculated values lower than the
measured ones during the latest phase of the experiment
(over the last 5 years). This difference in the N, and alkane
content values was assigned as being the uncertainty
affecting them.

6.1.2 Comparison with measurements on core samples

Alkane total concentrations in Opalinus Clay rock have been
measured in several Mont Terri cores, including a core from
the borehole BHT-1 (Lerouge etal. 2015). Results are given in
units of volume per mass of pore-water and may be compared
to the C; values (mmol/L) obtained in the current study
(Table 3). Regarding methane total concentration, the agree-
ment is very good between the value obtained on the BHT-1
core  (0.009 £ 0.0005 ccSTP/g pore-water ~ 0.37 +
0.02 mmol/L) and the value deduced from the gas circulation
experiment (0.375 £ 0.10 mmol/L). Regarding ethane and
propane, the values obtained by modelling the borehole

experiment  (0.115 & 0.03 mmol/LL.  for ethane and
0.170 £ 0.05 mmol/L for propane) are only 56% and 33% by
mass respectively of the values obtained from the analysis of
the core gases (0.005 £ 0.0005 ccSTP/g pore-wa-
ter ~ 0.21 &£ 0.02 mmol/L for ethane and 0.0125 £ 0.0005
ccSTP/g pore-water ~ 0.52 + 0.02 mmol/L for propane).
These discrepancies are larger than the uncertainties attached
to the borehole values. On the other hand, the borehole values
represent both the dissolved part and the reversibly adsorbed
part of the alkanes, whereas the values measured in the core
should really represent the alkane total concentrations. The
latest could include a fraction of the alkanes that is non-re-
versibly adsorbed on the rock. Further investigations are
necessary to assess this hypothesis.

6.1.3 Alkane measurement on BPC-CI borehole water

Alkane concentrations measured in the BPC-C1 water are
lower than those estimated from gas measurement in BHT-
1; i.e. the BPC-C1 values represent half to two thirds of the
BHT-1 values. On the other hand, the comparison between
the alkane concentrations measured in BPC-C1 gas and the
alkane concentrations calculated in BPC-C1 based on the
BHT-1 model showed that the alkane concentrations could
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have the same range of values at the BPC-C1 location than
at the BHT-1 location. As a consequence, the total pressure
of dissolved gases in pristine pore-water should be com-
prised between 3.4 and 4 bar at the BPC-C1 location. In the
BPC-C1 test interval, the water pressure has exceeded this
value for about 4 years. Alkane content in the BPC-C1
water samples could still be affected by the last sampling
operations that induced a pressure decrease down below
the pore-water bubble point. As a result, the alkane con-
centrations would not have reached the pore-water pristine
values yet.

6.1.4 Alkane retention properties in Opalinus Clay

Within the Opalinus Clay solid phase, organic matter has
probably the largest affinity for alkanes when compared to
the inorganic solids. We calculated K§M (L/kg) as being
the retention coefficient of a given alkane on Opalinus
Clay solid organic matter, by dividing the K4 value of this
alkane by the organic carbon content of the rock
(0.8 wt.%; Mazurek et al. 2008). These KgM values
(Table 3) were then compared with octanol/water parti-
tion coefficients K, (Fig. 10). Methane, ethane, and
propane K, values were calculated by using the linear
relationship between K.y, and the carbon number descri-
bed for alkane up to C10 (Molyneux 2014). The linear
relationship between log KC?M and log K, for the first
three alkanes reinforce the confidence in the data inter-
pretation proposed.

6.1.5 Summary of the results regarding N, and alkane
contents

The natural content of four gases in Opalinus Clay pore-
water was evaluated at the experiment location: N,
2.2 £ 0.5 mmol/L, CH; 0.30 & 0.075 mmol/L, C,Hg

3.0 y =1.398x-1.0371
R%2=0.9465
2.0
g_o C3Hg
2 —_
oo
S
1.0 C2H6
—H—
0.0 ; CH, . : ; )
0.5 1.0 1.5 2.0 2.5 3.0
log K.,

Fig. 10 Alkane CI1-C3 retention coefficients on Opalinus Clay
organic matter (L/kg organic carbon) deduced from the BHT-1
experiment versus octanol/water partition coefficients (K,)

0.023 £ 0.005 mmol/L, Cs3Hg 0.012 &+ 0.003 mmol/L.
These results provide a minimum value of 3.4 bar for the
“bubble point” of Opalinus Clay pore-water at this loca-
tion by using a thermodynamic equilibrium calculation and
the gas solubility values presented in Table 1. Retention
coefficients of alkanes on Opalinus Clay have been esti-
mated. The values obtained for methane, ethane, and pro-
pane are linearly correlated on a log/log diagram with their
octanol/water partition coefficient values, supporting the
hypothesis that the alkanes are adsorbed on Opalinus Clay
organic matter.

6.2 Origin of Opalinus Clay N, and alkanes

In the BHT-1 circulating gas, amongst the alkanes up to C6
observed, methane represents between 67 and 87% by
mass; ethane represents between 6 and 12% and propane
represents between 4 and 12%. These ratio values evolved
over time as the result of distillation-type processes
(Fig. 11). The ratio values deduced from the analyses
performed on the last gas samples from BPC-C1 and from
other borehole headspaces (BWS-A1, BWS-A2, and BWS-
A3) at Mont Terri (Pearson et al. 2003) are in the same
range (Fig. 12). In the rock, the methane fraction of the
alkanes obtained on a BHT-1 core sample (Lerouge et al.
2015) was 34%. In the present study, the methane fraction
of the alkanes calculated in the rock surrounding the BHT-
1 borehole is 56%. However, a fraction of the alkanes non-
reversibly adsorbed on the rock could be missing in the
alkane inventory. As a consequence, the methane fraction
of the alkanes is probably smaller than 50% in Opalinus
Clay at the BHT-1 experiment location. The 8'*C isotopic
compositions of the C2-C4 alkanes are similar in all the
boreholes and in the BHT-1 core (Fig. 13), although
methane 3'°C values are more scattered. These results are
consistent with the hypothesis of a thermogenic origin of
the alkanes already proposed by Pearson et al. (2003). As
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Fig. 11 Evolution of alkane C1-C3 relative proportion by mass
observed in the BHT-1 circulating gas
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Fig. 12 Alkane C1-C4 relative content in gas sampled in several
Mont Terri boreholes (data from Pearson et al. 2003 and this study)
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Fig. 13 Alkane C1-C4 carbon isotopic composition in gas sampled
in several Mont Terri boreholes (data from Pearson et al. 2003 and
this study) and extracted from a BHT-1 core sample (data from
Lerouge et al. 2015); analytical uncertainty is included within the
symbol size

complementary information, Opalinus Clay burial history
indicates that it was exposed at temperature up to 85 °C
(Mazurek et al. 2006) during several millions years.
Moreover, the evaluation of a lower methane fraction in
total alkanes than previously estimated from gas sampling
tends to reinforce this hypothesis (Whiticar 1999). Fur-
thermore, the chemical and carbon isotopic compositions
of alkanes appear to be similar from one another location
within Opalinus Clay at Mont Terri. This observation
suggests that all the alkanes encountered in Opalinus Clay
at Mont Terri arise from a common source, that they were
produced at the same rate and that they have undergone
similar migration chronicles. Regarding N, it may origi-
nate from the alteration of organic and/or inorganic sedi-
mentary matter during diagenesis (Krooss et al.
1995, 2005; Grishina et al. 1998). Both N, and alkanes
could have been produced either inside or outside the
Opalinus Clay, for example in underlying formations that
are rich in organic matter.

6.3 Transport properties of dissolved gas
in Opalinus Clay at Mont Terri

The dissolved N, and alkane concentration values in
Opalinus Clay pore-water were estimated with a diffusion
model calculation. The diffusion coefficients used in this
calculation were taken from the literature. The geometric
factor value for the dissolved gases was the one which had
been determined for HTO parallel to bedding in the same
environment. It made it possible to reproduce with the
model the evolution of Ne concentration observed in the
borehole BHT-1 over the first year up until an air intro-
duction event. This result confirms that HTO diffusion
parameters may be applied to a dissolved gas like neon in
Opalinus Clay. Sensitivity of the results to the geometric
factor value was studied and a variation within a realistic
range did not significantly modify the estimated values of
the N, and alkane concentrations in Opalinus Clay pore-
water. The general consistency between the experimental
and modelling results obtained in both gas circulation
experiments gives a strong confidence that the processes
taken into account in the model represent correctly the
actual processes.

7 Conclusion

Two gas circulation experiments in Opalinus Clay at Mont
Terri, that have been monitored for 12 and 7 years
respectively, made it possible to evaluate the chemical and
carbon isotopic compositions of the natural gases dissolved
in the pore-water. The latest result of these experiments is
that N, is the most abundant dissolved gas
(2.2 =+ 0.5 mmol/L) in Opalinus Clay pore-water at Mont
Terri. Together with methane, ethane, propane, and CO,,
dissolved N, lead to a total gas pressure value at equilib-
rium with Opalinus Clay pristine pore-water at the location
of the experiments larger than 3.4 bar. As a consequence,
gas bubbles may form in the rock surrounding the galleries
wherever the total water pressure is smaller than this value.

Retention properties of C1 to C3 alkanes in Opalinus
Clay were deduced from the gas circulation experiments.
Expressed as distribution numbers, they are 0.02 L/kg for
methane, 0.28 for ethane and 0.88 for propane. These
values are linearly correlated with K, values on a log/log
diagram, suggesting that the alkanes are adsorbed onto
Opalinus Clay organic matter. Alkane proportions and their
carbon isotopic compositions obtained are similar to pre-
viously published results and they are consistent with the
hypothesis of a thermogenic origin. N, is thought to arise
from the same origin. Regarding dissolved gas diffusion in
Opalinus Clay, the geometric factor that has been deter-
mined for HTO in the same environment was shown to
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apply to neon. As a consequence, it was used to simulate
the diffusion of N, and alkanes C1 to C3. The gas circu-
lation experiments performed made it possible: (1) to test
in situ our description of both the gas exchange processes
at the interface between the saturated rock and a gas phase
and the gas migration processes into a clay rich rock; (2) to
evaluate the natural dissolved gas concentration and their
retention properties in the host rock.
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