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Abstract

Brittle faults and fault zones are among the most hydraulically active elements in predominantly impermeable crystalline
host rock. They pose a significant challenge to underground infrastructure like nuclear waste repositories. Brittle fault
zones frequently occur along pre-existing ductile shear zones as they introduce weakness planes in the rock.

Four brittle fault zones of ductile origin were analyzed in the Rotondo Granite at the “BedrettoLab” in the Swiss Central
Alps. Scanline mapping, rock sampling and permeability measurements using three different methods provide detailed
insights into the heterogeneous fault zone architecture and hydrogeology. Average intact rock permeability is in the range
of 107 to 10-"7m?. Fluid flow is channeled into single open or partially mineralized fractures of, at point-scale, up
to 10-“m?, demonstrated by selective gas probe permeameter measurements and borehole hydraulic testing. Reduced
permeabilities have been measured in close proximity to these permeable features, indicating alteration of and around the
fracture walls.
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Eine multi-methodische Analyse der Permeabilitidtsstruktur in sproden Storungszonen duktiler
Einpragung im Kristallingestein

Zusammenfassung

Sprode Storungen und Storungszonen gehoren zu den hydraulisch aktivsten Elementen im i{iberwiegend undurchléssigen
Kristallingestein und stellen damit eine besondere Herausforderung fiir unterirdische Infrastrukturen wie Atommiilllager
dar. Sprode Storungszonen treten hdufig entlang duktiler Scherzonen auf, die bereits bestehende Schwichezonen im Gestein
darstellen.
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Vier sprode Storungszonen duktilen Ursprungs wurden im Rotondo-Granit vom ,,BedrettoLab* in den Schweizer Zentral-
alpen analysiert. Scanline-Kartierungen, Gesteinsprobennahmen und Durchlédssigkeitsmessungen mit drei verschiedenen
Methoden liefern detaillierte Einblicke in die heterogene Storungszonenarchitektur und Hydrogeologie. Die durchschnitt-
liche Permeabilitit des intakten Gesteins liegt im Bereich von 10-'° bis 10-'7m?. FlieBwege fokussieren sich auf einzelne
offene oder teilweise mineralisierte Kliifte von punktuell bis zu 10-'*m?, was durch selektive Messungen mit einem Gas-
Permeameter und hydraulische Bohrlochtests gezeigt werden konnte. In unmittelbarer Néhe dieser durchlédssigen Strukturen
wurden verringerte Permeabilititen gemessen, was auf Verwitterung in und um die Bruchwinde hindeutet.

Schliisselworter Hydraulische Eigenschaften - Storungszone - Kristallingestein - Permeabilitit - BedrettoLab

Introduction

The German site selection law defines crystalline rock as
a potential host rock for a radioactive waste repository. Of
90 sub-areas defined as having favorable geological condi-
tions for the safe disposal of radioactive waste, 34% have
crystalline rock as the target host rock (BGE 2020). Crys-
talline rock is or was considered as the potential host rock in
other countries as well, such as Argentina, Canada, China,
France, Great Britain, Japan, South Korea and Switzerland
(Witherspoon and Bodvarsson 2006). Recently, in Olkiluoto
(Finland) the first deep high-level radioactive waste facil-
ity was excavated in high-grade metamorphic to magmatic
paragneisses and granitoids (Aaltonen et al. 2016).

Water flow and associated radionuclide transport in crys-
talline rock is mostly focused in brittle fault zones, faults
and fracture zones (e.g. Bense et al. 2013; Faulkner et al.
2010; Achtziger-Zupancic et al. 2016; Tsang et al. 2015).
In crystalline rock, brittle fault zones often occur along
ductile shear zones (Wehrens et al. 2017; Aaltonen et al.
2016; Drake et al. 2006; Liitzenkirchen and Loew 2011;
Tourigny and Tremblay 1997), which typically develop at
depths >10-15km and at temperatures >250-350°C (Sib-
son 1977). Ductile shear zones are characterized by accu-
mulations of pervasive foliation defined by phyllosilicates
and by grain size reduction, both introducing a mechanical
contrast prone for reactivation as brittle fault zones during
exhumation if oriented preferably in the governing stress
field (Tourigny and Tremblay 1997; Stenval et al. 2019;
Shea and Kronenberg 1993). In the brittle regime, strain
accumulates along discrete fractures at both the grain and
macroscale (Sibson 1983), defined as faults. Rock volumes
in the domain of one or more subparallel faults that contain
smaller fractures and faults, fault rock assemblages and sub-
sidiary deformation structures constitute fault zones (Choi
et al. 2016). Following the conceptual model of Caine et al.
(1996), fault zones can be divided into a fault core, where
most of the strain is accommodated and a damage zone
formed by a network of smaller faults and joints. Depend-
ing on the distribution and hydraulic properties of these
structural elements, fault zones can act as conduits, barriers,
or a combination of both. Faulkner et al. (2003) expanded
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this simple model for more complex fault zones consisting
of several anastomosing fault core strands around lenses of
variably fractured protolith. As granitoids are rocks with
a primary matrix porosity of <1% (Géraud et al. 1995;
Wenning et al. 2018; Mori et al. 2021; Drake et al. 2006;
Aaltonen et al. 2016), they are associated with a low ma-
trix permeability of <10-"m? (Wenning et al. 2018; Brixel
et al. 2020; Achtziger-Zupancic et al. 2017; Scibek 2019;
Snowdon et al. 2021; Tsang et al. 2015). Fault core perme-
ability is mostly gouge controlled and might be less than
the matrix permeability, whereas the damage zone perme-
ability is controlled by a network of partially mineralized
and open fractures, commonly exceeding the intact rock
permeability.

Preferential flow paths are mostly observed along frac-
tures undergoing shearing or dilation in the respective
stress field (Sibson 1977; Tourigny and Tremblay 1997,
Achtziger-Zupancic et al. 2016; Faulkner et al. 2010; Bense
et al. 2013). These structures may promote upwelling of
highly mineralized thermal fluids, coating and partially
closing fractures with accessory minerals when cooled
(Michibayashi et al. 1999; Kluge et al. 2021; Aaltonen
et al. 2016; Drake et al. 2006; Tourigny and Tremblay 1997;
Liitzenkirchen and Loew 2011). The resulting reduction in
porosity and connectivity leads to further channeling of
fluid flow towards the remaining (partially) open fractures
(Brixel et al. 2020; Wenning et al. 2018). The combination
of ductile and brittle deformation structures, partially al-
tered by hydrothermal fluids, imposes hydraulic complexity
in granitoidic rocks. To assess the interaction of the differ-
ent fault components, the permeability of the ductile and
brittle deformed Rotondo Granite at the Bedretto Tunnel
was tested using three different methods, each addressing
a different scale and test volume. Centimeter-scale pulse
decay tests in a triaxial flow cell were used to provide an
average bulk permeability, and small-scale packer tests (0.2
to 1m intervals) in boreholes provided average flow per-
meabilities. A gas probe permeameter developed by Scibek
and Annesley (2021), used to measure point-scale perme-
ability, was able to cover the range in scale between flow
cell and borehole tests. The combination of the different
methods shows an anisotropic permeability distribution that



Grundwasser - Zeitschrift der Fachsektion Hydrogeologie 51

Pizzo Rotondo ~,
/}fa
- 3000
Bedretto Tunnel - 2500 E
©
E
0 ; : : : - 2000 S
Tunnel Portal . _E' + + + + + + + + + §
' i ' ' i Q
Val Bedretto ; AN . + i + i+ i +|:| + + + + + + ﬁ+ L 1500 ©
7)] '(l’ h{ f ]‘ aF aF aF aF + + aF aF I IF
f(fJ; )}}, M{ “i + + + + + o+ + o+ o+ o+ o+
I T T T T T - 1000
0 1000 2000 3000 4000 5000
SE distance along the tunnel axis (Tm) [m] NW
KXY Tremola Gneiss Complex Val Nalps Gneiss Complex &1 Rotondo Granit

Fig. 1 Location of the Bedretto Tunnel in the Canton of Ticino (TI), Switzerland, and simplified cross-section showing lithologies, the investigated
tunnel sections and the BedrettoLab, modified after Keller and Schneider (1982) and Rast et al. (2022). [a.s.1.]: above sea level

Abb.1 Lage des Bedretto-Tunnels im Tessin (TI), Schweiz und vereinfachter Querschnitt mit Darstellung der Lithologien, der untersuchten
Tunnelabschnitte und des BedrettoLabors, modifiziert nach Keller und Schneider (1982) und Rast et al. (2022). [a.s.1.]: iiber dem Meeresspiegel

is primarily controlled by the structural geology. Fluid flow
is concentrated in single flow paths along partially open
fractures, while mineral-filled fractures have similar low
permeability as the matrix. A large permeability contrast is
often found within a few centimeters.

Background and geology
Bedretto Tunnel

The 5218 m long Bedretto Tunnel in the Swiss Central
Alps was excavated by drill and blast between 1971 and
1982 to accelerate the transport of excavated material
from the Furka Base Tunnel construction to Val Bedretto
(Amberg 1982). In 2019, ETH Ziirich established the
“Bedretto Underground Lab for Geosciences and Geoen-
ergies” (BULGQG) in the tunnel, to host experiments on
deep underground stimulation in the context of geothermal
energy and earthquake prediction (Ma et al. 2022; Gischig
et al. 2020). The mostly unlined tunnel was made accessi-
ble along its entire length, providing unique insights into
the composition and structure of the adjacent rock mass.
The Bedretto Tunnel crosses three lithostratigraphic units
of the Gotthard Nappe. Pre- and early-Variscan gneisses,
schists and amphibolites of the Tremola Gneiss Complex
and the Val Nalps Gneiss Complex are found in the south-
ern part of the tunnel while the major portion of the Bedretto
Tunnel passes through the late Variscan Rotondo Gran-
ite (Berger et al. 2017; Labhart 1975). Locations in the

Bedretto Tunnel are given in “Tm”, referring to the tunnel
meter range from Tm O at the at the Ronco tunnel portal in
Val Bedretto in the SE to Tm 5218 at the conjunction with
the Furka Base Tunnel in the NW (Fig. 1).

Rotondo Granite

The Rotondo Granite is a late to post-Variscan intrusion of
the Gotthard Nappe in the Swiss Central Alps, mostly out-
cropping in the mountain range north of Val Bedretto and in
the Bedretto Tunnel from Tm 1138 to its NW end. The light-
grey, fine- to medium-grained granite is composed mainly
of quartz, alkali feldspar, plagioclase and biotite with minor
fractions of garnet, phengite, chlorite, epidote, apatite and
zircon (Labhart 1975). It shows evidence of ductile defor-
mation by pervasive foliation defined by biotite and reduced
grain sizes that accumulate around ductile shear zones.

Rast et al. (2022) distinguished two different types of
shear zones. Granitic shear zones with a mineralogical
composition similar to that of the surrounding rock occur
throughout the entire Bedretto Tunnel, whereas quartz- and
biotite-enriched shear zones are restricted to the rear part of
the tunnel beyond Tm 2800. The two types of shear zones
localized strain during ductile deformation along rheologi-
cal contacts in the granite and mechanically weaker mafic
intrusions, respectively (Rast et al. 2022).

The Rotondo Granite exhibits brittle faults and fault
zones of varying sizes, ranging from a few centimeters
to several meters. Brittle fault zones beyond Tm 3775,
which were analyzed by Liitzenkirchen and Loew (2011)
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are mostly situated entirely within ductile shear zones,
while a smaller number of fault zones exhibit damage
zones exceeding the extent of ductile shear zones or do not
show evidence of any ductile deformation. Fault zones can
be grouped by their orientation in four clusters (Ma et al.
2022; Jordan 2019). The most numerous cluster consists of
sub-vertical structures striking WSW-ENE to SW-NE.

This study focuses on three locations in the Bedretto
Tunnel (Sects. 1, 2 and 3, Fig. 1) with 800-1200m of
overburden, where variably sized and tectonically deformed
fault zones and their hydraulic characteristics are described
in detail.

Methods
Scanline mapping, drilling and sample preparation

Scanline mapping was conducted according to the Interna-
tional Standard for Rock Mechanics (ISRM 1978) to as-
sess the structure and composition of the Rotondo Granite.
A measuring tape was installed along the tunnel sidewall
and all discontinuities crossing the measuring tape were
identified and their characteristics (i.e. orientation, persis-
tence, aperture) recorded.

In Sects. 1 and 2, eight short (<1m) 56 mm diameter
boreholes were drilled sub-horizontally into the tunnel wall.
A total of 11 cylindrical samples of 38 mm diameter and 43
to 80cm in length, were extracted from the core by saw-
ing and overcoring. These samples were used for poros-
ity, density, hydraulic flow cell and gas probe permeameter
measurements. In Sect. 3, three parallel, 76 mm diameter,
10-11m long boreholes (BRI_A_01 to BRI_A_03) were
drilled sub-horizontally, approximately perpendicular to the
SW-wall of the Bedretto Tunnel. The borehole spacing is
2m. Representative sections of the drill cores were chosen
to undertake gas probe permeameter measurements and in-
situ borehole hydraulic testing. Since there was virtually no
core loss, the most disturbed zones could also be sampled.

Porosity and density

Connected porosity and dry bulk density ¢, were deter-
mined using standard saturation and buoyancy techniques
(ISRM 1979). The grain density of finely ground rock pow-
der ¢, was measured in a He-pycnometer. The total poros-
ity, comprising connected and unconnected pores, was cal-
culated as 1—(0/0,)-

Pressure-decay gas probe permeameter

A pressure-decay gas probe permeameter using air (Scibek
and Annesley 2021) was used to assess point permeability
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(Fig. 2a, b). A rubber seal tip, connected to an upstream
gas reservoir is pressed against a~1cm diameter epoxy
resin ring glued on the desired spot on the test surface.
The reservoir pressure is generated by a manual air pump
or a compressor and measured by a pressure transducer
(Keller Series 33X). The initial upstream reservoir pressure
prior to measurements is set to approximately 0.3 MPa to
avoid mechanical effects and leakage. The average mea-
surement time is 25 to 30min. Permeability is related to
the pressure decay as described in Scibek and Annesley
(2021), assuming flow through fractured media to concur
with Darcy’s law. The gas probe permeameter measures
small test volumes that show a large scatter for different
rock structures.

Therefore, test spots and associated permeabilities were
categorized into (1) rock matrix without visible damage
structures, (2) partially open fractures, defined by a visible
aperture in their trace, (3) mineral-filled (healed) fractures,
and (4) hydro-thermally altered quartz-feldspar veins as ob-
served in cores from Sect. 3. A minimum of two tests have
been conducted on the top, bottom and circumference of
the samples from Sect. 1, also used in flow cell tests.

Hydraulic flow cell permeability

Stress-dependent permeability of cm-scale cylindrical rock
samples was assessed following the methodology described
by Brace et al. (1968), whereby the setup and implemen-
tation were similar to those of David et al. (2020), who
measured the permeability of macroscopically unfractured
Rotondo Granite.

The experimental setup is shown in Fig. 2c. A cylindrical
rock sample is placed between two pistons with water in-
lets. Porous steel discs are placed between the sample and
the pistons to ensure uniform fluid distribution. Sample,
steel discs, and parts of the pistons are jacketed by a heat
shrink tube, and placed into a hollow steel cylinder. O-rings
seal the space between the pistons and the hollow cylinder,
which is filled with water acting as confining fluid with
pressure P, An axial load F,, corresponding to Py is
applied to ensure hydrostatic stress conditions. The sample
is connected to two calibrated volumes. The upstream pres-
sure P, and the downstream pressure P, are recorded
by pressure sensors (Keller Series 33X) at a rate of 1Hz.
Valves V1, V2 and V3 control the connection of the reser-
voirs to each other and to a water pump or vacuum pump.
Permeability was measured at 5, 10, 15 and 20 MPa confin-
ing pressure on samples from Sect. 1 and at 5 and 20 MPa
confining pressure on samples from Sect. 2. After slowly
increasing F, and P... to the targeted stress, the valves are
opened and the entire system evacuated. A constant water
pore pressure P, of 2MPa is then applied for at least 48h
to ensure water saturation of the sample. Subsequently, the
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Fig.2 Methods for permeability measurement: a, b rubber tip of the gas probe permeameter pressed against the epoxy ring on a sample, modified
after Scibek and Annesley (2021), ¢ schematic of the triaxial flow cell setup, upstream reservoir in green and downstream reservoir in blue,

d schematic of the hydraulic borehole test setup, top view

Abb.2 Methoden zur Permeabilititsmessung: a, b Gummispitze des Gaspermeameters, die gegen den Epoxidring auf einer Probe gedriickt wird,
modifiziert nach Scibek und Annesley (2021), ¢ Schema des triaxialen Durchflusszellenaufbaus, stromaufwirts gelegenes Reservoir in griin und
stromabwirts gelegenes Reservoir in blau, d Schema des hydraulischen Bohrlochtestaufbaus, Draufsicht

valves are closed and the pump pressure is increased by
0.5MPa. A pressure pulse of 0.5MPa is induced on the
upstream side of the sample by shortly (~1 s) opening valve
V1.

Pressure decay of P, and pressure rise of P, are
recorded until both reservoirs are equilibrated to a final
pressure. Finally, the initial pore pressure of 2MPa is re-
stored. At least two measurements are taken at each stress
level. The effective stress on the sample is defined as Pcoy—
P,.

Borehole hydraulic tests

In-situ hydraulic permeability of Rotondo Granite is as-
sessed in three sub-horizontal (5° to 10° dip) boreholes of
76 mm diameter which have been equipped with modular
multi-packer systems, isolating borehole sections of 0.2, 0.5
and 1 m length (Fig. 2d). Packer sleeve lengths are 0.25, 0.5
and 1 m. Various tests including constant rate, constant head
and pulse injection tests are conducted in the isolated sec-
tions. A single interval showed sufficient productivity for
withdrawal tests (3.3 ml/min). Pressures and flow rates are
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monitored by an uphole data acquisition system mounted
onto a testing trailer. The setup allows to measure pres-
sures of up to 10MPa and water flow rates between 0.017
and 660ml/min with a frequency of 1Hz. The maximum
difference in test pressure was usually kept below 0.3 MPa.
The recovery phase after a hydraulic pulse test is ana-
lyzed by type curve matching (Bredehoeft and Papadopulos
1980; Cooper Jr. et al. 1967). Constant head/rate tests are
separated into the active flow phase and the pressure re-
covery phase, which are analyzed by diagnostic plots and
straight-line analysis (Cooper Jr. and Jacob 1946; Jacob
and Lohman 1952; Theis 1935; Horner 1951). Hydraulic
conductivity is recalculated to permeability, using tabulated
dynamic viscosity and water density at atmospheric pres-
sure and a measured water temperature of about 17.5°C.

Results
Section 1: Tm 1583-Tm 1592

In Sect. 1, a well-developed E-W striking and steeply
N-dipping fault zone crops out between Tm 1583 and Tm
1592 on the NE wall and between Tm 1586 and Tm 1595
on the SE wall of the Bedretto Tunnel. Surrounded by mas-
sive sections of Rotondo Granite, the fracture frequency
gradually increases towards the fault zone center, which
is characterized by anastomosing, a few centimeter-thick
bands of intensively foliated rock, partially altered into
incohesive gouge. They are accompanied by similarly thick
quartz veins separating lenses of heavily fractured, partially
brecciated granite (Fig. 3a).

Four short (<1m) subhorizontal boreholes were drilled
in Sect. 1. The locations of boreholes BH0O2, BHO3 and
BHO04 on the SW-wall are shown in Fig. 3c, another bore-
hole BHO1 was drilled into the opposite NW-wall. Six
43-80cm long cylindrical rock samples of 38 mm diameter
were extracted to determine density, porosity and perme-
ability.

The average connected porosity is 1.03+0.06% and the
average total porosity is 2.6 +0.2% based on a grain density
of 2659 +3kg/m3. The average dry bulk density is 2590+
6kg/m3. Hydraulic flow cell permeability measured for five
samples under 3, 8, 13 and 18 MPa effective stress ranges
from 8-10% to 2-10"¥m?2 Apart from one sample that
was excluded from further analysis, permeability decreases
at higher confinement levels, roughly following an expo-
nential relationship, comparable to Marschall and Lunati
(2006). Gas probe permeability measured on 31 spots on the
same cylindrical samples varies from 2- 108 to 3- 10-"m?,
the highest permeability measured for an open fracture.

Permeability measured on rock samples from BHO3 and
BHO4 is shown in Fig. 3a. Measurement locations were pro-
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jected from the borehole location onto the scanline along
the tunnel wall. A large variability in permeability was ob-
served for test spots of close proximity. Higher permeabili-
ties are concentrated around the high strain quartz vein near
the center of the fault zone, close to the highest fracture
density. Fracture density and permeability increase from
the protolith towards the borders of the fault zone cen-
ter. Within the center, fracture density and permeability are
variable and tend to be decreased again.

Section 2: Tm 2376-Tm 2386

Section 2 is situated at the SW-wall of the Bedretto Tun-
nel between Tm 2376 and Tm 2386. A scanline survey
indicates 5 intervals with a very high degree of fracturing
separated by slightly more intact but still damaged rock por-
tions within the 10m interval. Approximately WSW-ENE
striking fractures and faults are clustered at 2 positions,
with a spacing of roughly 7m. The volume between the
main fault planes is more intensely fractured rock mass. At
the NW-wall, a third major fault plane is observed. These
three faults, dipping roughly 60-70° towards the NNW,
show accumulations of foliation and reduced grains result-
ing in bands of darker appearance. White gouge, consisting
of quartz-rich rock fragments, phyllosilicates and zeolites
(Volpe et al. 2023), is distributed in patches of usually less
than 1 cm normal thickness in some main faults, comparable
to observations in other faults as described in Liitzenkirchen
and Loew (2011). The fault zone is larger with more sep-
arate main fault plains, but exhibits some similarities to
Sect. 1 with respect to the distribution of quartz veins along
bands of strongly foliated and partially altered granite, in
this case in a repetitive sequence.

The average connected porosity for five 44—72cm long
cylindrical rock samples is 0.98+0.08% and the average
total porosity is 2.1+0.2%. The average dry bulk density is
2604 + 4 kg/m?. Hydraulic flow cell permeability, measured
for five samples under 3 and 18 MPa effective stress ranges
from 1 to 6-10-"m?, which is in a similar range compared
to Sect. 1 with less scatter. Under the assumption of the
same exponential relation as observed in Sect. 1, results
were also extrapolated to 0 MPa effective stress. Gas probe
permeability measured on 33 spots on the same samples
varies from 107¥m?2 to 9- 10-m?. Overall, similar results
as in Sect. 1 are observed with high permeability differences
over relatively short distances, e.g. 4- 10-#m? and 10" m?
within a few millimeters, highest permeabilities in open
fractures, and roughly similar values for matrix and healed
fractures. Given the width of the fault zone and the few short
samples tested, clear dependencies between permeability
and fracture distribution are not seen.
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Fig.3 Section 1: a Fracture density measured along the SW-face of the Bedretto Tunnel and permeability determined by the gas probe permeameter
and the hydraulic flow cell extrapolated to 0 MPa effective stress. The highest permeability of 2- 10~'*m? was measured in a partially open fracture
at the opposite tunnel wall. The grey area shows the damage zone and the orange area highly fractured domains around the fault core, determined
according to Torabi et al. (2020); b Rough sketch of the SW-tunnel wall at Sect. 1 with major fractures and faults and location of the scanline used
for mapping; ¢ Detailed sketch of the fault zone center in Sect. 1 and locations of short boreholes BHO1-BHO03

Abb.3 Abschnitt 1: a Entlang der SW-Seite des Bedretto-Tunnels gemessene Kluftdichte und die mit dem Gaspermeameter und der hydraulischen
Durchflusszelle ermittelte Permeabilitiit, extrapoliert auf 0MPa effektive Spannung. Die héchste Durchlissigkeit von 2+ 10'4m? wurde in einem
teilweise offenen Bruch an der gegeniiberliegenden Tunnelwand gemessen. Der graue Bereich zeigt die Auflockerungszone und der orangefarbene
Bereich die stark gekliifteten Bereiche um den Storungskern, die nach Torabi et al. (2020) bestimmt wurden; b Grobe Skizze der SW-Tunnelwand
in Abschn. 1 mit den wichtigsten Kliiften und Storungen und der Lage des fiir die Kartierung verwendeten Scanline; ¢ detaillierte Skizze des
Storungszentrums in Abschn. 1 und der Lage der kurzen Bohrlscher BHO1-BH03
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Fig.4 Fault zone section in borehole BRI_A_01 drilled into the SW wall of the Bedretto Tunnel at Tm 2776, permeability measured by hydraulic
borehole tests in the corresponding borehole interval (dashed lines) and the gas probe permeameter assigned to different spots along the core.
Unassigned values were measured on the opposite side of the core (not shown)

Abb. 4 Stérungszonenabschnitt im Bohrloch BRI_A_01, der in der SW-Wand des Bedrettotunnels bei Tm 2776 erbohrt wurde, sowie die mit
hydraulischen Bohrlochtests gemessene Durchlissigkeit im entsprechenden Bohrlochintervall (gestrichelte Linien) zusammen mit den Gasperme-
ameter Ergebnissen entlang des Kerns. Nicht zugeordnete Werte wurden auf der gegeniiberliegenden Seite des Kerns gemessen (nicht dargestellt)

Section 3: Tm 2765-Tm 2780

Section 3 is located between Tm 2770 and Tm 2780, where
three 10-11m long boreholes were drilled perpendicularly
into the SW tunnel wall (Fig. 2d). The drill holes were
logged using an optical televiewer (OpTV). Detailed scan-
line mapping and core logging surveys were also performed
in this area.

Two major structures are observable at the tunnel wall
and can be correlated through the cores. A structure out-
cropping along the SW-wall between Tm 2764 and Tm
2767.5 is up to 1 m wide and dipping about 60° towards
the WSW. The structure is well-exposed at the tunnel roof
for a few decameters of trace length and up to 5 fractures
striking sub-parallel to the tunnel were mapped from the
OpTV surveys between 1 and 3m in all three boreholes. As
observed in the cores at similar positions and at the tunnel
wall and roof, the fault zone consists of biotite-rich anas-
tomosing rims, sandwiching brecciated and sheared quartz-
feldspar bands and partially brecciated lenses of wall rock.
The fracture network is mineral-filled with a silica-rich
glassy matrix and altered green-grey chlorite, both likely
of hydro-thermal origin.

The second fault outcropping between Tm 2772.3 and
Tm 2773.9 at the SW-wall is about 0.5m wide and dip-
ping 75° to 80° towards the NNE. The main part of the
structure is characterized by a roughly 0.3 m thick, coarse
grained quartz-feldspar vein with a sharp contact to a het-
erogeneous fracture network, consisting of open fractures,
healed fractures, and a generally variable texture. In bore-
hole BRI_A_03 only two chlorite-coated fractures are ob-
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served, accompanied with reoriented coarse-grained quartz
and feldspar.

A total of 118 single gas probe permeameter measure-
ments have been conducted on the cores with gas perme-
ability ranging from 2-10"”m? to 8-10*m?2 Results of
the extensively tested core section of BRI_A_01 between 1
and 1.75m depth are shown in Fig. 4. The interval covers
the intersection of the two fault structures described above.
A central section, found between 1.2 and 1.35m is char-
acterized by several partially open fractures of permeabili-
ties up to 7- 10-"*m?, while adjacent mineral-filled fractures
and matrix have permeabilities similar to the undamaged
domains of Rotondo Granite (10-'*m?). Fractured quartz-
feldspar-veins in other borehole sections show variable per-
meabilities whereas matrix and healed fracture permeabili-
ties are in the same range. Like in Sects. 1 and 2, high and
low permeability values are observed in close proximity.
Filled fractures within damaged core intervals tend to show
even lower permeability compared to the matrix.

18 packed-off intervals were tested in the boreholes
BRI_A_01 to BRI_A_03 beyond 0.7m borehole depth to
avoid the influence of the excavation damage zone (EDZ).
A total of 22 analyzable hydraulic pulse tests, 2 hydraulic
constant head/flow tests and 1 withdrawal test are included
in this analysis. Some constant rate/head tests showed mul-
tiple hydraulic phases, which were analyzed as separate
tests, resulting in a total of 33 single permeability values.
Permeabilities vary between 109m? and 2- 10" m?. The
difference between maximum and minimum permeabilities
in a single sequence of tests rarely exceeds a factor 5. In
intervals incorporating brittle structures as determined visu-
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ally or by OpTV logs, hydraulic tests consistently showed
values higher than 10-'°m? (e.g. Fig. 4).

Discussion
Comparison of the methods

Distribution of permeabilities measured by the gas probe
permeameter for different rock structures, by the flow cell
and by borehole hydraulic testing, are compared in Fig. Sa.
Flow cell results are extrapolated to 0 MPa effective stress
in a P-log(permeability) plot to ensure comparability with
permeabilities resulting from the other methods. Borehole
packer intervals analyzed with multiple tests or phases were
averaged. Gas probe permeameter measurements conducted
at Sects. 1 and 2 coincide with results from Sect. 3 and
are therefore displayed together. Gas probe permeability is
assumed to be overestimated due to the gas slippage ef-
fect (Klinkenberg 1941). However, gas permeability was
not Klinkenberg corrected since (1) permeability was mea-
sured for a small range of pore pressures, preventing the
direct determination of the Klinkenberg gas slippage coef-
ficient and (2) a lack of empirical correlations for the gas
slippage correction in (fractured) granitoidic rocks. Stud-
ies on porous sandstones (Tanikawa and Shimamoto 2009)
indicate 2-3 times lower water permeability for gas perme-
ability in the range of 10-'® to 10-'7m? for the pore pressure
of 0.3MPa used in this study. For higher permeabilities,
the gas-slippage effect is further reduced. Rock properties
from locations that are close to the walls of the drill and
blast tunnel, such as samples from Sects. 1 and 2, might
be affected by excavation damage. Hardenbicker (2023) es-
timated an excavation damage zone of 0.5 to 0.7m in the
Rotondo Granite of the Bedretto Tunnel. However, this is
not expected to have a significant effect on the measure-
ments as there is evidence of spalling of EDZ-affected rock
material in and around the fault zones crossing the tunnel.
Thus, the influence of the fault structures is expected to be
greater than that of the EDZ.

The gas probe permeameter measurements, covering
a small rock volume of a few cm?, allow to test selective
features separately on a local scale to detect spatial rela-
tions on very short distances. The influenced volume varies
strongly with the permeability of the tested feature as evi-
denced by bubble tracing during the tests. Given the high
variability of structural features and small scale of mea-
surements, gas probe permeameter tests yield the largest
permeability variation in the range of 2- 107*m? to 9- 1014,
The permeability of mineral-filled fractures and the rock
matrix does not differ recognizably and is similarly low.
The quartz-feldspar veins show greater scatter and higher
overall permeability, suggesting a heterogeneous perme-

ability distribution in these domains. Testing partially open
fractures allows to target preferential flow channels, which
may be primary contributors to the fault zone permeability.

These channels, albeit more difficult to target individu-
ally, are expected to be the main permeability contributors
in hydraulic borehole tests. Borehole tests cover larger test
volumes of up to a few cubic meters, depending on the in-
terval length, test duration and the permeability of the most
conductive structures within the interval. The results, span-
ning from 10-""m? to 2- 10~ m? for individual tests, exhibit
a narrower range than the gas probe permeameter measure-
ments. This suggests the presence of an averaging effect
over the tested interval (Fig. 5a). The borehole test results
agree with the log-mean of open fractures measured in gas
probe permeameter tests conducted on cores from the same
interval (compare Fig. 4).

Hydraulic flow cell measurements cover the test volume
of the respective rock cylinders from 50 cm? to 90 cm?. Per-
meability, extrapolated to 0 MPa effective stress, is between
2-10m? and 2- 10-'¥m?2, which is lower and less variable
than results of the other two methods. Although the samples
originate from zones of increased damage in the fault zone
and exhibit healed and partly open fractures, no correlation
between macroscopic deformation and flow cell permeabil-
ity is observed, suggesting that preferential flow paths are
missed. Bubble tracing during gas probe permeameter tests
indicates flow channels predominantly in macroscopic vis-
ual open and mineral-filled fractures but only small parts of
the fracture planes tend to act as a conduit whereas a large
portion may act as barrier. The gas probe permeameter can
selectively target highly conductive channels whereas the
borehole measurements are expected to test averages over
fractures and matrix and to show the effects of connectiv-
ity of small-scale fracture permeability. However, yielding
similar observations by the hydraulic flow cell test requires
the abundant permeable fractures to be oriented sub-paral-
lel to the sample axis. Otherwise, flow-cell measurements
may represent a minimum estimate of bulk permeability
of the Rotondo Granite. In contrast to the other methods
measured under in-situ conditions or atmospheric pressure,
the hydraulic flow cell allows for the adjustment of confin-
ing stress. Flow cell permeability of the Rotondo Granite
decreases by 22 to 71% from 3MPa to 18 MPa effective
stress. Measured permeability is slightly lower compared
to results by David et al. (2020) on macroscopically un-
fractured Rotondo Granite.

In conclusion, flow cell measurements can provide an
average bulk permeability and borehole hydraulic tests can
provide a mean flow permeability. Gas probe permeame-
ter tests are able to cover the range in between and allow
to estimate local variability. However, the uncertainty of
this measurement type is high due to frequent unknown
representativity of the test spot area and the insufficiently
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Fig.5 a Distribution of the gas probe permeameter results with respect to the structural element of the fault zone and in comparison, to the flow cell
results extrapolated to 0 MPa effective stress and borehole hydraulic measurements. Note that the data are not necessarily normal distributed. b Re-
sulting hydro-structural model of brittle overprinted ductile shear zones, modified after Faulkner et al. (2010). Note that the model is dimensionless

as thicker structures are “‘self-similar” repetitions of smaller ones

Abb. 5 a Verteilung der Ergebnisse des Gaspermeameters in Bezug auf die Strukturelemente der Stérungszone und im Vergleich zu den auf 0 MPa
effektive Spannung extrapolierten Ergebnissen der Fliezelle und der hydraulischen Bohrlochmessungen. Es ist zu beachten, dass die einzelnen
Daten nicht notwendigerweise normalverteilt sind. b Resultierendes hydrostrukturelles Modell von sprod-iiberprigten duktilen Scherzonen, mo-
difiziert nach Faulkner et al. (2010). Das Modell ist dimensionslos; dickere Strukturen konnen ,,selbstdhnliche” Wiederholungen von kleineren

Strukturen darstellen

researched effect of the test fluid on the test result. Absolute
values should be taken with care but measurements can
be compared relatively to each other. The described scale
effects are well known and are attributed to the sample
selection, the test volume and statistical effects (e.g. Clauser
1992; Illman 2006).

Permeability structure of the Bedretto fault zones

Four fault zones of variable size and orientation have been
investigated in three sections of the Bedretto Tunnel. They
share the general development from a ductile imprinted me-
chanical anisotropy caused by grain size reduction and fo-
liation. Fractured and brecciated granite lenses are aligned
or sandwiched by a single or multiple main fault planes
which developed along foliated, biotite-rich bands. Around
these faults a damage zone may occur or may be absent.
The parts of the fault zone are connected through partially
healed or open fractures.

Comparable structures are frequent in the Rotondo Gran-
ite (Liitzenkirchen and Loew 2011; Jordan 2019; Rast et al.
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2022), in the alpine external massifs (Wehrens et al. 2017)
and elsewhere (e.g. Aaltonen et al. 2016; Drake et al. 2006;
Michibayashi et al. 1999; Vauchez 1987). The development
from ductile shear zones to brittle fault zones was also
frequently observed (Vauchez 1987; Herwegh et al. 2017,
Liitzenkirchen and Loew 2011). As these structures occur
in all sizes in crystalline rock, they are difficult to predict
and pose a challenge for a potential repository. A hydraulic
parameterization allowing for a fast assessment of water
inflow and radionuclide migration potential is therefore of
importance.

The fault zones aligning ductile shear zones correspond
with the model of Faulkner et al. (2010) that features
a highly fractured fault core or center, enclosing a dam-
age zone with progressively decreasing fracturing towards
the surrounding rock. However, structures in the Rotondo
Granite are more variable. The four investigated structures
are comparable to class 2A or 2B fault zones (Fault zones
are confined within the shear zone extent or extend beyond
its margins) as defined by Liitzenkirchen (2002). In contrast
to these standard models, the boundaries to the surrounding
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rock are controlled by single main faults frequently fol-
lowing the mechanical contact of segregated mineral bands
(Fig. 5b). Fracture frequencies spike close to the main fault
planes and decrease in both directions away from them.
Fracture densities decay slightly in the volume between the
main fault planes but decay steeply towards the protolith.

Typical granite density of around 2.6 g/cm® was mea-
sured, agreeing with measurements by David et al. (2020),
while the connected porosity of 0.9 to 1.1%, measured in
the laboratory at atmospheric conditions, is similarly low
compared to other granites (Géraud et al. 1995; Wenning
et al. 2018; Mori et al. 2021; Drake et al. 2006; Aaltonen
et al. 2016). In-situ porosity is expected to be even lower
due to stress relief induced microcracks (Mori et al. 2021).

The distribution of permeability follows a non-linear
trend from the center of the fault zone towards the sur-
rounding rock as seen by Achtziger-Zupancic et al. (2016)
for other fault zones in crystalline rocks. Lower perme-
abilities in the core correlate with less intense fracturing
and partial healing of fractures (Figs. 3 and 4). Main flow
paths are abundant in open fractures pervading the fault
zones and reaching up to 9- 10-*m?. The matrix of the Ro-
tondo Granite shows permeabilities around 10-'*m? with
about one order of magnitude variance, both for the flow
cell measurements and point-scale gas probe permeameter
tests. In comparison to a global permeability compilation
(Achtziger-Zupanci¢ et al. 2017), the matrix permeability
around 1000m below ground surface (mbgs) is about an
order of magnitude higher than the lower 10%-quantile re-
gression representing the global matrix permeability. This
might be caused by micro-fracturing in the excavation dam-
age zone by spalling or by the drill-and-blast excavation of
the 45 year old tunnel. The highest permeabilities in open
fractures are well within the range of permeabilities yielded
at 1000 mbgs for the upper 10%-quantile regression of the
global database.

The hydraulic anisotropy follows the direction of shear
as fractures with gouges and mica infill tend to have similar
permeabilities to the rock matrix (Fig. 5). Similarly, struc-
tural asymmetry likely imprints an asymmetric distribution
of hydraulic properties. The results shown here further
demonstrate lower permeabilities in the vicinity of highly
permeable fractures. Hydraulic communication across the
fault zone substantially depends on the connectivity of
fractures both in the fault center and the damage zone. The
model is transitionally between the immature brittle and
mature brittle fault zone as described by Wenning et al.
(2018) for the Grimsel Granodiorite but shows a greater
complexity. A repetitive pattern of fractured competent
bands, sealed fracture surfaces, healed fractures and gouge
or mica-filled fractures may indicate a self-similar flow
pattern over scales comparable to the model shown by

Seebeck et al. (2014) for metamorphic greywacke and
sandstone in the Taupo Rift (New Zealand).

Conclusions

Understanding preferential flow paths in the context of a nu-
clear waste repository is paramount for site location and
safety analysis, particularly with respect to water ingress
and radionuclide transport. In crystalline rock, ductile shear
zones imprinting mechanical weakness contrasts which are
prone to brittle reactivation, are frequent. The development
of a ductile shear zone in a brittle fault zone provides sec-
ondary, connected porosity for preferential flow paths.

Four such structures cropping out in the Bedretto Tunnel
were analyzed in detail by scanline analysis in the tunnel
and along cores. Core samples drilled from fault zones were
tested in the lab for density, porosity and permeability by
a gas probe permeameter and a hydraulic flow cell. Three
boreholes were additionally tested by hydraulic packer tests.

The result is a detailed compilation of permeability on
variable test volumes targeting the interplay of structural
architecture and hydraulic behavior of brittle overprinted
ductile shear zones. These zones frequently consist of two
or more main faults as seen from fracture frequencies mea-
sured along scanlines, incorporating a volume which is
less fractured. The faults often align with quartz-feldspar
bands also incorporating lenses of sound or brecciated wall
rock. The hydrogeology is dominated by channeled pref-
erential flow paths along the bounding faults. Total and
connected porosities are about 1.9-2.8% and 0.9-1.1%, re-
spectively. The density is about 2.6 g/cm? throughout the
fault zones. Single flow paths along partially open fractures
may yield point-scale permeabilities > 10-'#m?. If reminer-
alized or coated by phyllosilicates, the permeability may
be as low as the matrix permeability. Frequently, the low-
est permeabilities are found in close proximity to highly
permeable flow paths as potentially stabilizing factors. All
these impacts give the appearance of a highly anisotropic
distribution of permeability aligning with the direction of
the fault zones, which is only interrupted by open frac-
tures cross-cutting the entire structure. These observations
extend across scales, as small structures are repetitive in
larger structures.
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