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Abstract

Modern gravitational-waves astronomy is moving underground. Geological units act as noise-dampening covers to iso-
late highly sensitive gravitational-wave detectors from ambient noise disturbances, which poses challenges for the siting,
planning, and construction of detectors. The current feasibility study for the Einstein Telescope (ET), the European third-
generation gravitational-waves detector, aims to find the most suitable site for construction and operation from various
perspectives. One potential site is the Euregio-Meuse-Rhine (EMR) area in the border region between the Netherlands,
Belgium, and Germany. The Einstein Telescope is planned as a large-scale underground infrastructure with over 30 km
of tunnels and various cavern constructions, approximately 250 m below the surface. This paper presents the preliminary
results of the first site characterization phase for this site from an engineering geological perspective. The results show
(1) complex geological conditions of siliciclastic and carbonate, brittle and hard Paleozoic (Frasnian to Westphalian) rocks
beneath a cover of soft, partly unconsolidated Cretaceous and Cenozoic sediments, (2) the strong influence of several
tectonic events, especially the thrust-and-fault belt of the Variscan Front and the opening of the Lower Rhine Graben, (3)
variable and in places high hydraulic conductivities (10> m/s) and, (4) variable rock mechanical properties of potential
host rock formations (e.g. Famennian and Namurian rocks). Finally, an engineering geological assessment of the suit-
ability, challenges, and requirements for future work associated with the construction of the ET in the EMR region is
presented.
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Introduction

The Einstein Telescope (ET) is a planned third-generation
gravitational-waves (GW) detector currently in the feasi-
bility study stage. The structure will follow the Japanese
Kamioka Gravitational Wave Antenna (KAGRA) as the
next large-scale underground facility for the detection and
investigation of small space-time strain originating from
gravitational-waves (Somiya 2012; Fiori et al. 2021), and
demands a minimum surface cover of approximately 250 m
to minimize the disturbing effect of ambient environmental
noise.

The currently favored design consists of a triangular
interferometer geometry hosted in a tunnel and cavern
system, with side lengths of approximately 10 km (Fig. 1)
(Freise et al. 2009, 2011; Ronchini et al. 2022; Branchesi et
al. 2023). The facility will host two different types of inter-
ferometers: a low-power, low-frequency cryogenic detector
and a high-power, high-frequency room temperature detec-
tor (Amann et al. 2020; Di Pace et al. 2022; Ronchini et al.
2022). This layout is expected to improve detector sensitivi-
ties by one order of magnitude to frequencies as low as 1 Hz
(Punturo et al. 2010; Hild et al. 2011; Sathyaprakash et al.
2012; Beker et al. 2015; Di Pace et al. 2022).

However, the sensitivity and operational efficiency of
gravitational-wave detectors are significantly influenced
by ambient noise, such as thermal, seismic, and Newtonian
noise, which necessitates a quiet, well-isolated underground
environment to maximize the performance and reliability of
measurements (Hild et al. 2011; Amann et al. 2020; Koley et
al. 2022). Consequently, siting is dominated by the demand
for low ambient seismic noise, particularly in the frequency
band between 1 and 10 Hz, as well as favorable geological
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Fig.1 (a) Schematic impression of potential ET corner point with indi-
cation of cavern system (grey) and tunnel types. The stated dimensions
can vary. (b) Potential cavern and tunnel complex at ET corner point.
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conditions for excavation processes and noise attenuation
characteristics.

Soft geological units have demonstrated a proven capabil-
ity as attenuators for ambient seismic and subsequent New-
tonian noise, potentially lowering seismic-wave propagation
by several orders of magnitude (Akutsu et al. 2018; Koley
et al. 2022; Di Pace et al. 2022). However, realizing a large-
scale underground infrastructure introduces additional engi-
neering demands. Site selection must satisfy a complex set
of criteria encompassing geological, technical, financial, and
socio-political considerations (Amann et al. 2020). Geologi-
cal and engineering-geological factors, such as rock mass
strength, in-situ stress conditions, fracture networks, and
hydrogeological parameters like hydraulic conductivity and
storativity, are critical for selecting suitable excavation meth-
ods, drainage, and support design. These factors are particu-
larly important at the corner points, where large caverns and
access structures (e.g., ramps, shafts) will be constructed.
Hydraulic rock mass properties have a significant influence
on groundwater inflow during both construction and opera-
tion, necessitating proactive measures such as grouting and
pumping strategies to mitigate this impact. These processes
can introduce additional noise and must also account for
potential surface subsidence (Amann et al. 2020).

Following an investigation of different candidate sites for
the ET over recent years, two sites were chosen for more
detailed study (Amann et al. 2020): the former Sos-Enattos
mining region in Sardinia, Italy, and the Euregio Meuse-
Rhine (EMR) in the three-border region of Belgium, Ger-
many, and the Netherlands. Intensive efforts have since been
devoted to assessing the suitability of both potential regions
for constructing and operating the Einstein Telescope (Di
Pace et al. 2022). Recently, a third site in Lusatia (eastern
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Germany) has also been designated as an official ET candi-
date site.

This contribution explicitly addresses the preliminary
geological and geotechnical assessment of the EMR can-
didate site from an engineering geological perspective. It
forms part of the Einstein Telescope Euregio-Meuse-Rhine
Site & Technology (E-TEST) project, which aims to estab-
lish the preliminary feasibility of subsurface conditions in
this region. A central aspect of the investigation is identify-
ing a suitable site perimeter within the EMR through a step-
wise exclusion approach. This involves filtering based on (a)
ambient seismic noise sources such as wind-turbines, traffic,
and railway, (b) geological constraints such as fault zones,
and (c) environmental sensitivities like nature reserves.

While ambient noise characterization is an essential
aspect of the overall site selection, the focus of this work
is on the geological and geotechnical suitability of the sub-
surface environment. This includes rock strength, in-situ
stress conditions, fracture networks, and hydrogeological
parameters, all of which are fundamental to ensuring the
safe and cost-effective construction of the planned under-
ground infrastructure. The geological and engineering geo-
logical investigations presented here serve as a foundation
for estimating excavation strategies, evaluating rock mass
behavior, and assessing construction feasibility.

The data collected provides critical input for the forth-
coming 3D geological model of the region and will sup-
port the optimal siting, layout, and design of the Einstein
Telescope, thereby contributing to the project’s long-term
operational success.

The EMR site at a glance

The Euregio Meuse-Rhine (EMR) is the three-border region
between Belgium (BE), the Netherlands (NL), and Germany
(GER). It covers the provinces of Limburg (in both Belgium
and the Netherlands), Liége, and the Aachen region. Despite
its proximity to larger cities such as Liége, Maastricht, and
Aachen, the Belgian-Dutch-German border region is pre-
dominantly agricultural (Koley et al. 2019). The potential
site for the Einstein Telescope within the EMR, as inves-
tigated in this study, spans approximately 1,000 km? and
includes parts of Wallonia, Flanders, Dutch South Limburg,
and the Aachen region.

Centered in the heart of the EMR, the site is character-
ized by the hilly landscape of the Venn Foreland and the
Loess area of southern Limburg (Monnig 2007). To the
South, it abuts elevated plateaux of the Eifel and Ardennes
mid-mountain ranges.

Geologically, the study area is highly heterogeneous,
comprising sedimentary and metasedimentary formations

from the Cambrian to the Quaternary. Notably, stratigraphic
discontinuities are present between the Lower Ordovician
and Lower Devonian, as well as between the Upper Carbon-
iferous (Westphalian) and the Upper Cretaceous. An over-
view of the surface geology is provided in Fig. 2, while the
major lithostratigraphic and tectonic phases are summarized
in Fig. 3.

The oldest rock units, of Upper Cambrian to Lower
Ordovician (Tremadocian) age, are exposed in the south-
eastern corner of the study area and form part of the Brabant
massif in the subsurface west of the study area (TNO 2004;
Walter 2007). These units predominantly consist of alternat-
ing quartzite-black shale and sandstone-phyllite sequences
(Laloux et al. 2000). Due to intense thrust faulting associ-
ated with Variscan compression, estimates of thickness are
uncertain, however, total thicknesses are believed to exceed
1,300 m (Laloux et al. 2000).

Within the E-TEST study area, these strata form the
older Paleozoic basement, which is discordantly overlain
by younger Paleozoic sedimentary units ranging from the
Lower Devonian to the Upper Carboniferous (Westpha-
lian). Among these, parts of the Upper Devonian (Famen-
nian) continental to shallow marine sandstone and siltstone
complex, known as the Condroz Sandstone Group (Laloux
et al. 2000; Thorez et al. 2006; Walter 2010), represent
promising host rock conditions for caverns at the ET ver-
tices. They are therefore of high interest in the siting pro-
cess. This group shows local thickness of up to 400 m.
The lower 100 to 150 m mainly consist of thinly bedded,
mica-rich, arcosic sandstones, frequently alternating with
shale and siltstone beds (Esneux Member) (Walter 2010;
Mottequin et al. 2024). They are overlain by a succession
of'up to 250 m thickness, beginning with arkosic and quarz-
itic, massive sandstones (Monfort Member), followed by
a transition into a heterolithic sequence comprising shale,
siltstone, and arkosic, locally highly micaceous sandstones
(Evieux Member) (Walter 2010; Mottequin et al. 2024). In
the uppermost Condroz Sandstone Group, a progressive
increase in carbonate cementation and first intercalations
of dolomitic limestone indicate the transition to a shallow
marine depositional environment (Laloux et al. 2000; TNO
2004; Walter 2010).

The Lower Carboniferous is present as thick (up to >400
m) successions of carbonate rocks, firstly dolomitic in Tour-
naisian units with a transition to limestones of Viséan age,
deposited in a shallow marine setting (Bless et al. 1980,
1983; Hance et al. 1999; TNO 2004; Walter 2007, 2010;
Poty 2016). The contact between the uppermost Lower
Carboniferous limestones and the Upper Carboniferous
(Namurian) may exhibit bedding-parallel paleokarst fea-
tures, resulting from subaerial exposure during the Variscan
orogeny (Laloux et al. 2000).

@ Springer
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Fig.2 Simplified geological map of the investigation area showing the
surface distribution of stratigraphic units and major fault structures.
Key elements of the E-TEST project are indicated, including E-TEST
boreholes (green circles), prior boreholes (pink circles), and investi-
gated outcrops (numbered white circles). The proposed layout of the
Einstein Telescope (ET) is outlined in orange, and the location of the
Soumagne Train Tunnel (STT) east portal is marked. Please note that
the geological units shown represent the surface geology and do not
reflect subsurface conditions at the projected tunnel depth. These con-

Namurian deposits start as fine-grained shale and silt-
stone successions with notable mica content. They gradually
change to coarser-grained silt- and sand-stones, indicating
a transition from a marine to a coastal or terrestrial envi-
ronment (Bless et al. 1980, 1983; TNO 2004; Walter 2007,
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ditions will be further characterized through ongoing investigations
and integrated into a forthcoming 3D geological model. The proposed
ET layout used in this study is preliminary and does not necessarily
reflect the final configuration. Fault zone abbreviations: As.F. = Asse
Fault, Tu.F. = Tunnel Fault, Ep.F. = Eupen Fault, Wal.F. = Walhorn
Fault, Mrs.F. = Morsenet Fault, Pb.F. = Plombiéres Fault, La.F. = Lau-
rensberger Fault, Ac.F. = Aachen Fault, Ed.F. = Eilendorf Fault, Fb.F.
= Feldbiss Fault

2010). This unit is characterized by thick (several metres),
bedded (quartzitic) sandstones that are interbedded with thin
(few centimetres) conglomerate layers (Laloux et al. 2000).
These successions are overlain by marine black shales with
a thickness of several tens of metres, followed by alterations
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Fig. 3 Lithostratigraphic and structural overview of the study area,
showing the main geological units, principal tectonic phases, and
dominant structural orientations. The figure also indicates which strati-
graphic intervals would be intersected or impacted by the planned Ein-
stein Telescope (ET) infrastructure, including the main caverns, tun-

of sandstone and siltstone (Laloux et al. 2000). In Belgian
parts of the study area, the Namurian successions show a
maximum thickness of 300 m.

Rock units of Westphalian age show a limited appear-
ance on the surface of the study area (limited to a few out-
crops mainly within the Wurm valley, Germany). Still, they
are described as remnants of past coal mining activities in
the Aachen area and southern Limburg (Netherlands). They
mainly consist of sandstone, siltstone, and shale succes-
sions of variable thickness, intersected by coal seams (Wal-
ter 2010). Thickness estimates are challenging due to the
absence of outcrops.

Between the Upper Carboniferous to the Upper Creta-
ceous, the region experienced a prolonged period of non-
deposition. From the Upper Cretaceous onward, shallow
marine sediments, comprising chalk, sands, silts, clays,

nels, and access systems. The Condroz Sandstone Group is indicated
as red band in the lithostratigraphic column. The Lithostratigraphic
column and thickness estimates are based on Laloux et al. (2000) and
Walter (2010)

marls, and Cenozoic marine and fluvial sediments, as well
as aeolian loess were deposited unconformably on the
Paleozoic basement (Walter 2010). The Upper Cretaceous
succession, ranging from Santonian to Maastrichtian in
age, begins with sandy, silty, and clay-rich deposits of the
Aachen Formation (Santonian), which are unconformably
overlain by calcareous to marly sands of the Vaals For-
mation (Lower Campanian). From the Upper Campanian
onward, the succession is dominated by calcarcous units
of the Gulpen Formation (Upper Campanian to Upper
Maastrichtian) and the Maastricht Formation (Upper
Maastrichtian), composed primarily of marls, chalk, and
limestone (Bless et al. 1986; Laloux et al. 2000). In the
study area, these mostly unconsolidated sediments might
reach local thicknesses of up to 160 m and pinch out
towards the south.

@ Springer
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During the Carboniferous the Paleozoic basement under-
went strong folding and faulting due to compression tecton-
ics, which resulted in the creation of the fold-and-thrust belt
of the Variscan Front Zone (Cambier and Dejonghe 2010).
Consequently, numerous thrust faults with a prominent
SW-NE strike strongly superimposed the Paleozoic rock
units. Major thrust faults in the study area (i.e., Morsenet-,
Tunnel-, Asse-, Aachen-, and Walhorn-Fault) exhibit a dip-
slip component of several hundred metres to kilometres
(Cambier and Dejonghe 2010, 2012). Subvertical, NW-SE
striking normal faults (i.e., the Felbiss-Fault and the Lau-
rensberg Fault), which have been repeatedly reactivated
since the Variscan orogeny, intersect the Variscan thrust
faults nearly orthogonally (Deckers et al. 2023). These
structures are now part of the Lower Rhine Graben, which is
associated with the European Cenozoic Rift System (Geluk
et al. 1994; Camelbeeck et al. 2007; Deckers et al. 2023),
and affect geological units ranging from Paleozoic to recent.

Comprehensive structural geological studies of the area
have been conducted by Camelbeeck et al. (2007), Geluk
et al. (1994), Hollmann (1997), Houtgast and van Balen
(2000), Poty and Delculée (2011), Trautwein-Bruns et al.
(2010, 2011), and von Winterfeld (1994). A systematic fault
zone inventory of Belgium, including the Northeastern Wal-
lonian region, has been compiled by Cambier and Dejonghe
(2010, 2012).

The strong tectonic overprint has produced a highly
faulted and structurally complex geological framework,

250X300 m

[JCenozoic

placing significant demands on engineering geological site
characterization. While cavern structures should ideally be
located within thick, homogeneous strata, the planned tun-
nels will likely intersect a diverse succession of Paleozoic
rock units and multiple fault zones.

ET requirements and related challenges

The successful implementation of the Einstein Telescope
is tied to a variety of mainly environmental and geologi-
cal factors that concern the conceptual design, the layout,
and positioning in the subsurface (Fig. 4). A comprehensive
conceptual design study compiling the fundamental require-
ments and main characteristics of a potential site for the ET,
including key elements of the research infrastructure, esti-
mated costs and an implementation timeline, was initially
conducted by the ET Science Team, (2011) and updated in
2020 by the ET Steering Committee (ET Steering Commit-
tee Editorial Team 2020). The current design features an
extensive tunnel system that forms an equilateral triangle
with sides approximately 10 km in length and outer tunnel
diameters ranging from 7.3 to 8.4 m, situated about 250 m
below the ground surface (Freise et al. 2009, 2011; Sathy-
aprakash et al. 2012). At each vertex, large caverns, up to
30 m in height and several tens of meters in length or width,
will house key components, including lasers, detectors,
cryogenic mirrors, and the required technical equipment.

N e
@ Seismic noise

[ Upper Carboniferous [ Upper Devonian Bl Lower Devonian

[ICretaceous W Lower Carboniferous Bl Middle Devonian X Ordovician

Fig.4 Conceptual 3D sketch illustrating key geological and anthropo-
genic factors considered during the site characterization of the Einstein
Telescope (ET) in the Euregio-Meuse-Rhine (EMR). The ET infra-
structure is schematically shown at a depth of ~250-300 m below the
surface. Illustrated are various potential access infrastructure concepts
for the ET facilities: (a) inclined access tunnels, (b) vertical shafts,
and (c¢) helical ramps. Major influencing elements include surface
noise sources (e.g., traffic, wind turbines, cities), karst zones(e.g. in

@ Springer

Carboniferous limestones), and structurally controlled Mississippi
Valley-Type (MVT) Pb—Zn ore deposits, mainly localized along nor-
mal faults. Thrust and normal fault systems, lithological contrasts, and
stratigraphic units are depicted to highlight their relevance for seismic
noise propagation and potential future subsurface conflicts. Geological
units, structures, and infrastructure are not to scale and are presented
in a generalized and conceptual manner
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Access to the facility will be provided via shafts, inclined
access tunnels, or helical ramps. The depth chosen for the
ET, between 250 and 300 m, is a tradeoff between optimal
seismic noise attenuation and construction and maintenance
cost considerations (Amann et al. 2022). Several critical
factors influence the feasibility, cost-efficiency, and scien-
tific potential of a given ET site. These are addressed in the
following sections.

Ambient noise characteristics

The delimitation of potential sites for the Einstein Telescope
is based on the spatial distribution of different sources of
anthropogenic seismic noise and the attenuation effective-
ness of geological units. The reduction of seismic noise in
a low-frequency band (1-10 Hz) and related Newtonian
noise is the primary reason for siting modern gravitational
wave detectors below the Earth’s surface (Hild et al. 2011).
Anthropogenic seismic noise emission in this frequency
band is generated from various sources such as wind tur-
bines (WT) and wind parks (WP), road and railway traf-
fic, and industrial activities (Saccorotti et al. 2011; Neuffer
and Kremers 2017; Zieger and Ritter 2018; Brenguier et
al. 2019; Limberger et al. 2023). Although the amplitude
attenuation distance of such noise can span several kilome-
ters (Saccorotti et al. 2011; Zieger 2019), specific geologi-
cal units can significantly limit seismic wave propagation
(Boese et al. 2015; Zieger and Ritter 2018; Limberger et al.
2023). Preliminary seismic and Newtonian noise character-
izations were conducted in and around the Terziet borehole,
situated at the Dutch-Belgian border within the Euregio
Meuse-Rhine area. The results have shown that the charac-
teristic geology of 25—40 m thick, soft Cretaceous and Ceno-
zoic sediments on top of Paleozoic hard-rock sequences is
efficient in attenuating surface generated seismic noise by a
factor of up to 10* at a depth of 250 m (Koley et al. 2019,
2022), diminishing related Newtonian noise below required
sensitivity (Bader et al. 2022).

Geological and geotechnical characteristics

The construction of the underground infrastructures requires
stable ground conditions, where the choice of appropriate
excavation methods and excavation support depends mainly
on the rock mass characteristics and geotechnical proper-
ties. The spatial distribution and (mechanical) properties
of rock mass discontinuities, such as fractures, joints, and
fault zones, must be considered for discontinuity-controlled
block and wedge failure as well as stress-related deform-
ability processes for cavern and tunnel design. Local stress
conditions are closely related to the previously discussed
properties, as these define the stability of the access system

in weak ground and the likelihood of rock failure in the
brittle, hard rock sequence, where tunnels and caverns will
be situated.

Rock abrasivity and strength properties significantly influ-
ence the cutting performance of tunnel boring machines, as
well as the interaction between rock cutting tools and vary-
ing rock types, and related excavation costs (Teymen 2020;
Jeong et al. 2023). Abrasiveness, in particular, is directly
related to the wear rate of cutting tools (Jeong et al. 2023).

Karstic formations represent a significant engineering
challenge due to their complex heterogeneity and unpre-
dictable behavior (LaMoreaux 2019). Underground con-
struction in karst can be associated with several potential
hazards, including groundwater ingress, seepage, sud-
den groundwater inrush, subsidence, and cavern col-
lapse (LaMoreaux 2019). Limestone sequences from the
Cretaceous, Lower Carboniferous (Viséan), and Upper
Famennian (Frasnian) represent potential karst-bearing
lithologies. Due to intense folding and thrusting during
the Variscan orogeny, these Paleozoic units may occur at
tunnel and cavern depths, where karstification could pose
significant challenges. Additionally, karst features in Creta-
ceous strata may impact the design and placement of access
infrastructure.

Hydrogeological characteristics

The drainage requirements for the subsurface infrastruc-
ture will be primarily governed by the hydrogeological
properties of the rock mass, including hydraulic conduc-
tivity, porosity, storativity, hydraulic head differences, the
source of inflows, and their transient behavior. Groundwater
inflows must be carefully considered during both construc-
tion and operational phases, as they can disrupt activities
and introduce additional noise (Masset and Loew 2010;
Farhadian and Nikvar-Hassani 2019). Inflow volumes can
vary widely, especially in fault zones and karstified regions,
where magnitudes may differ by several orders (Amann et
al. 2020). Drainage systems themselves may contribute to
seismic noise through the operation of machinery and water
movement within rock fractures (Akutsu et al. 2018; Amann
et al. 2020). The construction of access facilities, tunnels,
and caverns may intercept two key aquifers:

(a) The Cretaceous formations form a hydraulically con-
nected aquifer system with high recharge potential and
permeability, particularly in the Gulpen and Aachen
Formations. These units contribute significantly to
regional groundwater flow, but may present challenges
due to local karst development and vulnerability to sur-
face contamination, especially where formations are
eroded or faulted (Laloux et al. 2000);

@ Springer
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(b) Paleozoic aquifers comprise both confined and uncon-
fined water-bearing units, typically within folded rock
strata and fault zones. While most Paleozoic rocks (e.g.,
shales and siltstones) possess low permeability; frac-
tures, fault zones, karstified carbonates, and in to minor
extend sandstones, exhibit high hydraulic conductivi-
ties, making them critical features in hydrogeological
assessments (Laloux et al. 2000).

Socio-economic criteria

The construction of ET infrastructures, extending over sev-
eral decades, will have significant and lasting impacts on the
surrounding environment. Vibrations from heavy machin-
ery, dust, spoil disposal, and the use of water and groundwa-
ter are just a few factors that can affect the local and regional
environment.

Socio-economic suitability and public acceptance are
closely linked to environmental preservation and protection
(Amann et al. 2020). Compliance with applicable directives
at the national and EU legal levels for preserved natural
areas can have various implications for construction proj-
ects such as the ET. In Europe, the interconnected network
of areas dedicated to preserving species and habitats, col-
lectively recognized as Natura 2000, is of significant impor-
tance (European Union 2019). In these areas, construction
activities may be restricted under Article 6 of the Habitats
Directive (92/43/EEC). Compatibility assessments for des-
ignated Special Areas of Conservation (SAC) and Special
Protection Areas (SAP) can determine the feasibility of
infrastructure development.

The construction of ET infrastructures may impact
regionally significant groundwater resources, particularly
the two major aquifer systems currently in use, both of
which are sensitive to disturbance and are hydrologically
interconnected with surface and subsurface flows.

Fig. 5 Simplified workflow of
general work packages conducted

Additionally, parts of eastern Belgium are known to host
Mississippi  Valley-Type (MVT) Pb-Zn deposits. These
deposits formed as a result of hydrothermal mineralization
within the Lower Devonian and Early Paleozoic basement
rocks, with mineralizing fluids ascending along SE-NW-
trending normal faults during post-Variscan tectonic activ-
ity linked to the European Cenozoic rift (Dejonghe 1998;
Evrard et al. 2018; Bevandic et al. 2020). Mineral precipita-
tion was further influenced by lithological contrasts, with
mineralization preferentially occurring where permeable
carbonates were bounded by less permeable shales or sand-
stones (Evrard et al. 2018). Any future subsurface exploita-
tion in these structurally and lithologically favorable zones
could pose a conflict of interest, and future mining activity
could be a potential source of underground noise, both of
which are critical considerations for the planning and opera-
tion of the ET.

Scope of investigations

The investigations conducted in the present study aim to
provide a preliminary characterization of the Euregio-
Meuse-Rhine (EMR) area, thereby contributing to feasi-
bility assessments and the identification of optimal siting
conditions for the Einstein Telescope. A general workflow
of the applied work steps is illustrated in Fig. 5.

Desk study
The perimeter of the potential area suitable for the planning
and construction of the ET was defined based on geographi-

cal information systems (GIS) with special emphasis on:

i. Geological conditions such as noise attenuating soft
sequences and major fault zones;

for the present study. Uniaxial
compressive strength=UCS,
Brazilian tensile strength=BTS,
Cerchar abrasiveness index=CAlI

1. Desk Study

e Literature review

e GIS-project

—» Site perimeter

2. Outcrop Study

e Structural mapping 4. Laboratory Investigations

® Drill core sampling .
e Geotechnical Core

Logging
3. In-Situ Bo.rehole e Rock Mechanical Testing
Investigations UCS. BTS. CAl
e Well Logging T

e Hydraulic Testing

® Stress Measurement
e Drill core sampling

Probabilistic Ground Behavior Prediction
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ii. Sources of seismic anthropogenic noise (such as wind
turbines, busy roads, railways);
iii. Natural preservation areas.

Buffer zones were established around potential sources of
seismic noise. A perimeter of 5 km was chosen for wind
turbines based on literature values (Saccorotti et al. 2011;
Zieger 2019).

Outcrop study

Geological, geotechnical, and structural data of the Paleo-
zoic rock masses as the prime target were gathered from
seven outcrops for first estimations on the overall rock mass
appearance with special emphasis on:

a. Occurrence, frequency, and spatial orientation of
fractures;
b. Basic rock mechanical properties.

Schmidt Hammer rebound tests (SH) were carried out on all out-
crop walls. Various basic rock mechanical tests were performed
on cylindrical rock samples drilled from the outcrop faces,.
Point load tests (PLT) were conducted following the standard
of the German Society of Geotechnics (DGGT) (Thuro 2010).
These tests are equivalent to those specified by ISRM. Uniaxial
compressive strength values (UCS) were calculated from the
derived point load indices (I;). The outcrops investigated for this
study are marked in Fig. 1. Basic outcrop information and the
respective methods applied are given in Table 1.

In-Situ investigations

Three 250 m deep boreholes, were drilled within the sit-
ing region. The Cottessen-1 borehole (Cot-1) was drilled

between October and December 2021. A water-flushed
triple tube core barrel was used to create a 252.8 m deep
borehole with a diameter of 146 mm. Non-oriented drill
cores with a diameter of 101 mm were continuously
retrieved from approximately three metres below ground
level. A second borehole (Ban-1) was drilled between
August 2021 and January 2022 in the Dutch munici-
pality of Banholt (Limburg). The uppermost~130 m
were drilled by using wet rotary drilling. Borehole cut-
tings were sampled every metre. Coring was conducted
between 130 m and 252 m. In the summer of 2023, a third
borehole in the vicinity of the Wallonian municipality of
Aubel was drilled (Aub-1) using a down-the-hole ham-
mer (DTH) from 0 to 150 m and double-tube core drilling
from 150 to 250 m. After drilling, a geophysical well log-
ging campaign was carried out in all boreholes, including
optical borehole televiewers (OPTV) and acoustic bore-
hole televiewers (ATV), natural and spectral gamma logs,
and formation resistivity logs.

Hydrogeological borehole properties were investigated
using straddle double packer systems in a well-testing cam-
paign. The test methods applied in different depth inter-
vals comprise pulse and slug tests, as well as injection
tests with a constant pumping rate. Vertical distributions
of hydrogeological properties (hydraulic conductivity (K)
for the borehole depths were established. Single and double
packer intervals were tested at various depths, depending
on the borehole conditions. Hydraulic stress measurements
(hydraulic fracturing (HF) and hydraulic testing of pre-
existing fractures (HTPF) were performed within the Cot-1
borehole to evaluate local stress conditions following ISRM
standard recommendations (Haimson and Cornet 2003).
Spatial analysis of the newly formed or propagated fractures
was conducted to determine stress directions using acoustic
televiewer data.

Table 1 Outcrop information of the investigated daylighting rock sequences and overview of the applied investigation methods for each outcrop.

SH=Schmidt Hammer, PLT=Point load Test

# Coordinates Age Formation Rocktype Applied Investigation
SH PLT Structural mapping Photo-grammetry

7 50°48°44"N  Westphalian Houiller (Westphalian A™®)  Sandstone v v v v
6°06°22"E

6 50°44’14"N  Namurian Houiller (Namurian A" Alternating Sandstone v/ v v 4
5°57°44"E /Claystone sequences

5 50°42°43"N  Viséan X Limestone v v 4 X
5°41°12"E

4 50°39°21"N  Viséan X Limestone v v v X
6°01°46"E

3 50°39’33"N  Tournaisian Landelies - B.R.b. Dolomite v v v X
6°01°42"E

2 50°42°01"N  Famennian = Condroz-Group Alternating Sandstone v/ v v v
5°48°01"E /Siltsone sequences

1 50°43°27"N  Frasnian Lustin Limestone v v v X
5°43°08"E (Frasnes Limestone?)

*¥German nomenclature
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Laboratory investigations

In a laboratory-based study, geotechnical core logging was
conducted, comprising evaluations of rock core qualities
(e.g., Rock Quality Designation index values (RQD). Basic
rock mechanical testing (UCS and BTS) was conducted on
outcrop samples and samples from the Aub-1 and Cot-1
boreholes following the standard proposed by DGGT (Lep-
ique 2022; Mutschler 2022). Abrasiveness values were
determined for outcrop and Cot-1 samples on rough-cut and
broken surfaces by applying Cerchar abrasiveness index
tests (CAI) following the DGGT suggested method (Késling
and Plinninger 2022). Mechanical and abrasiveness tests
were performed at the Chair of Geotechnical Engineering
and the Institute of Geomechanics and Underground Tech-
nology at RWTH Aachen University.

Probabilistic ground behavior model

A preliminary probabilistic ground behavior prediction for
a potential ET layout was established in accordance with
the directive for the geotechnical design of underground
excavations with cyclic and continuous excavation (OGG
2021). The geotechnical and hydrogeological data derived
from the investigations described above served as input
for the model. The geological sequences likely to be pen-
etrated by the individual tunnels were modeled using the
open-source geological modeling software Gempy (De
La Varga et al. 2019). Through the input of surface points
(e.g., stratigraphic boundaries) and orientation data (e.g.,
outcrop measurements), a surface-based model was first
built. Secondly, the stratigraphy at each coordinate of the
tunnel trajectories was extracted. The model is based on
the aforementioned boreholes, Aub-1, Ban-1, and Cot-1, as
well as existing boreholes studied during the desk study.
Stratigraphic units were simplified into groups of undif-
ferentiated “Cretaceous”, “Carboniferous”, and “Devo-
nian” rocks. The fault zone geometries for thrust faults
are variable, with dips ranging from 5° to 80°. In contrast,
normal faults associated with the Lower Rhine Graben pre-
dominantly show a steep (sub-)vertical dip (Cambier and
Dejonghe 2012). For simplification, NE-SW striking thrust
faults (assumed association with the Variscan orogeny)
were implemented with a dip at an angle of 50° towards
SE, while NW-SE striking normal faults (assumed associa-
tion with the rifting of the Lower Rhine Graben) dip at an
angle of 90°. Fault zones were assigned a thickness of 10
m for the fault core, while the damage zones on each side
of the fault were assumed to be 50 m wide (110 m total
width). Given this information, relevant intersecting faults
were linearly interpolated at the target depth (Chudalla et
al., in prep.).

@ Springer

Results
Area mapping and perimeter

The evaluation of a constrained site perimeter for inves-
tigations conducted as part of this study was achieved
using geographic information systems (GIS), with a spe-
cial emphasis on sources of ambient anthropogenic noise,
noise-attenuating soft geological units (Cenozoic and Cre-
taceous), the spatial extent of tectonic fault zones, and natu-
ral preservation areas. The results are presented in the maps
shown in Fig. 6.

Within the area of investigation, Cenozoic sediments
govern most parts of Southern Limburg (NL). These sedi-
ments overlie Cretaceous strata that dominate the northern
part of the mapped area in Belgium. The Cretaceous pinches
out towards the southeast and is limited to a southwest-
northeast trending line, roughly traceable along the cities of
Verviers, Chaineux, Welkenraedt, and Montzen (Fig. 6a). In
part, rivers such as the Guelle in the area of Kelmis carved
and eroded the Cretaceous cover, exposing the Paleozoic
basement. The same applies to the area South of Aubel and
Blegny. Geological fault zones of different tectonic origins
and nature spread across the mapped area (Fig. 6¢). They
show two major trends. Thrust faults such as the Aachen
thrust show a SW-NE strike, while normal faults strike pre-
dominantly SE-NW. SAC and SAP areas of the Natura 2000
network cover areas in Belgium, the Netherlands, and Ger-
many but mainly focus on the Dutch area of South Limburg
and the southeastern parts of the mapped Walloon region
(Fig. 6d). Sources of potential ambient anthropogenic noise
cover wide parts of the mapped area (Fig. 6¢). Traffic arter-
ies mainly connect the three urbanized regions of Aachen,
Maastricht and Li¢ge. The European route 40 (E40) connects
the cities of Aachen and Liege. A polyhedral area between
the major traffic pathways is crosscut by a W-E trending,
frequently used cargo railway. The HSL3 (French LGV3)
high-speed railway between Aachen and Liege largely fol-
lows the E40. Single wind turbines (WTs) and wind parks
(WPs) are strongly related to low ambient seismic noise
emissions in the frequency band of 1-10 Hz. While single
WTs are few within the mapped area, WPs align especially
along the German-Dutch and German-Belgian borders,
northwest and south of Aachen.

Following these investigations, the preliminary results
suggest that Dutch Southern Limburg, the Northern part
of the Walloon region, and Flanders are the most suitable
areas in that Limited seismic noise sources are extensively
covered by an attenuating geological cover of soft Cenozoic
and Cretaceous age formations.

The Einstein Telescope layout used in this study aimed
to fulfill both criteria while avoiding major fault zones and
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Fig.6 Results of the EMR GIS mapping campaign with thematic maps
related to different important ET site characterization criteria: (a) Spa-
tial extension of noise dampening Cretaceous and Cenozoic rock and
soil units; (b) Major sources of anthropogenic noise with buffer zones;
(¢) Mapped major fault zones (undifferentiated) (d) Nature conserva-
tion areas in accordance to the Natura 2000 classes Special Areas of

considering borehole locations, thereby providing a mean-
ingful dataset for future siting considerations.

Outcrop study

Seven outcrops with rocks of variable age and lithology
were studied. Cylindrical samples were drilled horizontally
from the rock faces of all outcrops for basic rock mechani-
cal tests. Investigated outcrops of Upper Devonian, Lower
Carboniferous, and Upper Carboniferous age are shown in

Conservation (SAC) and Protection (SPA). Fault zone abbreviations:
As.F. = Asse Fault, Tu.F. = Tunnel Fault, Ep.F. = Eupen Fault, Wal.F.
= Walhorn Fault, Mrs.F. = Morsenet Fault, Pb.F. = Plombiéres Fault,
La.F. = Laurensberger Fault, Ac.F. = Aachen Fault, Ed.F. = Eilendorf
Fault, Fb.F. = Feldbiss Fault, Sa.F. = Sandgewand Fault

Fig. 7. Representative cored samples are also presented. The
geotechnical in-situ data from Schmidt Hammer and Point
Load Tests are summarized in Table 2.

Frasnian limestones outcrop in an abandoned quarry near
the municipality of Dalhem (BE). They exhibit an irregu-
lar assemblage of discontinuities, resulting in the forma-
tion of polyhedral blocks. Due to this random distribution,
no prominent spatial orientation could be derived. Drilled
samples show frequent recrystallized calcite veins on a
centimeter scale and thicknesses between millimetres to a
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Upper Carboniferous

Upper Devonian

Fig.7 Outcrops with daylighting rocks of variable age investigated for
this study with exemplary drill core samples of: (a) Namurian cross-
bedded sandstone-siltstone-shale sequences in Plombiéres (BE); (b)
Westphalian, weathered sandstones in the Wurm valley (GER); (c)
Outcrop wall of the Carnol quarry (BE) with bedded dolo- and lime-

few centimetres (Fig. 6d). Schmidt Hammer rebound values
(SRV) indicate high mean UCS values of 170 MPa, while
the mean UCS derived from point load tests (PLT) suggests
a lower UCS of 106 MPa.

Upper Devonian sandstone-siltstone alterations of the
Famennian Condroz Sandstone Group outcrop in a road
cutting close to the Abbey of Val-Dieu (BE) (Fig. 7¢). The
approximately 1 m thick sandstone beds show frequently
interbedded silt- and claystone layers. Discontinuities
are traceable on a decimetre-to-metre scale, resulting in
a blocky outcrop appearance. The spatial orientations of
discontinuities were determined using a photogrammetric

@ Springer

stones of Tournaisian and Viséan age; (d) Frasnian limestones close to
the municipality of Dalhem (BE); (e) Sand- and siltstone alterations of
the Famennian Condroz Group from a roadcut in vicinity of the Val-
Dieu abbey (BE)

model. The most prominent discontinuity set shows an over-
all WNW-ESE strike, a moderate dip towards the North,
and is interpreted as bedding. Two additional joint sets, with
overall NW-SE and NE-SW directions, dip at 79° and 75°,
respectively, and cross-cut the bedding. Lower hemisphere
Schmidt projections display the mean spatial orientation of
these sets (Fig. 8b). Both the Schmidt Hammer and PLT
indicate very high UCS values exceeding 200 MPa.

Lower Carboniferous dolostones and limestones out-
crop within the Carnol quarry near Kettenis (BE) (Fig. 7c).
SW-NE striking, bedding parallel discontinuities spaced at
approximately 1 m, dipping at a mean of 48° towards SE. The
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steep dip reflects intense Variscan folding. A SW-NE strik-
ing, joint set that shows a NW-directed 52° mean dip cuts the
bedding parallel discontinuities almost perpendicularly. Rock
strength, as indicated by the Schmidt Hammer and PLTs, is
considered high, with calculated mean UCS values of 188
MPa and 155 MPa, respectively. Detailed lithostratigraphic
interpretations of the Carnol quarry are given by Poty (2016).

Viséan limestones investigated on an outcrop southwest
of the municipality of Richelle (BE) indicate SRV and PLT-
based UCS values of 115 MPa and 87 MPa, respectively.
However, structural measurements of discontinuities were
not possible due to dense vegetation.

Cross-bedded sandstones and claystones, outcropping
on a steep, SE-dipping rock face within the municipality
of Plombicres, represent parts of the Namurian sections of
o the Houiller Group (Walter 2010) (Fig. 7a). The outcrop
displays a strongly folded synclinal structure. In the south-
ern part of the outcrop, the synclinal hinge is exposed, as
indicated by the nearly horizontal orientation of the bed-
ding. Samples were taken from the southern outcrop area,
where persistent bedding parallel discontinuities are spaced
at between 70 cm and 100 cm. Their spatial orientation is
almost horizontal, with a very slight dip of ~2° towards the
southeast. Occasional subvertical discontinuities with an 82°
mean dip towards ESE (110° mean dip direction) are present.
The strength of the sandstone is very high (>200 MPa), as
determined by both Schmidt Hammer and PLT tests.

Within the Wurm valley, South of Wiirselen (GER), the
brownish-weathered sandstone beds of the Westphalian dip
steeply towards the southeast (Walter 2010) (Fig. 7b), and
bedding-parallel joints (J2) are spaced at 50-100 cm. The
bedding is cross-cut by two distinct joint sets, of which
one dips with a mean dip of 78° towards WSW (J1), while
the other set strikes SE-NW and dips at 65° towards NE
(J3). Schmidt Hammer and PLT results indicate high rock
strength of 165 MPa and 191 MPa, respectively.

Dolostone,

UCS™ [MPa]

191
203
87

155
260
106

98

10

Sandstone; Dst

Nb

9

6

6

8

11

2

Standard deviation, Nb.=Number of conducted tests, Uniaxial compressive strength (UCS™) calculated from Schmidt Hammer rebound values (SRV) and UCS™ calculated from point load

tests (PLT)

Limestone, SSt
Mean+SD
8+4

9+3

4+1

T+1

4+1

11+3

4+1

Max.
16
13
14

I, [MPa]

Min
3
3
2
5
2
8
2

UCS™ [MPa]

165
>200
115
188
196
>200
170

Nb
30
30
1
30
30
30

Mean+SD
56+7
66+7
44+10
55+11
55+8

63+8
54+10

Max
69
77
60
76
68
77
69

Borehole characteristics

The Aub-1, Ban-1, and Cot-1 boreholes were investigated
using several in-situ methods, including geophysical well
logging, hydraulic packer tests, and hydraulic stress mea-
surements. Sample material was retrieved as cuttings and/or
drill cores. The reported lithologies are derived from natural
gamma ray, resistivity, and sonic-wave-velocity logs as well
as cutting and core logging. Lithostratigraphic borehole pro-
files, along with the gamma ray logs (GR), are given in Fig. 9.

SRV
Min
43
50
28
30
36
44
39

Lithology
Sst
Lst
LSt
Dst
st
LSt

Aubel-1

Age
Westphalian
Namurian
Viséan
Viséan
Tournaisian
Famennian
Frasnian

Based on cuttings and core logs, the uppermost 20 m of the
Aub-1 borehole consisted of Namurian shale. From 20 m

Table 2 Summary of geotechnical outcrop investigations. The stated UCS values were derived from the respective investigation method. LSt

SD
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Fig. 8 Lower hemisphere equal area projections of the major disconti-
nuity sets from: (a) the Val-Dieu road cut (BE); (b) the Carnol quarry
(BE); (¢) Westphalian sandstones within the Wurm valley (GER). Data

to 27 m, a brecciated interval marked the transition to the
Lower Carboniferous. This was followed by light grey lime-
stone, attributed to the Viséan, extending to a depth of 45 m.
Between 45 m and 50 m, a shale unit indicated the onset of
Upper Devonian strata. Well-logging was performed from
150 m below ground level, where gamma ray logs indicated
an alternating sandstone-siltstone-shale sequence, with GR
readings varying on a decimetre-to-metre scale (Fig. 9a).
Stratigraphically, the logged borehole section was assigned
to the Upper Devonian (Famennian) Montfort Formation.
Structural discontinuity mapping was performed based on
optical and acoustic televiewer data. Three distinct discon-
tinuity sets were revealed, of which the most prominent set
is interpreted as bedding with a moderate dip towards SE
and a mainly SW-NE strike. Bedding parallel open joints
occurred throughout. A second, steeply dipping discontinu-
ity set strikes NNE-SSW, and a third strikes WSW-ENE.
A general decrease in fracture density was observed with
depth.

The core material retrieved from Aub-1 showed mostly
good rock quality with RQD values mainly>75%, but poor
quality core (RQD<50%) was present from 149.7 m to
154.7 m and from 166.77 m to 172.7 m, potentially corre-
sponding to two minor fault zones.

Banholt-1

The Ban-1 borehole was drilled with a metal casing from
ground level to a depth of approximately 200 m to maintain
ground stability. Well logs are limited to the lowermost 50 m.
Geological interpretations of the upper 200 m are limited to
the natural gamma ray readings, cuttings, and drill cores. A
zone of moderately compacted soil within the uppermost 21
m was followed by light greyish to yellowish, flint nodule-
bearing chalk between 21 m and 43 m. From 43 m down-
wards, a gradual color shift to darker greyish/greenish and
a slight increase in gamma readings indicate a progressive
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for (a) and (c) was generated with a photogrammetric survey, while the
spatial data for (b) was taken via scan-line mapping

Density concentrations

S

increase in glauconite content. Glauconitic, greenish marls
with a large number of belemnite fossils at a depth of 62—63
m resulted in a distinct GR peak. Dark greyish to dark green-
ish marly rock units dominated the borehole lithology down
to a depth of 138 m. Representative cutting samples from
various depths are presented in Fig. 10. The lithological suc-
cession between 21 m and 138 m is interpreted as part of the
Cretaceous Gulpen formation. Between 138 m and 146 m,
varying GR values (ranging from ~20 to 79 API) indicated
sandy-silty alterations, and the drill cores were of poor qual-
ity, with frequent core losses in a centimetre-to-metre range.
Preserved core segments revealed greenish-colored, muddy
siltstones between 138 m and 140 m, and coarser-grained,
greyish to brownish siltstones and sandstones between 140
m and 142 m. Chemical reactions with hydrochloric acid
indicated a slight to moderate carbonate content. Core seg-
ments of brown, sandy conglomerate appeared between 143
m and 144 m. The borehole section between 138 m and 145
m was assigned to the Cretaceous Vaals formation (Bless et
al. 1986; Walter 2010). Below this, a distinct increase in the
gamma-ray readings (up to 327 API) indicated the transition
to a shaly rock, and cores between 146 m and 148 m showed
a color transition from pale red to dark grey (Fig. 10b).

Below 152 m, moderately fractured dark grey to black
cores were present. Brown staining, typical of that produced
by weathering of pyrite and pyrite concretions, was present
in places throughout the shales. Coal seams were present in
places. The borehole section between 148 m and the bot-
tom hole is interpreted as part of the Upper Carboniferous
Baarlo Formation.

Acoustic borehole televiewer logs (ATV) showed a major
trend of S-N striking discontinuities with a shallow E-wards
dip, which is interpreted as bedding. A second discontinuity
set with a steeper W-ward dip was spaced at approximately 1
m. The fracture density varied between 0 and 14 fractures/m
with a mean of 4.7 fractures/m. The clayey nature of the
rock led to the rapid formation of drying-induced cracks
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Fig.9 Lithostratigraphic borehole profiles and GR signals of the bore-
hole (a) Aub-1, (b) Ban-1, and (¢) Cot-1. Italic numbers on the depth
scale give the total elevation of the respective borehole location in

and fractures, mostly occurring parallel to each other. Rapid
swelling and gypsum precipitation led to significant material
decomposition in certain core sections. RQD values varied
throughout the core run, with a mean of 47%, which is con-
sidered poor. The fragile nature of the cores prevented the
collection of samples suitable for mechanical rock testing.
Anyhow, Schmidt hammer rebound values ranging from 8
to 44 indicated potential Uniaxial compressive strengths of
between 15 MPa and 55 MPa, with an assumed rock unit
weight of 26 kN/m?.

Cottessen-1

The Cot-1 borehole encountered loose surficial sediments
within the upper three metres, underlain by weathered and
disintegrated bedrock. From this point down to approxi-
mately 31.7 m depth, the lithology comprised homogeneous

Chalk
Mudstone Sandstone-Siltstone-Shale alternations

Flint nodule bearing Chalk

E Limestone

meters above sea level (masl). LC=Lower Carboniferous, UC=Upper
Carboniferous, NG=Neogene

grey-black shale, displaying a subtle coarsening-upward
trend as suggested by the gamma ray log. A transition to
grey, strong sandstone resulted in a distinct gamma ray
drop to a minimum value of 2 API. Quartz-filled veins were
present in places. Between 35 m and approximately 49 m,
a sandy shale lithology was predominantly present. The
stratigraphic interval between 3 m and 49 m in the borehole
is attributed to the Namurian (Walter 2010). Between 35 m
and 49 m, the bedding dipped at ~17° towards the South.
From 49 m down to the final depth of 251 m, the Cot-1
borehole was drilled through sandstone-siltstone alterations,
partly intersected by shale layers. Gamma ray readings indi-
cated distinct lithological changes on a small centimetre to
metre scale. The alternating sandstone-siltstone lithology
was interpreted as part of the Upper Famennian Condroz
Group, with bedding planes exhibiting a SW-NE strike and
a mean dip of approximately 15° towards the southeast.
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Fig.10 (a) Cutting samples from the Ban-1 borehole. Samples between
18 m and 90 m are assigned to the Cretaceous Gulpen Formation. At
approximately 62 m a layer of glauconitic, green sandstone contains

The rock mass penetrated by the Cot-1 borehole was highly
fractured with partly > 10 fractures/m (e.g., 177-178 m) and
an opening width of up to several decimetres (e.g.,~ at 73
m). Joints occurred predominantly along bedding planes.
Additionally, two distinct joint sets occurred throughout the
borehole run, both of which show a SE-NW strike, with one
dipping 62° towards NE and the other 74° towards SW.

The integrity of the extracted rock cores was highly
variable, with joints, faults, and other fractures occurring
irregularly along the borehole’s length. While two predomi-
nant joint sets were identified, the distribution of fractures
was discontinuous and unpredictable in depth, resulting in
widely varying RQD values that ranged from excellent to
very poor, but predominantly indicated poor to fair rock
quality. With an RQD-mean of 50% from the individual
values, the rock mass was transitional between poor and fair
rock quality. The results of RQD evaluations from all bore-
holes are summarized in Fig. 11, where the individual RQD
categories are plotted against their frequency of occurrence.
Figure 12 provides an overview of spatial discontinuity
properties from all three boreholes, derived from acoustic
and optical borehole televiewer data.

Hydrogeological conditions
Existing hydraulic data from pumping and infiltration tests
conducted mainly in shallow wells penetrating Cretaceous,

Carboniferous, and Devonian strata (Laloux et al. 2000)
were available for the Walloon part of the wider E-TEST
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many Belemnite fossils. (b) Drill cores from the Ban-1 borehole show
a clear transition of lithologies

area and the Soumagne train tunnel on the Brussels-Cologne
high-speed train line SW of the E-TEST area. The Soumagne
tunnel data were derived from hydraulic tests conducted in
geotechnical pre-drillings and estimates of water inflow into
the tunnel shortly after excavation, and are restricted to the
Carboniferous units (Janssens et al. 2005).

Estimating mean values for hydraulic parameters is unre-
liable due to the limited amount of data obtained and the
preferential siting of wells in permeable formations, includ-
ing intersections of multiple faults, fault zones, and fracture
zones, therefore, only ranges of transmissivities/hydraulic
conductivities are quoted. The shallow depth of the wells
prevents any trend with depth from being revealed. The
hydraulic properties of the Cretaceous cover rocks depend
on:

i. the degree of fracturing of consolidated sediments such
as the chalks of the Gulpen Formation with transmis-
sivities of between 1x 107> m?/s in fractured chalk and
1x 107 m%s in intact rock;

ii. the proportion of fine-grained sediments such as silt and
clay in the sequence, with transmissivities of 1x107°
m¥s for clay- or silt-rich sediments and 1 x 10~ m?/s for
sandy formations.

In comparison, the transmissivity of Paleozoic rock is
predominantly dependent on the degree of fracturing and
karstification of carbonate rocks. Karstified Carboniferous
limestone yields transmissivities of up to 3x107! m?s.
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Fig. 11 Rock quality designation (RQD) category distributions of the
investigated boreholes. While the boreholes Ban-1 and Cot-1 show
frequent drill cores of very poor and poor quality, the cores retrieved
from the Aub-1 borehole can generally be considered of good quality

Fractured but unkarstified limestone, fractured shales, and
sandstones yield transmissivities of between 6x 10”7 m?¥/s
and 3x 10”3 m¥s. Increased transmissivities have also been
observed along fractures. High inflows, correlated with
lineaments inferred from high-resolution digital elevation
models (DEM) at the surface-projected Soumagne tunnel
trajectory, also roughly correlated with main valleys, sug-
gesting a strong link between subsurface fractures, surface
topography, and water flow paths. Inflows of up to 1.5
m*/m/h were recorded, correlating with hydraulic conduc-
tivities between 2% 107® m/s and 1x 107> m/s. The records
were truncated at a minimum inflow rate of approximately
6 x 10" (—2) m*/m/h, corresponding to 1 x 10" (—=8) m/s.
The three boreholes, Cot-1, Ban-1, and Aub-1, were tested
hydraulically using a double-straddle packer system in mul-
tiple intervals. The results are plotted against the respective
depth of the test interval in Fig. 13. The Cottessen borehole
was sited some 30 m above the ENE-WSW oriented valley
of the torrent Cottesserbeek. The sharp valley flank contin-
ues beyond the tributary to the Gueule River. The borehole
logs indicate that the primary orientation of discontinuities,
such as faults and fractures, strike NE-SW, which corre-
lates with the orientation of the Cottesserbeek Valley and
its Westward continuation. Thus, hydraulic conductivities
of 6x1077 m/s to 1x107° m/s estimated analytically by

curve matching and straight-line approximations from slug
and active/passive phases of injection tests for the Devo-
nian sandstones and siltstones represent conditions from a
steeply dipping NE-SW to ENE-WSW striking fault zone.
Piezometric heads remained consistently 2 to 3 m below the
ground surface (mgbs) throughout the tested depth interval
(35 to 240 mbgs), indicating strong hydraulic connectivity
within the fault zone and the absence of a significant ver-
tical head gradient. The Ban-1 borehole was tested below
the steel-cased section at 200 mbgs in six intervals of vari-
able length and depth. Packer placement was limited to the
zone of intact claystone between 200 mbgs and 230 mbgs.
Tests for intervals between a single-packer and the bottom
of the hole facilitated tests over a larger depth range. Vari-
ous pulse, slug, and constant flow rate injection tests were
applied. The results show hydraulic conductivities between
2x107' m/s and 8x10~° m/s. The piezometric head was
measured before the test program at a depth of 56 mbgs.
Hydrogeological tests for 150 mbgs in the Aub-1 borehole
show comparably high hydraulic conductivities as in the
Cot-1 borehole, with values ranging between 2% 107> m/s
and 3x107® m/s. Constant piezometric heads were mea-
sured between 8 and 9 mbgs.

The piezometric heads measured in the wells in S-Lim-
burg and along the Soumagne trajectory show a ground-
water surface that mostly follows the topography within a
100-150 m distance in the hillier S and a few meters to a
few decameters in the shallower N.

Geotechnical conditions

The results of a total of 20 uniaxial compressive strength
tests and 40 Brazilian tensile strength tests on samples from
all the outcrops are presented in Fig. 14; Table 3. Mean UCS
values range between 107 MPa for Viséan limestones from
Richelle and 373 MPa for quartzitic, Namurian sandstones
from Plombiéres. BTS mean values range from a minimum
of 6 MPa for Frasnian limestone to a maximum of 29 MPa
for the sandstone. Laboratory investigations on the core
material from Aub-1 and Cot-1 comprise 28 UCS and 38
BTS tests on sandstone and siltstone samples. Sandstone
samples from the Aub-1 borehole exhibited uniaxial com-
pressive strengths ranging from 114 to 266 MPa, with a
mean of 172 MPa. The siltstone possessed a mean strength
of 95 MPa with values between 42 MPa and 134 MPa. BTS
tests gave a range of values between 11 MPa and 22 MPa
with a mean of 16 MPa for sandstone samples. Siltstones
were tested with results between 6 MPa and 21 MPa and a
mean of 12 MPa. 15 sandstone and siltstone samples from
various depths of the Cot-1 borehole were tested. UCS
values for nine tested siltstone samples range between 35
MPa and 155 MPa, with a mean of 72 MPa. Six sandstone
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Fig. 12 Discontinuity characteristics of the boreholes: a), b), and c¢) projections of discontinuities for the respective boreholes are given in
show fracture densities plotted against the borehole depth per metre d), e), and f). The dominant fracture set JN1 is assumed to be bedding-
for Aub-1, Ban-1, and Cot-1, respectively. Additionally, the mean frac- parallel for all boreholes

ture density is indicated for each borehole. Lower hemisphere stereo
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Fig. 14 Results of (a) UCS and (b) BTS tests on samples from Aub-1,
Cot-1 and outcrops. Fras=Frasnian, Fam=Famennian, Tour=Tour-
naisian, Vis=Viséan, Nam=Namurian, Wes =Westphalian, SisT = Silt-
stone, Sst=Sandstone, Lst=Limestone, Dst=Dolostone. Vis A refers

samples from Cot-1 showed a uniaxial compressive strength
between 27 MPa and 275 MPa with a mean UCS of 132
MPa. BTS values were determined on a total of 24 samples
where nine siltstone samples had values of between 4 MPa
and 8 MPa, with a mean of 6 MPa, while sandstone samples
ranged between 9 MPa and 22 MPa with a mean of 16 MPa.

Most lithologies display characteristic ranges in both ten-
sile and compressive strength. Lower strength values were
frequently associated with shear failure along pre-existing
planes of weakness, such as joints and fractures (Fig. 15a),
resulting in notable reductions in peak strength compared

to the Viséan limestone samples from the Carnol quarry, Vis B to those
from Richelle. Val-Dieu indicates the Famennian sandstone samples
from the road-cut in Val-Dieu

to intact rock samples. Additionally, samples exhibiting
signs of weathering, such as discoloration, as observed in
the Westphalian sandstones from the Wurm Valley outcrop,
also demonstrated reduced strength (Fig. 15¢). Figure 15b/d
show samples of Condroz Sandstone and Westphalian sand-
stone, respectively which showed the maximum UCS.
Cerchar Abrasivity Index tests (CAI) were conducted
on cut and broken surfaced Famennian samples from the
Cot-1 borehole and on samples from outcrops (Fig. 16). The
results varied between 0.28 and 5.75, representing extremely
low to extremely high values. In particular, the Famennian
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Table 3 Summary of UCS and BTS test results on samples from outcrops, Aub-1, and Cot-1 boreholes. Fras=Frasnian, Fam=Famennian,
Tour=Tournaisian, Vis= Viséan, Nam=Namurian, Wes=Westphalian, SisT=Siltstone, Sst=Sandstone, Lst=Limestone, Dst=Dolostone. Vis Lst
A refers to the viséan limestone samples from the carnol quarry, Vis Lst B to those from Richelle

Stratigraphic Sample ref. UCS [MPa] BTS [MPa]

unit Min. Max. Mean+SD Nb. Min. Max. Mean+SD Nb.
Westphalian Wes Sst 77 130 104+22 3 43 17.4 9.5+4.7 6
Namurian Nam Sst 370 377 373+4 2 20.4 37.2 29.1+£6.9 3
Viséan Vis Lst A 156 242 186+39 3 3.9 9.0 7.5%1.7 6
Viséan Vis Lst B 82 127 10619 3 43 7.1 6.0£0.9 6
Tornaisian Tour Dst 128 172 143421 3 7.1 14.3 10.0£2.5 7
Famennian Fam Sst 76 141 1194317 3 13.6 16.1 15.0+£1.0 3
Famennian Aub-1 Sst 114 266 172+47 9 10.7 222 16.3£3.5 8
Famennian Aub-1 Sist 42 134 95434 4 5.6 20.8 11.5£5.7 4
Famennian Cot-1 Sst 27 275 133+77 6 9.2 21.5 16.3+3.2 15
Famennian Cot-1 Sist 35 155 72+39 9 1.7 8.3 5.7+1.7 11
Frasnian Fras Lst 93 130 109+16 3 3.7 6.9 5.7+1.1 8

Sandstone exhibited high abrasiveness. Viséan limestone
from both investigated outcrops possessed the lowest abra-
siveness, ranging from extremely low to low CAL Siltstone
samples from the Cot-1 borehole also possessed extremely
low abrasiveness, but a wider range, with CAI values in the
medium category. Famennian sandstone from the investi-
gated road cut and the Cot-1 borehole showed very high
abrasiveness. The borehole samples exhibit a wide range,
from low to extremely low, with a mean CAI value that can
be categorized as very high.

Regional stress conditions

In situ stress data from the area of interest are limited, espe-
cially regarding stress magnitudes. Regional stress data
from shallow to intermediate depths, as needed for plan-
ning ET infrastructure, are absent. Nevertheless, various
authors report a general SE-NW directed maximum hori-
zontal stress (SH) for Central Europe (Miiller et al. 1992;
Heidbach et al. 2018; Morawietz et al. 2020; Ahlers et
al. 2021a). The data presented in Fig. 17 from the World
Stress Map project (WSM) for the area are mainly based
on earthquake focal mechanisms (Trautwein-Bruns et al.
2010; Reiter et al. 2016). A recent crustal 3D stress state
model for Germany encompasses the current area of inves-
tigation and substantially supports the aforementioned trend
of a SE-NW directed trend for Sy (Ahlers et al. 2021b).
The same applies to borehole breakout-based in-situ stress
analyses carried out by Trautwein-Bruns et al. (2010) within
the RWTH-1 well in Aachen, where quoted minimum and
maximum horizontal stress gradients were 0.019 MPa/m
and 0.038 MPa/m, respectively.

Hydraulic Fracturing (HF) and Hydraulic testing of pre-
existing fractures (HTPF) were conducted in the Cot-1
borehole to estimate the in-situ stress conditions at shal-
low to intermediate depths. However, the fracture density
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within the Cot-1 borehole limited the packer and interval
positions for the tests. High hydraulic conductivities further
restrained the tests. Tests at five intervals for depths of 66.2,
116.8, 127.3, 135.8, and 221.7 mbgs were performed. The
testing did not reveal a distinct fracture initiation. Tests at
66.2, 116.8, 127.3, and 135.8 mbgs entailed hydraulic stim-
ulation of pre-existing fractures without distinct breakout
events. The limitations of the dataset prevent the derivation
of the principal horizontal stress components. However,
normal stresses (o,) on stimulated fracture planes show a
depth-dependent increase from 1.3 MPa to 2 MPa between
66 m and 135.8 mbgs. In the test section at 221.7 m, the high
hydraulic conductivity prevents a reliable derivation of o,.
The vertical stress component (o,) was calculated with an
assumed rock mass density of 2.5 g/cm®. The vertical and
normal stresses evaluated from the measurements are pre-
sented in Table 4, expressed in terms of test depth.

Probabilistic ground behavior

The Austrian Society of Geomechanics defines the ground
type as a homogenous rock mass in terms of parameters such
as rock type, rock strength and deformational behavior, the
discontinuity network and properties, and hydraulic prop-
erties. Hence, different ground types exhibit varying char-
acteristics that influence their behavior (OGG 2021). The
ground behavior type (BT) refers to the response of the rock
mass to the excavation of the entire cross-section, consider-
ing the ground type(s) but without considering sequential
excavation and support measures (Solak 2009; OGG 2021).
The general ground behavior types defined by OGG (2021)
are shown in Table 5.

Probabilistic ground behavior predictions for a potential
ET layout with tunnels connecting the boreholes Aub-1,
Ban-1, and Cot-1 were established. Geological, geotech-
nical, and hydrogeological data from this study served as
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Discoloration due

to weathering

Fig. 15 Examples of uniaxial compressive strength (UCS) samples of
Condroz Sandstone from Cot-1 (a/b) and from the Wurm valley out-
crop (c/d). Samples a and ¢ showed the minimum and b and d the max-
imum strength values for their respective lithologies. (a) Structural
failure along recrystallized veins led to a greatly reduced peak strength
compared with other samples of the same lithology, (b) Condroz sand-

stone sample from Cot-1 with the highest measured UCS value for
this lithology, (¢) Sandstone sample from the Wurm valley outcrop
that showed brownish discoloration due to weathering, resulting in
the lowest measured UCS of this lithology and (d) Grey unweathered
sample of sandstone from the Wurm valley outcrop that showed the
highest measured UCS of this lithology
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Fig. 17 Stress conditions within 697950E 712800E 727650E
the investigation area. Regional ! N y
stress trends taken from the N
WSM (Reiter et al. 2016) with ® A
an indication of the methods Maastricht

used. The marker-lines indicate
the general stress direction of
maximum horizontal stress
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Table 4 Results of the hydraulic stress measurements within the Cot-1
borehole. o, =vertical stress component, 6, =normal stress on stimu-
lated fracture plane, HTPF =Hydraulic testing of pre-existing fractures

Depth [mbgs] o, [MPa] G, [MPa] Test type
66.2 1.6 1.3 HTPF

116.8 29 1.8 HTPF

127.3 3.1 2 HTPF

135.8 33 2 HTPF

221.7 5.4 X Step rate test

input for defining the individual ground types. The geologi-
cal sequences likely to be penetrated by the individual tun-
nels were sampled at 10-m intervals from an unpublished
geological model of the region (Chudalla et al., in prep.).
At this stage of the project, major uncertainty remains,
with knowledge-based uncertainty (epistemic uncertainty)
prevailing, as different geological scenarios with strongly
contrasting structural implications exist. Furthermore, sto-
chastic uncertainty is inherently included in the available
input data (Wellmann et al. 2010). As more knowledge
about the subsurface is gained, both sources of uncertainty
will be reduced, but not eliminated; therefore, the ongoing
work needs to maintain careful tracking and modeling of
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uncertainties. Given the current state of data availability,
the authors consequently chose a less complex and more
generalizable model. For the same reason, the fault zones
are assumed to have one of only two possible dip angles.
The authors acknowledge that this model does not fully
encapsulate the complexity of the expected ground condi-
tions; new information can be used to update both the struc-
tural geological model and the geotechnical model based
on it. Furthermore, uncertainty estimates based on model
input can be obtained by automatically computing different
3D model realizations and using Monte Carlo simulations
(Wellmann et al. 2010). In this approach, the probabilities
of the occurrence of each stratigraphy at a particular point
can be specified. This workflow is applicable even for struc-
turally complex models (see Brisson et al. 2023); however,
it is beyond the scope of this study and will be published
separately.

The ground types for the ground behavior model were
defined based on lithological and stratigraphic boundaries,
as well as geotechnical properties. Mean intact rock proper-
ties were derived from the laboratory investigation of this
study (o, 6,, v, E, v). The Hoek-Brown constant values (m,)
were estimated based on Hoek (2007). Where available, the
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Table 5 General categories of ground behavior types and potential

resulting failure modes (from OGG, 2021)

Behavior Type (BT) Description of potential failure modes/mech-
anisms during excavation of the unsupported

rock mass
1 Stable Stable rock mass with the potential of small
local gravity-induced falling or sliding of
blocks
2 Discontinu-  Deep-reaching, discontinuity-controlled,
ity-controlled gravity-induced falling and sliding of blocks,
block failure  and occasional local shear failure occur
3 Shallow Shallow stress-induced brittle and shear fail-
stress-induced ures in combination with discontinuity and
failure gravity-controlled failure of the rock mass

4 Deep-seated
stress-induced
failure

5 Rock burst

Deep-seated stress-induced brittle and

shear failures in combination with large
displacements

Sudden and violent failure of the rock mass,
caused by highly stressed brittle rocks and
the rapid release of accumulated strain energy

6 Buckling Buckling of rocks with a narrowly spaced

failure discontinuity set, frequently associated with
shear failure

7 Shear failure  Potential for excessive overbreak and pro-
under low gressive shear failure with the development
confining of chimney type failure, caused mainly by a
pressure deficiency of side pressure

8 Ravelling Flow of cohesionless dry or moist, intensely
ground fractured rocks or soil

9 Flowing Flow of intensely fractured rocks or soil with
ground high water content

10 Swelling Time-dependent volume increase of the rock

mass caused by physical-chemical reaction
of rock and water in combination with stress
relief, leading to inward movement of the
tunnel perimeter
11 Frequently
changing
behavior

Rapid variations of stresses and deformations
caused by heterogeneous rock mass condi-
tions or block-in-matrix rock situations of a
tectonic melange (brittle fault zone)

borehole-derived geotechnical data (Famennian rocks) were
used. GSI values were derived from the well-known char-
acterization chart for blocky rock masses first introduced by
Hoek (1994) and extended by Marinos and Hoek (2000).
The friction angle (¢) and rock matrix cohesion (c) were
calculated using the Mohr-Coulomb criterion, as described
by Hoek et al. (2002). A conservative approach was cho-
sen for geotechnical input parameters, assuming the lowest
geotechnical properties for each stratigraphic unit. Spatial
fracture orientations were implemented based on the struc-
tural evaluations from outcrops and boreholes. Major fault
zones (on the km scale and visible on the map) were char-
acterized in terms of the fault damage zone (FDZ) and the
presence of fault gouge (FG). Fault zone geometries (dip-
angle and displacement) were derived from (Cambier and
Dejonghe 2010, 2012) and projected from the surface to the
tunnel line. For simplification, Variscan thrust faults were

modeled with a general dip angle of 50°, whereas for the
younger NW-SE striking normal faults, it was assumed that
they were subvertical (Cambier and Dejonghe 2010, 2012).
Major thrust faults in the vicinity of the proposed ET layout,
such as the Morsenet fault, exhibited displacements of up
to 1,000 m. However, the displacements reported by Cam-
bier and Dejonghe (2010, 2012) spanned a wide range, from
10 m to several kilometres. FDZ and FG thicknesses were
estimated at 100 m and 10 m, respectively, based on the cor-
relations between fault displacement and FDZ/FG thickness
reported by Torabi et al. (2019) and Torabi and Berg (2011)
for siliciclastic rock, with an assumed displacement of 250
m.

Table 6 presents the different geotechnical intervals from
the present study, where bold-italic lettering indicates the
geotechnical intervals considered for the ground behavior
modeling approach. The Devonian rock masses are repre-
sented by the investigated siltstone units from the Cot-1
borehole, and the Carboniferous rock masses are composed
of Westphalian sandstone. Figure 18 shows the tunnel align-
ment for each tunnel section, the actual interpretation of the
geological unit, and the resulting ground behavior types.

Regarding the current status of the geological model and
the proposed tunnel alignment, the ET tunnels would pre-
dominantly penetrate Upper Devonian rock masses. Non-
faulted Devonian rock sequences show ground behavior
type one, corresponding to stable ground conditions. Tun-
nel sequences penetrating Upper Carboniferous rock units
are characterized by ground behavior types of class two,
representing the potential of discontinuity-controlled block
and wedge failure. Fault zones show a combination of the
ground behavior types four, eight, and eleven. In general,
the ground behavior modeling results give a first idea of
the response of the subsurface to excavation processes and
emphasize (a) the necessity of block and wedge support for
sections of the ET tunnels and (b) unstable ground condi-
tions in the vicinity of fault zones, and especially in caverns.

Implications for the Einstein telescope

Identifying a suitable site for constructing and operating
the third-generation gravitational-wave observatory, the
“Einstein Telescope,” involves a complex set of criteria. In
contrast to conventional underground infrastructure, such
as traffic tunnels or gas and oil storage facilities, additional
constraints must be considered, primarily governed by the
demand for a quiet subsurface environment, particularly
regarding ambient noise. Proximity to sources of anthropo-
genic noise must therefore be avoided. At the same time,
soft geological units provide attenuating characteristics,
which benefit undisturbed ET performance. Additionally,
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Table 6 Defined ground types from this study and their mean intact rock properties required for the ground behavior prediction. Chosen geotechni-
cal units as data input for the ground behavior model are indicated by bold-italic lettering. 6, =Uniaxial compressive strength, 6,,= Brazilian tensile
strength v=Poisson’s ratio, E=Modulus of elasticity, y=specific weight, UD=Upper Devonian, LC=Lower Carboniferous, C=Carboniferous

(undivided), FDZ=Fault damage Zone, FG=Fault gouge

Geotechnical Unit 6, (MPa) m; GSI v E v o, o(°) c Group
Q) Q) ) (GPa) (KN/m’) (MPa) (MPa)

Westphalian Sandstone 104 15 55 0.25 20 23 10 35.5 6.3 C

Namurian Sandstone 373 17 70 0.25 31 25 29 41.0 29.5

Viséan Limestone 147 10 65 0.25 27 26 7 349 9.5

Tournaisian Dolostone 143 10 65 0.25 27 27 10 349 9.2

Famennian Siltstone 72 7 65 0.25 11 26 12 31.8 4.3 UD

Famennian Sandstone 133 17 65 0.25 28 26 15 39.6 9.7

Frasnian Limestone 109 9 55 0.25 24 23 6 31.1 5.7

FDzZ 2 4 25 0.30 15 25 0.5 25.2 L7 FDZ

FG 1 2 18 0.30 10 25 0.1 22.6 0.03 FG

environmental noise considerations, geological, geotech-
nical, and hydrogeological conditions will dictate the fea-
sibility of excavation methods, the design of rock support
systems, and the implementation of grouting and drainage
strategies. The investigations presented in this study address
key aspects of siting and feasibility assessment, aiming to
provide a foundation for more detailed site characterization
in the Euregio Meuse-Rhine (EMR) region. The results of
these investigations are discussed below with a focus on
their implications for future siting decisions.

Subsurface conditions and geological constraints

Geological investigations in the EMR reveal a heteroge-
neous subsurface characterized by variable and diverse sed-
imentary lithologies, as well as a strong tectonic overprint
resulting from Variscan compression and Mesozoic to recent
rift tectonics associated with the Lower Rhine Graben. Sev-
eral discontinuity sets with various spatial orientations have
been identified in outcrops and boreholes. Discontinuities
with predominant SW-NE strike, observed in the Carnol
quarry (BE), the sandstone outcrop within the Wurm val-
ley (Ger), and boreholes Cot-1 and Aub-1 are likely associ-
ated with Variscan compressional deformation. In contrast,
a prominent NW-SE striking set, seen in Cot-1, as well as in
the Val-Dieu road cut and Wurm valley outcrop, aligns with
the orientation of normal fault systems related to the Lower
Rhine Graben. Similar orientations (SW—NE and NW-SE)
were also described by Trautwein-Bruns et al. (2010, 2011)
based on geophysical well logs from the RWTH-1 borehole
in Aachen. Additional discontinuity sets, particularly with
NNE-SSW trends identified in the Aub-1 and Ban-1 bore-
holes, cannot be clearly attributed to a single tectonic event,
highlighting the challenge of extrapolating discontinuity
data from localized investigations to a broader regional con-
text. Consequently, SW—NE and NW-SE trending discon-
tinuities are expected throughout the region. Depending on
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the orientation of underground structures, these may lead
to structurally controlled failure mechanisms, such as slid-
ing along planar surfaces, or block and wedge instability.
The presence of multiple, locally variable discontinuity sets
could further exacerbate instability risks, especially within
cavern excavations. A detailed structural analysis of the dis-
continuity network at each proposed ET vertex is therefore
essential to mitigate risks related to structurally controlled
failures.

Hydrogeological observations indicate that fractured
zones in both Cot-1 and Aub-1 exhibit elevated hydraulic
conductivities, suggesting significant potential for ground-
water inflow during tunnel and cavern construction. The
measured conductivities range over several orders of mag-
nitude, making it difficult to predict the quantification of
potential water inflows into excavations and the require-
ments for pumping to safely manage these. Moreover, fault
zones and potentially karstified formations will need to be
traversed, resulting in abrupt changes in hydrogeological
conditions and significant variations in water inflow. Such
zones may require extensive grouting works before, dur-
ing, and after construction works to reduce water inflows.
Accordingly, a robust water management strategy must be
developed, based on a detailed hydrogeological model. This
is particularly important at ET vertex locations, where cav-
ern excavations are planned, as natural groundwater flow
can induce gravity-gradient noise (Akutsu et al. 2018).

The Upper Devonian Condroz Sandstone Group appears
to offer favorable geological conditions for hosting caverns,
owing to its considerable thickness of competent section
with high intact rock strength. Laboratory tests on samples
from two boreholes (Aub-1 and Cot-1) and one outcrop
(Val-Dieu) confirmed high uniaxial compressive and tensile
strengths, supporting its suitability and favorable conditions
for excavation activities.

However, the rock mass quality, as indicated by RQD
values, varied significantly between the boreholes. While
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core material from Aub-1 generally indicated good rock
mass conditions, samples from Cot-1 were predominantly
of poor quality. The Cot-1 borehole is situated close to
several fault zones, whereas no major fault structures
have been identified in the vicinity of Aub-1. This dis-
crepancy suggests a strong tectonic overprint on the rock
mass quality of the Condroz Sandstone Group sequences,
despite otherwise favorable rock properties. This tec-
tonic overprint may also significantly influence potential
groundwater inflow, as fault-related fracturing can create
preferential flow paths, potentially increasing inflow rates
by several orders of magnitude in the vicinity of fault
zones.

Lower Carboniferous units exhibit high intact rock
strength, but the potential presence of karst features con-
strains their suitability for cavern development. Among
the tested formations, Namurian sandstones demonstrated
the highest tensile and compressive strengths. However,
they are typically interbedded with weaker shale and silt-
stone units, and may be associated with coal-bearing strata,
all of which can impose additional challenges for excava-
tion and support. Notably, both Carboniferous units in this
study were evaluated exclusively through outcrop data.
Their spatial extent, as well as their geotechnical and hydro-
geological properties at depth, requires further subsurface
investigation.

The in-situ stress (HTPF) measurements in the Cot-1
borehole could not define the local stress conditions in terms
of principal horizontal stress magnitudes and orientations.
However, under the assumption that the stimulated fractures
are oriented perpendicular to one of the principal horizontal
stresses, oy, (minimum horizontal stress) and oy (maximum
horizontal stress), the ratio of horizontal to vertical stress (k)
would imply two possibilities:
ik

min < 1 <k, corresponding to a strike-slip faulting

regime;

i. k,;, < k,, < 1 corresponding to a normal faulting
regime.
Since k,,,, is less than one, it is concluded that the system is

not under a compressive (thrust faulting) stress regime, and
residual tectonic stresses down to the target depth of 250 m
appear to be low. Given the rock strengths observed during
the geotechnical investigations of this study, stress-induced
failure of non-faulted Paleozoic rock sequences is unlikely
to occur. However, problematic conditions may arise in the
soft shale sequences of the Namurian, where decomposition
due to swelling clay minerals needs to be taken into account.
The low strength may lead to squeezing ground conditions,
necessitating careful consideration in planning appropriate
stabilization and excavation support measures.
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Considerations for excavation and support design

The excavation and support strategies proposed here are
based on an early-stage site characterization and remain pre-
liminary. Due to the limited availability of subsurface data
at the target depth of the Einstein Telescope and the high
geological complexity of the study area, the current model-
ing is coarse and constrained by significant uncertainty. The
geological framework is strongly influenced by multiple
tectonic events, including Variscan compression and exten-
sional faulting related to the Lower Rhine Graben, result-
ing in spatially variable lithologies, discontinuity patterns,
and hydrogeological conditions. The anticipated variability
in ground behavior, particularly in structurally complex or
faulted zones, underscores the necessity of a flexible, obser-
vational tunneling approach combined with real-time moni-
toring and advance probing.

The large cavern structures should ideally be placed in
homogeneous, competent, and thick rock mass sections.
However, large excavations are prone to structurally con-
trolled instabilities, such as rock wedge failure, which
require heavy rock support, i.e., achieved with long and
heavy rock bolts and anchors, as well as thick reinforced
concrete lining (Singh and Goel 2011; Amann et al. 2022).
A site-specific cavern layout and support design at each ET
vertex, with cavern orientation, shape, and size adapted
to the geological and, in particular, structural conditions,
could help mitigate block and wedge formation. Addition-
ally, vaulted cavern shapes may further reduce local stress
concentrations, thereby limiting the risk of stress-induced
instabilities (Amann et al. 2022).

The tunnels are likely to penetrate variable geologi-
cal conditions. In non-faulted rock mass sections where
stable ground conditions (ground behavior type 1) can be
expected, such as expectably competent sections of the Con-
droz Sandstone Group, full-face excavation with mechani-
cal excavation methods and minimal support is expected to
be sufficient. Local reinforcement in areas prone to small-
scale wedge and block detachment might be required and
could be achievable with spot bolting and occasional shot-
crete application. Where long and continuous tunnel drives
are feasible, the use of Tunnel Boring Machines (TBM)
could be applicable and efficient. However, their successful
deployment requires a predictable geological environment
that is currently not confirmed. In contrast, sequential exca-
vation methods may provide greater flexibility in heteroge-
neous ground conditions, where rapid geological changes
could interrupt continuous TBM operation, potentially lead-
ing to trapped machines and high associated costs (Goel
2016; Gong et al. 2016).

The ground behavior modelling indicated a high likeli-
hood of increased block and wedge failure for Carboniferous
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tunnel sections. Sequential excavation with systematic
rock bolting, along with fibre reinforced shotcrete, would
help mitigate potential structural instabilities. Special and
fast-adaptable excavation and support methods will be
needed when fault zones are encountered during tunneling
processes.

More extensive and complex support and reinforce-
ment measures are required in heterogeneous tunnel sec-
tions, such as heavily fractured zones, karst features, weak
materials (e.g., shale, unconsolidated clay, coal seams),
or faulted ground, where poor rock mass quality leads to
reduced stand-up time after excavation (Bieniawski 1989).
These zones will require immediate and robust support
installation, including the use of reinforced shotcrete,
steel-mesh or ribs as well as anchors or rock bolts. Addi-
tional measures in especially weak zones can include fore-
poling systems or canopy tubes installed as pre-support
in the tunnel crown, pre-grouting strategies ahead of the
tunnel face, and potentially backfill methods, especially
in the potentially karst-bearing Lower Carboniferous
formations (Cheng et al. 2017; Li et al. 2021; Tacim et
al. 2023). Moreover, as previously indicated, significant
groundwater inflow may necessitate additional measures
for hydraulic and structural stabilization. Pre-excavation
grouting represents a viable option to reduce water ingress
and, simultaneously, to enhance the self-supporting capac-
ity of the surrounding rock mass, thereby contributing to
the overall effectiveness and durability of the tunnel sup-
port system.

Considering these factors, a mechanical excavation
approach with the capacity for both continuous and cyclic
advance could be most appropriate in early design phases.
This should be paired with a robust observational method,
including constant monitoring, advance probing, and the
capacity to rapidly adjust excavation techniques and sup-
port schemes in response to encountered conditions. Such
an approach is embodied in the New Austrian Tunneling
Method (NATM), which emphasizes real-time feedback,
staged support installation with the possibility to adapt to
changing conditions, and optimization of ground-structure
interaction (Hemphill 2012). A successful implementation
of this approach was achieved in the Soumagne train tun-
nel, located partly on the southwestern margin of the study
area, where adaptable excavation and support strategies
enabled efficient tunneling through variable and complex
Viséan, Namurian, and Westphalian lithologies (Janssens et
al. 2005).

However, the technical and economic feasibility of this
approach requires further investigation, particularly in
view of the total combined length of all three tunnel sec-
tions, including rock mechanical assessments and subse-
quent dimensioning, achievable through a combination of

empirical methods (e.g., RMR, Q-System, GSI), analytical
methods, and numerical methods.

Conclusion and outlook

The construction feasibility, as well as the scientific per-
formance and measurement-reliability of the Einstein Tele-
scope (ET), are closely tied to several site requirements,
governed by the demand for low ambient noise and favor-
able geological conditions that provide attenuating benefits
through soft, unconsolidated strata on the top of thick and
hard rock sequences, constituting the potential host forma-
tions for tunnel and cavern facilities. The preliminary site
exploration of the Euregio-Meuse-Rhine (EMR) area, one
of the currently considered sites for the ET, has provided
insights into important site characteristics with a focus on
geological base criteria. The positioning of the ET in the
EMR should prioritize the avoidance of anthropogenic noise
sources, including wind turbines, major roads, and railway
lines, which can significantly impair detector sensitivity.
Where complete avoidance is not feasible, the presence of
an overburden of soft sedimentary units, particularly Cre-
taceous and Cenozoic formations, can serve as an effective
natural attenuator of ambient vibrations, as demonstrated by
Koley et al. (2019, 2022) and Bader et al. (2022). This con-
sideration suggests that the northwestern part of the study
area is particularly favorable, due to both its lower levels of
surface disturbance and the presence of suitable geological
cover. In contrast, the direct border region with Germany,
especially near Aachen, is considered less suitable due to its
high density of wind turbines and transportation infrastruc-
ture, which may introduce persistent environmental noise.
The geology of the study area is characterized by con-
siderable complexity, comprising sedimentary formations
of varying age and diagenetic origin. The location, wedged
between the Variscan thrust front and the Lower Rhine Gra-
ben, resulted in a strong structural overprint and the develop-
ment of locally complex discontinuity networks, particularly
in proximity to fault zones. These discontinuities require
careful consideration in the planning of cavern structures, as
they pose a risk for structurally controlled instabilities such
as block and wedge failures. They also influence subsurface
groundwater flow, potentially affecting tunnel and cavern
inflow conditions. Among the investigated units, the Upper
Devonian sandstone-siltstone sequences of the Condroz
Sandstone Group exhibit favorable geotechnical properties,
including high compressive and tensile strengths, and thick-
nesses exceeding 100 m. These characteristics suggest good
mechanical stability and suitability for efficient excava-
tion, particularly in areas where the sequences are laterally
homogeneous and unaffected by faulting. With appropriate
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assessment of site-specific structural and hydrogeological
conditions, these units present a promising candidate for
hosting large cavern structures. The subsurface stress condi-
tions require further assessment to define present stress ori-
entations and magnitudes for safe infrastructure planning.
However, stress-induced deformation and resulting insta-
bilities (e.g., squeezing ground conditions) are conceivable
in the soft rocks and sediments of the Upper Namurian and
overlying Cretaceous formations. This is particularly rel-
evant for the planning and construction of shafts, helical
ramps, or tunnels that will provide access to the facilities,
as they penetrate these soft cover layers. Borehole Ban-1
has demonstrated that soft rock layers may occur even at the
planned final depth (250 m). Hydrogeological conditions
may lead to significant water inflows into tunnels and cham-
bers, necessitating special attention to appropriate dewater-
ing measures and drainage systems.

The findings emphasize the importance of detailed site
characterization, especially when selecting suitable cavern
locations. Proximity to fault zones should be minimized
to avoid structurally disturbed zones with poor rock mass
quality. Where construction near faulted regions is unavoid-
able, robust support measures, particularly those designed
to stabilize structurally defined wedges and blocks, must be
incorporated into the excavation and design strategy. Tun-
nels will traverse a complex and variable geological suc-
cession. Fault zones, karst areas, and coal seams are likely
to be encountered, each presenting specific challenges and
demands to excavation and tunnel support. A seismic sur-
vey carried out under the E-TEST project covers parts of
the study area, and will further support these efforts by (a)
characterizing the contact depth between the Cretaceous
and Paleozoic units and (b) mapping the spatial distribution
of fault zones across the study area.

Collectively, the geological setting of the EMR offers
promising characteristics for the Einstein Telescope, partic-
ularly due to the natural noise attenuation of soft geological
units. At the same time, the subsurface conditions pose con-
siderable challenges for underground construction, primar-
ily due to their complex tectonic history, which introduces
significant uncertainty in the continuity of lithological units
and fault zones. Nevertheless, undisturbed zones, particu-
larly within the Upper Devonian Condroz Sandstone Group,
demonstrate favorable geotechnical characteristics, offering
potential for stable mechanical tunnel and cavern excava-
tion. This potential has already been demonstrated in the
Soumagne train tunnel, located at the rim of the study area,
where complex geological conditions were successfully
managed through tailored appropriate tunneling approaches,
detailed site investigations, and continuous monitoring.

Lastly, the authors emphasize that this study represents a
preliminary feasibility assessment and does not replace the
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need for comprehensive site investigations. Intensive explo-
ration efforts, including several boreholes and geophysical
surveys, are currently underway to determine the most suit-
able positioning of the Einstein Telescope within the EMR,
taking into account both the ambient noise field and con-
struction feasibility. The ET layout proposed in this study
should therefore be considered a conceptual starting point
for discussion and planning, rather than a definitive design
for the final implementation.
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