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ARTICLE INFO ABSTRACT
Keywords: The Einstein Telescope (ET) will be the first European underground observatory of gravitational waves. The
Seismic profiling observatory’s interferometric detectors will be housed in a large underground infrastructure,which necessitates a
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stable and quiet geological context. We present the results of a geognostic campaign conducted for the Italian
candidate site in Sardinia, during which two ~270 m-deep boreholes were drilled in granites and orthogneiss at
two sites that are possible locations of the ET infrastructure. We acquired high-resolution, dense seismic and
electrical resistivity tomography (ERT) profiles to complement borehole data, constraining the thickness of the

weathered layer and characterizing the rock properties in terms of intact versus fractured zones down to depths
of 100-240 m. At depths >50 m, we observed high P-wave velocity (Vp ~ 5000-5500 m/s, while very high Vp
(~6000 m/s) paired with very high resistivity (p > 1000 Qm) was found at depths of 150-200 m, suggesting
unfractured or weakly fractured rocks consistent with borehole logs and literature data on geophysical surveys
on crystalline rocks. We recognized a couple of sub-vertical low-Vp (~4250-4500 m/s) and low-resistivity
anomalies (p < 500 Qm), up to ~15-35 m-wide, suggesting the occurrence of fracture zones with ground-
water, matching the intersection with fault zones mapped at the surface. Comparison with co-located resistivity
sections, downhole seismic surveys, well logs, and field-based structural and morphostructural analyses allowed
us to attribute these anomalies to fault zones ~0.3-0.5 km-long that belong to an immature fault network with
shallow water circulation. This methodological approach highlights the utility of tomographic techniques
combined with structural investigations and represents a guideline that can be applied in similar contexts
characterized by poorly fractured crystalline rocks.

1. Introduction

The physical characterization of crystalline basement rocks through
shallow geophysical surveys and borehole geophysical logging, in
particular using active-source seismic methods, is critical for mining,
geothermal and nuclear waste disposal projects, as well as for the
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construction of underground infrastructures (Moon et al., 1993; Everett,
2013; Schmelzbach et al., 2007; Siren et al., 2015; Buske et al., 2016;
Hedin et al., 2016; Place and Malehmir, 2016; Wenning et al., 2017;
Ahmed et al., 2019; Zhang et al., 2020; Elger et al., 2021). In these
applications, seismic methods can be combined with field geological
surveys and other imaging techniques, like ground penetrating radar —
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GPR (e.g., Doetsch et al., 2020; Duz et al., 2023), airborne magnetic and
electromagnetic soundings (Nasuti et al., 2015; Shah and Crain, 2018;
Kuang et al., 2022), and electrical resistivity tomography — ERT (e.g.,
Meju, 2005; Aizebeokhai et al., 2018; Sahoo et al., 2024, 2025; Srivas-
tava et al., 2024; Yadav et al., 2024). ERT is suitable to provide
high-resolution images of the very near surface, particularly in corre-
spondence of fault zones (Giocoli et al., 2015; Park and Roberts, 2003;
Unsworth et al., 1997; Bharti et al., 2023), and is applied successfully for
accurate imaging of the weathered portions of crystalline rocks (e.g.,
Clair et al., 2015; Belle et al., 2019; Aning et al., 2019). Moreover, ERT
lends itself to a comparison and integration with seismic tomography,
since the elastic properties of the rocks (e.g., in terms of velocity of
propagation of compressional P-waves - Vp), in most cases display a
good correlation with the mean rock resistivity (p) and can be inter-
preted in terms of lithology and fracturing (e.g., Meju, 2005). For
instance, the spatial density and opening of fracturing control the
occurrence of drops in mean Vp and p with respect to the surrounding
relatively intact rock mass: such anomalies in some cases are related to
the presence of hydraulically conductive fractures (e.g., Podugu et al.,
2023). In this sense, fault zones are mostly imaged as relatively narrow
zones characterized by significant lowering of Vp and p, or a combina-
tion of both, compared to the host rock (e.g.; Park and Roberts, 2003;
Nguyen et al., 2005; Marti et al., 2006; Belle et al., 2019).

In this paper, we present an interdisciplinary exploration of the
Italian candidate site to host the Einstein Telescope (Punturo et al.,
2010) - hereafter ET — the first European underground gravitational
wave observatory (https://www.einstein-telescope.it/; ET design report
update 2020, 2020). To detect these waves, ET requires a tectonically
stable site characterized by rocks with high-quality mechanical prop-
erties and by a low level of natural and anthropogenic noise.

We report the results of a combined approach including active
seismic and geoelectrical surveys performed on the crystalline rocks
exposed in the candidate site located in eastern Sardinia (Italy; Fig. 1).
This work follows the encouraging very low levels of seismic ambient
noise measured at Sos Enattos (Fig. 1;b Naticchioni et al., 2014, 2021; Di
Giovanni et al., 2020, 2023; Allocca et al., 2021) and the extremely low
degree of seismicity of the region (Meletti et al., 2020). The foreseen
machine should provide valuable information on new sources of gravi-
tational waves, such as intermediate-mass black holes (Allocca et al.,
2021). Ideally, the caverns and tunnels hosting the technological
infrastucture of ET should be covered by a ~ 150 m-thick layer of rock to
greatly reduce environmental noise. In this frame, our work might help
us predict the types of rock underground, the degree of fracturing and
the occurrence of possible fault zones.

The study area encompasses the region north of the dismissed mine
of Sos Enattos (Fig. 1). It is made of crystalline rocks of Variscan age
(approximately 360-300 Ma; Ma). Our high-resolution geophysical in-
vestigations were carried out in 2021 and consisted in the acquisition of
refraction and downhole seismic data, complemented by ERT surveys, in
the proximity of two drilling sites, located in two sites suitable to host
part of the ET infrastructure.. The study also included geological, mor-
phostructural and structural surveys focused on the characterization of
the bedrock structure in terms of morphological lineaments, foliation,
faults and fractures.

Specifically, our results furnish insights that can be applied to the
ongoing follow up study of the drilling sites in terms of Vp and electrical
resistivity down to 100-200 m depth, to define the extent and thickness
of the weathered rock cap, to infer rock fracturing, and to identify and
scale the size of possible fault zones hosting perched aquifers. More in
general, this approach can be applied to the physical characterization of
similar rock masses.
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2. Study area and geological setting

2.1. Regional constraints and local geological, structural and time
constraints

The study area (Figs. 1, 2) lies in the Variscan crystalline basement of
north-east Sardinia (Fig. 1) on a wide plateau at 800-1000 m above sea
level (a.s.l.). The main lithostratigraphic units are metasediments of
unknown age and orthogneisses derived from calc-alkaline magmatic
protoliths of Ordovician age (Ferrara et al., 1978; Oggiano and Di Pisa,
1992; Carmignani et al., 1994). The overall structure is affected by
Variscan deformation and metamorphism, which decreases towards the
south from upper amphibolite to greenschist facies. During the
Carboniferous and Permian, metamorphic rocks were intruded by late
Variscan granitoids (Fig. 1b) of the Corsica-Sardinia Batholith (Casini
etal., 2012, 2015a, 2015b). Dykes with both acid and basic composition
are widespread in the area (Fig. 1b). Furthermore, arenized bands of
granitoids exposed at roadcuts display a thickness in the range of some
tens of meters.

From north to south, the geological succession in the study area
comprises the following units (Fig. 1b): granitoids of the Variscan
batholith; gneiss and migmatites (with subordinate calc-silicate rocks)
hosting amphibolite bodies; micascists and paragneisses, predominantly
milonitic; Lodé-Mamone granodioritic orthogneisses and augen-gneiss;
garnet-bearing micaschists and paragneisses; meta-sandstones (e.g., at
the Sos Enattos mine). The aforementioned drilling sites are located in
the batholith (P2 in Fig. 1b) and in the Lodé-Mamone Orthogneiss (P3),
respectively. The syntectonic metamorphic events recorded by the
garnet-bearing schists have been dated near Mamone by Di Vincenzo
et al. (2004) to 340-315 Ma.

The granitic rocks are affected by acidic dykes whose age is not
known, however field relationships indicate an upper Carboniferous -
lower Permian emplacement (e.g., Sos Canales granitoid; Di Vincenzo
et al., 1994). Larger granitoid intrusions, 310-290 Ma in age, occur on
the plateau (e.g., Sos Canales granitoid; Di Vincenzo et al., 1994).

2.2. Borehole stratigraphy

The investigated areas are located at two sites proposed for the ET
project (Naticchioni et al., 2021, 2024). Two boreholes, namely P2 and
P3 (Fig. 1b, 2 and 3), were entirely drilled using a destructive method
through crystalline rocks and reached the depth of 283 m (P2) and 263
m (P3), respectively (described in Harms et al., 2022; Naticchioni et al.,
2024).

At site P2 (see also Fig. 5), the Sos Canales leucogranite crops out as
rounded metric to decametric granitoid masses surrounded by sandy-
silty soil and alluvial deposits. Borehole P2 went across the leucogran-
ites (Fig. 5a), encountering several levels of arenized and weathered
granitoids accompanied by fractured zones and a variable level of water
content. The main rock-properties inferred from this drilling are
described more in detail in Section 4.1. In the surroundings, the Sos
Canales massif also comprises medium-grained granodiorites and
leucogranites.

Medium-grained orthogneiss with a strongly foliated and grano-
blastic texture crop out at site P3 (Fig. 9). This unit shows frequent
gabbro-dioritic inclusions parallel to the main foliation dipping to the
south. Borehole P3 (Fig. 8) mostly drilled orthogneiss, which maintained
a nearly constant ESE foliation gently dipping (about 30°) towards the
SE.

In places a thin cover or sandy-gravelous units fill the depression in
between rounded rocky bumps. In both sites, seasonal streams appear
during the heaviest rainfalls.


https://www.einstein-telescope.it/;
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Fig. 1. a) Geological map of Sardinia (after: Carmignani et al., 2015). The black box indicates the study area with the candidate site for the ET infrastructure. Key to
legend: 1) Quaternary deposits; 2) sedimentary rocks (upper Oligocene - Pliocene); 3) Basaltic lava flows (Pliocene-Pleistocene); 4) Volcanic rocks (Oligocene -
Miocene); 5) Volcano-sedimentary rocks (upper Carboniferous - upper Eocene); 6) Variscan basement. Red lines are the major post Variscan faults. b) New detailed
geological map with location of the sites of interest for the planned ET infrastructure: sites P2 and P3 are indicated with white circles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Data and methods

The seismic surveys were carried out in both drilling sites by seeking
the best compromise between the logistical and topographic conditions,
yet with the aim of reaching an investigation depth comparable to that
of the two drills.

The presence of several hundred meters thick crystalline rocks makes
the study area difficult to investigate via multichannel reflection seismic
techniques. Even in presence of fault zones, shallow reflection data ac-
quired over crystalline rocks usually feature low signal-to-noise ratio
and inconsistent reflection events (Kim et al., 1994; among others). For
these reasons, the shallow imaging of fractured granites always requires
developing target-specific and complicated data processing strategies
(see Zhang et al., 2020), which do not ensure the achievement of
satisfactory results.

For weakly fractured granitoids, as those of sites P2 and P3, the use of
refraction seismic tomography and its integration with ERT is preferable
for rock mass characterization (Marti et al., 2006; Clair et al., 2015). We
used refraction tomography to reconstruct the spatial distribution of P-
wave seismic velocity by means of inversion of traveltimes of direct
waves, turning-waves and critically refracted waves. Our 2-D in-
vestigations were complemented by borehole downhole measurements
involving 1-D traveltime tomography. We have also attempted to use

multi-channel analysis of surface waves (MASW) for retrieving a shallow
shear-wave velocity field (e.g., Park et al., 1999): however, our seismic
data do not contain any significant Rayleigh wave energy.

We collected three high-resolution active seismic profiles using a
multi-channel system involving 24-bit Geode© seismographs connected
to up to 168 vertical geophones (4.5 Hz eigenfrequency). The main
energizing system consisted of a 5455-kg high-frequency vibroseis
(MiniVib from Industrial Vehicles International, Tulsa, Oklahoma, USA)
that in favorable geological conditions allows an investigation depth of
500-1000 m. This source is very versatile, but it is not suitable for
energizing on outcropping rocks and steep terrains. Unlike site P3,
where we could acquire two seismic profiles with the vibroseis, at site P2
unfavorable geological and logistic conditions hampered its use. Here,
we had to employ a minibang seismic gun, which is extremely versatile,
although it allows a much shallower investigation depth (100-200 m).

A 14 Hz BHG-3 (GEOSTUFF - USA) borehole geophone was used for
the acquisition of borehole seismics. The lower part of the probe con-
tains a fluxgate-type compass, for orientation with magnetic north, and
an amplifier to properly align the geophone components. The surface
control unit employed for adjusting the anchorage and orientation is
mod. BHGC-1 and a multicore with a Kevlar core, 250 m long.

The ERT surveys were carried out using a multi-electrode system
(Dahlin, 1996) connected to Abem Terrameter LS2 device (ABEM
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Fig. 2. Surveys at site P2 of the planned ET infrastructure and campaign activities. a) Outline of the seismic and electrical investigations carried out at site P2. The
light blue line indicates the fence that hampered the acquisition of a longer seismic profile centered on the borehole. The location of the broadband seismic station is
also shown (July 2021). b) Detail of the borehole with the sensor support tower during downhole acquisition. c) Detail of the acquisition system and the buffalo gun
used for the energization (September 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Instrument AB, Sweden). For each 2D electrical line, sixty-four elec-
trodes were strung and anchored into the ground at a constant spacing
(details in Table 2) and connected to a multicore cable (Longo and
Cardello, 2021).

3.1. Seismic and electrical resistivity surveys: data acquisition and
processing

The main characteristics of the acquired seismic and ERT profiles are
reported in Table 1 and Table 2, respectively. The basic requirements for
good data acquisition are slightly different for the two types of surveys.
In the case of active seismics, the profiles were planned taking into ac-
count the presence of unpaved country roads, for the Minivib passage;
this is also essential for a good coupling between the vibrator plate and
the ground. Even if the seismic profiles are not perfectly straight, during
the processing, we have applied crooked-line processing to overcome
this issue. In the ERT acquisition, it is necessary to have the profile as
straight as possible, avoiding areas of exposed rock, where electrode
placement is impossible. In addition, for both acquisitions we had to
plan the length of the surveys taking into account the eventual land-
owners permits and the presence of “National” lands pertaining to the
Mamone Prison, Italian Ministry of Justice, where any activity is hardly
allowed. These are the main reasons for which the seismic and electrical
profiles in sites P2 and P3 are not exactly coincident.

At Site P2 (Fig. 2), unfavorable logistical and geomorphological
conditions influenced the design of the experiment. The position of the
drilling site in the vicinity of high stone walls and fences, as well as the
dense vegetation and a small granite ridge allowed collecting only one
SW-NE oriented 360 m-long profile, which was tied to the borehole in
the central part. The signals generated by 39 minibang gun shots were
recorded by geophones spaced 5 m apart.

Concerning ERT, we acquired a 315 m-long profile with electrodes 5-
m spaced (profile ERT Bt1). This profile is nearly parallel and with the
NE corner being shifted 65 m to the SW with respect to the seismic line.
The array length and the consequent maximum investigation depth was
limited by the site conditions, with dense vegetation and patchy
outcropping rock.

We adopted Wenner-Schlumberger electrode configuration to guar-
antee proper investigation depth (about % of the overall profile length),
and a good spatial resolution along vertical and horizontal directions.
This is a good compromise for electrical imaging of complex structures,
while allowing a good signal-to-noise ratio even on crystalline rocks (e.
g., Bernardinetti et al., 2018). Due to the logistical issues mentioned
above, it was not possible to exploit different array configurations or
longer cables for the installation of remote poles.

For all ERT surveys, a delay time of 0.40 s and an acquisition time of
0.60 s were used. The delay time setting defines the interval between the
switch-on of the current transmission and the start of signal integration
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Fig. 3. Surveys at site P3 of the planned ET infrastructure and campaign activities. a) Acquisition plan, with location of the two orthogonal E-W and N-S seismic and
ERT profiles (Onl and On2). The location of the P3 borehole is also shown. b) The MiniVib used for seismic data acquisition on profiles P3 E-W and N-S; ¢ and d)

deployment of electrode arrays for acquisition of ERT profiles Onl and On2.

Table 1
Details of the seismic profiles and downhole surveys.
Profile name Length Number of Geophone spacing Number of Shot spacing Traveltime readings for RMS tomographic model
(m) geophones (m) shots (m) tomography (sec)
P2 360 72 5 39 10 2520 0.00129
P2 downhole 234 2-4 100
P3 N-S 720 144 5 69 10 7994 0.0023
P3 E-W 840 168 5 79 10 9539 0.0021
(shallow)
P3 E-W (deep) 840 266 5 9712 0.13
bl ranged from 2 to 4.
Ta ,e 2 . At site P2, a downhole survey was carried out, using the three-
Details of the ERT profiles. . - . s
component borehole sensor described in Section 3.1. The acquisition
Profile Length Number of Electrode RMS final procedure requires the energization to be close to the well mouth. A
i 0 . . . . .
name (m) electrodes spacing model (%) distance of 20 m was used for the investigation and the recording was
Btl 315 64 5 8.4 made at depth intervals of 2-4 m for each shot (Fig. 2b, c). Seismic ac-
Onl 630 64 10 8.4 quisitions were carried out from a depth of 234 m below ground level (b.
On2 630 64 10 6.8

for the resistivity measurement. Ideally, the delay time should be long
enough to allow the ground to fully charge. If set to a short value, the
effect of ground charge-up can cause a reduction in data quality. The
acquisition time defines the duration of signal integration for each part
of the measurement cycle. In general, the principle is that the longer the
acquisition time, the better the data quality. During the measurement
acquisition phase, a minimum and maximum current value of 0.0001 A
and 0.2 A respectively was set, and stacking for a single measurement

g.1.) for a total of 100 shots by using the minibang seismic source.

At the P3 drilling site (Fig. 3), the suitable local logistic conditions
allowed the acquisition of two long and almost orthogonal seismic
profiles, which intersect 65 m from the borehole. Both profiles largely
followed dirt roads, which represented an optimal condition for the
coupling between the MiniVib source plate and the ground. The N-S
oriented and 720 m-long profile (labeled P3 N-S) was acquired using 144
sensors spaced 5 m apart and 69 energization points (average spacing of
10 m). The E-W oriented and 840 m-long profile (labeled P3 E-W) was
acquired using 168 vertical sensors spaced 5 m apart and 79
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energization points (average spacing 10 m).

At each source position we recorded two, 5-200 Hz, 14.4 s-long
linear sweeps from MiniVib. The receiver array record length was set to
16 s, with a sampling rate of 1 ms. These settings allow obtaining traces
of 1.6 s length after correlation with the pilot trace. Source move-up was
on average 10 m (Table 1).

The used acquisition geometry, namely dense wide-aperture seismic
profiling (Ravaut et al., 2004; Bruno et al., 2017, 2022; Improta and
Bruno, 2007), allows collecting simultaneously: 1) near-vertical and
wide-angle reflections generated from deeper interfaces, the last being
hardly detectable with shorter geophone spreads, and 2) highly redun-
dant first P-pulses corresponding to shallow direct waves,
deep-penetrating turning waves and critical refractions from the basin
interior and its substratum, suitable for first-arrival traveltime tomog-
raphy (Improta and Bruno, 2007).

The seismic profile P3 E-W is tied to the borehole, being the closest
geophone located 15 m from the well. This made it possible to supple-
ment surface data acquisition with simultaneous borehole measure-
ments, improving depth sampling. We first placed the borehole
geophone at 150 m depth to record 55 energizations spanning nearly the
whole offset range (shot positions from 57.5 m to 837.5 m with average
spacing of 10-20 m). Then, the geophone was put at 230 m depth,
recording 22 energizations in a more limited offset range with shot
positions from 7.5 m to 427.5 m and with average spacing of 10-20 m.
Following the acquisition of the P3 E-W profile, we performed the
downhole seismic survey in borehole P3. In this case, the MiniVib source
was fixed 15 m from the borehole and energizations were recorded at
regular intervals of 2 m, from 240 m to 24 m depth.

In site P3, two 630 m-long ERT profiles were also acquired, nearly
parallel to the seismic profiles, with electrodes 10-m spaced (ERT_Onl
and ERT_On2, respectively; Fig. 3a).

For all seismic profiles we hand-picked first-arrival traveltimes in the
whole offset range. The travel times were inverted through a multi-scale
non-linear tomographic technique based on a finite-difference eikonal
solver (Podvin and Lecomte, 1991). This code (available at https://gith
ub.com/andherit/invdfe) was developed by Herrero et al. (1999) and
validated through blind tests using seismic data and well logs acquired
by oil companies (Improta et al., 2002). The tomographic technique
combines the multiscale imaging strategy with a mixed global-local
exploration of the model space, without requiring an initial reference
velocity model. The 2-D Vp models are parametrized through a regular
grid of velocity nodes. The multi-scale approach consists in gradually
increasing the number of nodes during consecutive inversion steps,
resulting in an ensemble of models characterized by increasing spatial
resolution, achieved at the expense of a loss in resolution depth. Models
obtained at intermediate steps of the multi-scale inversion enable the
reconstruction of large-scale and deeper velocity structures, while
models obtained at late steps provide higher resolution images of the
shallow subsurface. This tomographic technique is effective in the im-
aging of complex and heterogeneous structures, such as thrust-belts
(Improta et al., 2002), continental tectonic basins (Improta et al.,
2010; Villani et al., 2021), and shallow fault-zones (Villani et al., 2015;
Maraio et al., 2023).

Model resolution is assessed through checkerboard sensitivity tests.
We used smooth and small-amplitude checkerboard velocity perturba-
tions to the best-fit models (values ranging from —20/+20 m/s to —50/
+50 m/s) and then we repeated the inversion runs by using the per-
turbed synthetic traveltimes (see Improta et al., 2002 for more details).
We show the results of resolution tests performed on models with
different parameterizations in the Supporting Information: 1) coarse Vp-
model with intermediate number of parameters, focusing on the large-
scale structure of the subsurface; 2) models with a higher number of
parameters, focused on the shallower features. Further details are in
Section 4 and Supporting Information Fig.s S2-S7.

For the computation of the 1-D velocity model from the downhole
data recorded in the P2 borehole, we used a different inversion scheme
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(Rayfract© code), based on the wavepath eikonal tomography (WET,
Schuster and Quintus-Bosz, 1993; Lecomte et al., 2000; Watanabe et al.,
1999). WET is based on the backprojection of traveltime residuals along
wavepaths from the receivers to the source. Thickness of wavepaths
depends on the bandwidth of the seismic signal. Picked first-arrival
traveltimes are inverted within an initial smooth slowness model, and
the eikonal equation is efficiently solved by a finite-difference method
computing traveltime residuals. The slowness model is updated and
these steps are iteratively repeated until convergence.

Worthy to note, we tried to exploit reflections from the acquired
seismic dataset. We anticipate that, as expected for thick and massive
granitoid and orthogneiss as those drilled in sites P2 and P3 (see more
details Sections 4.1 and 4.2), a careful inspection of common shot
gathers and velocity analyses did not reveal any clear reflection hyper-
bola, so that no input data could be provided for stacking and workflow
of reflection processing.

Concerning ERT data, the processing workflow consisted in filtering
and despiking of noisy data as derived from very low voltage and/or
injected current in the ground. In general, data quality is very high, and
thus only few measurements were culled from each ERT dataset. Des-
piked and filtered raw apparent resistivity data were input to a 2-D
regularized least squares inversion algorithm with smoothness con-
straints (Loke and Barker, 1995; Constable et al., 1987; Loke and Dahlin,
2002). All 2D apparent resistivity data were inverted using the Res2Dinv
inversion software (Loke, 2010). The forward problem was solved using
the finite-element method (Silvester and Ferrari, 1996), in which node
positions were adjusted to allow for topography to be taken into account
during the inversion process (Loke, 2010). The standard Gauss—Newton
optimization method was used, with a convergence limit of 0.005, and
the Jacobian matrix was recalculated for the first two iterations. A
higher-resolution model, with a cell width of half the minimum elec-
trode spacing, was employed.

The inversion scheme converged quickly after a few iterations due to
the high-quality of data. The output resistivity model is described in
terms of the percent root mean square (% RMS) of error of a L2-norm
misfit function.

3.2. Field structural survey and morphostructural analysis using satellite
images

Foliation attitudes were extracted from published maps within the
study area (Servizio Geologico d’Italia, 1962; Carosi et al., 2020; https
://www.sardegnageoportale.it/) and also acquired in the field. To
elucidate fault kinematics, a structural field survey was conducted,
capturing measurements of folds, faults, fractures, and slicken-fibers at
key locations. These data were processed using TectonicsFP (Ortner
et al., 2002) and Stereonet software (Allmendinger et al., 2012)
employing lower hemisphere projections and rose diagrams for visual-
ization. Specifically, at each locality, eigenvectors were computed from
bedding data, providing insights into the orientation of deformation
axes.

Morphostructural lineament maps for the two drilling areas P2 and
P3 were generated using satellite images from Google Earth Pro,
allowing for local control over digitized structures (see Figs. 10, 11). The
sampled areas represent the geological formations intersected by the
boreholes at Onani and Bitti, characterized by the presence of high-angle
faults. Utilizing the FracPaQ toolbox (Healy et al., 2017), a multiscale
analysis of fracturing was conducted on Variscan crystalline rocks such
as those drilled in the study area. The multiscale combined field survey
of morphostructures from Digital Elevation Model (DEM) (from https
://www.sardegnageoportale.it/), satellite image analysis and fault seg-
ments from field mapping (see Fig. 1b) enabled a geometrical compar-
ison of principal fault segments, encompassing trace length and
orientation (section 4.3) and their relationships with the Vp and re-
sistivity models recovered in the surroundings of the two boreholes P2
and P3.
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3.3. Borehole logging

For the interpretation of our geophysical and geological dataset, we
use fracture logging and resistivity measurements performed into
boreholes P2 and P3 (preliminary results shown in Harms et al., 2022;
Naticchioni et al., 2024). In particular, fracture logging was carried out
with an OBI (Optical Borehole Imaging) probe equipped with a 1/3-in.
high-resolution CMOS digital photo sensor. The orientation of the im-
ages obtained, along with the azimuth and inclination of the borehole
were obtained with a 3-axis fluxgate magnetometer and 3 accelerome-
ters. This kind of analysis was paired with the use of an ALT - QL40 CAL
three-arm caliper (40 mm diameter), which provided the diameter of the
borehole with a sampling of 5 cm, useful for the determination of frac-
ture aperture, an important parameter that can be related to the mean
physical properties of the rock mass.

Resistivity measurements were done using ALT — QL40 ELOG probe,
with a sampling interval of 5 cm. The obtained values are representative
of a limited volume in the surroundings of the borehole. The results are
described in Section 4 in parallel with the results of seismic and elec-
trical resistivity tomography.

4. Results
4.1. Results from geophysical investigations at site P2

The multi-scale refraction tomography was performed by modeling
2520 first arrival traveltimes (RMS of picking uncertainty: 1.26 ms). The
final model (Fig. 4a), defined by 345 parameters, has a depth of inves-
tigation of approximately 90 m. The checkerboard resolution test per-
formed on a model with an intermediate number of parameters (126

Tectonophysics 911 (2025) 230830

nodes, Fig. S3) shows that the central-eastern part of the model is
resolved down to a depth of 60-80 m, while the western part is resolved
down to a depth of about 50 m.

In Fig. 4a we see that the top low-velocity layer is thin (< 20 m) and
characterized by Vp rapidly increasing with depth from 1500 to 2000
m/s to 4000 m/s. Two remarkable high-Vp regions are present on both
sides. Vp > 5000 m/s is retrieved at only 20 m depth below the surface
on the western side and at about 30 m depth to the east. The two high-Vp
regions merge into a zone of extremely high-Vp (Vp around 5500 m/s) at
the model bottom. A sub-vertical, low-Vp anomaly is observed in the
central part of the model (x = 170-200 m) between 15 and 60 m b.g.1..
This structure is 15-35 m wide and characterized by a drop in Vp from
4750 to 5000 m/s to 4000-4250 m/s.

For ERT profile Btl (Fig. 4b), the best-fit resistivity model was ach-
ieved after 3 inversions with a RMS error of 8.4 %. Although the ERT
does not cover the whole length of the seismic profile, it shows features
that are in accordance with the Vp images. High-resistive rocks (p >
700-1000 Qm) underneath a thin top layer of relatively low resistivity
(p < 500 Qm) are found. A wide relatively low-resistivity region (p
~350-500 Qm) appears in the central part of the section, at depths of
25-50 m. This anomaly partly correlates with the low-Vp zone in the 2-D
Vp model, although they do not perfectly match (Fig. 4) because the
seismic and ERT profiles are not exactly co-linear (see Fig. 2).

The stratigraphy of borehole P2 (Fig. 5a) is compared with the Vp
model obtained from a tomographic inversion of the picked arrival times
for the down-hole survey (by using Rayfract© code) (Fig. 5b) and with
the corresponding Vp vertical profile (Fig. 5d). The seismic ray coverage
(Fig. 5¢) decreases with depth, reaching low values for depths >150 m b.
g.l.. Therefore, we consider the well-resolved portion of the profile to be
approximately 150 m-deep. The P2 downhole model shows velocities

Fig. 4. Geophysical prospecting at site P2. a) Vp velocity model obtained inverting 345 parameters (spacing of velocity nodes: 16 m in x and 8 m in z). The velocity
model is cut according to the ray coverage (Fig. S3). b) Results of the ERT survey Bt1 (projected onto the seismic profile). The black triangle indicates the projected
location of borehole P2 on the seismic and ERT sections. Note that since the two profiles are not exactly collinear and have a different origin, the distances on the X
axis are measured from each NE vertex of the seismic tomographic model and the ERT, respectively.
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Fig. 5. Results of geophysical surveys at borehole P2 Bitti. a) stratigraphy; b) tomographic velocity model; c) ray coverage plot (i.e. number of rays per unit cell in the
tomogram); d) 1-D velocity profile obtained from the tomographic inversion of downhole data; e) rose diagram of fracture azimuth and stereoplot of the poles to
fracture planes collected by means of borehole optical imaging (two main sets are recognized, one with average attitude N289°/55° and the other one with average
attitude N147°/63°); f) fracture aperture from caliper logging (blue curve) and resistivity log (orange curve) along borehole P2. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

that rapidly increase with depth from 2000 to 5500 m/s.

The down-hole seismic survey (Fig. 5d) defines three zones: 1) strong
Vp gradient (from 2000 to 4000 m/s) in the first 40 m; 2) significant Vp
increase (up to about 5500 m/s) down to 100 m depth; 3) from 100 to
150 m depth low Vp changes (in the range 5000-5500 m/s). The
quantitative comparison of the velocity values of the down-hole survey
and refraction tomography is not feasible, since the former is charac-
terized by prevailing vertical ray paths, whereas the deep portion of the
tomographic model is mainly sampled by refracted waves with

dominant horizontal propagation. Moreover, the two methods have
different spatial resolution. Here, we remark that the two surveys define
a similar velocity trend, having a steep velocity gradient in the shal-
lowest portion and very-high Vp (around 5000-5500 m/s) in the deep
part. This trend, together with the observed very-high Vp values, in-
dicates a rapid transition from altered to unweathered granite (within
the topmost 30-50 m; e.g., Flinchum et al., 2018), also suggesting a
rapid closure of fractures with increasing confining pressure (Clair et al.,
2015).
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Structural data collected within the borehole P2 Bitti are reported in
Fig. 5e as undifferentiated fractures. The rose diagram as well as the
contour diagram of the poles to the fractures show that two main sets of
fractures can be recognized. In particular, one set has an average dip
289°/55° (corresponding to a peak directional class of N040°-060° in
the rose diagram), and the other one average dip 147°/63° (corre-
sponding to a peak directional class of N210°-220° in the rose diagram).

The average fracture density (expressed as number of fractures per
meter) in granites within borehole P2 is 2.25 + 2.03 m! (Fig. S8a) and
occurs with a slight trend of density reduction as a function of the depth,
from 6 to 10 m~! to 1-5 m™!. An additional important parameter is
fracture aperture, which was measured with the caliper starting from a
depth of 30 m (the first 30 m of the borehole are cased and measure-
ments in this range are discarded; Fig. 5f). The results show that granites
have a low degree of fracturing along almost the entire length of the
borehole P2. Six thin intervals with significant fracture opening (> 300
mm) were found at depths of about 50, 70, 155, 175, 185 and 210 m
depth, respectively. The largest opening is found at about 70 m depth,
and corresponds to a depth with a significant drop in resistivity (p
200-300 Qm) (Fig. 5f) and groundwater circulation (Fig. 5a). The region
with highest density of open fractures is found at 150-190 m depth: such
depth intervals also correspond to relatively low resistivity values (p
~300 Qm; Fig. 5f). This setting indicates that granites with low back-
ground fracture density may be affected by localized bands of more
intense fracturing.

We point out that the small size of low-angle dipping fractures,
which likely represent the only potential reflective seismic interface
(Fig. 5e), may explain the lack of reflected events in our 2-D seismic
dataset. This is the reason why we do not show the results of reflection
processing.

4.2. Results from geophysical investigations at site P3

The seismic tomography and ERT results are described starting from
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profile P3 N-S (Fig. 6). The multiscale seismic tomography was per-
formed by inverting 7994 first arrival traveltimes (RMS of picking un-
certainty: 2.23 msec) read up to a maximum source-receiver distance of
715 m. Both seismic profiles are not perfectly rectilinear, so we used a
crooked-line pre-processing workflow to discard seismic traces affected
by 3D effects.

The ray density plot shows a maximum investigation depth of
110-120 m, but refracted waves are mostly confined in the uppermost
80 m (Fig. S4). The result of the resolution tests (performed on a model
with an intermediate number of parameters, N = 240; Fig. S4) confirms
that the resolution depth is about 80 m in the central-southern part of
the model, while it is 40 m in the northern part. The velocity structure is
characterized by extremely fast lithologies (Vp > 5000 m/s) from 30 to
40 m depth downwards. This explains the relatively shallow propaga-
tion of the refracted waves.

For ERT profile On2 (Fig. 6b), the best-fit model was achieved after 3
inversions with a RMS error of 6.8 %.

The velocity and resistivity models are consistent, with high Vp re-
gions that spatially correlate with high resistivity and viceversa (Fig. 6a-
b). The top low-velocity layer (Vp < 3000 m/s) get thinner from the
southern end of the profile to x ~ 340 m, which agrees with high-
resistivity in the near surface (p > 1000 Qm). The region of
extremely-high velocity (Vp > 5500 m/s with isolated spots of 6000 m/
s) imaged at 40-50 m depth in the central-southern part relates to
extremely-high resistivity values (p 2000-3000 Qm). At the northern
edge of the ERT model, we observe an abrupt lateral change in resistivity
at x = 500 m (p decreasing from 2500 to 600 Qm), associated with a
small wedge of low-resistivity down to 50 m depth. This feature might be
related to a small, wedge-shaped anomaly with relatively low-Vp (about
3500 m/s) in the velocity model. In this case, caution is needed in jointly
interpreting the model features for two reasons. First, the low-resistivity
anomaly is located at the edge of the ERT profile, where the investiga-
tion depth and resolution is lower. Then, in the northern sector, the ERT
and seismic profiles are up to 60 m apart (Fig. 3a) and this hampers the

Fig. 6. Geophysical prospecting at site P3, transect N-S. Please note that depth is referred to the lowest point along the seismic profile. a) Vp tomographic model for
profile P3 N-S obtained by inverting 360 parameters (velocity node spacing: 34 m in x and 13 m in z). The Vp model is cut according to the ray coverage (see Fig. S4).
The black arrow indicates the intersection with the E-W profile and the black triangle represents the projection of the borehole P3 position on the seismic profile. b)

ERT model On2.
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direct comparison of the two observed anomalies.

Fig. 7 shows the results of the geophysical surveys along transect P3
E-W.

The tomographic model was obtained integrating traveltimes read
from surface geophones with those from borehole measurements. The
dataset from surface geophones consists of 9539 first arrival times (RMS
picking uncertainty 2.34 msec). The maximum reading distance is 725 m
due to the crooked geometry of the profile. The borehole data include
traveltimes picked for a geophone placed in the borehole at 150 m and
230 m depth during the surface survey (77 arrival times), and trav-
eltimes of the downhole survey (94 arrival times). The inversion of both
surface and borehole data allows reaching a maximum investigation
depth of about 240 m b.g.l. in the central part of the profile. Fig.s S6 and
S7 show the results of the resolution test together with the ray density
plot. Ray coverage is quite asymmetric in the deep part, due to the fact
that the geophone placed at 230 m depth into the borehole recorded
shots located only in the first half of the profile (see details in Section
3.1). The model is resolved down to depths of 170-220 m b.g.l. on the
western-central portion (corresponding to —110/—170 m in Fig. 7a) and
to depths of 70-90 m b.g.1. on the eastern edge (corresponding —50 m in
Fig. 7a). The shallow model obtained only with surface seismic data is
shown in Fig. S5. It is resolved down to about 60 m depth on the western
side, 100 m in the central part, and 60-80 m on the eastern side. Thus,
borehole seismic data allowed significantly increasing the resolution
depth below the western-central part of the seismic line. We note that
the two models have a very similar velocity distribution in the shallow
part.

The top low-velocity layer of weathered rocks (Vp 1500-4000 m/s)
is only 20-30 m thick (Fig. 7a), similarly to what is found at site P2.
Below this shallow layer, velocities are very high and increase with
depth from 5000 to 6000 m/s. Very-high Vp around 6000 m/s are
retrieved at 90-100 m depth b.g.l. on both model sides and at about
160-170 m in the central part. Slightly lower velocities (Vp 4500-5000
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m/s) characterize a small region at x = 320-400 and 70-80 m depth b.g.
L. located a few meters to the west of the borehole.

For ERT survey Onl (Fig. 7b), the best-fit resistivity model was
achieved after 5 inversions with a RMS error of 8.4 %. We found a
general agreement between the resistivity and velocity distribution. The
retrieved very-high resistivity (p 1500-3000 Qm) is coherent with the
presence of very-high Vp rocks (> 5000 m/s). Spots of relatively low-
resistivity (p 200-600 Qm) are present only in the near-surface, corre-
sponding to the top low-velocity layer. A small region with a slight
reduction of resistivity from p 1200 to 2000 Qm is defined at x =
350-430 m at about 70 m depth, which roughly matches the region with
low vertical Vp-gradient (4700-5000 m/s) in the tomographic model
(Fig. 7a) at comparable depths.

As stated above, in the drilling site P3 (stratigraphy reported in
Fig. 8a), the use of additional borehole seismic data allowed a good ray
coverage together with a near-vertical propagation. Therefore, we
extracted from the 2-D model a 10-m thick slice in correspondence of the
borehole to illustrate the vertical velocity structure and ray sampling
(Fig. 8band c). Fig. 8d displays the vertical velocity profile calculated by
horizontally averaging values of the Vp slice. The first 30 m show a step
velocity gradient as a function of depth, with Vp increasing from 1500
m/s to 4000 m/s. From 30 to 75 m depth, the Vp gradient is lower and
the velocity increases up to 5300 m/s. A main velocity reversal is defined
below 75 m depth, with Vp decreasing down to 5000 m/s. Then the
velocity increases again from 5000 to 5600 m/s between 95 and 130 m
depth, and to 6000 m/s around 170 m depth. Very-high Vp values
(5800-6000 m/s) persist down to the limit of the resolved region (about
220-230 m depth; Fig. S6 and S7).

The structural data collected in the borehole P3 revealed two main
types of fractures. The first type is roughly parallel to the main foliation
(Fig. 8e). The second type cross-cuts the foliation (Fig. 8f). Two main
directional trends of fractures are evident. The first one is NE-striking,
with a dominant strike N040°-050° related to the main foliation, and to a

Fig. 7. Geophysical prospecting at site P3, transect E-W. Please note that depth is referred to the lowest point along the seismic profile. a) Tomographic Vp deep
model obtained using both surface and downhole seismic data (the model is cut according to ray coverage: see Fig. S6, S7); this model was obtained by inverting 209
parameters (velocity node spacing: 49 m in x and 25 m in z). b) Co-located ERT model On1.

10



F. Villani et al.

Tectonophysics 911 (2025) 230830

Fig. 8. Stratigraphy of borehole P3 Onani (panel a) and comparison with results of seismic tomography. The Vp model (panel b) representative of the drilling site P3
is extracted from the 2-D tomography (Vp model shown in Fig. 7a) and shown with normalized ray coverage (panel c). The Vp vertical profile (panel d) is calculated
by averaging the 2-D Vp slice shown in panel b. Structural data collected in the borehole shown as a rose diagram of fracture strike and contours of poles to planes for
the main foliation and vein parallel (panel e) and for fractures that cut the main foliation (panel f). g) fracture aperture from caliper logging (blue curve) and re-
sistivity log (orange curve) along borehole P3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

set of veins parallel to it (with an average dip 136°/35°). The second set
has a dominant strike N191°-200°, which is related to nearly NE-striking
fractures and veins that cut the the main foliation and dip 291°-041° on
average.

The fracture analysis based on the integration of caliper log and
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borehole optical imaging (Fig. 8g) shows that fractures display almost
everywhere aperture values <25 mm, with the exception of a 65-70 m
deep zone with larger values (> 400 mm). This is also the depth interval
at which groundwater circulation was found (Fig. 8a). The corre-
sponding resistivity log (Fig. 8g) shows values that are generally
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comprised between p 400-600 Qm, with a consistent drop (p ~200-300
Qm at 60-80 m depth) in the region with larger fracture opening (~70 m
depth). This is likely due to groundwater circulation in a fractured zone.
The anomalous interval with open fractures is only a few meters shal-
lower than the velocity reversal shown at 75-100 m depth b.g.l. in the
vertical Vp profile (Fig. 8d). Taking into account the vertical spatial
resolution of the 2-D tomographic model from which it was computed
(~20 m, considering the node spacing; Fig. S7), we infer that the
~25-30 m-thick velocity reversal is almost resolved and may reflect the
drilled fractured zone with low-resistivity. We also note that a barely
visible low-Vp zone is present in the 2-D model at similar depths a few
meters to the west of the borehole (Fig. 7a).

The spatial density of fractures measured in borehole P3 is low (1.82
+1.36m™ Y Fig. S8b), and compared to that in borehole P2 it displays a
lower dispersion.

This is in agreement with results of the surface and downhole seismic
surveys that do not reveal important low-velocity zones below the su-
perficial weathered zone and image very high Vp structure (>
4500-5000 m/s) starting from a depth of about 40-50 m. Moreover, the
results from profile P3 E-W indicate that the average Vp reaches
6000-6250 m/s in a depth range of 120-200 m, thus indicating a very
low degree of fracturing of the crystalline rock mass and the absence of
important fault zones, consistent with the results from caliper (Fig. 8g).
We discuss these findings in section 5.2.

Our results from site P3 suggest a weakly anisotropic distribution of
the P-wave velocity in the first 120 m depth (that is the interval for
which the maximum investigation depth reached along profile P3 N-S
can be compared to that of profile P3 E-W). Fig. 9 shows the frequency
Vp distributions in the shallow 120 m (excluding the weathered layer)
for the two profiles. Along profile P3 E-W, the median and maximum
retrieved Vp (5070 m/s and 6170 m/s, respectively) are slightly higher
than those retrieved along profile P3 N-S (4960 m/s and 6070 m/s,
respectively) in the same depth interval. Thus we have a median Vp
difference of about 2 % and a maximum Vp difference of about 6 %
along the two orthogonal directions in the first 120 m depth, with a
slightly higher Vp along the E-W direction.

4.3. Results of morphostructural analysis and field survey

At a larger scale of observation over the Variscan granitoid, the
analysis of satellite-derived structures has provided insights into the
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segmentation of major morphostructures and mapped faults (Fig. 10). As
shown by their frequency distribution, DEM-derived morphostructures
closely resemble those derived from satellite images in terms of trace
lengths, indicating that most of them are <1.5 km long. Conversely, fault
traces related to mapped structures appear to have a broader range of
length, < 4 km, although their frequency diagram displays non gaussian
distribution, possibly indicative of scarce fault hierarchization. The
crossed-analysis of segment lengths vs. strike direction (expressed as
angles) shows that segments composing morphostructures and faults are
<1 km-long and are mostly representative of nearly E-W structures.

Morphostructural lineaments exhibit a predominant WSW-striking
orientation and are frequently associated with E to NE-striking linea-
ments to form conjugated sets. We also recognized minor NNE- to NW-
striking structures, which seem to cross-cut the previously described
conjugated sets. Field evidence shows that both fault sets are associated
with altered rocks that, especially in granitoids, can be tens of meters
thick. Road cuts show that these volumes constitute fractured zones,
which in the metamorphic rocks rather exhibit an anastomosing
arrangement that vary in thickness from a few centimeters to a meter.

We also carried out detailed characterization of drilling sites P2 and
P3 (Fig. 11) to further elucidate these morphostructural patterns. Fig. 11
illustrates a comparative morphostructural analysis using satellite im-
ages and field data in the drilling sites (see also Fig. 1b for the regional
geological setting) aimed at supporting the interpretation of velocity
and resistivity models. The preferred orientation of morphostructural
segments was determined using FracPaQ within 0.5 Km? squares around
the wells (yellow squares in Fig. 11). On the right-hand side, a com-
parison is provided with a rose diagram of the interpreted segments and
systems of quartz veins (blue) and open fractures (gray) measured on-
site. We observe that the length of morphostructural segments is usu-
ally <0.3 km, although the nearly E-W striking segmented morphos-
tructural lineament crossed by the seismic line (in red in Fig. 11), is
longer than 0.5 km.

In the P2 borehole site, the main WSW-striking fault is located a few
tens of meters to the south of the borehole. This structure is intercepted
by the seismic profile P2 and ERT survey Bt1 and spatially relates to the
anomalous low-Vp/low-resistivity zone that we retrieved at x =
170-200 m along the seismic profile (Fig. 4). A direct comparison of the
geophysical images of the inferred fractured zone with fractures logged
into the borehole reveals that the latter, with dominant strike ranging
from N040° to NO70° (Fig. 5e), can be considered as representative of

Fig. 9. Frequency histograms that compare Vp distribution in the shallow 120 m depth interval (excluding the weathered layer) from tomographic models of profiles

P3 NS and P3 EW.
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Fig. 10. Results of large-scale geometric analysis of morphostructures in the region enclosing the planned ET infrastructure. The upper and middle rows display
digital elevation model (from https://www.sardegnageoportale.it/) and Google Earth Pro satellite images with superimposed lineaments elaborated with FracPagq,
the frequency distribution of trace lengths, the cross-plot of trace length vs. strike and the rose diagram of azimuthal distribution. The bottom row shows geometric
analysis of mapped fault traces from Fig. 1b. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

the large-scale structural pattern revealed by the morphostructural
analysis. In fact, the latter shows two main strikes N080°-090° and
NO020°-030°, whereas fractures collected in the field have a dominant
strike N050°-060° (Fig. 11), consistent with borehole data.

In the P3 borehole site, morphostructural analysis points out two
main sets of fractures striking N070°-080° and N170°-180° while field
survey shows fractures and veins striking N030°-050° and N110°-120°.
However, at this site, data from the borehole (Fig. 8e and f) indicate that
the dominant strike of high-angle fractures cutting the main foliation is
N190°-210°, consistent with surface structural data. In the northern part
of the NS P3 seismic line, highlighted in red, we find an intersection of
morphostructural lineaments striking WSW and NW. Additionally, we
found evidence of a NW-striking lineament that is intercepted by profile
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P3 EW, to the west of the borehole.
5. Discussion

Our characterization of the sites P2 and P3 mainly relies on results of
high-resolution active seismic surveys (Fig. 1b). By applying surface
refraction tomography and downhole techniques, we were able to
determine rock Vp values and image the subsurface structure down to
depths ranging from approximately 90-100 (at site P2) to 230-240 m (at
site P3). This information, integrated with ERT models and calibrated by
well logs, enabled a reliable characterization of the rock mass in both
drilling sites.

As supported by the cross-comparison with morphostructural and
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Fig. 11. Results of geometric analysis of morphostructures in the surroundings of sites P2 and P3. Red lines highlight the traces of our seismic lines. Each row
displays satellite images with superimposed lineaments elaborated with FracPaq, the frequency distribution of trace lengths, the cross-plot of trace length vs. strike
and the rose diagram of azimuthal distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

field-based structural analysis, we argue on the thickness of the
weathered layer from the intact granitoid and orthogneiss units, and on
the subsurface geometry of fractured zones, as discussed in the
following.

5.1. Constraints on the P-wave velocities in granite and gneiss from
literature comparison

Lithological interpretation of the P-wave velocity models described
in Section 4.2 is based on comparison with literature, dealing with high-
resolution geological and geophysical characterization of crystalline
rocks for similar underground laboratory projects, tunnels, deep scien-
tific drillings and nuclear waste disposal sites.

Borehole velocity measurements propaedeutic to the Bedretto
(Switzerland) hydroshear and hydrofracturing underground experi-
ments (about 1.5 km depth b.g.1.) show that weakly fractured or almost
intact granites have Vp in the 5200-5500 m/s range (Ma et al., 2022;
Greenwood et al., 2019). The Vp drops to 4300-4500 m/s in corre-
spondence with a region of intense deformation characterized by
frequent fault zones up to 2 m thick. Here, highly fractured granites are
associated with mylonites and crackle breccias, which are structural
endmembers of the ductile and brittle deformation, respectively
(Cardello et al., 2024). Comparable velocity values characterize the
granites and granodiorites targeted in the Grimsel (Switzerland) un-
derground experiments (Krietsch et al., 2018). Borehole measurements
integrated with underground high-resolution tomography show frac-
tured volumes with Vp around 5200 m/s, whereas a fault-zone with a
high degree of fracturing and 4-8 m thickness appears as a low-velocity
zone with Vp around 4500 m/s.

In the Albala granitic test site in Spain (Marti et al., 2006), a 3D high-
resolution tomography using borehole data recorded from the surface
down to 500 m-depth and sonic logs shows that the velocity structure
strictly correlates with the degree of fracturing. Almost intact granites
below 40-60 m depth have Vp between 5500 and 6000 m/s, which can
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be regarded as host dry rocks (sensu Evans et al., 2005), while the top
low-velocity weathered layer features Vp rapidly increasing with depth
from 3000 to 4500 m/s.

Flinchum et al. (2018) in their high-resolution shallow seismic to-
mography investigation of the Sherman granite batholith (1.4 Ga) in the
Laramide Range (Wyoming) found that the weathered layer (10-20 m-
thick) has Vp in the range of 1200-2500 m/s, whereas weakly fractured
and weathered granites displays Vp in the range of 4000-4900 m/s at
depths greater than 20 m. These velocity values are comparable with
those determined by Podugu et al. (2023) in the Western India for
basement granitoids. Similarly, Benjumea et al. (2011) found that the
shallow portion of Variscan granites in the Catalan Coastal Ranges
(northern Spain) exhibit Vp >4500 m/s and resistivity p ~1000-1800
Qm, whereas the >20 m-thick weathered layer may display Vp as low as
3000 m/s.

Summarizing, the available literature data on shallow granitoids
indicate that nearly intact rock masses have high to very-high Vp in the
order of 4900-6000 m/s with low vertical velocity gradient. Conversely,
faulted and fractured rock masses may experience a dramatic drop in Vp,
with values as low as 4300-4600 m/s. The weathered near-surface
layers display Vp ranging from 1000 to 4000 m/s, with a high vertical
velocity gradient. In general, these results are consistent with those
derived from the inversion of both surface wave dispersion and P-wave
travel times from a quarry blast, measured in the proximity of the Sos
Enattos mine (Di Giovanni et al., 2020; Saccorotti et al., 2023). In both
solutions, the compressional wavespeed exhibits a marked gradient at
shallow depths, increasing from ~1500 m/s at the surface to about
5000 m/s at depths of about 50-70 m.

Concerning previous studies on gneiss rock mass, the work by Giese
et al. (2005) based on seismic tomography investigation of the Faido
access tunnel of the Gotthard Base Tunnel (Switzerland) shows that the
undisturbed gneiss beyond the excavation zone displays Vp of 5800 m/s.
Conversely, when intersecting important cataclastic fault zones, the Vp
decreases to 3000-4500 m/s. Although computed with different
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methods, it is worthy to point out the reported range of P-wave velocity
of 6.1-6.5 km/s for the gneiss and amphibolite rock mass drilled in the
Seve Nappe (Scandinavia) by Almqvist et al. (2021).

5.2. Interpretation of results from P2 and P3 drilling sites

Taking into account constraints from literature discussed in Section
5.1, we discuss the geophysical interpretation supporting the geological
reconstruction of the structures recognized in the surroundings of P2
and P3 drilling sites presented in Fig. 12.

Based on the comparison of Vp and resistivity models with borehole
data, the subsurface in both P2 and P3 sites does not feature significant
lithological variations. Lateral and vertical changes shown by the
refraction tomography and ERT models can be instead related to vari-
ations in weathering and fracturing degree of an otherwise quite ho-
mogenous rock mass, both of which contribute to decrease seismic
velocity and resistivity (e.g., Clair et al., 2015).

Regarding the Vp pattern recovered at site P2 (Fig. 4a), we recall that
high Vp values near the surface (Vp around 3000 m/s just a few meters
b.g.l.) are in good agreement with the patchy distribution of granites
outcropping in the area. As observed in the field, this shallow level
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surrounds arenized and weathered granitic-derived bodies that are in
contact with a stiff host rock, whose vein and fractures have been
documented (Fig. 11). Overall, our geophysical and borehole data shows
that this level is as thin as 15-20 m, thus including very large boulders.
This shallow layer displays a step vertical gradient, with Vp increasing
from 1500 to 2000 m/s near the surface to 4000 m/s at 10-15 m depth,
and defines the alteration zone, consistently with the conductive
weathered surface layer (p < 200-300 Qm) imaged by ERT Bt1 (Fig. 4b).
These velocity and resistivity values are similar to those of other high-
resolution shallow surveys on granitoids (Flinchum et al., 2018; Marti
et al., 2006; Clair et al., 2015; Section 5.1). At depths >20 m, Vp values
reach ~5000 m/s indicating the occurrence of poorly fractured gran-
itoid bodies, and are paired with high resistivity (p > 1000 Qm). Higher
Vp values on the southern side suggest the presence of massive and
almost intact granitoids, as supported by literature data (Section 5.1).
Our data points to a rapid transition from weathered granites to un-
weathered bedrock. Moreover, seismic velocities >5000 m/s, together
with gentle vertical Vp gradient, likely reflect the general closure of
fractures at depth > 20 m.

Based on literature data (Section 5.1), the low-velocity zone (Vp
~4250 m/s) in the middle of the section, which displays a 20 % drop in

Fig. 12. Schematic interpretation models of the surface subsurface of boreholes sites P2 and P3, in perspective view. a) Interpretation of the P2 well area. b)
Interpretation of the P3 well area. The figures compare the results of seismic and electrical tomography (see Figs. 4, 6, 7) with the maps of morphostructures at the

surface (Fig. 11) to trace them at depth.

15



F. Villani et al.

Vp with respect to the surrounding rock mass, can be interpreted as a
sub-vertical fault-zone with a high degree of fracturing. The estimated
width of the presumed fault zone, based on the size of the low-Vp
anomaly and model resolution, is ~15-35 m. This interpretation is
strongly supported by ERT data that coherently shows a co-located low-
resistivity wedge (p ~350-500 Qm).

The P2 borehole (Fig. 5a) drilled partially altered leuco-granodiorite,
which in general are affected by close fractures with spatial density
decreasing as a function of depth (Fig. S8a), although six thin intervals
with significant fracture opening were found (Fig. 5f). The conductive/
low-Vp anomaly (Fig. 4a-b) corresponds to the zone where two fault
systems, that are broadly WSW-striking, are intercepted by the
geophysical transect. In particular, at x = 150-160 m (Fig. 4b), we found
a resistivity drop of about 150 Qm at a depth of 40-60 m, probably
related to bottom-up groundwater circulation within the fractured zone
depicted in Fig. 12a. Moreover, this depth corresponds to one of the
intervals with open fractures found in the borehole (Fig. Se, aperture
>1000 mm), supporting our hypothesis that these shallow fractured
zones affect groundwater circulation We also observe that the high-Vp
region (> 5500 m/s) in the deep part of the tomographic model dis-
plays a deflection, which might indicate that the fractured zone extends
downwards, also taking into account results of resolution test (Fig. 4a;
Fig. S6 and S7).

Concerning site P3 (Fig. 12b), Vp and ERT models for both P3 N-S
(Fig. 6) and P3 E-W (Fig. 7) highlight that high-velocity and relatively
shallow crystalline metamorphic rocks (Vp > 4500 m/s) are character-
ized by high resistivities (p > 1000 Qm). Similarly, the surface weath-
ered zone has lower resistivities (p < 500 Qm). The presence of
relatively homogeneous and stiff orthogneiss with very low degree of
intervening fracturing (Fig. S8b) is confirmed by well logs. Borehole
data (Fig. 8g) indicates that fracture opening is usually limited to <50
mm, thus generally hampering water circulation with depth. These re-
sults agree with other studies on similar rocks (Giese et al., 2005;
Almqvist et al., 2021; Section 5.1).

Along profile P3 N-S, a low-Vp (3000-4000 m/s) shallow anomaly
characterized by a gentle vertical velocity gradient located to the north
of the borehole (at x = 430-550 m; Fig. 6a) matches a steep lateral
variation shown by ERT model On2 (p as low as 500-800 Qm; Fig. 6b).
The edges of these shallow anomalies are located where WSW-ENE
striking fault zones have been recognized both in the field and from
morphostructural observation from satellite images (Fig. 11).

Seismic velocities from profile P3 E-W also show that starting from
depths of about 120 m down to 230-240 m, the average Vp of the
orthogneiss rock mass is as high as 6000-6250 m/s, suggesting that the
degree of fracturing is extremely low, consistent with borehole data
(Fig. 8g; Fig. S8b) and literature on similar rocks (Section 5.1). More-
over, we have evidence of weak seismic anisotropy, with slightly higher
Vp along the E-W direction with respect to the N-S direction.

By following these observations, as depicted in Fig. 12b, we identify
a possible fault zone crossed by the P3 N-S seismic profile, likely related
to the intersection between the WSW- and NW-trending morphos-
tructures, which we associate to the local decrease of seismic velocity (<
4000 m/s) and resistivity (p 500-800 Qm). Additionally, we have evi-
dence that a NW-striking fault zone is intercepted by profile P3 E-W, just
to the west of the borehole, and it appears as a low-Vp region in the
tomography model (Fig. 7a).

Borehole logging reports some significant groundwater content at a
depth of about 70 m in borehole P3 (Fig. 8a). Based on general con-
siderations about scaling of fault zone width as a function of fault length
(e.g., Shipton et al., 2006), we suggest that only the largest fractured
rock volumes in morphostructural lineaments associated with fault
zones longer than 0.3-0.5 km are saturated with water, and thus capable
of hosting perched aquifers. The study of the surface fracture pattern, as
also recognized by a careful reconstruction of the unweathered host
rock, is consistent with fracturing predicted from multiscale morphos-
tructural and structural surveys, and thus can be used to assess the
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fracture geometry at depth. The very low degree of maturity of the
surveyed fracture system (cf. Fig. 10 a-b) reflects in the limited extent of
the fault length (< 1 km) and their scarce hierarchization (as shown by
their frequency distribution: Fig. 10). We also infer that the perched
aquifers correspond to the low-velocity anomalies detected along the
seismic profiles (e.g. Fig. 6a and 7a). These aquifers have only been
marginally intercepted in the wells (e.g. Fig. 8a), and they should also be
of limited volume.

5.3. General remarks on the applied subsurface imaging strategies

Our seismic investigations revealed that the presence of a very
stiff crystalline bedrock affected by predominantly closed fractures and
localized fault zones is in agreement with the shallow propagation of
seismic waves documented by the ray coverage of the tomographic
models (Fig. S2-S7).

From a methodological point of view, we point out that, despite the
use of 720 m (P3 N-S) and 835 m (P3 W-E) long recording arrays, and the
inversion of P-wave first arrival times at large offsets (715-725 m from
the source), refracted and turning waves propagated only within the
uppermost 100 m. This represents a limitation of the applied method on
high velocity crystalline rocks, since under standard geological condi-
tions (in the absence of a very-high Vp, homogenous and shallow sub-
stratum), the depth of investigation of surface refraction tomography
usually varies between 1/3 and 1/4 of the maximum observation dis-
tance of the P first arrivals. Instead, the encountered geological condi-
tions had the effect of drastically reducing the investigation depth to
approximately '/ of the maximum observation distance. On the other
hand, such a limited exploration depth provides evidence of the lack of
important refractors (i.e., lithological or structural discontinuities with
increasing velocities with depth) within the granitoids.

However, in the case of the seismic profile P3 E-W, we were able to
significantly increase the investigation depth (about /5 of the profile
length) by integrating surface recordings with borehole data. This result
documents that active seismic investigations for characterizing crystal-
line rock mass using 2-D refraction techniques can benefit greatly from
the integration with borehole measurements. It is worth pointing out
that, apart from the 1-D Vp profiles provided by downhole measure-
ments and 2D tomography from the P3 E-W profile, the depth interval
250-400 m is devoid of geophysical information, because our seismic
refraction profiles do not investigate at that depth, while no reflective
faults or tectonic structures, nor other significant lithological change
may be distinguished there.

Considering that most of the investigated local morphostructures in
the surroundings of sites P2 and P3 display limited lateral extent (<0.3
km; Fig. 11), we suggest that any future investigation focused on the
characterization of the rock mass in this region, should take into account
the possibility that the largest lineaments mapped at the surface with
lateral extent ranging from 0.3 to 1.5 km can host fault-related perched
aquifers at depth (see Fig. 10).

Additionally, we found that on average the mechanical properties of
the investigated orthogneisses (site P3) are slightly better than those
retrieved in the granites of site P2, since they display a higher average
Vp and lower spatial density and aperture of fractures at comparable
depths.

6. Conclusions

Based on our multi-disciplinary investigations performed on Varis-
can granitoids at two sites of interest of the Italian site candidate for
Einstein Telescope, we point out the following conclusions.

The crystalline substratum of sites P2 and P3 is characterized by
homogenous and stiff rocks (granitoids and orthogneisses), partially
affected by minor faults with limited extent. The transition from soil
regolith or weathered granites to unweathered bedrock is located within
a very thin belt, about 10-30 m thick. P-wave velocities >5000 m/s,
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together with low velocity gradients with depth, indicate the closure of
fractures at depth > 20-30 m. P-wave velocity and electrical resistivity
exhibit noticeable correlation, so that we can detect the most fractured
rock volumes related to fault zones, which are characterized by lower
seismic velocity and electrical resistivity with respect to the relatively
intact host rock.

Borehole data indicate that those fractured zones host fault-
controlled perched aquifers, and the very limited amount of water cir-
culation is likely controlled by short and poorly interconnected fault
strands, mainly WSW-striking, consistent with field and morphostruc-
tural mapping.

The only exception is represented by a prominent low-velocity zone
(Vp ~4250 m/s) found immediately SW of borehole P2 (Fig. 4), which is
interpreted as a steep fault zone~15-35 m-wide, with a possible
downward extent of ~70 m.

Site P3 is characterized by a homogeneous and very high velocity
(Vp > 6000 m/s) orthogneiss imaged at >120 m depth (Fig. 7), and
displaying a subtle anisotropy in the propagation of P-waves. The
absence of clear reflections suggests the lack of relevant impedance
contrasts related to lithological and/or structural interfaces down to
nearly 1 km depth, while borehole data indicate that the aperture of
fractures being much smaller than the seismic resolution (Fig. 8g),
hampers any reflectivity.More generally, our study points out that the
integration of high-resolution refraction tomography with electrical
resistivity tomography surveys calibrated by well logs, allows defining
the main physical properties of crystalline rock masses and relating
fractured zones imaged in the subsurface to faults recognized in the
field. The effective investigation strategy presented in this study can be
applied to similar settings characterized by crystalline basements, and
provide valuable information to design future underground
infrastructures.
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