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SUMMARY

Characterizing the hydraulic and geomechanical behaviour of crystalline rocks is of importance
for a wide range of geological and engineering applications. Geophysical methods, in general,
and seismic techniques, in particular, are extensively used for these purposes due to their cost-
effective and non-invasive nature. In this study, we combine legacy seismic observations to
analyse the seismic attenuation and velocity characteristics in macroscopically intact regions
of the granodiorite hosting the underground Grimsel test site in the central Swiss Alps across
a wide frequency range. By focusing on data from the intact rock volumes we aim to assess
the importance of viscoelastic effects in the crystalline host rock. Our results show consistent
frequency-dependent characteristics of the seismic velocity and attenuation. We illustrate that it
is possible to fit a microcrack-related wave-induced fluid flow (WIFF) model to the data over the
entire frequency spectrum under examination extending from the Hertz to the Megahertz range.
Utilizing complementary pressure-dependent ultrasonic measurements, we infer microcrack
properties that validate the key parameters of the proposed WIFF model. These findings
deepen our understanding of dispersion and attenuation mechanisms at the microscopic scale
in crystalline environments, which is critical for a coherent analysis and integration of data
from different seismic techniques as well as for the identification of dispersion and attenuation
effects related to macroscale heterogeneities, such as fractures and faults.

Key words: Fracture and flow; Acoustic properties; Body waves; Seismic attenuation; Wave
propagation.

1 INTRODUCTION

Crystalline rocks constitute the main host rocks for a wide range of
prominent geological and engineering applications. Characterizing
the hydraulic and geomechanical behaviour of low-permeability
crystalline environments is crucial for ensuring the safety of nu-
clear waste repositories (e.g. Green & Mair 1983; Majer et al.
1990) and the productivity of geothermal reservoirs (e.g. Pandey
et al. 2018). Furthermore, understanding deformation in surficial
crystalline environments is essential for assuring the integrity of
critical structures, such as dams, bridges and tunnels (e.g. Zangerl
et al. 2003; Liith et al. 2008). These applications tend to rely ei-
ther on the presence of fractures (e.g. fluid flow pathways that
ensure circulation in low-permeability geothermal reservoirs) or on
their absence (e.g. fracture-induced subsidence may threaten the
integrity of structures). As the prevalence of fractures of varying
scales, connectivities, transmissivities and compliances is common

in crystalline rocks (e.g. Rutqvist & Stephansson 2003), the iden-
tification and hydromechanical characterization of these structures
is a key factor for the success of these endeavours. In this context,
the geophysical and geological characterization of the intact crys-
talline host rocks is necessary for accurately recovering properties
of embedded fractures and faults.

Seismic methods have proven to be powerful characterization and
monitoring tools of the heterogeneous subsurface in general and of
fractured crystalline rocks in particular. Theoretical and experimen-
tal evidence indicates that seismic wave propagation is significantly
influenced by various fracture characteristics, including density,
size, orientation, aperture and compliance (e.g. Mavko et al. 2009).
This, in turn, may provide valuable insights into, for example, the
fractures that act as the main pathways for fluid flow and pressure re-
laxation (e.g. Hunziker et al. 2020; Barbosa et al. 2021). Particularly
interesting is the fact that fractured crystalline environments typ-
ically exhibit frequency-dependent seismic properties due to both

© The Author(s) 2025. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

9202 YoJe|\ 0} Uo Jasn uiag Yaujonaigsioelsioniun Aq 6980+ 18/88 11eBB/z/zz/a10n1e/B/woo dno oiwspeoe)/:sdjy woij papeojumoq


http://orcid.org/0000-0003-4840-412X
mailto:nicolas.barbosa@sintef.no
https://creativecommons.org/licenses/by/4.0/

2 N. D. Barbosa et al.

intrinsic and apparent attenuation and its associated dispersion (e.g.
Sarout 2012; Eulenfeld & Wegler 2016). Furthermore, when hetero-
geneous rocks are fluid-saturated, both mechanisms get significantly
modified due to hydromechanical coupling effects (e.g. Pride et al.
2004; Miiller et al. 2010). The so-called wave-induced fluid flow
(WIFF) effects arise when the deformation associated with a pass-
ing seismic wave creates pressure gradients within the fluid phase of
aporous rock. Both at the microscale (i.e. pore scale) and mesoscale
(i.e. larger than the pore sizes but smaller than the wavelengths),
spatial variations in compressibility promote the development of
local gradients in fluid pressure. Neglecting the associated WIFF
effects when interpreting seismic data, for example with regard
to attenuation, velocity dispersion, anisotropy, scattering, can result
not only in inaccurate predictions of the physical rock properties but
also in missing the links with other valuable information. Examples
of the latter include the relation between amplitude-versus-offset
(AVO) data and the degree of fracture connectivity (e.g. Rubino
et al. 2022), the impact of partial fluid saturation on Rayleigh wave
dispersion (e.g. Quiroga et al. 2023) and the enhancement of the re-
flectivity of individual faults (e.g. Sotelo ez al. 2021). It is important
to remark that, as the seismic waves are sensitive to the elasticity
contrast between the macroscale fractures and faults and their em-
bedding background, a correct interpretation of WIFF effects relies
on the estimation of the seismic properties (e.g. intrinsic attenuation
and velocity dispersion) associated with the intact host rock.

In a general scenario, models that account for WIFF effects oc-
curring at either the micro- or mesoscales predict a frequency-
dependent seismic response in the upper crust crystalline rocks
(e.g. Miiller et al. 2010). However, incorporating these models into
seismic data inversion schemes is as of yet uncommon. The main
reason for this is that the most widely used seismic techniques op-
erate within narrow frequency bands: ambient seismic noise mon-
itoring data falls within the sub-hertz range (e.g. Obermann et al.
2015); exploration seismic data typically ranges from 10 and 100 Hz
(e.g. Crampin & Peacock 2005); high-resolution near-surface seis-
mic data spans the range from hundreds of hertz to a few kilohertz
(e.g. Holliger & Bithnemann 1996; Doetsch et al. 2020); sonic bore-
hole sources typically operate in the kilohertz range (e.g. Barbosa
et al. 2019); laboratory-based ultrasonic measurements typically
utilize frequencies in the megahertz range (e.g. Batzle et al. 2006; Li
etal. 2018). Describing the characteristics of a frequency-dependent
mechanism based on band-limited data poses a challenge. Further-
more, obtaining reliable measurements in the field, particularly with
regard to attenuation (e.g. Winkler & Nur 1979; Li & Richwalski
1996; Picotti & Carcione 2006; Gurevich & Pevzner 2015), can be
difficult and frequency-dependent effects may be obscured by the
inherent uncertainties. In the context of WIFF models, this problem
is exacerbated due to the numerous fluid and rock model parame-
ters, the phenomenological similarities in the predicted responses
for contrasting models and the typical multiplicity of heterogeneity
scales (e.g. Pride ef al. 2004; Gurevich et al. 2009; Gurevich &
Pevzner 2015).

As aresult of the above-mentioned technical and theoretical chal-
lenges, significant gaps still exist between the numerous theoretical
models and their experimental validation at the field scale. Over
a decade ago, Miiller et al. (2010) pointed out that, while some
of the field observations can be consistently explained with the
WIFF mechanism, additional research was necessary to assess the
applicability and validity conditions of WIFF models. Many, pre-
dominantly laboratory-based, efforts have been made since then to
bridge this gap through broad-band experimental studies explor-

ing the dependency of seismic properties on factors such as strain
amplitude, frequency, pressure, temperature and fluid saturation. In
addition, laboratory studies often involve a combination of two or
more techniques (e.g. pulse transmission, resonant bar and forced
oscillation techniques) as reviewed by Rerheim (2022). While this
relatively well-controlled approach can provide data covering fre-
quencies from hertz to megahertz, caution must be exercised when
extrapolating laboratory measurements to field conditions (Adelinet
et al. 2010). The common reasons being that laboratory measure-
ments may involve idealized, small-scale and/or synthetic rock sam-
ples, artificially created cracks, relatively large strains compared to
those generated by propagating waves, unrealistic fluid properties
(e.g. due to the use of glycerin to shift the frequencies, at which
WIFF dominates), unknown saturation states (e.g. residual mois-
ture in the pore space of ‘dry’ samples), localized measurements of
strain (e.g. glued strain gauges measuring local instead of bulk de-
formation), unrealistic boundary conditions and associated effects
(e.g. improper jacketing, dead volume in the fluid drainage system),
issues related to misalignments of the samples (e.g. due to rough
and/or non-parallel surfaces), transformation of measured parame-
ters (e.g. bulk or Young’s moduli) for comparability, among others
(e.g. Subramaniyan et al. 2014; Ogtnsami et al. 2021; Reorheim
2022). However, the most significant source of inconsistency be-
tween laboratory and field results is arguably the presence of cracks
and fractures at various scales, from the pore scale to the wave-
length scale, as well as the alteration of original stress conditions
when samples are extracted from the subsurface, which can lead
to changes in their elastic and hydraulic properties compared to
in-situ conditions. This complicates the integration of data acquired
with dynamic methods having different resolutions and averaging
volumes. The work of Sams et al. (1997) is the most notable ex-
ample of data integration, in which vertical seismic profiling (VSP)
and sonic log data were combined with ultrasonic measurements
from centimetre-scale core samples to determine intrinsic attenu-
ation in a finely layered sequence of limestones, sandstones, silt-
stones and mudstones. To account for the varying averaging vol-
umes of the techniques considered, the authors computed median
values of velocity and attenuation within the same depth interval.
While the study provided strong evidence of consistent velocity
dispersion and frequency-dependent attenuation across the consid-
ered techniques, the presence of heterogeneities made it challeng-
ing to determine whether the effects prevailed uniformly for all
lithologies.

Therefore, while evidence suggests that frequency-dependent
seismic signatures can offer valuable insights into the hydraulic,
mechanical and geometrical properties of complex fractured rock
masses, the above-mentioned challenges related to data integration,
measurement uncertainties and representativeness remain a limiting
factor. Efforts to alleviate these problems should focus on meet-
ing conditions that enable a relatively well-controlled quantitative
comparison between rock physics models and field measurements.
In this sense, the extensive seismic characterization undertaken in
the crystalline rocks of the underground Grimsel test site (GTS)
in the central Swiss Alps over the last decades presents a unique
opportunity to reconcile experimental observations and theoretical
predictions. The primary goals of the studies conducted at the GTS
were to assess the suitability of crystalline rocks for hosting under-
ground waste repositories and geothermal projects. They focused on
characterizing the dominant mechanical and hydraulic features (e.g.
shear zones and fractures) while constraining the seismic properties
of the intact host rock, the so-called Grimsel granodiorite.
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In this work, our primary objective is twofold. First, we want to
assess the importance of frequency-dependent effects within macro-
scopically intact crystalline rocks. To do so, we combine legacy P-
wave attenuation and velocity measurements that are representative
of the macroscopically intact granodioritic host rock across varying
survey frequencies. We consider similar stress states and saturation
conditions to enable meaningful comparison across the multiple in-
dependent data sets. Secondly, we investigate the feasibility of fitting
a WIFF model to the frequency-dependent behaviour of the seismic
velocity and attenuation in the Grimsel granodiorite. Given that we
focus on intact regions of the crystalline rock mass of the GTS, we
propose a WIFF mechanism operating at the microscale. In this sce-
nario, energy dissipation is linked to flow occurring within cracks
and/or grain boundaries with different shapes, compressibilities or
orientations at the microscale.

The work is structured as follows. We first review previously
reported measurements (Section 2), which include transmission ex-
periments along tunnels (Majer et al. 1990; Holliger & Bithnemann
1996), cross-hole experiments (Doetsch et al. 2020), sonic logging
(Barbosa et al. 2019) and laboratory measurements (Majer et al.
1990) on core samples. For each data set, we extract P-wave veloci-
ties and attenuations whenever available representative of the crys-
talline host rock as well as the characteristic survey frequency and
an estimate of their uncertainties. We complement these legacy data
by measuring pressure-dependent ultrasonic data set using samples
from the GTS. In Section 3, we analyse the frequency dependence
of the attenuation and velocity values in the macroscopically intact
Grimsel granodiorite. We then propose a microcrack-related WIFF
model to explain the observations over the entire frequency range of
observation. Finally, in Section 4, we assess the physical validity of
the parameters linked with the proposed WIFF model. In particular,
we show that the microcrack properties derived from our pressure-
dependent ultrasonic measurements align with those obtained with
the fitted WIFF model.

2 SEISMIC ATTENUATION AND
VELOCITY MEASUREMENTS
REPORTED FOR THE GRIMSEL TEST
SITE

In this section, we briefly introduce the GTS as well as the pertinent
studies conducted at this site. We sort the latter according to their
characteristic survey frequency. Finally, we present newly acquired
pressure-dependent ultrasonic data.

2.1 Relevant context

The GTS, which is situated within the crystalline rocks of the so-
called Central Aar Massif in the central Swiss Alps, is operated
by the Swiss National Cooperative for the Disposal of Radioactive
Waste (Nagra). It has an overburden of approximately 480 m and
serves as an underground research facility. The tunnels at the GTS
(Fig. 1) were drilled with a tunnel-boring machine, resulting in an
excavation damage zone of a few meters in width and smooth walls
that easily allow measurements on the tunnel walls (Holliger &
Bithnemann 1996; Doetsch et al. 2020). Various projects of rele-
vance to our study have been conducted at the GTS. Notably, the
In-situ Stimulation and Circulation (ISC) (e.g. Amann et al. 2018)
aimed to address key scientific questions related to hydraulic stim-
ulation within enhanced geothermal systems. As part of the ISC
project, a comprehensive characterization effort was carried out
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with the primary objective of creating a 3-D model of the geo-
logical structures, rock properties, stress distribution and hydraulic
characteristics of the investigated volume. In addition to the main
tunnels, two boreholes dedicated for the high-pressure fluid injec-
tions (INJ-boreholes) and four boreholes dedicated for geophysical
monitoring (GEO-boreholes) were used for geophysical borehole
measurements within the framework of the ISC project (Doetsch
et al. 2020). Specifically, seismic transmission experiments, such as
cross-hole tomography, proved to be valuable techniques for identi-
fying fracture zones within crystalline rock formations (Majer et al.
1990; Doetsch et al. 2020).

The geophysical characterization of hydraulic stimulations at
GTS not only enabled time-lapse monitoring of the underlying
processes but also allowed to identify valuable links between the
hydraulic and mechanical response of fractures. For example, Bar-
bosa et al. (2021) showed that the fracture normal compliance
Zy, which quantifies the fracture’s mechanical behaviour under
stress, correlates with the fracture’s hydraulic transmissivity, as
obtained from various hydraulic characterization experiments per-
formed within the ISC project (Dutler et al. 2019; Brixel et al.
2020; Krietsch et al. 2020). In this context, Barbosa et al. (2019)
developed a technique which allowed for the quasi-continuous es-
timations of fracture compliance along a borehole. Central to the
proposed methodology is the computation of fracture-related trans-
mission losses from attenuation estimates, which requires removing
the contributions associated with other amplitude loss mechanisms,
such as geometrical spreading and intrinsic background attenuation.
When applying this methodology to full-waveform sonic (FWS) log
data acquired along INJ2 (Fig. 1), the authors found that the host
rock intrinsic attenuation, estimated from measurements in inter-
vals of intact granodioritic rock, was rather high as quantified by
quality factors Q between 12 and 14.5. Interestingly, these Q-values
were consistent with earlier estimates from the GTS (Majer et al.
1990; Holliger & Bithnemann 1996) for frequencies that were sev-
eral orders-of-magnitude lower. However, the underlying cause of
this relatively high intrinsic attenuation in the macroscopically in-
tact crystalline host rock remains unexplored. Our objective is to
quantitatively assess the consistency of the seismic attenuation and
velocity observations across the multiple studies and to propose a
plausible physical mechanism to comprehensively explain all avail-
able observations.

To this end, we have selected P-wave seismic data with the aim
of enabling a meaningful comparison across the various data sets
that may provide insights into the mechanisms behind the observed
seismic properties. These data sets cover a wide range of survey
frequencies fq, ranging from Hz to MHz, measurement directions
with respect to the inherent anisotropy and prevailing pressure con-
ditions (in-situ stress versus confining pressure). The in-situ stress
state within the test volume was characterized prior to the stimula-
tion experiments (Krietsch et al. 2019). In regions far away from
the shear zones representing the unperturbed stress field, the stress
tensor exhibited maximum and minimum principal stress magni-
tudes of ~14 and ~8.7 MPa, respectively. Wenning et al. (2018)
also reports present-day low-pressure conditions at the GTS with
minimum principal stress in the range of 8 to 12 MPa and maxi-
mum principal stress in the range of 13 to 17 MPa. Based on this
information, we will use values from 8 to 17 MPa to select the data
for comparison whenever a range of pressures is provided. Finally,
we have taken into account other potential sources of discrepancies,
such as saturation conditions, data repeatability and associated un-
certainties. This approach is expected to ensure a robust foundation
for our comparative analysis and interpretation. In the following, we
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Figure 1. Locations of boreholes INJ1 and INJ2. The two boreholes intersect sub-vertical ductile shear zones (red and green structures). Some of these shear
zones follow a NE-SW strike, classified as being of S1-type, and two an E-W strike, classified as being of S3-type. Between the two S3-type shear zones the
rock mass is highly fractured. The part of the INJ2 borehole used for FWS log measurements in Barbosa et al. (2019) is illustrated as a blue line. The ultrasonic
measurements were performed on samples extracted from INJ1 and their location is denoted by the blue circle. The FWS and ultrasonic measurements
correspond to sections that were considered in previous works as a being representative of the local host rock (e.g. Barbosa et al. 2019, 2021).

present a short review the studies included in our analysis, sorted
based on their characteristic survey frequency. Additional informa-
tion from the reviewed studies are provided in Appendix A.

2.2 Near-surface survey from Holliger and Bithnemann
(1996)

Holliger & Bithnemann (1996) reported Q p-estimates based on
borehole-to-tunnel seismic experiments conducted at the GTS. The
O p-estimates were derived from the first cycles of transmitted P
waves using the spectral ratio method (e.g. Tarif & Bourbie 1987)
and assuming that both the velocity and Qp remained frequency-
independent within the prevailing spectral range (i.e. 50-1200 Hz).
Regarding Vp, Holliger & Biithnemann (1996) considered a mean
value of 5000 m s~ to interpret their measurements. The values are
assigned to a mean frequency of 625 Hz, which corresponds to the
midpoint of the spectral ratio fitting range from 50 to 1200 Hz. The
list of values, which are representative of the granodioritic host rock
at GTS, along with standard deviations, is given in Table 1.

2.3 Near-surface survey from Doetsch et al. (2020)

As part of the ISC project, Doetsch er al. (2020) performed
a seismic study involving both tunnel-to-tunnel and 3-D-type
configurations to characterize the crystalline rocks at the GTS.
To generate seismic signals, a sparker source was activated
within six water-filled boreholes. The dominant frequency char-
acterizing the first-arriving seismic energy was approximately
1.1 kHz.

Due to the foliation of the Grimsel granodiorite, the seismic
velocities exhibit anisotropy (e.g. Wenning et al. 2018), and the
authors assumed a transversely isotropic medium to model velocity
anisotropy. Specifically, for vy, the velocity in the direction normal
to the anisotropy plane, they obtained a distribution of values due
to the inhomogeneity of the rock within the probed volume and
provided v, values for boreholes INJ1 and INJ2. We compute a
mean velocity value and uncertainty for the less fractured shallow
sections, which are more representative of the granodioritic host
rock (Table 1). Finally, Qp-values were not reported by Doetsch
et al. (2020).
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Table 1. Data reported for the Grimsel granodiorite and shown in Fig. 4, sorted according to their characteristic survey frequency fsury. Mean values (%) and
associated uncertainties (Ax) in the variables Q;l, Vp and fgry are provided whenever possible. The annotations ‘HF-ultrasonic’, and ‘LF-ultrasonic’, and
‘Tomography’ distinguish the ultrasonic measurements with low- and high-frequency transducers, respectively, and the tomography results reported in Majer

et al. (1990).

Work Q}_)l A Q;I Vp AVp }surv Af surv

Holliger & Biihnemann (1996) 0.0286 0.016 5000 ms~! 100 ms™! 625 Hz 575 Hz
Doetsch ef al. (2020) - - 5200 ms~! 102 ms™! 1100 Hz 500 Hz
Majer et al. (1990) Tomography 0.067 0.0015 5200 ms~! 115ms™! 7.5 kHz 2.5 kHz
Barbosa et al. (2019) 0.082 0.009 5180 ms~! 20ms~! 19.0 kHz 1.5 kHz
Majer et al. (1990) LF-ultrasonic - - 5385 ms ! 110 ms™! 475 kHz 47.5 kHz
This work 0.053 0.007 5450 ms~! 95ms~! 635 kHz 73 kHz
Majer et al. (1990) HF-ultrasonic - - 5485 ms! 210 ms™! 900 kHz 90 kHz

2.4 Near-surface survey from Majer et al. (1990)

In the context of the Fracture Research Investigation (FRI) project
at the GTS, Majer et al. (1990) conducted a series of multi-
offset/multisource VSP experiments near the boundary between the
Grimsel granodiorite and the Central Aaregranite. They performed
a tomographic analysis using VSP and cross-hole data for multiple
offsets and azimuths, with peak energy transmission occurring at
frequencies between 5 and 10 kHz.

The travel times were used for a tomographic inversion while
accounting for the known anisotropy of the rock to improve imaging
results. Based on their anisotropy model, we computed the mean
velocity and its uncertainty. To estimate attenuation, Majer et al.
(1990) applied the same inversion procedure used for travel times
to the first arrival amplitudes. The background rock attenuation was
estimated by averaging the largest signal amplitudes after correcting
for geometrical spreading and source radiation patterns. Table 1
shows the corresponding values for the inverse of the quality factor

05

2.5 FWS results from Barbosa et al. (2019)

Barbosa ef al. (2019) analysed FWS log data acquired in a quasi-
stationary way along borehole INJ2 (Fig. 1). Two nominal sonic
source frequencies were considered, 15 and 25 kHz. A sonic P-
wave phase velocity profile was computed along macroscopically
intact borehole sections by comparing the phase spectra of signals
recorded at two receivers. Given the proximity of the nominal source
frequencies, both sets of measurements were used to estimate a mean
value for Vp and fy,v While also providing an uncertainty estimate.
Barbosa et al. (2019) further quantified different contributions to the
sonic P-wave attenuation (geometrical spreading, fracture-related
scattering, intrinsic attenuation) using the spectral ratio method. We
consider their intrinsic host rock attenuation estimates for the least
fractured section of INJ2 (Table 1).

2.6 Ultrasonic measurements from Majer et al. (1990)

Majer et al. (1990) conducted ultrasonic experiments on macro-
scopically intact rock specimens extracted from a borehole of the
FRI project. Two sets of transducers were used, operating at approx-
imately 475 and 900 kHz for P-wave propagation, referred to as the
‘low-" and ‘high-frequency’ transducers, respectively. Our focus is
on results obtained under saturated conditions for P waves at pres-
sures comparable to the GTS in-situ stress field. P-wave velocities
and peak-to-peak amplitudes of the initial arrivals were computed
from recorded waveforms. For each source frequency data set, we

determined a mean P-wave velocity value and its standard devia-
tion over a pressure range representative of GTS conditions. While
the authors qualitatively analysed amplitude decay using peak-to-
peak amplitudes, they did not report Q p values for the experiments.
The extracted velocity values for low- and high-frequency measure-
ments are listed in Table 1 as ‘LF-ultrasonic’ and ‘HF-ultrasonic’,
respectively.

2.7 This work: ultrasonic measurements performed on
samples from borehole INJ1

To complement the data previously described in this section, we
have performed pressure-dependent ultrasonic measurements of P-
and S-wave arrivals in rock samples from the INJ1 borehole at the
GTS, Fig. 1. The samples were obtained from a core representative
of macroscopically intact sections of the GTS boreholes and are
thus regarded as being representative of the Grimsel granodioritic
host rock (e.g. Wenning et al. 2018; Barbosa et al. 2019, 2021).
The core was retrieved at a distance between 16 and 16.25 m from
the top of INJ1 borehole and the ultrasonic measurements were
taken on two plugs extracted from this core. Due to the absence
of visible fractures, the ultrasonic measurements are expected to
be comparable with those described in Section 2.6 and provide the
missing attenuation information in the megahertz range.

The data analysis workflow and methodological details are out-
lined in Appendix B. We measured P- and S-wave arrivals using
the pulse transmission technique under confining pressures up to
~50 MPa. The resonance frequency of the transducers was set to
1 MHz. We considered samples with two different lengths, equal to
5.87 and 7.34 cm, hereafter referred to as L and L,, respectively.

Fig. 2 shows the resulting group P- and S-wave velocities as func-
tions of (i) confining pressure, (ii) saturation condition (i.e. dry and
water-saturated) and (iii) sample length. Group velocities were com-
puted at the peak frequency in the amplitude spectrum of the signal
propagating through the sample (Appendix B). P-wave velocities
under dry conditions exhibit a very similar pressure-dependence and
magnitudes. Conversely, P-wave velocities under saturated condi-
tions exhibit a less consistent behaviour at low confining pressures,
which could be due to a partial saturation of the sample’s pore
space during the ultrasonic acquisition. S-wave velocities, which
could only be reliably obtained under dry conditions (Appendix B),
exhibit a consistent pressure dependence.

Fig. 3 shows the P- and S-wave attenuation obtained using the
frequency shift method (Quan & Harris 1997) as functions of con-
fining pressure, saturation condition and sample length. The P-wave
attenuation under dry conditions exhibits higher values than under
saturated conditions as well as a more prominent pressure depen-
dence for confining pressures above 15 MPa. Under dry conditions,
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Figure 2. Pressure dependence of P- and S-wave ultrasonic velocities of the
Grimsel granodiorite. Samples were extracted from borehole INJ1 (Fig. 1).
Different symbols denote different combinations of saturation conditions,
sample length and wave mode. Dashed lines correspond to the fitting curves
obtained using eq. (9) from Shapiro (2003) to model the pressure dependence
of P- and S-wave velocities under dry and saturated conditions (see Section 4
for a detailed discussion).

the pressure dependence of P- and S-wave attenuation shows less
consistency compared to group velocities (Fig. 2), implying a higher
sensitivity to crack-related effects. S-wave attenuation is similar in
magnitude between both samples and comparable to P waves. In-
terestingly, all attenuation values converge to a consistent non-zero
asymptotic value at high confining pressures, where crack-related
effects are expected to be minimal.

Table 1 lists the mean and standard deviation of the P-wave atten-
uation and velocity as well as the corresponding survey frequency
obtained from these ultrasonic experiments. Only measurements
obtained under saturated conditions and for confining pressures
representative of the GTS in-situ stress field (8 to 17 MPa) are
considered. There are three confining pressures that are within this
range (10.3, 13.8 and 17.2 MPa). Finally, to compute the statistical
quantities, we consider a single data set composed by the measure-
ments for samples L, and L, together.

3 FREQUENCY-DEPENDENT
ATTENUATION AND VELOCITY OF THE
GRIMSEL GRANODIORITE

Fig. 4 presents the main result of this work, which is the set of
P-wave velocity and attenuation values reviewed in Section 2 as
a function of their survey frequency (Table 1). We also include
the values derived in this work for P waves under water-saturated
conditions (Section 2.7). Both the P-wave attenuation and velocity
values exhibit a consistent frequency-dependent behaviour, which
aligns with the typical Kramers—Kronig causal relation predicted by
viscoelastic models (e.g. Carcione 2007). That is, peak attenuation
values tend to coincide with maximal velocity dispersion.

Various mechanisms could potentially explain the dynamic re-
sponse observed in Fig. 4. Some of these mechanisms were de-
scribed and compared for different rock types by Sarout (2012):

(i) Biot’s intrinsic mechanism, which relates to the combined
effect of fluid pressure gradients between the peaks and troughs
of the seismic wave and the accelerations induced by the passing
wavefield, producing relative fluid displacements at the wavelength
scale. The associated viscous dissipation is observed as seismic
attenuation and dispersion, which is maximal around Biot’s critical
frequency fgio (€.g. Miiller et al. 2010)

ne

Soion = 5———,
2mp KT

(M

where 1 s and p; are the fluid viscosity and density, respectively, ¢ is
the porosity, « the permeability and t the tortuosity. A lower bound
for fgio can be obtained assuming an upper bound for permeability
for the granodioritic host rock in the order of 10x 10~ m?, a lower
porosity bound in the order of 0.4 per cent following the reported
values from Wenning ef al. (2018) and an upper bound for 7 equal
to 1. For water, with a viscosity 7, of 107> Pa-s and density of 1000
Kg m~3, we obtain that [Biot 18 higher than 600 MHz, which is well
beyond the frequency range in Fig. 4.

(i1) Scattering when seismic wavelengths become comparable to
the characteristic size of the heterogeneities in the rock. Note that in
this work, heterogeneities are only expected at the microscale. While
the measurements were conducted at different scales (e.g. tunnel,
cross-hole and laboratory), which could lead to varying influences
from fractures and faults within the probed volume, we have care-
fully selected data representative of the less damaged regions free of
macroscopic fractured within the studied volume. This ensures that
the measurements are representative of macroscopically intact por-
tions of the rock, thus, allowing us to rule out scattering and WIFF at
the mesoscale as the primary causes of frequency-dependent attenu-
ation and dispersion. On the other hand, the characteristic frequency
at which scattering effects due to the presence of microcracks be-
come relevant is given by (e.g. Sarout 2012)

Ve

, 2
2720R @

fScattering =

where 2 R is a characteristic size for the heterogeneities. Laboratory
ultrasonic testing (MHz range) on crystalline rock samples is ex-
pected to lie in the scattering regime for R > 10~* m (Sarout 2012).
While there are no visible cracks in the samples, one must take this
mechanism into account when analysing the effects at ultrasonic
frequencies.

(iii) Conversely, Sarout (2012), pointed out that the microcrack-
related WIFF phenomenon known as squirt flow is expected to be
the main contributor to seismic dispersion and attenuation observed
around sonic frequencies in fluid-saturated crystalline rocks. This
mechanism involves viscous dissipation resulting from flow within
or between pores and cracks with different shapes or orientations,
triggered by wave-induced strains (e.g. Winkler & Nur 1979; de
Paula et al. 2012). Indeed, the pressure dependence observed in our
ultrasonic attenuation and velocity estimates, as well as in those
of Majer et al. (1990), strongly suggest the presence of compliant
microcracks. While several theoretical squirt flow models have been
proposed, the main characteristics of the frequency dependence of
velocity and attenuation associated with this phenomenon can be
predicted using the phenomenological WIFF model by Johnson
et al. (1987). In the following, we describe this model and the
strategy employed to fit the data plotted in Fig. 4.
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Figure 3. P- (a, b) and S-wave (c) attenuation of the Grimsel granodiorite inferred from ultrasonic measurements as functions of confining pressure on samples
Ly and L, from borehole INJ1 (Fig. 1). Panels (a) and (b) correspond to water-saturated and dry P-wave measurements, respectively. Different colours denote
different sample lengths. Dashed lines correspond to the fitting curves obtained using eq. (17) from Meglis et al. (1996) to model the pressure dependence of
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P-wave attenuation under dry and saturated conditions (see Section 5 for a detailed discussion).
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Figure 4. P-wave (a) attenuation and (b) velocity measurements from various surveys characterizing the Grimsel granodiorite as a function of the survey
frequency. The values are detailed in Table 1. The grey curves represent the fitting result outlined in Section 3.1, using pseudo-randomly generated data sets
from the mean values and uncertainties in Table 1. We conducted this fitting procedure 500 times. The red curve illustrates the model response when using
the mean parameter values derived from these 500 individual sets of fitting parameters. Vertical blue lines indicate the predicted squirt flow characteristic
frequency inferred independently from our pressure-dependent ultrasonic velocities. Green dots correspond to attenuation values reported by Li & Richwalski
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(1996) for the crystalline rocks of the KTB deep drilling site.

3.1 A phenomenological WIFF model for
frequency-dependent attenuation and velocity

Due to its simplicity and accuracy, a widely used model to describe
P-wave attenuation and velocity dispersion due to WIFF effects
employs a complex-valued, frequency-dependent P-wave modulus

10°

|
[
Frequency [Hz]

Guo et al. 2017)

Hi;(w) given by (e.g. Johnson et al. 1987; Gurevich et al. 2009;

10°

10°

10’

7

-1
m/-(w)=Hm[1+<W)/<l—c+c/1—1'#)} .0
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where H; r and Hyr are the saturated P-wave moduli in the low- and
high-frequency limits, respectively, and ¢ and w,; are the parame-
ters defining the shape and characteristic frequency of the frequency
dependence of H,s(w), respectively. The characteristic frequency,
at which velocity dispersion and attenuation are maximal, occurs
approximately when @ = w,,. The parameter ¢ is often associated
with the type of distribution of the cracks, going towards zero as
the randomness of the spatial and/or size distribution increases.
The so-called branching function approach given by eq. (3) is very
convenient because it describes the fluid-pressure relaxation process
behind WIFF through a phenomenological viscoelastic concept (e.g.
Bardet 1992), while its parameters can still be interpreted in terms
of rock physical properties. An advantage over other popular the-
oretical models (e.g. Maxwell, Voigt, Zener) is that the branching-
function approach satisfies causality and respects the asymptotic
behaviors at low and high frequencies predicted by rock physics
models.

Using eq. (3), we can compute the associated frequency-
dependent P-wave velocity V;s(w) and attenuation Q:fl (w) as (Car-
cione 2007)

1 —1
V() = ”*<V(,,<w))] :

1y = V@]
O = Sivwpy

with V,(w) = \/Hs(w)/p and p being the bulk density.

To find the optimal parameters describing the observations in
Fig. 4, we minimize an objective function given by the weighted L2-
norms of the discrepancies between the observed P-wave velocities
Vops and attenuation Q;bls with those predicted using eqgs (3) to (4)

“)

NV 2

Vovs.k — Vs
F(Hyp, Hip, ¢, w5) = —_—
v ; AVebs,k
NO —1 -1 |2
Qobs,k - Q:f,k

s

k=1

) )

—1
A Qobs,k

where NV and N Q are the number of velocity and attenuation ob-
servations, respectively (Fig. 4). In addition, A Vs, and AQ;bISY &
denote the uncertainties associated with each observation. The
weighted least-squares objective function in eq. (5) normalizes the
differences between observed and predicted data by their respective
uncertainties. In doing so, we ensure that data points with lower
uncertainties have a greater influence on the fitting process, which,
in turn, leads to a tighter fit for more reliable observations. In total,
we have 4 unknown model parameters (i.e. Hyr, Hyr, ¢ and wqy)
and 11 known values of velocity and attenuation (Table 1).

To account for the observation uncertainties, pseudo-random data
sets were generated based on the mean values and uncertainties
given in Table 1 as follows

x =X +rand - AX, (6)

where x denotes Vp, Q;l, Ssurvs X and A X the corresponding mean
values and standard deviations, respectively. rand is a uniformly
distributed pseudo-random number between -1 and 1. Each data
set (i.e. 11 data values generated using eq. 6) was then fitted using
eq. (5) to obtain a model solution. This fitting process was performed
on 500 different data sets. The statistics of each model parameter
is shown in Table 2. Fig. 4 shows the resulting 500 fitting mod-
els (grey curves) and a model solution computed using the mean
values of each model parameter (red curve). Despite the diversity

Table 2. Statistics of fitting parameters of P-wave attenuation and velocity
under water-saturated conditions using eqs (3) to (5).

Mean value Standard deviation
Hpyr (GPa) 92.6 1.7
Hp r (GPa) 63.8 1.45
¢ (—) 0.09 0.11
wsr (s7H 1.79¢5 3.7¢4

in survey frequencies, techniques and conditions underlying each
observation, the fitting results exhibit a remarkably good agreement
with the WIFF model.

In the following section, we examine in more detail the pressure-
dependent ultrasonic data collected in the framework of this study to
independently estimate certain parameters of the model of Johnson
et al. (1987). By comparing these estimates with the parameters
derived from the fitting process, we can assess their physical validity.

4 SQUIRT FLOW MODEL PARAMETERS
DERIVED FROM
PRESSURE-DEPENDENT ULTRASONIC
DATA

In this section, we aim to infer rock and crack properties based on
the observed pressure dependence of the velocity and attenuation
(Figs 2 and 3) that are relevant for the interpretation of the fitting
model shown in Fig. 4. This will help us to assess to what extent
a crack-related squirt flow mechanism could explain the observed
seismic attenuation and dispersion behaviour of the Grimsel gran-
odiorite.

In particular, we aim at inferring the characteristic frequency w;,
of the WIFF process using the pressure-dependent ultrasonic mea-
surements. Gurevich et al. (2010) derived an expression to obtain
oy assuming liquid saturation as

sstSry[ Ky }‘/2
377/90 Kdry(P)

wy(P) = @
which depends on the crack aspect ratio &., a parameter ®,. quan-
tifying the sensitivity of the elastic moduli to the differential stress
and the dry bulk moduli of the rock at pressure of interest P and
in the hypothetical case of absence of cracks, Ky (P) and K 3ry, re-
spectively. It is important to mention that eq. (7) is compatible with
the conceptual crack distribution model of Shapiro (2003). Thus,
we first follow the approach presented by Shapiro (2003) and use
the P- and S-wave velocity dependence on the confining pressure
under dry conditions to get ©. and K gry. We then proceed to esti-
mate &, which is the other crack-related parameter in eq. (7), using
the water-saturated P-wave measurements. Note that K4 (P) can
be derived from P- and S-wave velocities under dry conditions at a
given pressure P.

4.1 Velocity under dry conditions: estimating ®, and Kg,y

The pressure dependence of both P- and S-wave velocities under dry
and saturated conditions can be well approximated by the following
relationship (Shapiro 2003)

V(P)= A+ KP — Bexp(—PD), (8)

where P = P, — P, is the differential stress between the confining
pressure P, and the pore pressure P,. The latter is negligible in our
experiments. The coefficients 4, K, B, D are fitting parameters.
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Table 3. Fitting parameters in eq. (9) and inferred ©,. for the crack distri-
bution using P- and S-wave data under dry conditions for samples L and
Ly.

P-L, P-L, S-L, S-L,
A(ms)) 5326 5419 3352 3312
B(ms) 2600 2721 1394 1460
D (GPa™}) 50.28 50.36 56.98 51.40
Oc (-) 1902 1906 1727 1558

Eq. (8) provides a phenomenological explanation for the pressure
dependence in a porous and/or cracked medium by the closure of
both stiff (related to the K-term) and compliant (related to the B-
term) pores and/or cracks in a phenomenological way (de Paula ez al.
2012). Furthermore, Shapiro (2003) argues that the contribution of
K is in general much smaller than that of the other parameters,
which implies that the relationship can be simplified to

V(P)= A — Bexp(—PD). 9)

Fig. 2 shows the fitting results (dashed lines) for P- and S-wave
velocities under dry conditions using eq. (9). The corresponding
fitting parameters are given in Table 3.

Shapiro (2003) showed that in the case of P waves, the coefficient
Dineq. (9)is Dpyae = O K, with

dry>
1 9Cy
Ie = o0 i > (10)
Cary 9% lp=o
where C,, = 1/Kg,,, Cary(P) = 1/Kary(P) and ¢, is the compliant

porosity. As mentioned when describing eq. (7), the dimensionless
quantity ©,. defines the sensitivity of the elastic moduli to the dif-
ferential stress also referred to as elastic piezosensitivity (Shapiro
2003). We extend the computation of ®. based on S-wave velocities
as Dyave/ ,ugry, with ,ugry being the dry-rock matrix shear modulus
when ¢. = 0. In Table 3, we show the ®, values computed from the
fitting of P- (®, = Dpwave/Kgry) and S waves (0, = DSwave/,ugry).

To estimate values of K| gry and ugry, we consider the high-pressure
asymptotic velocity values quantified by the fitting parameter 4
in eq. (9) (Table 3) and the relation between elastic moduli and
velocities. Furthermore, we average the results for both sample

lengths considered

1
ﬁ Z(ASwave.i)zpa

0
12 dry

1
K((i)ry - W[Z(APwave.i)zp} _4/3/'Ldryy (11)

where i = (L, L,) and N L= 2. Following Wenning et al. (2018),
we use p = 2730 Kgm™, which was in agreement with our es-
timates based on Archimedes density method using weight and
volume measurements.

By following the procedure described above, we obtained values
of K§, and pu§, equal to 37.8 and 30.3 GPa, respectively. Overall,
the parameters estimated from our dry sample measurements are
reasonable as (i) the values for D py,ye and Dgyaye are roughly equal
and in good agreement with the typically reported values (Shapiro
2003; de Paula ef al. 2012); (ii) ®. obtained from the fitting of
the pressure dependence of both P and S waves is in the order
of 1x10°, which is within the realistic range of the orders of the
piezosensitivity for rocks of 10°-10* suggested by Shapiro (2003).
For completeness, we have also considered eq. (8) to fit the velocities
and found that K py,y. and K gy... measured in MPa are of the order
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of 1 as demonstrated by Shapiro (2003), which implies that this
term associated with the closure of stiff pores can be neglected.

Given that ®, and Kgry have been confidently estimated, we
can now proceed to estimate &., which is the additional parameter
necessary to compute the expected characteristic frequency of the
microcrack-related WIFF process (eq. 7).

4.2 Velocity under saturated conditions: estimating &,

So far, we have only considered velocities under dry conditions
and modeled their pressure dependence. The latter is comparable
for both P and S waves and points to the presence of compliant
porosity that leads to a pressure sensitivity of the elastic properties
of the samples. In the following, we consider the relation between
P-wave velocities obtained under water-saturated and dry condi-
tions to estimate the additional crack parameter &, in eq. (7). Given
the relatively high frequencies used in the ultrasonic experiments,
we assume that the saturated measurements are representative of
seismic signals falling within the unrelaxed regime (i.e. cracks be-
have as hydraulically isolated). More advanced approaches may
be required for intermediate frequencies between the relaxed and
unrelaxed regimes (e.g. Sun & Gurevich 2020).

Following Adelinet et al. (2011), we assume a distribution of
randomly oriented spheroidal cracks with the crack density d. and
effective aspect ratio &, defined as

1 &,

dc = ?;ai,
b

&= —, (12)
a

where b and a are the lengths of the spheroid semi-axes, V' is the
volume of the sample and 7. the number of cracks. According to this
model, a parameter §. can be used to characterize the coupling be-
tween matrix compliance, fluid compressibility and crack geometry
under saturated conditions

_ Bk (11
= A(1 = vg) (Kf Ko)’ ()

where Ey, Ky and vy represent elastic parameters when ¢.=0, re-
spectively the Young modulus, the bulk modulus and the Poisson
ratio and K ; is the fluid bulk modulus.

In the saturated case, the effective normal compliance of a crack
is changed due to fluid saturation and the parameter . should be
taken into account to estimate the saturated bulk K3 and shear

moduli u3}%

K 16(1 — v2 3,
L v(,)( : )

K3t “9(1 —2up) \ 1+ 6.

16(1 — v 32(1 —v 5.
b = e |
I 15(1 — % 45 1+36.

with p( being the shear modulus of the free-inclusion matrix.
Note that the dry moduli K4, and 14y can be deduced from

eq. (14) using that K, — 0 and thus §, — oo and 1«6:66 — 1. Asa
result, we get (e.g. Guéguen & Sarout 2011)
0
Koy _ L+d 16(1 — vg)’
Kary 9(1 — 2vyp)
0
. 32(1 — vo)(5 —
May _y 4 g (1= w)( —v) (15)

Mdry 45(2 - VO)
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Since eq. (15) are independent from &., we can obtain the crack
density d, directly using the P- and S-wave velocities measured at
dry conditions. It is important to mention that we do not assume that
Kyand K, gry are equal in eqs (14) and (15) as the frame surrounding
the cracks may include non-closable pores that change their stiffness
with saturation (e.g. Li et al. 2018), leading to potential differences
in the frame elastic moduli under dry and saturated conditions.
We also assume that eq. (15), which represents an approximation
derived assuming effective isotropy, is valid despite the well-known
intrinsic anisotropy of the Grimsel granodiorite.

In Fig. 5(a), we show the crack density d. (eq. 15) obtained using
the known values of K. gry and ,ugry (eq. 11) and the values of Ky, and
Mary computed from the dry P- and S-wave velocities as functions
of pressure. Given that eq. (15) allow to compute crack densities
using either K-y or L4y, Wwe have computed the average between
both values for each confining pressure. Overall, we observe that
the inferred pressure-dependent crack density d,. for samples L,
and L, is consistent (Fig. 5a). Note that while the inverted crack
density values at low pressures appear relatively high, they remain
within the expected range for the employed Non-Interactive Ap-
proximation model. This approach predicts diminishing reductions
in elastic moduli with increasing crack density, which can lead to
an overestimation of inverted crack densities, sometimes even ex-
ceeding values of 1 (e.g. Nasseri et al. 2009; Pimienta et al. 2019).
Conversely, the model is expected to remain realistic and robust for
crack densities up to 0.5 (e.g. Kachanov 1992; Nasseri et al. 2009),
which indicates that our results for Grimsel in situ conditions are
within a valid range. At lower pressures, however, the uncertainty
in the inversion increases, making the interpretation of very high
crack densities correspondingly less robust.

Based on eq. (14), we can invert for K, and the effective aspect
ratio &, using the observed P-wave velocities under saturated condi-
tions and the known values of d, at each pressure. Given that we do
not have S-wave velocities measured under saturated conditions, we
assume that 1 is equal to /J,g,y, which was obtained from the fitting
the dry S-wave velocities (eq. 11). The minimization function is
based on the L2-norm of the discrepancies between the observed P-
wave velocities under saturated conditions V» and those predicted
K t4nsie /3 )

P

using eq. (14) (Vp model =

NP
F(Ko. &)= | Y _IVE=VE oaal™ (16)

k=1

In eq. (16), the superscript k& denotes the k-th confining pressure and
N P the total number of confining pressures considered. We assume
that K, = 2.25 GPa.

As a result of minimizing eq. (16), we obtain the P-wave veloc-
ities shown in Fig. 6. The agreement with respect to the observed
velocities is very good for the two samples considered. The op-
timal values of K, and &, are given in Table 4 for both samples.
The inferred values are reasonable as (i) & obtained from the fit-
ting of the pressure dependence of both P and S waves is in the
order of 1x1073, which is below the threshold value of 0.01 for
compliant porosity (Shapiro 2003) and within the range of typical
values (de Paula et al. 2012; Li et al. 2018); (ii) the crack poros-
ity ¢., which can be computed as ;—‘yrdcéc for a spheroidal crack
population (Adelinet ef al. 2011), is consistent with Wenning et al.
(2018), which indicated that ¢ < 0.01 above 30 MPa (Fig. 5b) and
that the porosity prevails mainly between grain contacts (i.e. in-
tergranular micropores); (iii) the saturated-frame P-wave modulus
(Ko + 4/3 1) obtained for samples L, and L, is equal to 90.1 and

89.9 GPa, respectively. These values are in excellent agreement with
the Hyr value derived from fitting the data shown in Fig. 4 (see
Table 2).

Finally, we can compute s (eq. 7) for the samples L, and
L, using the aspect ratio &, values given in Table 4, ®, given in
Table 3, K(?ry computed using eq. (11) and Ky (P) derived from
P- and S-wave velocities under dry conditions and averaging values
corresponding to pressures between 8 and 17 MPa. Assuming a
water viscosity 7, of 107° Pa-s, we obtain values of f;; = w,,/27
of 282 and 12.8 kHz for samples L and L,, respectively (blue lines
in Fig. 4).

The values of f;, are within the expected range (1 kHz to 1 MHz)
for the squirt flow mechanism (e.g. Guéguen & Sarout 2011). Note
that the main source of discrepancy between the two characteristic
frequencies is the aspect ratio considered. Interestingly, the effec-
tive characteristic frequency obtained by fitting the data with the
model of Johnson er al. (1987) lies between the two frequencies
independently estimated from our ultrasonic measurements. This
indicates that, as hypothesized, squirt flow is a plausible mechanism
behind the frequency-dependent attenuation and velocity of seis-
mic waves exhibited by the Grimsel granodiorite. At the prevailing
in-situ stresses, the presence of fluid-saturated cracks at the grain
scale results in a frequency-dependent seismic response. At low
frequencies, such as those typically used in exploration seismics,
the pressure induced by the passing wave has time to equilibrate
throughout the pore space. This is referred to as the relaxed limit.
On the other hand, at ultrasonic frequencies, the pore pressure has
no time to equilibrate during the passage of the wave, thus, making
the fluid stiffening effect in the cracks maximal, which is denoted as
the unrelaxed limit. At this limit, we measure the stiffest response
of the rock for any given saturation conditions. At intermediate fre-
quencies, such as the ones prevailing in sonic logs or near-surface
seismics, there will be pressure gradients between pores and/or
cracks, whose equilibration produces maximal attenuation and ve-
locity dispersion in the passing waves.

5 DISCUSSION

5.1 Origin of microcracks at GTS

The diversity of the data base analysed in this study and the internal
consistency of the inferred WIFF model suggest pervasive micro-
cracking throughout the GTS. Indeed, widespread observations of
seismic velocities indicate that the presence of cracks in the Earth’s
crystalline crust is ubiquitous (e.g. Christensen & Mooney 1995;
Crampin & Gao 2010). Regarding the origin of the microcracks in
the crystalline rocks at GTS, a plausible explanation may be linked
to the ductile-brittle deformation during the late stage of the Alpine
orogeny and through the exhumation of the Aar Massif, where the
GTS is located. Under this scenario, pervasive microcracking can
form as rocks are subjected to pressures and temperatures lower
than those at which they crystallized. At the grain scale, internal
stresses arise due to mismatches in the elastic and thermoelastic
properties of adjacent grains (e.g. Anders ef al. 2014).

In this regard, Wenning et al. (2018) characterized the elastic and
fluid flow properties within and around fault zones intersected by
ISC boreholes at the GTS. They found that rock porosity primarily
occurs at grain contacts and is strongly influenced by ductile defor-
mation. Microscopic observations reveal maximum crack apertures
in the micrometer range (Mori et al. 2021), which, according to our
aspect ratio estimates, suggest that grain boundary lengths are in
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Figure 5. Effective (a) crack density and (b) porosity obtained from P- and S-wave ultrasonic measurements as a function of confining pressure. Crack densities
d. were obtained using eq. (15) and the P- and S-wave velocities shown in Fig. B9. Crack porosities ¢, were computed as %ndcéc.
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Figure 6. Comparison between measured P-wave velocities measured under
saturated conditions (same as those shown in Fig. 2) and the ones inferred
using eq. (14).

the millimeter range. Assuming that the crack closure pressure P,
is in the order of E£ (e.g. Guéguen & Sarout 2011), where £ is
the rock Young modulus and using the values of K, and 1, and
& obtained for both samples, we obtain values for P, of the order
of 360 and 75 MPa for L, and L,, respectively. These estimates

Table 4. Fitting parameters of K and & in eq. (14) inferred from
P-wave velocities measured under saturated conditions.

Sample L; Sample L,
Ko (GPa) 49.2 49.9
& 4.7e-3 [—] 9.9e—4 [—]

imply that cracks are likely to be open at the prevailing in-situ stress
conditions at the GTS (Wenning ef al. 2018). This aligns with the
findings by Mori et al. (2021), who argue that that the rock matrix
has a connected, water-saturated pore network under in-situ stress
conditions.

An additional contribution to microcracking could be linked to
the alteration of the crystalline rocks during tunnel excavation, re-
ferred to as the excavation damage zone (EDZ). At the GTS, the
EDZ can extend up to one tunnel diameter (3.5 m) from the tunnel
wall (e.g. David et al. 2018), with the crack density rapidly decreas-
ing with distance (e.g. Bohlen ez al. 2007). Such EDZ-related cracks
may affect the near-surface seismic measurements. However, mea-
surements based on core samples or sonic log data are expected to
be sufficiently distant from the tunnel to be unaftected by the EDZ
(e.g. David et al. 2018). While potentially persistent EDZ effects
cannot be ruled out, drilling-induced cracks may also affect sonic
log and core samples measurements (e.g. Li & Richwalski 1996). In
this sense, Mori et al. (2021) provided evidence of a higher porosity
in the immediate vicinity of the borehole wall, with the porosity
stabilizing beyond 3 mm into the massive rock where the porosity
is dominated by grain-boundary pores.

The widespread presence of microcracks in crystalline settings
suggests that frequency-dependent attenuation is likely to be a
common feature in underground laboratories. Indeed, frequency-
dependent attenuation has also been reported in other crystalline
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Table 5. Fitting parameters of P-wave attenuation under dry and saturated conditions using eq. (17).

P-L;-Dry P-L,-Dry P-L;-Sat P-L,-Sat
o7 () 0.027 0.038 0.035 0.046
T (s> Km~2) 0.0047 0.0017 0.0042 0.003
D, (GPa™!) 475 22.5 6.2 4.6

environments. Notably, in the German KTB (Continental Deep-
Drilling Program) site, Li & Richwalski (1996) compared attenua-
tion estimates derived from VSP and sonic log data. The reported
values of O, of around 30 and 15 at frequencies of around 50
and 15 kHz, respectively, are shown in Fig. 4 (green dots), along
with the measurements from GTS. The similarity in the magnitude
and frequency dependence of the attenuation between the measure-
ments from KTS and GTS points to the importance of considering
microcrack-related WIFF effects when interpreting seismic data ac-
quired in underground laboratories located within crystalline rocks.
Particularly due to the fact that crystalline rocks are typically as-
sumed to be perfectly elastic.

5.2 Additional attenuation mechanisms

Meglis et al. (1996) demonstrated that the typically observed pres-
sure dependence of P-wave attenuation in rocks can be attributed to
a combination of crack-related and matrix-related attenuation. As-
suming that the total pressure-dependent attenuation of the samples
O~!(P) is the sum of crack-related attenuation Q_ ' and a compo-
nent of additional inelasticity within the rock Q;', Meglis et al.
(1996) approximates O~'(P) as

07'(P)=0.'(P)+ 07! =TV (P)exp(—PD,) + O; ",

a7
where the parameters T and D, as well as Q7! are independent
of pressure P. As mentioned by Meglis er al. (1996), eq. (17)
assumes a frictional loss mechanism behind Q-!, which depends
on an exponentially decreasing crack density as confining pressure
increases. Furthermore, the dependence of Q! on pressure is also
linked to changes in rock elasticity through the velocity Vp. We fit
eq. (17) to our ultrasonic P-wave attenuation data to determine the
parameters 7', D, and Q; L

As shown in Figs 3(a) and (b), eq. (17) effectively models the be-
haviour of the observed P-wave attenuation under both saturated and
dry conditions. The fitting parameters for both samples are given
in Table 5. Under dry conditions, the attenuation decay parameter
D, is of the same order as the velocity decay parameter (D in Ta-
ble 3). Notably, David et al. (2018) reported a similar exponential
dependence of permeability in the Grimsel granodiorite on effective
pressure. Considering effective pressures between 5 and 30 MPa,
nine research teams reported values for the stress-sensitivity param-
eter of the permeability D,, which resulted in an average value of
93 £ 15 GPa™!.

Regarding the attenuation contributions, Qi_1 exhibits compara-
ble magnitudes in both dry and saturated scenarios, suggesting that
its underlying mechanism is independent of crack presence and sat-
uration. At high confining pressures, where crack-related effects are
minimal, possible sources of additional matrix inelasticity within
the rock include plastic yielding due to stress concentration around
heterogeneities (e.g. Yarushina & Podladchikov 2010). At relatively
low confining pressures, where cracks remain open, crack-related
mechanisms, such as squirt flow, become relevant. However, other

mechanisms may also play a role on Q!'(P). Frictional sliding
along microcracks surfaces and grain boundaries could partly ex-
plain the observed pressure dependence, though its contribution at
seismic strains is expected to be limited (e.g. Winkler et al. 1979;
Mavko et al. 2009; Tisato & Quintal 2013; Chapman et al. 2023).

We have attempted to avoid mesoscale heterogeneities (e.g. frac-
tures and faults) by selecting intact core samples or regions to limit
additional attenuation and dispersion effects. However, some scat-
tering effects due to the presence of microcracks are expected at
ultrasonic frequencies (Section 3), which could also explain the ob-
served increase in attenuation at lower pressures. Note that higher
confining pressures are required to reach the asymptotic behaviour
in dry samples. Since scattering effects are more pronounced for
larger compressibility contrasts between cracks and the host rock,
dry samples are expected to exhibit stronger scattering. Lastly, we
note that the microstructural investigations of the Grimsel granodi-
orite by Wenning et al. (2018) revealed the presence of cm-scale
grains, consistent with visual inspections of our samples, which can
contribute to scattering independent of the crack population.

Given the scattering effects and other potential contributions,
the attenuation values at ultrasonic frequencies likely represent an
upper bound for squirt flow attenuation. One could incorporate ad-
ditional parameters into eq. (5) to account for other contributions
such as O, ! to P-wave attenuation. Indeed, assuming an addi-
tional frequency-independent Q-model, could potentially decrease
the slight frequency-dependent attenuation observed within the 50—
1200 Hz range, an inconsistency with the anticipated nearly constant
behaviour suggested by Holliger & Bithnemann (1996). However,
the corresponding modeling of interactions between two or more
attenuation mechanisms and their impact on elastic modulus disper-
sion when fitting a viscoelastic model as in eq. (5), poses significant
complexities that are beyond the scope of this study.

6 CONCLUSIONS

We have examined P-wave attenuation and velocity measurements
representative of the GTS crystalline rocks. The analysis revealed
a consistent frequency-dependent behaviour of the seismic attenua-
tion and velocity in the macroscopically intact granodioritic rocks,
which can be reproduced by a model of a WIFF mechanism operat-
ing at the microscale. Newly acquired pressure-dependent ultrasonic
data from intact GTS core samples were found to support the pres-
ence of microscale cracks and the physical validity of the WIFF
model parameters explaining the observations. By integrating ob-
servations from various seismic techniques, we provide evidence
of the applicability of WIFF models as well as the magnitude of
WIFF effects. This study allowed to advance our understanding of
frequency-dependent attenuation and dispersion in macroscopically
intact crystalline rocks related to microscopic WIFF effects. This
knowledge is essential for the isolation of superimposed attenua-
tion and dispersion effects related to mesoscale fractures, which are
prominent targets of seismic studies.
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APPENDIX A: ADDITIONAL DETAILS
REGARDING LEGACY DATA

In this appendix, we summarize the key seismic attributes and com-
puted values derived from the reviewed studies in Section 2.

A1 Near-surface survey of Holliger and Bithnemann (1996)

Various types of seismic sources were placed in water-filled bore-
holes and along the tunnel wall. Geophones were anchored in small
holes drilled for this purpose along the tunnel wall. Reported O p-
values correspond to those estimated using explosive charges as
the associated signals exhibited the broadest (~50-1500 Hz) and
most uniform frequency spectrum as well as the best signal-to-noise
ratio.

The Qp-estimates were derived from the first cycles of trans-
mitted P-waves using the spectral ratio method (e.g. Tarif & Bour-
bie 1987) and assuming that both the velocity and Qp remained
frequency-independent within the prevailing spectral range. The
authors also noted that the linear correlation coefficients for the
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QO p-estimates were around 0.8, indicating a negligible frequency
dependence of Qp within the considered range (i.e. 50-1200 Hz).
Following this assumption, Q p was estimated by analysing the slope
of the frequency-dependent ratio of the amplitude spectra recorded
at two distinct locations. The Q p-estimates ranged from 20 to 60,
with a median of 35 and standard errors below 20 per cent. The thus
inferred values were considered representative of the granodioritic
host rock at GTS.

To account for potential variability in V», we consider an uncer-
tainty of 100 ms~!, which is consistent with a value derived from
comparable works conducted at the GTS (Doetsch et al. 2020). The
associated uncertainty in frequency is 575 Hz, implying that the
reported values are expected to be representative across the range
from 50 to 1200 Hz used to estimate Q p. The values extracted from
Holliger & Bithnemann (1996) are presented in Table 1.

A2 Near-surface survey of Doetsch et al. (2020)

The principal aim of the study by Doetsch et al. (2020) was to
image the main geological structures relevant to the ISC project
using seismic travel-time tomography. This study involved both
tunnel-to-tunnel and 3-D-type configurations.

For the tunnel-to-tunnel configuration, a total of 120 geophones
were strategically placed along the walls of the VE-tunnel (Fig. 1)
at 0.5-m intervals. Seismic signals were generated using a small
hammer and chisel, with 120 source points evenly spaced at inter-
vals of 0.5 m along the AU tunnel (Fig. 1). This setup resulted in
the acquisition of 9500 high-quality first-arrival travel times. The
estimated picking uncertainty was 0.04 ms.

For the 3-D tomography, 26 piezoelectric receivers were installed
for passive and active seismic monitoring. A sparker source was
activated within six water-filled boreholes associated with the ISC
project (the two INJ boreholes shown in Fig. 1 and four additional
GEO boreholes), generating a data set consisting of 448 source
positions, each spaced at regular 0.5 m intervals. Additional hammer
strokes along the AU and VE tunnels served as complementary
sources. In total, 10,050 first-arrival travel times were picked, with
an estimated uncertainty of 0.02 ms.

Due to the foliation of the Grimsel granodiorite, the seismic
velocities exhibit anisotropy (e.g. Wenning et al. 2018). The au-
thors assume a transversely isotropic medium to model velocity
anisotropy using:

Vp = vo(1 + 8 sin®(8) cos*(8) + € sin*(9)), (AD)

where vg is the velocity in the direction normal to the anisotropy
plane, 0 is the angle between the wave propagation direction and
the symmetry axis and € and § correspond to the classic Thomsen
(1986) anisotropy parameters. The anisotropic symmetry axis was
assumed to be known during inversion. Using the 3-D tomography
data, Doetsch et al. (2020) inferred values for € and 6 equal to 0.065
and 0.038, respectively, which were consistent with the tunnel-to-
tunnel results.

For vy, they obtained a distribution of values due to the inho-
mogeneity of the rock within the probed volume. In particular,
they provided vg-values for boreholes INJ1 and INJ2. For the less
fractured shallow sections, which are more representative of the
granodioritic host rock, vo-values ranged from 4950 to 5150 ms~'.

To estimate representative values of the seismic attributes and
survey frequency, we assume vy = 5050 ms~! and apply eq. (A1)
to compute a mean velocity value for a range of incidence angles
from 0° to 180°. The uncertainty is obtained from the mean value
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when considering vy = 4950 ms~!, which would be the same for
vy = 5150 ms~!. As a result, we obtain a mean velocity ¥» of
5200 ms~! and an uncertainty AVp of approximately 100 ms™'.

While a mean frequency fi of 1.1 kHz was reported, the as-
sociated variability is unknown. We consider the work of Marelli
(2011) on the use of sparker sources at the GTS, which showed that
signals can have significant energy up to ~3 kHz and high spectral
amplitudes in the range from 500 to 1500 Hz. We thus assume an
uncertainty A f, of 0.5 kHz. Finally, Q p-values were not reported
by Doetsch ef al. (2020). The values extracted from Doetsch et al.
(2020) are presented in Table 1.

A3 Near-surface survey of Majer et al. (1990)

In the context of the Fracture Research Investigation (FRI) project
at the GTS, Majer et al. (1990) conducted a series of multi-
offset/multi-source vertical seismic profiling (VSP) experiments to
characterize the seismic response of fractures within their study
area. The FRI site was situated in the southern part of the GTS, near
the boundary between the Grimsel granodiorite and the so-called
Central Aaregranite.

The authors employed borehole seismic methods, specifically
VSP and cross-hole surveys, using data acquired from boreholes
BOFR 87.001 and BOFR 87.002, which extended from the AU
tunnel to the access tunnel. These boreholes allowed for cross-hole
seismic studies, core sampling of the fracture zone and hydraulic
testing. Additionally, a series of 76 shallow holes (74 mm in di-
ameter, 50 cm deep) were drilled into the tunnel walls at 0.25 m
intervals, allowing for the placement of seismic sources and re-
ceivers. Seismic sources were positioned in both the boreholes and
shallow holes, and the data were recorded using three-component
accelerometers spaced at 0.5 m intervals.

Using this experimental setup, three seismic surveys were con-
ducted, with particular focus given to the 1987 and 1988 experi-
ments, as they were performed under ambient saturation conditions.
The collected seismograms spanned nearly 60 000 ray paths across
the FRI zone, with source-receiver distances ranging from 0.5 to
23 m. The peak energy transmission in these surveys occurred at
frequencies between 5 and 10 kHz.

For their tomographic analysis, Majer et al. (1990) performed
manual traveltime picking from the radial component of the
recorded data, aligning with the strongest P-wave motion. They
noted that the 1988 data set showed less scattering than the 1987
data set, likely due to an increase in water saturation following
hydraulic experiments conducted shortly before the 1988 survey.
This saturation increase could explain the consistently higher seis-
mic velocities observed in 1988 relative to 1987. Given its superior
data quality, the authors relied primarily on the 1988 data set for
attenuation analysis.

To account for the known anisotropy of the crystalline rock at
the GTS, the authors performed a tomographic inversion using the
velocity model

V2= A+ Bsin(20) + C cos(20) + D sin(40) + E cos(46), (A2)

where 6 represents the wave propagation direction. The
anisotropy parameters obtained from fitting this model to the 1987
and 1988 data sets were:

e 1987: 4 = 26211 km*s2, B = 0.544 km?s2, C =
—1.122km?s2, D = —0.331 km?s 2, E = —0.185 km?s~2

0 1988: 4 = 27.942 km?s2, B = 1375 km?s2, C =
—0.633km?s~2, D = —0.309 km? s 2, £ = —0.196 km? s>
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Using these parameters, we computed mean velocity values by
averaging over the range 6 = 0° to 180°. The final mean velocity
and its associated uncertainty were determined as the midpoint and
standard deviation between the 1987 and 1988 results, yielding an
average velocity of approximately 5200 ms~'. This value aligns
well with previous studies, such as Doetsch ez al. (2020). Addition-
ally, an alternative inversion approach considering only cross-hole
travel times yielded a similar mean velocity of 5260 ms~! for the
1988 survey.

For attenuation estimation, Majer et al. (1990) applied an in-
version procedure to the first arrival amplitudes, assuming that the
recorded amplitudes were representative of the initial energy re-
ceived. This analysis included corrections for geometric spreading
and source radiation pattern effects. The geometric spreading cor-
rection involved multiplying the measured amplitudes by the travel
distance, while the source radiation pattern was modeled as a dipole-
type cosine function.

The attenuation coefficient, o, was estimated by averaging values
from the five largest amplitudes in the data set, yielding a represen-
tative value of 0.3 m~'. From this coefficient, the authors computed
the P-wave quality factor, Q p, using the relation:
0p = o (A3)

o VP
Taking fi,w = 7500 Hz and the mean velocity values for the 1987
and 1988 surveys, we obtained a mean and standard deviation for
Qp of 15.1 and 2.9, respectively. The corresponding inverse quality
factor values, Q;l , are presented in Table 1.

A4 FWS results of Barbosa et al. (2019)

Barbosa et al. (2019) analysed FWS log data along borehole INJ2,
which is approximately 45 m deep with a nominal diameter of
146 mm. The borehole intersects multiple fractures within the gra-
nodioritic rock mass. The FWS tool used a monopole source po-
sitioned 91.4 cm (3 feet) from an array of three receivers spaced
at 30.48 cm (1-foot) intervals. Multiple static measurements were
taken at each depth, with approximately 50 traces being stacked to
improve the signal-to-noise ratio.

The sonic P-wave phase velocity profile was determined for both
intact and fractured borehole sections. Phase velocities were com-
puted by comparing phase spectra between two receivers, using the
amplitude spectrum peak at the receiver closest to the source as a
reference. Given the close nominal frequencies (15 and 25 kHz),
velocity measurements at both frequencies primarily ensured re-
liability rather than quantifying velocity dispersion effects. Both
frequency sets were used to estimate a mean value for Vp and fyy,
with associated uncertainty.

For attenuation analysis, the spectral ratio method was used to
separate geometric spreading, fracture-related scattering, and intrin-
sic attenuation. Numerical simulations and FWS data from differ-
ent source-receiver offsets provided consistent geometric spreading
corrections. Intrinsic attenuation was extracted from intact bore-
hole sections identified via televiewer images, yielding Q p-values
between 12 and 14.5. Barbosa et al. (2019) categorized measure-
ments into three borehole sections (upper, central, lower), with the
upper section being the least fractured. We consider their upper sec-
tion results to characterize the Grimsel granodiorite, as it exhibits
minimal depth-dependent variations in velocity and attenuation.
The extracted values are summarized in Table 1.

AS Ultrasonic measurements of Majer et al. (1990)

Majer et al. (1990) performed ultrasonic experiments on intact and
fractured specimens extracted from borehole BOFR 87.003. Here,
we focus on their results for an intact specimen measuring 130 mm
in length and 116 mm in diameter. The transducers used in these
tests operated at distinct frequency ranges, with their frequency
characteristics determined via experiments on aluminum calibration
samples. Peak spectral amplitudes were observed at approximately
475 and 900 kHz for P waves, corresponding to the low- and high-
frequency transducers, respectively.

Velocity and amplitude measurements were conducted under
varying axial stress conditions, both in dry and water-saturated
states. Our analysis considers only the results under saturated con-
ditions at stress levels comparable to the GTS in-situ field. Veloc-
ities were derived from the initial waveform arrivals, showing an
increase with axial stress, consistent with progressive crack closure.
The digitized velocity data from Majer ez al. (1990) were extracted
from figs 3.16 and 3.18 of their study for both transducer sets. A
mean P-wave velocity value and standard deviation were computed
for axial stresses ranging from 80 to 150 kN, with unit conversions
based on Majer et al. (1990) (1 kN = 0.095 MPa).

Since the exact representative frequency for the rock experiments
was not reported, we assumed fy,, values similar to those obtained
for aluminum samples (475 kHz and 900 kHz), though these likely
represent an upper bound. For uncertainty estimation, we adopted
an approximate 10 per cent variation in fy, based on similar ultra-
sonic experiments described in Section 2.7. Although Majer et al.
(1990) qualitatively assessed amplitude decay using peak-to-peak
amplitudes, they did not provide direct Q p-values. The extracted
velocity values for low- and high-frequency measurements are re-
ported in Table 1 as ‘LF-ultrasonic’ and ‘HF-ultrasonic’, respec-
tively.

APPENDIX B: ULTRASONIC DATA
ANALYSIS

B1 Data analysis

We measured P- and S- wave arrivals using the pulse transmission
technique. The measurements were conducted up to ~50 MPa con-
fining pressure at room temperature conditions. During ultrasonic
acquisition, pore pressure was kept constant and equal to room pres-
sure. The measurements were taken on two plugs extracted from a
core of borehole INJ1 at GTS (Fig. 1). The rock sample as well as
the equipment employed for the ultrasonic measurements are illus-
trated in Fig. B1. We consider samples with two different lengths,
Ly = 587 cm and L, = 7.34 cm. The resonance frequency of
the transducers was set to 1 MHz. The source signal for P- and
S-wave transducers was obtained by averaging 7 endcap-to-endcap
signals obtained for confining pressures between 25 and 35 MPa
(Fig. B2).

Measurements on samples were recorded across the pressure
range of ~0 to ~50 MPa to investigate the properties closest to
present-day low-pressure conditions at the GTS [minimum principal
stress 8 to 12 MPa and maximum principal stress 13 to 17 MPa
following Wenning et al. (2018)]. The seismic waveforms as a
function of confining pressures and saturation condition (i.e. dry
and water-saturated) for P- and S-wave transducers are shown in
Figs B3 and B4, respectively.
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Figure B1. A typical stack for ultrasonic measurements under confining
pressure. The core axes are oblique to the foliation. The samples are mounted
on ultrasonic velocity endcaps (EC) made of titanium, which are designed to
operate in a triaxial test pressure vessel capable of reaching high confining
pressures. The plugs were subjected to hydrostatic pressure. Ultrasonic mea-
surements were acquired after the desired confining pressure was reached.

To compute seismic wave velocities and attenuation as a function
of confining pressure, we extracted the P- and S-wave arrivals from
the rest of the arrivals (Figs B5 and B6, respectively). For time win-
dowing, we employed a cosine function (e.g. Barbosa et al. 2019).
Due to the low-quality of the recordings for S-wave transducers un-
der saturated conditions (Figs B4 a and b), we have not taken them
into account for the remaining of the analysis.

Note that attenuation and velocity estimation is influenced by
multiple factors, including signal quality, rock heterogeneity, stress
and saturation state as well as the particular method and parameters
used for the spectral analysis. To assess the robustness of our veloc-
ity and attenuation estimates, we considered the effect of varying
the time window used to isolate the arrivals. We compared results
obtained using one- and two-cycle windows of the P- and S-wave
modes. While the use of a longer time window is expected to be
affected by later arrivals, the overall trends with pressure remained
consistent. The variability in P-wave velocity was generally below
5 per cent, while attenuation estimates varied by up to 20 per cent.
These differences are comparable to those observed when analysing
the two independently tested specimens (Figs 2 and 3). The uncer-
tainties reported in Table 1 mainly reflect the variability arising
from the limited knowledge of the exact in-situ stress conditions,
requiring us to consider a plausible range of stress values around a
reference.

Finally, as we performed the attenuation and velocity analysis in
the frequency domain, we also show the amplitude spectra of the
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extracted arrivals as functions of frequency and confining pressure
(Figs B7 and BS). It is interesting to note that the peak frequency
of the amplitude spectra (red circles in Figs B7 and B8) exhibits a
clear pressure dependence. This characteristic indicates that a crack-
related mechanism may produce a frequency-dependent behaviour
of seismic waves, as cracks aspect ratios are modified by a confining
pressure increase.

B2 Velocity and attenuation estimates

B2.1 Group velocities

We computed group delay times for P- and S-wave arrivals as (e.g.
Molyneux & Schmitt 2000)

d(Ad(w))
do

where A ® denotes the difference of the phase spectra of the endcap-
to-endcap (EC) signal (Fig. B2) and the signal obtained after trans-
mission through the sample after applying time-windowing (Figs BS
and B6). For the time windowing of EC signal, we centre a cosine
function around the picking time illustrated with a red star in Fig. B2.
We picked the same minima for the EC and sample signals to make
the group time delays comparable to the picking delays. We have
verified that group, phase, and picking time delays provided similar
magnitudes and pressure dependences.

The group velocities were obtained as L/Aty(wmay), Where L
denotes the sample length and the time delay is computed at the
peak of the amplitude spectrum wpy,, of the signal propagating
through the sample (red circles in Figs B7 and B8 show the values
of fiax = ®max/27). The resulting group P- and S-wave velocities
as functions of (i) confining pressure, (ii) saturation condition, and
(iii) sample length are shown in Fig. 2 of the main body of this
work.

Aty(0) = (B1)

B2.2 Attenuation

To estimate attenuation, we use the frequency shift method proposed
by Quan & Harris (1997). We first define the spectral centroid
and variance using the amplitude spectra of the transmitted signals
across the samples (Figs B7 and B8) as well as of the EC signal.
The centroid frequency f; and variance o2 of the signal S(f) are
defined as (Quan & Harris 1997)

o o IS
Iy 8(Hds
g2 do = S S(Hdf )
' I sndf

We have approximated the integrals in eq. (B2) with summations
from 0 to fu, = kfmax to cover the most meaningful amplitudes of
the spectra relative to their maxima. For a Gaussian amplitude spec-
trum, f; coincides with f,.x. Given that the amplitude spectra of the
signal is approximately Gaussian in most cases (Fig. B9), we have
determined the factor £ that minimizes the difference between f;
and fn,x for the EC amplitude spectrum. Following this procedure,
we get & = 1.82, which is similar to the typically considered cut-off
frequency (e.g. Picotti & Carcione (2006) use k£ = 2). Fig. B9 shows
the EC amplitude spectra, the value of f; (black cross), and the limit
of summation f, (black dashed line). For illustration purposes, we
also show the amplitude spectra for the P-wave signal received for
sample L, under saturated conditions and for confining pressures
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Figure B2. Source signal waveforms. We consider 7 endcap-to-endcap traces (grey solid lines), which were obtained for confining pressures ranging from
~25 to ~35 MPa. The signals are highly repeatable, are sampled at 0.01 ps intervals and have length of 2500 samples. We used both (a) P- and (b) S-wave
transducers and computed the mean trace (black solid line) to obtain a reference source signal. The red stars indicate the waveform cycle used for computing
picking velocities as well as the centre considered for time-windowing.
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Figure B3. Seismic waveforms as a function of confining pressure for the P-wave transducers. Waveforms recorded during P-wave transmission experiments
at stepwise decreases in pressure (unloading cycle) under (a,b) saturated and (c,d) dry conditions and for samples (a,c) L and (b,d) L. The measurements
were made at room temperature. Low-quality recordings were removed from the data set (e.g. signals recorded at ~0 MPa in panels a, b and d).
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Figure B4. Seismic waveforms as a function of confining pressure for the S-wave transducers. Waveforms recorded during S-wave transmission experiments
at stepwise decreases in pressure (unloading cycle) under (a,b) saturated and (c,d) dry conditions and for samples (a,c) L and (b,d) L,. The measurements
were made at room temperature. Based on the observed poor quality of the recorded waveforms under saturated conditions, only data for dry samples (c, d)
was considered. Low-quality recordings were removed from the data set (e.g. signal at ~7 MPa in panel a).
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Figure BS5. Extracted P-waveforms as a function of confining pressure. First P-wave arrival under (a,b) saturated and (c,d) dry conditions. The signals were
extracted from the arrivals shown in Figs B3 using a time window whose centre is denoted by the red triangles. The window length was chosen to minimize
the zero-frequency component of the amplitude spectrum of the extracted signal.
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Figure B6. Extracted S-waveforms as a function of confining pressure. S-
wave arrival under dry conditions for sample lengths of (a) 5.87 cm and (b)
7.34 cm. The signals were extracted from the arrivals shown in Fig. B4 ¢
and d using a time window whose centre is denoted by the red triangles. The
window length was chosen to minimize the zero-frequency component of
the amplitude spectrum of the extracted signal.

representative of the GTS in-situ stress field (~8 to ~17 MPa). We
observe that using the factor £ to define the limit of the summa-
tion allows us to get a value of f; that is very close to fi.x in all
cases (coloured curves in Fig. BY). Although amplitudes in Fig. B9
are normalized we can still observe a key indicator of intrinsic at-
tenuation: a shift in f; in the sample response with respect to the
one associated with the source signal. Furthermore, note that the
clear trend of increasing f; with increasing confining pressures is
consistent with a crack-related intrinsic attenuation mechanism as
cracks present in the sample are expected to close with increasing
confining pressures.
Finally, the attenuation was computed as

chC _ _f;*R

(o) Atg(@max)”

O (Omax) = (B3)
with the superscripts £C and R denoting the £ C and receiver signal
(sample response), respectively. As for the velocities, P- and S-wave
attenuation values obtained using eqs (B2) to (B3) as functions
of confining pressure, saturation condition and sample length are
shown in the main body of this work (Fig. 3).
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Figure B7. Amplitude spectra of extracted P-waveforms as a function of confining pressure. Amplitude spectra obtained by applying Fourier transform to the
first P-wave arrivals (Fig. BS) under (a,b) saturated and (c,d) dry conditions. Red circles denote the peak frequency of the spectrum to highlight its pressure
dependence.
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Figure B8. Amplitude spectra of extracted S-waveforms as a function of amplitude finax for the EC sign?l. By defining fup = k/fmax, we find & to be
confining pressure. Amplitude spectra obtained by applying Fourier trans- around 1.82. The same factor. 18 useq for the spectra of the rock response
form to the S-wave arrivals (Fig. B6) under dry conditions for sample lengths (coloured curves) and results in a similar agreement between f; and fmax.

of (a) 5.87 cm and (b) 7.34 cm. Red circles indicate the peak frequency of
the spectrum to highlight its pressure dependence.
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