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Abstract. For-obtaining-To obtain reliable high-resolution subsurface images in the geothermal testbed of the Bedretto Un-
derground Laboratory for Geosciences and Geoenergies (BedrettoLab), we have-applied fat ray travel time tomography -

To—ecompute-with_the aim of better understanding the relationship between structural features and the seismicity induced
by hydraulic stimulation tests. For the computation a 3D velocity model, we made-use-of-8-utilized eight boreholes, which

allewed-us-to-compile-provided us with a large data set ineluding-comprising 42°843 manually picked first breaks. We-Our
results demonstrate that the fat ray approach offers improved image quality compared with-to traditional ray-based methods.
Furthermore;—we-have-validated-the-The 3D model was further validated using ground-truth information from wireline logs
and geological observations. We steeeeded-in-imaging-successfully imaged a major fault zone (MFZ) that has-a-rather-exhibits
a complex structure including considerable heterogeneity. Relocation of passive seismic events -generated during hydraulic
stimulations ;-indieate-indicates that the 3D velocity model has only a minor influence on the-hypoeentral-parameters;-but-a
comparisor-of-hypocentral parameters. However, comparing a selection of particutarly-well-constrained seismic events with

the velocity structures revealed that-there-is-a remarkable spatial correlation. Most events occurred in regions of intermedi-

ate and slightly decreased seismic velocities, thereby “aveiding"high-and-verylow—veloeity-areasavoiding both high- and
very low-velocity zones. Based on small-scale laboratory studies, we speculate that these observations can be attributed-to-the

oceurrenee-explained by the presence of stress gradients in the intermediate-veloeity-intermediate-velocity zones.

Copyright statement.

1 Introduction

Energy production from sustainable resources is a key challenge of this century. In-this-context-geothermal-Geothermal en-
ergy is recognized as a viable option. In particular, so-called “enhanced geothermal systems” (EGS) may have the potential
to produce electrical energy at affordable costs (e.g. Olasolo et al. (2016); Hirschberg et al. (2015) ). Key challenges include
establishing sustainable flow rates, while controlling the associated induced seismicity Zang et al. (2024). Examples of EGS
projects that had to be stopped beeause-of-due to high seismicity include, for example, Basel (Edwards et al., 2015) and Po-
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hang (Ellsworth et al., 2019). These problems are closely linked with the often poorly known fracture network of the reservoir.
Therefore, several initiatives have been established to better characterize relevant host rock structures with near-field observa-
tions and well-monitored stimulation experiments. (Amann et al., 2018; Obermann et al., 2024; Kneafsey et al., 2025).

In-this-context;seismie-measurements-Seismic studies can offer powerful tools for imaging key structures, such as permeable
fracture zonesthat-, which are the main targets of EGS investigations. They can be applied during an initial eharacterisation
characterization phase or during the stimulation phase. Generally, it can be distinguished between-by passive and active seis-
mic techniques. Passive techniques do not require actively fired seismic sources. Instead, either information contained in the
ambient noise is exploited (e.g., Obermann and Hillers (2019)) or recordings from the induced seismicity are analyzed. For

example, Charléty et al. (2006) conducted a 4D tomographic study using induced seismicity at the Soultz-sous-Foréts Hot Dry
Rock site in France—, that is, temporal 3D seismic velocity struetures-were-obtained-at-different-times-to-image-the-temporal
changes-in-a-4D-mannerchanges were computed.

Active seismic methods can generally be subdivided in reflection and refraction imaging and transmission tomography. Re-
flection and refraction imaging can be carried out either from the surface, or surface-to-borehole configurations - also referred
as vertical seismic profiling (VSP) techniques. In geothermal applications, VSP is particularly popular. For example, Nakata
et al. (2023) used VSP data for reflection imaging of faults and fractures at the geothermal test site FORGE, Utah, U.S.A.. It is
also possible to combine induced seismicity methods with reflection imaging. Block et al. (1994) applied a joint hypocenter-
velocity inversion using induced seismicity from Hot dry rock (HDR) experiments at Los Alamos National Laboratory, New
Mexico to gain a 3D velocity model. Nakagome et al. (1998) used a seismic reflection survey together with vertical seismic
profiling (VSP) to image the fractured reservoir in the Kakkonda geothermal field (Japan). Place et al. (2011) employed in-
duced seismicity and VSP data to map fractures in Soultz-Sous-Forets (France). Transmission tomography primarily makes
use of direct, diving or refracted waves traveling from sources to the receivers. It can be either applied from the surface (e.g.,
Zelt and Barton (1998); Lanz et al. (1998); Heincke et al. (2006)), or between boreholes (e.g., Pratt and Worthington (1988);
Maurer and Green (1997)). Here, the travel times of the first arriving waves are exploited to establish 2D or 3D distributions of
the seismic velocities. Alternatively, the first break amplitudes can be used to compute attenuation models (e.g., Holliger et al.
(2001)). All these studies provided useful information for a better understanding of the subsurface structures.

Since seismic waves travel in a heterogeneous medium along complicated wave paths, 2D tomographic investigations suffer
from inherent limitations, resulting from the assumption that the wave paths lie exclusively within the tomographic (2D) plane.
Therefore, 3D investigations should be carried out, when complex subsurface structures are expected. This can be achieved
quite easily with surface-based investigations, because the sources and receivers can be well distributed over the earth’s sur-
face, which results in a good seismic ray coverage of the structures of interest, given that acquisition offset is large enough. In
the case of crosshole investigations, this is often a problem, because there are rarely enough boreholes available that allow a
good ray coverage of the subsurface region of interest. Therefore, 3D crosshole tomography experiments are very rare, which
is unfortunate, because they can potentially offer very relevant and unique subsurface information. The problem of poor ray
coverage can be, at least partially, alleviated with the concept of fat rays—Here;-, where it is assumed that seismic waves are

not traveling along infinitesimally thin rays, but within “fat rays”, whose thickness is governed by the dominant frequencies of
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the seismic waves (e.g. Woodward, 1992). Initial concepts were provided by Woodward (1992), and fat ray approaches were
implemented for local earthquake tomography (Husen and Kissling, 2001) and active seismic experiments (Jordi et al., 2016).

+1-We have applied these concepts in the framework of the host rock characterization ef-in the Bedretto Lab (Ma et al.,

2022; Plenkers et al., 2022);-an—unusuallytarge-number—of—. As discussed in more detail in Section 2, this is a unique
research environment including a geothermal testbed, which mimics a realistic reservoir structure in crystalline rocks. For
%meamwwmbmm% were drilled within &
the geothermal testbed, out of which eight were
available for active seismic measurements. This offered exciting opportunities for testing the benefits and limitations of 3D

- As described in

travel time tomography;e
this contribution, several active seismic crosshole measurements were carried out—In-addition-to-the-good-borehole-coverage;
w%ﬁmﬁ&éﬁ%&e%ﬁﬁmgeaﬂmmmfat ray tomography and-we-could-establish
approach. The primary
aim of our study is to image important geological structures, and to better understand the relationship between these structural

features and the seismicity, induced by various hydraulic stimulation experiments within the geothermal testbed.
We start with a shert-description of the Bedretto Laband-, the embedded geothermal testbed, and we briefly summarize ke

results from previous investigations in the BedrettoLab. Then, we present our data set, followed by a short description of the
methodology employed to establish the 3D velocity models. After the presentation of the tomographic results, we perform a
joint interpretation with geological and geophysical add-on data sets that were also acquired at our test site. In particular, we

discuss the spatial correlation between passive seismic events and the velocity structures found.

2 Site description

The Bedretto Underground Laboratory for Geosciences and Geoenergies (BULGG or BedrettoLab), operated by ETH Zurich,
is located in the central Swiss Alps (Ticino) in a 5.2 kilometres long side tunnel of the Furka railway tunnel (Figure 1a).
The BedrettoLab is a unique research facility that provides optimal conditions for conducting experimental research on un-
derstanding the responses of the deep underground during hydraulic stimulations. With dimensions at the hectometer scale
(hundreds of meters extension), the BedrettoLab closes the gap between the decameter laboratory scale ( tens of meters
extension, e.g., Grimsel test site (Gischig et al., 2020)) and the reservoir scale (Amann-et-al52648)(hundreds of meters to

kilometers, (Amann et al., 2018)).
The BedrettoLab host rock is ealled-composed of mainly granites, which are referred to as the Rotondo Granite. Its intrusion

into the Gotthard Massif took place during the late Variscan orogeny (Sergeev et al. (1995)). In general, the Rotondo Gran-




Northing and Elevatlomvhremsas used imanyetherBedretiolab-refategublicationpanela). Fhemainfauitzonein-this-areaisshewn
aség:qmonally',”panelc) depictsthe 3D structureof the MFZ. (gray surfacenetlsrrefe#edteasﬁl\AajepFamt—Zene%MFZ) within-this-paper
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The geothermal testbed is located between tunnel meters 2000 m to 2100 m, measured from the tunnel portal (see Figure
1a)). It has an overburden of about 1036tm_andincludes several boreholes, ranging from 250 m to 400 m length. The six
monitoring boreholes (MB1, MB3-MBSIB7, MB8) are equipped with a state-of-the-art monitoring system. This includes

the P-wavesparker. For more details on the multi-disciplinary monitoring system, we refer to the overview paper of Plenkers
et al. (2022).

Faults and fractures within the geothermal testbed have been mapped mainly as subvertically dipping, predominantly striking
NE-SW to ENE-WSW (Labhart T, 2005; Litzenkirchen and Loew, 2011) and frequently steeply dipping, striking N-S and

tunnel, which are based on tunnel wall mapping and borehole logging. The fractures can be divided into four different sets:
striking N—S, NE-SW/tunnel perpendicular, E-W, and NW-SE/tunnel parallel.
A major fault zone (MFZ) within the geothermal testbed is of particular interest fosthispaper. It was discovered by pre-

vious studies using abereholesavailable: allen-etal-(2024magedtheM using GPRre ection measurementsnd

andCrackleBrecciathat surroundfracturedgranites More detailson this structuregcanbe foundin Ma et al. (2022)but for

the purposeof this paperis primarily importantto note that the complexity of the MFZ will_represeng challengefor the
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3 Data

on when the boreholes were drilled and being available. A detailed overview is given in Table 1. The borehole con guration

is shown in Figures 1b and 1c. The spacing of the source varied between 1 m, 2m, and 5 m for the different surveys and along
the borehole depths.

AS-asedrcene

We employed a seismic P-wave spargeurcewith a dominant frequency band of about 1 to 10 kHz (https://geotomographie.

de). The rst three data sets were recorded on two hydrophone chains with 1 m and 2 m spacing, respectively (Table 1). The
surveys were designestich that the receiver/shot spacing is denser around the MFZ and sparser at larger distances away from
it. These surveys were conducted before the instrumentation and cementation of the boreholes. The last survey was carried oL

in November 2021, after the instrumentation, but prior to stimulation experiments. Permanently installed acoustic emission

and all surveys, the sparker source was red three times, and the traces were then stacked to enhance the signal-to-nois
(SNR) ratio. Overall, we were able to compile a relatively large data set including 42'843 manual P-picks (Tableaigwith
average picking uncertainty of about 0.15 rikis valuewas estimatecbn the basisof visual inspectiongduring the manual

In Figure 2 we show three examples of shot and receiver gathers. Figure 2a) shows the setting with the source and receiver
con gurations as well as the MFZ. 2b) displays a receiver gather recorded on the AE sensors (sensor in MB8, sources in ST2),
2c) shows a receiver gather recorded on a hydrophone (sensor in MB5 and receiver in MB8) and 2d) shows a source gathel
recorded on hydrophones (source position in MB5 and receivers in MB8). The rst arrivals of the P-waves, indicated by the

yellow arrows, are clearly visible. The P-wave sparker, as the name suggests, is designed to generate primarily seismic P-waves



P-wave are indicated with yellow arrows, and examples for re ectmmitube wave are indicated with blue arrowRedarrovseenote

systematiceisepatternssf-unknownerigin-The predicted S-wave arrivals are indicated with purple arrows.



borehole borehole shot receiver sensor de
source receiver spacing | spacing
ST1 ST2 2m 1m/2m hydrophones| Oct.
MB4 MB1 2m 1m hydrophones| Oct.
MB3 MB4 2m 1m hydrophones| Oct.
MB3 MB1 2m 1m hydrophones| Oct.
MB1 MB4 2m 1m hydrophones| Oct.
MB8 MB7 5m/2m 1m/2m hydrophones| June
MB8 MB5 5m/i2m 1m/2m hydrophones| June
MB5 MB7 5m/i2m 1m/2m hydrophones| June
MB5 MB8 5m/i2m 1m/2m hydrophones| June
ST2 MB1 1m xed depth | AE sensors | Nov.
ST2 MB3 1m xed depth | AE sensors | Nov.
ST2 MB4 1m xed depth | AE sensors | Nov.
ST2 MB4-1-m—xed-depthAE-sensordNov—20211200667ST2MB5 1m xed depth | AE sensors | Nov.
ST2 MB7 1m xed depth | AE sensors | Nov.
ST2 MB8 1m xed depth | AE sensors | Nov.
total number ofourcepoints: 649
total numberof receiverpoints: 962
total numberof traces 74875

total number of picks:
source type:

sampling frequency
hydrophones:

AE sensors:

42843 (57.20)
P-wave sparker

48 kHz
200kHz
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Flgure 3. a) Exampleracesof thedata#ep—smg%&raeeef—thea hydrophoneala%arBe%tem—w@le%ﬁaeereeerdeebﬁ(top) and anAeeustie

generally dif cult to pick, because they often overlap W|th scattered parts of the P-waves or with re ected waves. Therefore,

we restrict ourselves to the rst arriving P waves.
Figure & shows example traces from a hydrophone and an AE sensor with a similar source-misevere Furthermeore,

The frequency content of both sensor types is comparable, with the energy of the rst-arriving waves varying between 1 kHz
and 7.5kHz. It should be noted that the sharp decrease below 1kHz is caused by analog lters of the acquisition systems.
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Furthermore, it is noteworthy that there is a signi cant decrease of spectral amplitudes around 3 kHz for both sensor types.
SineeOne may arguethat this featurein the sum spectrais causedby the sensorpropertiesor by the acquisitionsystem.

Nolet (1987)). It requires (i) an initial model, (ii) a forward solver to predict the travel times for a given model, (iii) an inverse
solver to estimate the seismic velocities (resp. the seismic slownesses, the inverse of velocity) from the observed data, anc
(iv) a regularization scheme to account for the underdetermined components of the inverse problem (e.g. Menké$t984)).

bian matrixJ, wheren is the number of data points andis the number of inversion cells. Since such tomographic problems
always include an underdetermined component, regularization of the inverse problem is required. For that purpose, we have
added damping and smoothing constraints (see Maurer et al. (1998) and Lanz et al. (1998) for further details). The inverse

problem can then be written as
0 1 01

@'As= @A B
D h

whereJ is the Jacobian matrix, the observed travel time§) andh the regularization constraints, asdthe unknown

10
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the LSQR algorithm proposed by Paige and Saunders (1982). With the updated velocity model, the predicted travel times and
the ray geometry need to be recomputed to updaiéhis procedure is then repeated until convergence is achieved.

Since in nitely thin rays, computed with the Eikonal equation, are not a good physical representation of nite-frequency
seismic waves, and they often cover not all inversion cells, the concept of fat rays was introduced by Woodward (1992). The
underlying idea of this concept is to extend the thin rays to a width that corresponds to the dominant wavelengths of the data
observed. When the travel time elds from the solution of the nite-difference Eikonal solver are available, the region of the
fat rays can be calculated swiftly with the formula@&rveny and Soares (1992) that describe the rst Fresnel volume, which

is equivalent to the fat ray

Jtsx +tx  ter] T &)

tsx andt,x are source or receiver travel times to an arbitrary peoinithin the forward modeling domait, is the predicted

travel time with the actual modslandT is the dominant period of the seismic waves. When the inequality in Equation 2 is
satis ed, the poink lies within the fat ray volume. To compute the fat ray volumes, it is necessary to not only solve the forward
problem for each source position, but also for each receiver position, which can increase the computational costs signi cantly.

For computing the fat ray Jacobian matrix, it is necessary to compute for every source-receiver pair afyndgamed as

8
ST ot tx s, ifjtect b T
fx = _ ©)
. 0, otherwise

at every grid point of the forward model. Then, the values, contained in a particular inversion grid cell, are summed up

and inserted into the corresponding elemend oFinally, each row ofl needs to be scaled, such tliat= tg; is enforced.

5 Application to eld data set
5.1 Setup of the inversion

For the travel time tomography we used the data presented in Section 3. A homogeneous velocity model of 5300 m/s was usec

11



Figure 4. Development of the RMS discrepancy between observed and predicted travel times for different con gurations: the thin ray
based tomography with two different cell sizes of the inverse solver (1 m and 2m) and the fat ray tomography with different frequencies,
2kHz,4.5 kHz and 6 kHz. Fat ray inversions employed the same grid for the forward solution and inversion 1 X.IThé same applies to

the thin ray 1-1 inversion. For the thin ray 1-2 inversion, 8 forward cells were merged to larger cubic inversion cells.

12
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coordinate system was rotated into the main axis system (or principle axis system) of the borehole trajectories to reduce the

number of numerical cells. This resulted in a model of dimension of 72 x 62 x 40@¥& compared differergett-block sizes

smaller inversion cell size of 1 m and compared different frequencies: 2 kHz, 4.5 kHz and 6 kHz that are within the frequency
spectra of the P-wave (see Figure 3). With appropriate regularization for the different inversions, all inversion runs converged
reasonably well, that is, the RMS curves are attening out, and they all show a similar convergence behavior. However, for
the thin ray inversion with 1 m cell size and for the fat ray inversion with 4.5 kHz and 6 kHz, more regularization was required

is consistent with our picking accuracy. Since we did not observe signi cant differences in the convergence behavior of the

different settings, and the resulting tomography models were similar, we have chosen 2 kHz for our fat ray tomography to

obtain the best spatial coverage with the lowest reasonable frequeneyerviewof-the differentslicesthroughthemeodels

5.2 Comparison of Thin ray and Fat ray tomography

To show the bene t of the fat ray approach, we compare the 2 kHz fat ray results with the thin ray results. For the comparison,
we eensiderthe do not only considerthe velocity structuresput alsothe column sums of the Jacobian matrix, subsequently

coverage are shown in white. The green line indicates the MFZ at this deégthie??shewsanoverviewoftheslicewith-the
bereholesndtheMFZ-Both tomograms show similar features, but the structures in the fat ray tomogram (Figure 5b) are much

representation of the actual nite frequency wavepaths, one can conclude that the tomogram in Figure 5b is not only clearer,

13
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5.3 3b-veloeitymedel

of 2 kHz. P-wave veIocmes |meth|stomograph|c model vary between 4685 m/s and 6212 m/s, and the mean velocity is at
about 5340 m/s. Figure @i i [ [ i shows the
tomographic velocities in (a) and the corresponding coverage in (b) at different déptlaserviewof-the differentslices
%WMWM%M%@N&HWThG intersections with the boreholes are shown as black dots

A vertical slice through the model is provided in Figure 7. Since the MFZ (see Figure 1) is a feature of major interest, we

provide a vertical section perpendicular to the strike of this fault zone through the central part of the 3D model. The verti-

The horizontal and vertical slices in Figuress. and 7 provide some insights into the structure of the 3D velocity model.
However, such single slices can be dif cult to interpret. Therefore, we have created a series of videos, with which it is possible
to scan in various directions through the model cube. They are provided in the digital appendix, and it is highly recommended
to make use of them to better understand the structures contained in the 3D model.

14
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dataareneitherover-nor under- tted by the 3D tomographig/elocity model.

Laboratory measurements at uid-saturated undisturbed core samples indicated valueg ®p484/Mm/s. From these results,
P-wave velocities at in-situ conditions with;P =15 MPa were estimated to be 6123 m/s (David et al., 2020). This is broadly
consistent with the maximum values observed in the tomograms (6212 m/s).

Another option to validate the velocities obtained by the tomographic inversions is offered by sonic logs, acquired in borehole
ST1. A comparison is shown in Figure 9. To compare kittaseldatasets, the sonic logs were downsampled to the sampling

logs in orange. Adjacent to the velocity pro les, we have also extracted the coverage values along ST1, shown as blue line.
They show that the depth range of trustworthy tomographic velocities lies between 50 m and 230 m (denoted by horizontal
dashed lines in Figure 9. As a consequence, the tomographic velocities above and below the depth range resolved are close t
the initial velocities of 5300 m/s.

In-thedepthrangeresolved

expected because the sonic logs employ higher frequencies. Therefore, the comparison with the sonic logs is rather restricte
to relative velocity changes. Both curves show a signi cant low-velocity anomaly at about 150 m depth. To verify this low-

15






Figure 6.a) Velocity tomograms at different depths drjdhe correspondingpatialcoveragé). Unresolved areas are left white. The dots
indicate the intersections of the boreholes with the slice, the larger dot indicates the borehole ST1. The green line indicates the intersection
with the MFZ. 17
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a broad fracture zone shown by an increase in ATV travel time up to $88-meredetalledanalysisof-thebereholeceres

The velocitiesof the 3D seismic mode

roek-andincludingsubstantiaheteregeneitigst thehorizontalgliceatz = 150 m (Figure6), the MFZ is crosscuttinghe slice

5.6 Appraisal of rock quality

The velocity variations found in the tomographic volume are relatively small,28d of the velocities lie in the range

host rock is moderately disturbed. The velocity variations can be further quanti ed using the seismic rock quality designation

factor (SRQD) introduced by Deere and Miller (1966):

2
Vp
lab

Vp

v}f‘b is the velocity of the intact rock measured in the laboratory, whichtig3m=s-6123m/s for the BedrettoLab (David

et al., 2020). According to Deere and Deere (1988), the SRQD is a good approximation to the rock quality designation

SRQD = 100 (4)
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Figure 9. Comparison of the inversion results ngeeleg@al_addltlonal dataFeHhrsqupeseacqwredalongthetemegFaphiafelGeMes
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factor (RQD). The SRQD values within our tomographic model lie between 64 and 90, which translates to a rock quality
from "fair" to "good/excellent" (Deere and Deere, 1988). This is consistent with geological observations in the geothermal

5.7 Limitations of the tomographic velocity model

For an appropriate interpretation of the structures found in the tomographic 3D model, it is necessary to consider its inherent
limitation. First of all, the spatial resolution needs to be considered. It is in uenced by the ray coverage within the model and the

seismic wavelengths. As shown in Figures 6 and 7, the coverage of the fat rays is generally high and homogeneous. Williamson
and Worthington (1993) demonstrated that the spatial resolution scales approximately with the width of the Fresnel zone. For
a frequency of 2 kHz and an average source-receiver distance of about 50 m, the width of the Fresnel zone is approximately

Further factors that may limit the reliability of the tomograms include the presence of seismic anisotropy and accuracy of
the borehole traces. Adreadyindicated earlier, minor anisotropy effects may exist, but we have chosen to employ an isotropic
model. Ignoring signi cant anisotropy effects during an isotropic inversion would result in layered structures with alternating
high and low velocities, thereby mimicking anisotropy. We did not spot a pronounced layering in our tom&gratagy;in

racies, it cannot be excluded that they may have introduced minor distortions. Therefore, only gross features in the tomograms

should be interpreted.

In 2022 and- 2023,severahydraulic stimulation experiments were conducted in the geothermal teslifesstimutations
wereperfermeeby injecting wateir-into selected packer intervals of borehole ST1 (see also Section 2). An overview of these

experimentsn-the-contextof-inducedseismicityis-presentedn-Obermann-etal {2024 Fhe-analysiswasperformedwith
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wave picks (e with-correspendingesiduals—Eventsrequiredat leastsix P-wavepicks (no.S-wavepicks were available)

which the selectioncriteriawerere-appliedandeventsre-relocated\We further excludedeventswith. poor locationgeometry
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Figure 11. Spatial distribution of location differences shown in FigureRénelgb) to (d) includetop view

intervals.
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6 Conclusions

The experimental setup of the geothermal testbed in the BedrettoLab offered unique opportunities for 3D tomographic studies.
The literature on such investigations on that scale is very sparse - in fact, we could not nd a comparable study in the literature.
Our nding could thus be a motivation for other experiments in similar environments.

510 We<caneclearlyshow
We showedthat in comparison with traditional thin ray methods, fat ray tomography does not only better mimic the physics of
band-limited seismic data, but it also results in an improved coveragealsowerthwhite mentioningthatEurthermorefat
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Figure 12. Horizontal slices through the tomographic model. Low and high velocities are shown in red and blue, and intermediate velocity
areas are shown gray. The seismicity located5-m- _2:5m distance from the slices is superimposed by black dots. The intersection of the

MFZ is shown in light green.
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