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Abstract. To
:::
Fat

:::
ray

:::::
travel

::::
time

::::::::::
tomography

::::
was

::::
used

::
to

:
obtain reliable high-resolution subsurface images in the geothermal

testbed of the Bedretto Underground Laboratory for Geosciences and Geoenergies (BedrettoLab), we applied fat ray travel

time tomography with the aim of better understanding
:
.
:::
The

::::
aim

::
of

:::
the

:::::::
research

::::
was

::
to

:::::
better

::::::::::
understand the relationship be-

tween structural features and the seismicity induced by hydraulic stimulation tests. For the computation a 3D velocity model,

we utilized eight boreholes , which provided us with
::::
Eight

::::::::
boreholes

:::::
were

::::
used

::
to

:::::::
provide a large data set comprising 42’8435

::::::
41’881 manually picked first breaks. Our results demonstrate that the fat ray approach offers improved image quality com-

pared to traditional ray-based methods. The 3D model was further validated using ground-truth information from wireline logs

and geological observations. We successfully imaged a major fault zone (MFZ) that exhibits a complex structure including

considerable heterogeneity. Relocation of passive seismic events generated during hydraulic stimulations indicates that the 3D

velocity model has only a minor influence on hypocentral parameters. However, comparing a selection of well-constrained10

seismic events with the velocity structures revealed a remarkable spatial correlation. Most events occurred in regions of in-

termediate and slightly decreased seismic velocities, thereby avoiding both high- and very low-velocity zones. Based on

small-scale laboratory studies, we speculate that these observations can be explained by the presence of stress gradients in

the intermediate-velocity zones.

1 Introduction15

Energy production from sustainable resources is a key challenge of this century. Geothermal energy 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
::::::::
affordable

::::::::
electrical

::::::
energy (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)
:::::::::::::::
(Zang et al., 2024).

Examples of EGS projects that had to be stopped due to high seismicity include , for example, Basel (Edwards et al., 2015)20

and Pohang (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
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observations and well-monitored stimulation experiments . (Amann et al., 2018; Obermann et al., 2024; Kneafsey et al., 2025).

Seismic studies can offer powerful tools for imaging key structures, such as permeable fracture zones, which are the main

targets of EGS investigations. They can be applied during an initial characterization phase or during the stimulation phase.25

Generally, it can be distinguished by passive and
::::
these

::::::
studies

::
are

:::::
either

:::::::
passive

::
or active seismic 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
::::::::::::::::::::::::::::
(e.g., Obermann and Hillers, 2019)

::
or

:::::::::
recordings

::
of

:
the induced seismicity

are analyzed. For example, Charléty et al. (2006) conducted a 4D tomographic study using induced seismicity at the Soultz-

sous-Forêts Hot Dry Rock site in France,
:
; that is, temporal 3D seismic velocity changes were computed.30

Active seismic methods can generally be subdivided in
::
be

:::::::::
subdivided

::::
into reflection and refraction imaging and transmission

tomography. Reflection 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 a35

joint hypocenter-velocity inversion using induced seismicity from Hot dry rock
:::
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 induced seismicity and VSP data to map fractures in Soultz-Sous-Fôrets (France). Transmission

tomography primarily makes use of direct, diving or refracted waves traveling from sources to the receivers. It can be either40

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.45

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 surface,

which results in a
:::::::
resulting

:::
in good seismic ray coverage of the structures of interest, given that acquisition offset is large50

enough. In the case of crosshole investigations, this is often a problem , because there are rarely enough boreholes available

that
::
to 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, 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 of55

the seismic waves (e.g. Woodward, 1992). Initial concepts were
:::
The

::::::
initial

:::::::
concepts

:
provided by Woodward (1992) , and

::::
have

::::::
allowed

:
fat ray approaches were

:
to
:::

be implemented for local earthquake tomography (Husen and Kissling, 2001) and active
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seismic experiments (Jordi et al., 2016).

We have applied these concepts in the framework of
:::
for the host rock characterization in

::
at the Bedretto Lab (Ma et al., 2022;

Plenkers et al., 2022). As discussed in more detail in Section 2, this
:::
the

::::::::::
BedrettoLab

:
is a unique research environment including60

:::
that

:::::::
includes

:
a geothermal testbed, which mimics a realistic reservoir structure in crystalline rocks. For example, it includes

important structures, such as a major fault zone (MFZ). In total, nine boreholes 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 travel time tomography. As described in this contribution, several active seismic crosshole measurements

were carried out, and they were analyzed with a
::::
using

:::
the

:
fat ray tomography approach. The primary aim of our study is65

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 description of the Bedretto Lab, the embedded geothermal testbed, and we briefly summarize key results from

previous investigations in the BedrettoLab. Then, we
:::
We

::::
then

:
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 a70

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
::::::::
kilometers

:
long side tunnel of the Furka railway tunnel (Figure75

1a). The BedrettoLab is a unique research facility that provides optimal conditions for conducting experimental research on

understanding
:
to

::::::::::
understand the responses of the deep underground

::::
deep

::::::::::
underground

::::::::
structures

:
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)
:
;
::::::::::::::::
Gischig et al. 2020) and the reservoir

scale (hundreds of meters to kilometers, (Amann et al., 2018)
:
;
:::::::::::::::
Amann et al. 2018).80

The BedrettoLab host rock is composed of mainly
:::::
mainly

:::
of 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))
:::::::::::::::::
(Sergeev et al., 1995). In general,

the Rotondo Granite is homogeneous, that is, it generally exhibits isotropic structures , but at
::
of

::
the

::::::::
physical

:::::::::
properties,

:::
but

::
in

some places, weak signs of metamorphism are observed , (Labhart T, 2005; Lützenkirchen and Loew, 2011). This may have

slightly altered the isotropic structures (see also Figure 1b). Indeed, Behnen et al. (2024) identified weak signs of anisotropy85

near the geothermal testbed, but for the sake of simplicity, we assume an isotropic velocity structure for this study.

According to the World Stress Map (Heidbach et al., 2018), the main horizontal compressive stresses are oriented in NW-SE

direction, but Bröker et al. (2024a) showed that within the BedrettoLab, the orientation of the stress field can exhibit significant

variations. Due to the overburden, the principal stress axis can be assumed to be vertical, and a previous study of
::
by

:
Meier

(2017) revealed that topographic effects can be neglected in the area of the BedrettoLab.90
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Figure 1. (a) Location and geological map of the BedrettoLab(see also Ceccato et al. (2024)and Rast et al. (2022)

)
::::::::::::::::::::::::::::::
(see Rast et al., 2022; Ceccato et al., 2024). (b) Schematics of the Major Fault Zone (MFZ),as observed in borehole MB1. The

MFZ is foundbetween
:
at

:::::
depth

::
of 143 and 145mdepthin this borehole. Fractured Granites surroundPorto-Gneis

:::::::::
Porto-Gneiss, Myolonite

and CrackleBeccia
:::::
Breccia (�gure

::::
Figure

:
adjusted from Ma et al. (2022)). (c) Boreholes drilled into the Geothermal Testbed, including six

monitoring boreholes (MB1, MB3-MB5, MB7, MB8), one stimulation (ST1) and one extraction (ST2) borehole. Here, the boreholes are

shown in the tomography coordinate system, which wasused in this paper. The blue arrows show the orientation of the original Bedretto

coordinate system with Easting, Northing and Elevation, as used in panel a). Additionally, panel c) depicts the 3D structure of the MFZ

(gray surface) as derived by Escallon et al. (2024).
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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 1030 m, and includes several boreholes, ranging from 250 m to 400 m
::
in length. The six moni-

toring boreholes (MB1, MB3-MB5, MB7, MB8) are equipped with a state-of-the-art monitoring system. This includes seismic

sensors (geophones, accelerometers and acoustic emission sensors) as well as active piezoelectric seismic sources. In addition,

a stimulation (ST1) and an extraction (ST2) borehole were drilled into the testbed
:::
(see

::::::
Figure

:::
1c). ST1 was equipped with a95

multi-packer system,with which it wassubdivided
:::::::::
subdividing

::
it into 14 intervals (Bröker et al., 2024a). ST2 was kept open

for the useof various measurements, for example, active seismic measurements. 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 mappedmainly as
:::
and

:::
are

:::::::
mainly subvertically dipping, pre-

dominantly striking NE-SW to ENE-WSW (Labhart T, 2005; Lützenkirchen and Loew, 2011) and frequently steeply dipping,100

striking N-S and E-W along the tunnel (Jordan, 2019). Ma et al. (2022) and Bröker et al. (2024b)show
:::
give detailed maps of

fractures along the tunnel, which are based on tunnel wall mapping and borehole logging. The fractures can be divided into

four differentsets: 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 interestfor
:
to

:
this paper. It was discovered by pre-

vious studies using all available boreholes. This ;
:::::
these

::::::
studies

:
included core analyses as well as acoustic and optic tele-105

viewer (ATV/OTV) observations (Ma et al., 2022). A schematic of the MFZ, as observed in borehole MB1, is shown in

Figure 1b. It includesProto-Gneis,Mylonite
:::
and

:::::::
includes

:::::::::::
Proto-Gneiss,

::::::::
Mylonite,

:
and Crackle Breccia that surround fractured

granites
:::::::
Granites. More details on this structures can be found in Ma et al. (2022), but for the purpose of this paperis primarily

:
it

:
is

:
important to note that the complexity of the MFZwill represent

::::::::
represents a challenge for the tomographic imaging. Besides

the a priori information, offered by the core and televiewer analyses, we also have access to a 3D image of the MFZ. It was110

obtainedwith
:
,
:::::::
obtained

:::::
from a borehole radar re�ection study (Escallon et al., 2024), and the 3D surface of the MFZ is shown

in gray in Figure 1c.

Since we will later relate our tomographic inversions with the seismicity, generated by hydraulic stimulations, it is important

to note that the BedrettoLab lies in an area of generally low seismicity(e.g. Diehl et al. (2025), Gischig et al. (2020)). All

the
::::::::::::::::::::::::::::::::::::
(e.g., Diehl et al., 2025; Gischig et al., 2020).

:::
All

:
seismic events, discussed later in this study, are caused by stimulations115

within the geothermal testbed, and they are not superimposedby a
:::
with

:
seismic background activity. Furthermore, it is also

important to note that the stress conditions in the BedrettoLab mimic stress conditions of a real geothermal reservoir, but the

temperatures are much lower (approx. 18 degrees Celsius,Ma et al. (2022)
:::::::::::
Ma et al. 2022).

3 Data

Experimentalsetupanddataexamples.a) showsthe shot(stars)andreceiver(triangles)positionsfor the waveformsshown120

in b), c) andd). ThegraysurfaceindicatestheMFZ asderivedby Escallon et al. (2024). b) displaysthewaveformsrecorded

by anAE sensorsin boreholeMB8 (bluetriangle)from shotsin boreholeST2(bluestars).c) showsa correspondingreceiver

gatherrecordedon a hydrophonein MB5 (brown triangle)andshotsin boreholeMB8 (brownstars).d) showsa shotgather
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Table 1. Acquisition parameters of the active seismic survey

borehole borehole shot receiver sensor date number of number of

source receiver spacing spacing traces picks

ST1 ST2 2 m 1m/2m hydrophones Oct. 2020 15307
:::::
12696 7413

MB4 MB1 2 m 1 m hydrophones Oct. 2020 5376 3716
::::
3664

MB3 MB4 2 m 1 m hydrophones Oct. 2020 3648 1780
::::
1632

MB3 MB1 2 m 1 m hydrophones Oct. 2020 1824 1337
::::
1186

MB1 MB4 2 m 1 m hydrophones Oct. 2020 2976 1620

MB8 MB7 5 m/2 m 1 m/2 m hydrophones June 2021 4840 2476
::::
2474

MB8 MB5 5 m/2 m 1 m/2 m hydrophones June 2021 13698 7143
::::
6820

MB5 MB7 5 m/2 m 1 m/2 m hydrophones June 2021 6644 4610
::::
4604

MB5 MB8 5 m/2 m 1 m/2 m hydrophones June 2021 14562 9437
::::
9157

ST2 MB1 1 m �xed depth AE sensors Nov. 2021 800 179

ST2 MB3 1 m �xed depth AE sensors Nov. 2021 1400 781

ST2 MB4 1 m �xed depth AE sensors Nov. 2021 1200 667

ST2 MB5 1 m �xed depth AE sensors Nov. 2021 800 539

ST2 MB7 1 m �xed depth AE sensors Nov. 2021 200 158

ST2 MB8 1 m �xed depth AE sensors Nov. 2021 1600 987

total number of source points: 649
:::
804

total number of receiver points: 962
:::
1237

total number of traces: 74875
:::::
72667

total number of picks: 42843(57.2
::::
41881

:::::
(57.6%)

source type: P-wave sparker

sampling frequency

hydrophones: 48 kHz

AE sensors: 200 kHz

from a sourcein MB8 (greenstar)with hydrophonesin MB5 (greentriangles).First arrivals for P-waveareindicatedwith

yellow arrows,andexamplesfor re�ections andtubewaveareindicatedwith bluearrows.ThepredictedS-wavearrivalsare125

indicatedwith purplearrows.

a) Exampletracesof a hydrophone(top) andanAE sensor(bottom)thatwererecordedat similar source-receiveroffsets.

Thegrayboxesindicatesthetime window thatwasusedto calculatethesumspectrashownin b) . For visualisationpurposes,

we normalizedthe datato the maximumamplitude.b) showsthe sumspectraof all traceswith a P pick (seemain text for

furtherexplanationson thecomputationof thesumspectra).130

Although the geological and geophysical studies discussed in Section 2 provided key information for the characterization of

theGeothermalTestbed
:::::::::
geothermal

::::::
testbed, it wasjudgedto benecessaryto obtain

::::::::
considered

:::::::::
necessary

::
to

::::::
acquire

:
additional
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Figure 2.
::::::::::
Experimental

::::
setup

:::
and

::::
data

::::::::
examples.

:
a)

:::::
shows

:::
the

::::
shot

:::::
(stars)

:::
and

::::::
receiver

::::::::
(triangles)

:::::::
positions

::
for

:::
the

::::::::
waveforms

:::::
shown

::
in

:::
b),

:
c)

:::
and

:::
d).

:::
The

::::
gray

:::::
surface

:::::::
indicates

:::
the

::::
MFZ

::
as

::::::
derived

::
by

::::::::::::::::
Escallon et al. (2024).

::
b)

:::::::
displays

::
the

:::::::::
waveforms

:::::::
recorded

::
by

:::
one

:::
AE

:::::
sensor

::
in

::::::
borehole

::::
MB8

:::::
(blue

::::::
triangle)

::::
from

::::
shots

::
in

:::::::
borehole

:::
ST2

::::
(blue

:::::
stars).

::
c)

:::::
shows

:
a

:::::::::::
corresponding

::::::
receiver

:::::
gather

::::::
recorded

:::
on

:
a

:::::::::
hydrophone

::
in

::::
MB5

:::::
(brown

:::::::
triangle)

:::
and

::::
shots

::
in

:::::::
borehole

::::
MB8

:::::
(brown

:::::
stars).

::
d)

:::::
shows

:
a

::::
shot

::::
gather

::::
from

::
a

:::::
source

::
in

::::
MB8

:::::
(green

:::
star)

::::
with

::::::::::
hydrophones

:
in

:::::
MB5

::::
(green

::::::::
triangles).

::::
First

::::::
arrivals

::
for

::::::
P-wave

::
are

:::::::
indicated

::::
with

:::::
yellow

::::::
arrows,

:::
and

:::::::
examples

:::
for

::::::::
re�ections

:::
and

:::
tube

::::
wave

:::
are

:::::::
indicated

:::
with

::::
blue

::::::
arrows.

:::
The

:::::::
predicted

::::::
S-wave

:::::
arrivals

:::
are

:::::::
indicated

::::
with

:::::
purple

::::::
arrows.
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volumetric information. Thiscanbe
:::
was

:
obtained from active seismic crosshole measurements. The full active seismic data set

, employed in this study, is composed of several independent surveys that were taken at different times from October 2020 to

November 2021, depending on when the boreholes were drilled andbeing
::::
thus available. A detailed overview is given in Table135

1. The borehole con�guration is shown in Figures 1b and 1c. The spacing of the source varied between 1 m, 2 m, and 5 m for

the different surveys and along the borehole depths.

We employed a seismic P-wave sparker source with 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). The140

surveys were designed, such that the receiver/shot spacing is denser around the MFZ and sparser atlargerdistancesaway

from it. These
:::::::
distances

::::::
further

:::::
away.

:::::
These

::::::
initial surveys were conducted before the instrumentation and cementation of the

boreholes. The last survey was carried out in November 2021, aftertheinstrumentation,
:::::::::::::
instrumentation but prior to

::
the

:
stimu-

lation experiments. Permanently installed acoustic emission (AE) sensors were used as receivers, which had to be synchronized

with the sparker setup. For each source point and all surveys, the sparker source was �red three times, and
:
;
:
the traces were145

then stacked to enhance the signal-to-noise (SNR) ratio. Overall, we were able to compile a relatively large data set including

42'843
::::::
41'881

:
manual P-picks (Table 1) with an average picking uncertainty of about 0.15 ms.This valuewasestimatedon

thebasisof
:::::
Based

::
on

:
visual inspections during the manual picking process. Source-receiver offsets varied between 10 m and

186.5 m. For the manual picking, we employed a Matlab-based in-house software.

In Figure2 , we show
:::::
Figure

:
2
::::::
shows three examples of shot and receiver gathers. :

:
Figure 2a)shows

:::::
gives the setting with150

the source and receiver con�gurations as well as the MFZ. ;
::::::
Figure

:
2b) displays a receiver gather recorded on the AE sen-

sors (sensor in MB8, sources in ST2),
:
;

:::::
Figure

:
2c) shows a receiver gather recorded on a hydrophone (sensor in MB5 and

receiver in MB8) and
:::::
Figure 2d) shows a source gather recorded on hydrophones (source position inMB5

::::
MB8 and receivers

in MB8
::::
MB5). 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 seismicP-waves.S-waves
:
P

::::::
waves.

:
S
::::::
waves

:
that are visible in the data are155

therefore most likely converted P-to-S phases, with the conversionlikely
:::::::
probably

:
taking place at the source borehole wall.

TheS-waves
:
S

:::::
waves

:
are marked in Figures 2b, c, and d, (indicatedwith (purple arrows). They are generally dif�cult to pick,

because they often overlap with scattered parts of theP-waves
::
P

:::::
waves or with re�ected waves. Therefore, we restrict ourselves

to the �rst arriving P waves.

Figure 3a shows example traces from a hydrophone and an AE sensor with a similar source-receiver offset. Both traces show160

a high signal-to-noise ratio. To further appraise the properties of the seismic waveforms, we computed sum spectra for the

hydrophone and AE sensor data. For that purpose, all traceswith a P pick
:::::
where

:::
we

:::::
could

::::
pick

:::
the

::::
�rst

:::::
break

::
of

:::
the

::
P

:::::
wave

were considered. A time window of 6 ms around the �rst break wasconsidered
:::
used

:
to calculate the amplitude spectra (gray

boxes in Figure 3a). The amplitude spectra of the individual traces were then summedup to obtain the sum spectra.

165

The frequency content of both sensor types is comparable, with the energy of the �rst-arriving waves varying between 1 kHz

and 7.5 kHz. It should be noted that the sharp decrease below 1 kHz is caused by
:::
the analog �lters of the acquisition systems.
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Figure 3.
::
a)

::::::
Example

:::::
traces

::
of

:
a
:::::::::
hydrophone

::::
(top)

:::
and

::
an

:::
AE

:::::
sensor

:::::::
(bottom)

:::
that

::::
were

:::::::
recorded

:
at

::::::
similar

:::::::::::
source-receiver

::::::
offsets.

:::
The

::::
gray

::::
boxes

:::::::
indicates

:::
the

:::
time

:::::::
window

:::
that

:::
was

::::
used

::
to

::::::
calculate

:::
the

::::
sum

:::::
spectra

:::::
shown

::
in

:::
b).

::
For

::::::::::
visualization

:::::::
purposes,

:::
we

:::::::::
normalized

::
the

::::
data

:
to

:::
the

::::::::
maximum

::::::::
amplitude.

::
b)

:::::
shows

::
the

::::
sum

:::::
spectra

::
of

::
all

:::::
traces

::::
with

:
a

:
P

::::
pick

:::
(see

::::
main

:::
text

:::
for

:::::
further

::::::::::
explanations

::
on

::
the

::::::::::
computation

::
of

::
the

::::
sum

::::::
spectra).

Furthermore, it is noteworthy that there is a signi�cant decrease of spectral amplitudes around 3 kHz for both sensor types.

One may argue that this feature in the sum spectra is caused by the sensor properties or by the acquisition system. However,

the hydrophoneandAE sensordatawerenot only capturedby different sensors,but they werealsoacquiredwith different170

acquisitionsystems.Therefore,it mustbeconcluded
:::
this

::::::
feature

::
is

::::::
visible

:::::::::::
independently

:::
of

:::
the

::::::::
recording

::::::
system

::::::
(sensor

::::
and

:::::::::
acquisition

:::::::
system).

:::::
Since

:::
the

::::
type

::
of

:::
the

::::::
source

::::
does

::::
not

::::::
change,

:::
we

::::::::
conclude

:
that the shape of the sum spectramust

:::::
might

be caused by the properties of the host rock, for example, by the intrinsic attenuation, or the properties of the seismic source.

Furtheranalyses
:::::
More

:::::::
analyzes, which are beyond the scope of this paper, will be required, to further analyze the frequency

spectra.175
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4 Travel time tomography

4.1
::::::
Method

Seismic travel time tomography is a well-establishedprocedure
::::::
method

:
for delineating subsurface structures at various scales

(e.g.,Nolet (1987))
:::::::::::::::
(e.g., Nolet, 1987). It requires (i) an initial model, (ii) a forward solver to predict the travel times for a given180

model, (iii) an inverse solver to estimate the seismic velocities (resp.
::::::::::
respectively the seismic slownesses, the inverse of veloc-

ity) from the observed data, and (iv) a regularization scheme to account for the underdetermined components of the inverse

problem(e.g.Menke (1984))
::::::::::::::::
(e.g., Menke, 1984). For our computations, we employedan in-house tomography software that

included
::::::
includes

:
the algorithm by Podvin and Lecomte (1991) as a forward solver, which solves the Eikonal equation on

a regular grid with a �nite-difference approach. The seismic rays are then computed with a backtracing algorithm following185

(Li et al., 2018)
::::::::::::
Li et al. (2018). The accuracy of the forward solver is governed primarily by the discretization of the �nite-

difference grid
:::::::::::::::::::::::::::
(e.g., Podvin and Lecomte, 1991).

To solve the inverse problem, the volume of interest needs toalso be discretizedin
::
be

:::::::::
discretized

::::
into

:
3D blocks of ade-

quate sizes. In contrast to the forward solver grid, which is governed by the accuracy of the Eikonal solver, the inverse grid190

is governed by the spatial resolution power offered by the source-receiver distribution. Therefore, the forward and inversion

grids do not necessarily have to be identical. The ray segment lengths for each inversion cell and source-receiver pair are deter-

mined and fed into the n � m Jacobian matrix J, where n is the number of data points and m is 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 (seeMaurer et al. (1998)andLanz et al. (1998)195

:::::::::::::::
Maurer et al. 1998

:::
and

::::::::::::::
Lanz et al. 1998 for further details). The inverse problem can then be written as

0

@J

D

1

A s =

0

@t

h

1

A ; (1)

where J is the Jacobian matrix, t the observed travel times, D and h
:::
are

:
the regularization constraints, and sthe unknown

slownesses
:
is

:::
the

::::::::
unknown

::::::::
slowness. As described, for example, in Maurer et al. (1998), matrix D is composed of an upper

part, includinga
::
an

:
m � m diagonal matrix, which is required for the damping constraints, and a lower part, containing an200

m � m matrix, representing the smoothing operator. Likewise, the vector of h contains an upper part with the initialresp.

previousslownesses
:::::::
slowness

:::::
(�rst

::::::::
iteration)

::
or

:::
the

::::::::
slowness

::
of

:::
the

::::::::
previous

:::::::
iteration, and a lower part including zeros. The

resulting system of equations in1
::
(1)

:
is typically very sparse and can thus be solved conveniently with 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 update J. This procedure is then repeated until convergence is achieved.205

Since in�nitely thin rays, computed with the Eikonal equation, are not a good physical representation of �nite-frequency

seismic waves, and theyoftencovernot
::::
may

:::
not

::::
cover

:
all inversion cells, the concept of fat rays was introduced by Woodward
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(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, the210

region of the fat rays can be calculated swiftly with the formula of�Cervený and Soares (1992) thatdescribe
:::::::
describes

:
the �rst

Fresnel volume, which is equivalent to the fat ray

jt sx + t rx � t sr j � T: (2)

tsx and trx are source or receiver travel times to an arbitrary point x within the forward modeling domain, tsr is the predicted

travel time with the actual model s and T is the dominant period of the seismic waves. When the inequality in Equation 2 is215

satis�ed, the point x 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
:
a
:::::::
function

:::
f x for every source-receiver paira functionf x ,

de�ned as

f x =

8
<

:
T � t sx � t rx + t sr , if jt sx + t rx � t sr j � T

0, otherwise
(3)220

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

inserted into the corresponding element of J. Finally, each row of J needs to be scaled, such that Js = tsr is enforced.

It is noteworthythat a
::
A

::::::::
bene�cial

:::::::
feature

::
of

:::
the

:
fat ray approachmakesthe tomography

:
is

::::
that

:::
the

:::::::::::
tomographic

::::::
results225

::
are

:
less dependent on the parameterization of the inversion model. When a relatively �ne

:::::::
inversion

:
block discretization is

chosenfor theinversionmodel,it becomeslikely thatnumerousblocksarenot
:
,
::::::::
numerous

::::::
blocks

::::
may

:::
not

:::
be hit by thin rays.

In contrast, fat rays always cover the same volumes, irrespective of the size of the inversion blocks.

5 Application to �eld data set

4.1 Setup of the inversion230

Developmentof the RMS discrepancybetweenobservedandpredictedtravel timesfor different con�gurations:the thin ray

basedtomographywith two differentcell sizesof the inversesolver(1 m and2 m) andthe fat ray tomographywith different

frequencies,2 kHz,4.5 kHzand6 kHz.Fatray inversionsemployedthesamegrid for theforwardsolutionandinversion1 x 1

x 1 m3. Thesameappliesto the thin ray 1-1 inversion.For the thin ray 1-2 inversion,8 forwardcells weremergedto larger

cubicinversioncells. For the travel time tomography we used the data presented in Section 3. A homogeneous velocity model235

of 5300 m/s was used as starting model, estimated from
::
the

:
travel time curves of our data. Since the geological observations

along the main tunnel and on the borehole cores did not indicate a pronounced layering, wejudged
:::::::::
considered

:::
that

:
a homo-

geneous initial modelto be
:::
was

:
adequate. The coordinate system was rotated into the main axis system (orprinciple

:::::::
principal

11



Figure 4.
:::::::
Trade-off

::::
curve

:::
for

:::::::::
determining

:::
the

::::::::::
regularisation

:::::::::
parameters.

:::
The

:::::::
horizontal

::::
axis

::::::
denotes

::
the

::::::
inverse

::
of

::
the

:::::::
damping

:::::
factors

:::::
tested

:::::
during

::
the

:::::::
trade-off

:::::::
analysis.

:::
The

::::::::
horizontal

:::::
dashed

:::
line

:::::::
indicates

:::
the

:::::::
estimated

::::::
picking

:::::::
accuracy.

axis system) of the borehole trajectories to reduce the number of numerical cells. This resulted in a modelof dimension
::::
with

:::::::::
dimensions

:
of 72 x 62 x 406 m3. We compared different block sizes for the thin ray-based approach, referred to as "thin ray".240

The inversion block size was either 2 m or 1 m, but the forward solver block size was always kept at 1 m.

As described in Section 4.1, wehaveapplied damping and smoothing constraints for the regularization of the inverse prob-

lem. The individual contributions of damping and smoothing were determined bytrial-and-errora
::::::::
trade-off

:::::
curve

:::::::
analysis.

::::
The

:::::
results

:::
are

::::::
shown

::
in

::::::
Figure

::
4.

::::
The

::::::::::
intersection

::
of

:::
the

::::::::
trade-off

:::::
curve

::::
with

:::::::::
estimated

::::::
picking

::::::::
accuracy

:::::::
(dashed

:::::
black

::::
line

::
in

:::::
Figure

:::
4),

::::::::
indicates

:::
the

::::::::
preferred

:::::::
damping

:::::
value. A damping/smoothing ratio of 0.5proved

:::
was

:::::
found

:
to be adequate for our245

setup.
:::
We

:::::::
repeated

:::
the

:::::::
trade-off

:::::::
analysis

:::
for

:::::
other

::::::::::::::::
damping/smoothing

:::::
ratios,

::::
and

::::
they

:::
led

::
to

::::::
similar

:::::
results

::
as

::::::
shown

::
in

::::::
Figure

::
4.

::::::::
Generally,

:::
the

::::::
choice

:::
of

:::
the

:::::::::::
regularization

::::::::::
parameters

::::::
proved

::
to

:::
be

:::
not

:::
too

:::::::
critical.

::::::::
Inversions

::::::
within

::
a

:::::
range

::
of

::::::::
damping

:::::
factors

::::::
around

:::
the

::::::
chosen

:::::
value

:::
led

::
to

::::
very

::::::
similar

:::::::
results,

::::::
thereby

:::::::
proving

:::
the

:::::::::
robustness

::
of

:::
our

::::::::
inversion

:::::
setup.

The convergence behavior of the different inversion runs is shown in Figure 5 in the form of Root-Mean-Square discrepancies250

between
:::
the

:
observed and predicted travel times (RMS curves). For the fat ray tomography, we always used the 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 theP-wave
:
P

::::
wave

:
(see Figure 3). With appropriate regularization for the different inversions, all inversion runs converged

12



Figure 5.
:::::::::
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

:::
2 m)

::::
and

::
the

:::
fat

::::::::::::
ray-tomography

::::
with

::::::
different

::::::::::
frequencies,

::::::::::
2 kHz,4.5 kHz

:::
and

:::::
6 kHz.

:::
Fat

:::
ray

::::::::
inversions

:::::::
employed

:::
the

::::
same

::::
grid

::
for

:::
the

::::::
forward

::::::
solution

:::
and

::::::::
inversion,

:
1
::
x

:
1

:
x
:::::
1 m3.

:::
The

::::
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.

reasonably well, that is, the RMS curvesare
::::
were

:
�attening out, andtheyall show a similar convergence behavior. However,

for the thin ray inversion with
:
a

:
1 m cell size and for the fat ray inversion with 4.5 kHz and 6 kHz, more regularization was255

required to account for the larger underdetermined component of the inversion problem (the magnitudes of D and h in Equation

1 were increased by 50%). Generally, the RMS reduced from 0.25 ms to approximately 0.15 ms within 20 iterations, which is

consistent with our picking accuracy. Sincewedid notobservesigni�cant differences
::
no

::::::::
signi�cant

::::::::::
differences

::::
were

::::::::
observed

in the convergence behavior of the different settings, and the resulting tomography models were similar, wehavechosen

::::::
selected

:
2 kHz for our fat ray tomography to obtain the best spatial coverage with the lowest reasonable frequency.260

4.2 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 do not only consider
:::::::
consider

:::
not

:::::
only the velocity structures, but also the column sums of the Jacobian matrix, subse-

quently referred to as "coverage", as
::::::::
described, for example,describedin Jordi et al. (2016). The summation of the jth column

of the Jacobian matrix gives an estimate of the overall sensitivity related to the jth inversion cell. The "coverage" measure is265

similar to the ray-coverage that is often used in thin ray tomography.
::
To

:::::::::
emphasize

::::
that

:::
we

:::::::
calculate

:::
the

:::
fat

:::
ray

:::::::
coverage

:::::
from

13



::
the

:::::::
column

:::::
sums

::
of

:::
the

:::::::
Jacobian

::::::
matrix,

:::
we

::::::::::
consistently

:::
use

:::
the

:::::
term

:::::::::
“coverage”

:::::::::
throughout

:::
the

::::::
paper.

In Figure 6, we compare the velocity tomograms for the thin ray (6a) and the 2 kHz fat ray (6b) at a horizontal slice at z = 150m.

Additionally, thecorrespondingcoverageplotsareshownin Figures6c)and6d).Higher velocities are displayed in blue, lower

velocities in red, and the mean velocity (� 5340m/s) is represented in gray. Areas with insuf�cient
::
or

::
no

:
coverage are shown270

in white. The green line indicates the MFZ at this depth. Both tomograms show similar features, but the structures in the fat

ray tomogram (Figure 6b) are much clearer. Note, for example, the low-velocity anomalies around MB8,
:
and between ST1 and

ST2. Furthermore, the area, covered with fat rays, is considerably larger, and it does not include any gaps. Considering the

fact that fat rays are a better physical representation of the actual�nite frequency
:::::::::::::
�nite-frequency

:
wavepaths, one can conclude

that the tomogram in Figure 6b
:
) is not only clearer, but also likely more reliable.

:::
The

::::::::::::
corresponding

::::::::
coverage

::::
plots

:::
are

::::::
shown275

::
in

::::::
Figures

:::
6c)

:::
and

::::
6d).

:

5
::::::::::
Application

::
to

::::
�eld

:::::
data

::
set

5.1 Qualitative description of the 3D velocity model

In thesequelof the
:::
this paper, we consider only the velocity model obtained with fat ray tomography using a center frequency

of 2kHz.
::::
kHz.

:::
The

:::::::
velocity

::::::
models

::::::::
obtained

::::
with

:::::::
4.5 kHz

:::
and

:::::
6 kHz

:::
do

:::
not

::::
show

:::::::::::
signi�cantly

:::::
better

::::::
results;

:::
for

::::::::
example,

:::
the280

::::
RMS

::::::
curves

:::
are

:::::
quite

::::::
similar

:::::::
(Figure

::
5).

::::::::::
Therefore,

:::
we

:::::
chose

:::
the

::::::
lowest

:::::::::
reasonable

:::::::::
frequency

::
to

:::::
obtain

::::
the

:::
best

:::::::::
coverage.

:::
The

:
P-wave velocities in this tomographic model vary between 4685 m/s and 6212 m/s, and the mean velocity isat about

::::::::::::
approximately 5340 m/s. Figure 7

::
a) shows the tomographic velocitiesin (a)

:
, and the corresponding coveragein (

::
is

::::::
shown

::
in

:::::
Figure

::
7b) at different depths

::::::
(z-axis). The intersections with the boreholes are shown as black dots

:
in

:
(a),

:
and blue dots

:
in

:
(b),

respectively. The intersection of the slice with the MFZ is marked with a green line.285

At z = 100m, we generally observe the highest velocities of all slices. This area is distinguished by largely intact granites

(Bröker et al., 2024a). At z = 150m, we observe a low-velocity feature in the region, where the MFZ intersects the slice. At

z = 200m and z = 250m,thereare
::
we

:::::::
observe

:
several low- and high-velocity zoneswith moderateamplitudes. The coverage

plots in Figure 7b
:
)
:
indicate that allthefeaturesdescribed

::::
these

:::::::
features are potentially well constrained by the data (seealso290

:::::::::::
checkerboard

::::
tests

::
in Appendix A).

A vertical slice through the model is provided in Figure 8. Since the MFZ (see Figure 1
:
c) 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 vertical

section con�rms that there are predominantly low velocities between z = 100mto
::
and

:
z = 150m, and

::::
while

:
generally higher295

velocities are observed at greater depths (see, for example, the region markedwith an
::
by

:::::
black arrow in Figure 8

:
a). Below

z = 250m, the coverage and thus the reliability of the velocity model is limited.

The horizontal and vertical slices in Figures 7 and 8 provide some insights into the structure of the 3D velocity model. How-

14



Figure 6.
:::::::::
Comparison

::
of

:::
thin

:::
and

:::
fat

::
ray

::::::::::
tomography

::::
using

::
an

:::
x-y

::::
slice

:
at

:::::::::
z = 150m:

::
(a)

::::::::
tomogram

::
of

:::
the

:::
thin

:::
ray

:::::::
approach,

:::
(b)

::::::::
tomogram

:
of

:::
the

:::::
2 kHz

::
fat

:::
ray

:::::::
approach.

::::
The

:::::::::
intersections

::
of

:::
the

:::::::
boreholes

::::
with

::
the

::::
slice

:::
are

:::
also

::::::
marked.

:::
(c)

:::
and

::
(d)

:::::
show

::
the

::::::::
coverage,

:::::
de�ned

:::::
using

::
the

::::::
column

::::
sums

::
of

:::
the

::::::
Jacobian

::::::
matrix.

:::
We

::::::
applied

::
the

:::::
colors

::::
such

:::
that

::::
white

:::::
shows

::
no

::::::::
coverage,

:::
and

:::
gray

::
to

::::::
yellow

:::::::
extremely

::::
low;

:::::
higher

::::::
coverage

:::::
values

:::
are

:::::::::
represented

::::
using

:
a
:::
red

:::::::
colormap

::::::
ranging

::::
from

::::
light

::
to

::::
dark

:::
red.
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Figure 7.
::
(a)

:::::::
Velocity

:::::::::
tomograms

:
at

:::::::
different

:::::
depths

:::
and

:::
(b)

:::
the

:::::::::::
corresponding

:::::
spatial

:::::::
coverage.

:::::::::
Unresolved

::::
areas

:::
are

:::
left

:::::
white.

:::
The

::::
dots

::::::
indicate

::
the

::::::::::
intersections

::
of

::
the

::::::::
boreholes

::::
with

::
the

::::
slice;

:::
the

:::::
larger

::
dot

:::::::
indicates

:::::::
borehole

::::
ST1.

:::
The

:::::
green

:::
line

:::::::
indicates

::
the

:::::::::
intersection

::::
with

::
the

:::::
MFZ.

::
As

::
in

:::
the

::::::
previous

::::
plot,

:::::
white

::::
shows

:::
no

:::::::
coverage,

:::
and

::::
gray

::
to

:::::
yellow

::::::::
extremely

:::
low,

:::::
higher

:::::::
coverage

:::::
values

:::
are

::::::::
represented

:::::
using

:
a

:::
red

:::::::
colormap

::::::
ranging

::::
from

:::
light

::
to

::::
dark

:::
red.
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Figure 8.
::
(a)

::::::
Vertical

::::
slice

::::::::::
perpendicular

::
to

:::
the

::::
MFZ,

:::::
which

::
is

:::::
shown

::
as

::::
gray

::::::
surface.

:::
The

::::
zone

:::
with

:::::::::
particularly

::::
high

::::::
velocity

::
is

:::::
marked

:::
by

:
a

::::
black

:::::
arrow.

:::
(b)

:::::
shows

:::
the

::::
same

::::
slice

::
as

::
(a)

:::
but

::
is

::
the

:::::::
coverage

::
of

:::
the

:::::
model.

:::
As

::
in

::
to

:::
the

::::::
previous

:::::
plots,

::
we

:::
use

:::
the

:::::::
following

::::::::
colormap

::
for

:::
the

:::::::
coverage:

:::::
white

:::::
shows

::
no

:::::::
coverage,

:::
and

::::
gray

::
to

:::::
yellow

::::::::
extremely

:::
low

:::::::
coverage.

::::::
Higher

:::::::
coverage

:::::
values

:::
are

::::::::
represented

:::::
using

:
a

:::
red

:::::::
colormap

::::::
ranging

::::
from

:::
light

::
to

::::
dark

:::
red.
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ever, such single slices can be dif�cult to interpret. Therefore, wehavecreated a series of videos,with which it is
::::::
making

::
it300

possible to scan in various directions through the model cube.They
:::::
These

::::::
videos are provided in the digital appendix, andit is

highly recommendedto
::
we

::::::
highly

::::::::::
recommend

:::
that

:::
the

::::::
reader make use of them to better understand the structures contained

in the 3D model.

The horizontal and vertical slices in Figures 7 and 8 indicate that there are hints of the MFZ (e.g., the low-velocities near305

the MFZ intersection at z = 150m in Figure 7), but thereis
:::
are no consistent manifestations of it in the 3D velocity. This can

either be indicativefor
::
of a high degree of complexity of the MFZ, but it could also be due to insuf�cient spatial resolution

of the tomograms. To address the latter, wehaveperformed a series of checkerboard tests that are documented in Appendix

A. In brief, the tests demonstrated that the spatial resolution lies between 5
::
m and 10 m, with decreased resolution towards the

borders of the regions withsigni�cant
::::::::::
insigni�cant coverage.310

Comparisonof thin and fat ray tomographyusing a x-y slice at z = 150m: a) tomogramof the thin ray approach,(b)

tomogramof the 2 kHz fat ray approach.The intersectionsof the boreholeswith the slice arealsoshown.(c) and(d) show

the coverage,de�ned via the column sumsof the Jacobianmatrix. a) Velocity tomogramsat different depthsand b) the

correspondingspatialcoverage.Unresolvedareasareleft white. Thedotsindicatethe intersectionsof theboreholeswith the

slice,thelargerdot indicatestheboreholeST1.Thegreenline indicatestheintersectionwith theMFZ.315

a)Vertical sliceperpendicularto theMFZ, which is shownasgraysurface.Zonewith particularlyhighvelocitiesis marked

with anarrowb) showsthesameslicebut for thecoverageof themodel.

5.2 Travel time residuals

To check,
:::::::
quantify

:
how well the 3D tomographic velocity modelis capableto explain

:::::::
explains the observed travel times, we

superimpose the observed and predicted travel times in Figure 9a)
:
as a function of source-receiver offset. For a better visual-320

ization, the travel times tef f are shown in reduced form, that is, tred = t ef f � �=v red , where � is the source-receiver offset

and vred is the reduction velocity, which we have chosen to be 5340m/s . Consequently, travel times with a ray velocity of

vred plot along a horizontal line at tred = 0. Additionally, we show the differences between the observed and predicted data

(residuals)
::
as a function of source-receiver offset (Figure 9b) and in form of a histogram (Figure 9c).

325

From the residual plots in Figure 9
::
b), two main conclusions can be drawn. First, thereseem

:::::
seems to be no signi�cantoffset

dependent
:::::::::::::
offset-dependent

:
variations of the residuals (such variations could be indicativefor

:
of

:
systematic errors in the to-

mograms).Secondly
:::::
Second, about 70% of the residuals are below the average picking accuracy of 0:15ms (marked with solid

black lines in Figures 9b)
:
and 9c). Therefore, the standard deviation of the residual distribution is close to the average picking

accuracy,therebyindicating that the observed data are neither over- nor under-�tted by the 3D tomographic velocity model.330
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Figure 9. (a) Observed (red) and predicted (blue) travel times as a function of source-receiver offset.
::::::
Reduced

:::::::::
traveltimes

:::
are

::::::
de�ned

::
as

::::::::::::::::
t red = t � sro=5340,

:::::
where

:::
t red :::

and
:
t
::::::
denote

::
the

:::::::
reduced

:::
and

:::::
actual

:::::::::
traveltimes,

:::
and

:::
sro

::
is

::
the

::::::::::::
source-receiver

:::::
offset. (b) Corresponding

residuals plotted as a function of source-receiver offset. (c) Residuals shown in form of a histogram. The manually determined picking

accuracy is indicated with solid black lines in (b) and (c).
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5.3 Validation of the velocity model with independent data sets

Laboratory measurements at �uid-saturated undisturbed core samplesindicated
::::::
indicate

:::::::
velocity

:
values up to Vp=5434 m/s.

From these results,
:::
the P-wave velocities at in-situ conditions with Pef f =15 MPawere

:::
are estimated to be 6123 m/s (David

et al., 2020). This is broadly consistent with the maximum valuesobservedin
::
of

:
the tomograms (6212 m/s).

Another optionto validate
::
for

:::::::::
validating

:
the velocities obtained by the tomographic inversions is offered by sonic logs, ac-335

quired in borehole ST1. A comparison is shown in Figure 10. To compare both data sets, the sonic logs were downsampled

to the sampling rate of the tomographic velocity model. The tomographic velocities are shown in black and thosefrom
::
of the

sonic logs
::
are

::::::
shown

:
in orange. Adjacent to the velocity pro�les, wehavealso extracted the coveragevaluesalong

:::::::
(de�ned

::
via

:::
the

:::::::
column

::::
sums

:::
of

:::
the

:::::::
Jacobian

::::::
matrix)

:::::
along

:::
the

::::::::::
coordinates

::
of

:
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 10
:
). As a340

consequence, the tomographic velocities above and below thedepthrangeresolved
::::::
resolved

:::::
depth

:::::
range

:
are close to the initial

velocities of 5300 m/s.

In the resolved depth range, the sonic logs show slightly higher velocities compared with the tomographic results. This is

expected because the sonic logs employ higher frequencies. Therefore, the comparison with the sonic logs is rather restricted345

to relative velocity changes. Both curves show a signi�cant low-velocity anomaly at about 150 m depth. To verify this low-

velocity zone as a feature of the MFZ, we compare it with
::
the ATV (Acoustic Televiewer Log) measurements (Figure 10, right

panel) at this depth. We show the ATV travel times, adapted from Bröker et al. (2024a). The ATV measurements reveal a broad

fracture zone shown by an increase in ATV travel time up to 180 �s. Furthermore, Bröker et al. (2024a) provide more evidence

on
:::
for the existence of a signi�cant fracture zone. Spinner, electrical conductivity

:
, and temperature logs exhibit very signi�cant350

anomalies in this depth range. Furthermore, optical televiewer measurements indicate smaller breakouts.

The velocities of the 3Dseismic
:::::::::
tomography

:
model, extracted alongborehole

:::
the ST1, generallyshowa

::::::::
borehole,

::::::::
generally

::::::
indicate

:
good agreement with the borehole logs. So the question arises, if :

::::
will

:
the tomographic velocity modelwould allow

delineations and characterizations further away from the boreholes, where no ground truth information is available.
:
? For that355

purpose, weconsideragain
::::
again

:::::::
consider

:
the horizontal and vertical slices through the 3D velocity model (Figures 7 and 8and

:
,

::::
along

::::
with

:
the movies provided in the digital appendix). If the MFZwould

::::::
appears

::
to

:
be a clearly con�ned zone, one would ex-

pect a correspondingly well-con�ned low-velocity zone in the velocity model. Instead, weobservegenerally
:::::::
generally

:::::::
observe

decreased velocities along the MFZ intersections, but ;
::::::::
however, there is also a substantial amount of heterogeneity. At the hor-

izontal sliceatz = 150m (Figure 7), the MFZis crosscutting
::::::::
crosscuts the slice in its central part, where the spatial resolution360

is best, but at z = 100m and z = 200m, the intersection is at the border of the resolution limit (Figure 7b). As demonstrated in

Appendix A, the resolving power of our data set is limited towards the edges of the regions with coverage. Therefore, it remains

unclear, if
::::::
whether

:
the heterogeneities are the result of the complexity of the MFZ, or if they are caused by the limited spatial

resolution. Most likely, both effects contribute to thevelocity structuresobserved
:::::::
observed

:::::::
velocity

::::::::
structures.
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