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Abstract

Within the framework of the Intercontinental Scientific Drilling Programme
(ICDP) ‘Drilling the Eger Rift’ project, five boreholes were drilled in the Vogtland
(Germany) and West Bohemia (Czech Republic) regions. Three of them will be
used to install high-frequency three-dimensional (3D) seismic arrays. The pilot
3D array is located 1.5 km south of Landwist (Vogtland). The borehole, with
a depth of 402 m, was equipped with eight geophones and a fibre optic cable
behind the casing used for distributed acoustic sensing (DAS) measurements.
The borehole is surrounded by a surface array consisting of 12 seismic sta-
tions with an aperture of 400 m. During drilling, a highly fractured zone was
detected between 90 m and 165 m depth and interpreted as a possible fault
zone. To characterize the fault zone, two vertical seismic profiling (VSP) exper-
iments with drop weight sources at the surface were conducted. The aim of
the VSP experiments was to estimate a local 3D seismic velocity tomography
including the imaging of the steep fault zone. Our 3D tomography indicates P-
wave velocities between 1500 m/s and 3000 m/s at shallow depths (0—20 m)
and higher P-wave velocities of up to 5000 m/s at greater depths. In addition,
the results suggest a NW-SE striking low-velocity zone (LVZ; characterized by
V, = 1500-3000 m/s), which crosses the borehole at a depth of about 90—
165 m. This LVZ is inferred to be a shallow non-tectonic, steep fault zone with
a dip angle of about 60°. The depth and width of the fault zone are supported
by logging data as electrical conductivity, core recovery and changes in lithol-
ogy. In this study, we present an example to test and verify 3D tomography and
imaging approaches of shallow non-tectonic fault zones based on active seismic
experiments using simple surface drop weights as sources and borehole chains
as well as borehole DAS behind casing as sensors, complemented by seismic
stand-alone surface arrays.
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3D SEISMIC VELOCITY TOMOGRAPHY

INTRODUCTION

Tomographic imaging of steep, shallow fault zones is an
essential part of geothermal studies (Chen & Huang,
2015). Permeable fault zones are suitable as reservoir
targets as they are pathways for high-temperature fluid
flows (e.g., Corbel et al., 2012; Chen & Huang, 2015;
Goyal & Kassoy, 1980). Earthquakes can also occur at
fault zones when the stress field changes during explo-
ration or production of a geothermal field. Thus, knowing
a fault’s location and hydrothermal potential as well as
the fault zone’s hazard is crucial for geothermal studies
before drilling a deep borehole.

Geothermal studies previously detected non-tectonic
fault zones using various types of seismic methods and
approaches, such as first arrivals (e.g., Lutter et al,,
1999), diffractions (e.g., Demanet et al., 2001), ground-
penetrating radar (GPR; e.g., Cai et al., 1996), surface
wave inversions (e.g., lvanov et al., 2006) and shallow
reflection imaging (e.g., Improta & Bruno, 2007; Miller
et al., 1989; Stephenson et al., 1993). These methods
remain challenging, that is, in terms of penetration depth.
GPR allows high-resolution imaging but is often lim-
ited to a depth of a few metres (Demanet et al., 2001).
Imaging the subsurface on a fault-width scale with high-
frequency surface waves (e.g., multichannel analysis of
surface waves) is limited to a depth of tens of metres.
The detection of fault zones using seismic reflections
is challenging because high-quality reflections are often
disturbed by near-surface effects (e.g., scattering, wave
multiples, ground-rolls) and are also limited to the depth
of investigation (Improta & Bruno, 2007). In this study, we
present an example to test and verify three-dimensional
(8D) tomography and imaging approaches of shallow
non-tectonic fault zones based on active seismic exper-
iments using drop weights as sources and a 3D seismic
array consisting of continuously recording stand-alone
surface stations and vertical borehole geophones and
fibre optic cables, which can be a low-cost alternative in
a seismic exploration of geothermal sites.

Our study area (Figure 1) is located in West
Bohemia (Czech Republic) and the Vogtland region
(Germany), which are well known for their high seismic-
ity (e.g., earthquake swarms), magmatic underplating
with mantle-derived fluid flows and the degassing of
mantle CO, at the surface (e.g., Dahm et al., 2013).
The persistent occurrence of earthquake swarms has
been known since the Middle Ages, and some swarms
were studied in detail before instrumental seismology
(e.g., Credner, 1898). Since 1984, the swarm activity
is highest near the small village Novy Kostel in the
Czech Republic (Figure 1a) and includes earthquakes
with magnitudes up to M, 4.5 and focal depths mainly in
the upper crust between 6-15 km (e.g., Horalek & Fis-
cher, 2010). Although it is generally accepted that fluid
processes ultimately trigger the earthquake swarms in
the region (e.g., Hainzl & Fischer, 2002; Brauer et al.,

2003; Hainzl et al., 2012), it is still unclear how much
of the seismic activity is controlled by tectonic (e.g.,
Vavry€uk, 2011; VavryCuk et al., 2013), magmatic (e.qg.,
Dahm et al., 2013; Horalek & Fischer, 2008; Hrubcova
et al., 2013) or volcanic processes (Dahm et al., 2000,
2008).

Funded by the International Continental Scientific
Drilling Program (ICDP, project Drilling the Eger Rift),
five shallow boreholes were drilled between 2019 and
2022 (Figure 1a) and are instrumented for continuous
monitoring of earthquake swarms and fluid flows (Dahm
et al., 2013; Fischer et al., 2022). The 402-m deep drill
site S1 in the Saxonian Vogtland (Germany) is located
in the Western Ore Mountains at the northern edge of
the Cheb Basin (Figure 1a,b), and monitoring is realized
with a three-dimensional (3D) high-frequency three-
component (3C) seismic array. Inside the water-filled
borehole, eight 3C borehole geophones with eigenfre-
quencies of 10 Hz were installed in 2020 (Figure 1c). A
seismic surface array consisting of 12 seismic 3C 4.5-Hz
geophones with an aperture of 400 m was additionally
built on the surface around the wellhead (Figure 1b).
Behind the casing, a tight-buffer fibre optic cable for
distributed acoustic sensing (DAS) measurements is
cemented. DAS measures the strain rate along the fibre
optic cable. Technically, an interrogator sends coherent
laser pulses through a fibre optic cable. The coherent
light pulse of the laser is recorded against time and thus
can be used to calculate the phase and the amplitudes of
the recorded signals. The output signal is the amplitude
of the strain rate. The measurement principle of DAS is
described in, for example, Othonos (2000) and Lellouch
et al. (2019). Due to the high vertical resolution of the
fibre optic cable, the signals improve the resolution in
the well and thus minimize the uncertainties with depth
(Nizkous et al., 2015).

During the drilling of S1, a steep fault zone cross-
ing the borehole at depths of 90-165 m was detected
and first recognized by an unusually high loss of drill
mud. The fault zone was later confirmed in the geo-
logical characterization of the drill cores (Fischer et al.,
2022; Hergesell, 2022). After its recognition in the well,
the surface trace of the fault could be inferred from
a combined analysis of surface morphology and exist-
ing geological-tectonic maps (Saxon State Office for
Environment, Agriculture and Geology, 2022). The fault
outcrops at a distance of about 90 m from the well and
strikes in an NW-SE direction, indicating a dip angle of
about 60°.

In order to image the fault zone, two vertical seis-
mic profiling (VSP) experiments were conducted, using
(1) a portable energy source (seismic impulse source
system), (2) a weight drop, and (3) a seismic vibrator
source to actively generate seismic waves at different
locations and variable borehole offsets at the surface.
The principle of VSP is explained in, for example,
Balch and Lee (1984). The main objective of the VSP
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Figure 1 (a) Overview map showing the ICDP Dirilling Site in West Bohemia and Vogtland (grey triangles). S1 (red box) is located close to
the border of the Czech Republic in the Saxonian Vogtland. The black lines show the fault zones in the region after Fischer et al. (2014):
Marianské Lazné fault zone (MLFZ), Tachov fault zone (TFZ) and Pocatky Plesna fault zone (PPFZ). The Novy Kostel focal zone is presented by
a grey star. The black dashed lines show the area of the Leipzig Regensburg fault zone (LRZ). The white dots show the distribution of the
earthquakes in the region of Vogtland/W-Bohemia from December 2020 to April 2021. (b) Seismic array configuration and source positions. The
position of the well is presented by the back-edged white triangle. The blue triangles (40 sensors) show the distribution of the temporary seismic
surface array for the first VSP experiment. The yellow triangles (12 sensors) represent the permanent surface array of S1 used for the second
VSP experiment. The red and green diamonds show the source positions for both VSP experiments and only the red diamonds show the source
positions used for the second VSP experiment. The black dashed line shows the fault zone crossing the study area in the NW-SE direction after
Saxon State Office for Environment, Agriculture and Geology (2022) and the black line is the SW-NE profile normal to the fault zone
corresponding to the vertical section of Figure 7. Map data are from Bing Aerial (© Microsoft). (c) Sketch of the borehole showing the borehole
sensor (black-edged white triangles) distribution with depth and the lithology obtained by the drill core (modified after Fischer et al., 2022).
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3D SEISMIC VELOCITY TOMOGRAPHY

experiments was to generate a comprehensive dataset
to perform a local 3D seismic velocity tomography to
characterize the uppermost 400 m of the site includ-
ing the steeply crossing fault zone. Seismic imaging
and characterization of steep faults remain challeng-
ing, and the available multi-sensor, multi-source dataset
is outstanding for testing tomographic and imaging
approaches for fault zone characterization. The exper-
iment also identified difficulties and sources of error
in the integration of seismic surface and borehole
data with DAS datasets that may be relevant to other
applications.

We first describe the geological setting and site instru-
mentation, then the data integration and processing
and finally the 3D tomography results are presented
and discussed.

STRUCTURAL AND GEOLOGICAL
SETTING

Lithology and well logging

The West Bohemia and Vogtland region is located in
the NW part of the Bohemian Massif and is situated
among three structural units of the Variscan age: the
Saxothuringian, the Tepla-Barrandian and the Moldanu-
bian (Babuska et al., 2007). These units are intersected
at a small-scale basin (Cheb basin) by the ENE-WSW
striking Cenozoic Eger Rift (Brauer et al., 2009) and the
N-S striking seismically active Leipzig Regensburg Fault
Zone with a length of about 700 km and a width of about
40 km (e.g., Bankwitz et al., 2003) shown in Figure 1a.
In addition, the region contains faults with different ori-
entations, most prominent are the NNW-SSE striking
Marianské Lazne Fault Zone and the almost N-S trend-
ing Poc atky-Plesna Fault Zone (Bankwitz et al., 2003;
Hrubcova et al., 2017), which both intersect at the NNW-
SSE striking Novy Kostel focal zone (see, Figure 1a)
where more than 80% of the regional seismic energy
has been released within the last decades (Fischer &
Michélek, 2008). In addition, the NW-SE striking Tachov
Fault Zone, shown in Figure 1a, is located at the western
edge of the Cheb Basin with four Quaternary volcanoes
(Hrubcova et al., 2017).

The lithology of the region is dominated by meta-
morphic rocks such as quartzite and different types of
phyllite of Ordovician and Cambrian age (Saxon State
Office for Environment, Agriculture and Geology, 2022).
Quartzites are non-foliated metamorphic sandstones.
Phyllites are foliated metamorphic rocks. Their meta-
morphic grade is low to middle, between slate and
mica schist (Haldar, 2020). The mineral composition of
phyllites is quartz, mica (mainly muscovite) and chlo-
rite which lead to an anisotropic behaviour. Its crystal
structure varies with direction. Therefore, a variation of

P-wave velocities with direction might be expected for
this medium (Ozbek et al., 2018).

The study area with the 402-m borehole S1 is located
in the Western Ore Mountains in the Vogtland region
(Germany) at the northern edge of the Cheb Basin (cf.
Figure 1a). A NW-SE striking fault zone crosses the
study area (cf., Figure 1b, black dashed line), which
has been listed as an uncertain fault zone (Saxon State
Office for Environment, Agriculture and Geology, 2022).
As we show below, the fault zone crosses the borehole
at a depth of 90-165 m, which was first recognized by
an increased loss of mud during the drilling. Figure 2
shows the logging data of the core recovery and the
electrical conductivity (EC) with depth (for more infor-
mation, see Fischer et al., 2022). The red lines mark
the depths between 90 m and 165 m. The core recov-
ery is the amount of rock recovered as a core during
drilling and gives an indication of the quality of the rock.
For example, a high core recovery is given when the
rock is solid and unbroken. Consequently, a poor core
recovery is an indication that the material is fractured
or weathered which is usually associated with loss of
cores additional to drill mud. Figure 2a shows a poor
core recovery close to the surface in depths smaller than
50 m. However, there is also a poor recovery in greater
depths between 90—165 m and 360—-390 m. A high EC is
expected in saturated, permeable fault zones. At a depth
of 090 m, the EC is between 0-0.0019 mS/m with a
median of 0.0016 mS/m. At a depth of 90-165 m, the
EC increases to a maximum of 0.0182 mS/m (median:
0.0075 mS/m). At greater depths, the EC decreases
again and the median EC is 0.0020 mS/m (Figure 2b).

Figure 1c shows a sketch of the local lithology based
on the drill core. The lithology at the well consists of a
layer of soil and weathered material (mainly a silty-sandy
matrix and sand-silty phyllites with gravels) up to 12.5m
depth. At a depth of 12.5-285 m, the lithology changes
to a silt phyllite of the Klingenthal Group with different
stages of fracturing. More precisely, the silt phyllite within
the Klingenthal Group is intensely fractured at depths of
95-135 m and at a depth of 135-165 m is a fracture zone
(Figure 1c). At a depth of 285 m, the lithology changes
to a silt phyllite-mica schist of the Raun Group up to the
bottom of the borehole at a depth of 402 m (Fischer et al.,
2022).

VSP experiments

We conducted two VSP experiments in January (VSP-I)
and November 2020 (VSP-II) using a suite of differ-
ent active sources and a 3D-3C seismic array (see,
Table 1). Surface geophones recorded as stand-alone
stations continuously at a sampling rate of 400 Hz on
DATA-CUBE? loggers for both VSP experiments. For
VSP-I, we installed 4.5 Hz geophones along linear pro-
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Figure 2 (a) Core recovery in per cent and (b)

electrical conductivity in mS/m measured with
depths obtained by the bore logging measurements.
The red horizontal lines show the approximate depth
(90—-165 m) of the fault zone crossing the borehole.
There is a "(" missing in Fig. 2b
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Table 1 Details of the seismic instrumentation for both VSP
experiments. fg shows the sampling rate in hertz, and f, is the
eigenfrequency in hertz of the seismic sensors. The distribution of
the sensors for both experiments is shown in Figure 1a (surface
array) and c (vertical array). The DAS cable was only used during the
second VSP experiment.

Surface array  Sensors fo (Hz) fs(Hz) Aperture (m)
VSP-| 40 4.5 400 600 x 300
VSP-II 12 4.5 400 400 x x 400
Borehole Sensors fe (Hz) fs (Hz)

VSP-| 8 10 400

VSP-II 8 10 1000

Silixa iDAS v.2  Gauge length  f, fs

VSP-II 10 1000

files (four profiles between 200 m and 500 m in length),
40 in total and measured the geophone positions with
a total station and a tape measure. Three linear profiles
have a geophone spacing of 20 m, and the WSW-
ENE-oriented profile has a geophone spacing of 40 m
(see, Figure 1a, blue triangles). For VSP-II, the surface
stations consisted of 12 distributed 4.5 Hz geophones
with a total aperture of 400 m (see, Figure 1a, yellow
triangles), which is also the final surface array installed
at S1. A more detailed description of S1 can be found in
Fischer et al. (2022). Eight 3C geophones with a corner
frequency of 10 Hz were deployed in the borehole for
the experiments. They were connected by DATA-CUBE?
(VSP-I) and Earth Data Logger (VSP-Il). The sampling
rate of the borehole chain was set to 400 Hz (VSP-I)
and 1000 Hz (VSP-Il), respectively. The coordinates
of the borehole sensors were retrieved from the well
logging measurements and the design of the linear

0.015

chain, where the sensors are distributed in two depth
clusters. The first cluster contains four borehole sensors
at depths between 120 m and 170 m. The second
cluster consisting of four borehole sensors is located
at depths between 320 m and 400 m (cf., Figure 1c).
For VSP-II, we connected a Silixa iDAS v.2 interrogator
to the fibre optic cable which is permanently cemented
behind the casing to measure the axial strain rate along
the cable at 1 m channel spacing with 1000 sps. For
analysis, the data were downsampled to 250 Hz.

Different types of seismic sources were tested in
VSP-1, comprising a Seismic Impulse Source SYstem
(SISSY), a seismic shear-wave vibrator source (ELVIS,
ELectrodynamic Vlbrator System) and a weight drop
(SDD 6600). The data obtained by the ELVIS source
has not been processed yet and is therefore not shown
here. The weight drop has a weight of 340 kg and was
released from a height of 2 m above the ground. The ver-
tical impact of the weight dominantly induces P-waves.
The weight drop had the strongest energy and was used
in both VSP experiments. The weight drop, therefore, is
the basis of the 3D tomographic analysis in this paper.
A total of 86 shot points were realized with a spacing
of 10 m (see, Figure 1a, green and red diamonds for
VSP-I, red diamonds for VSP-II). The most distant shot
point of the weight drop was 400 m from the well. We
also released the weight drop at three positions with dis-
tances of 650—1000 m from the well. Due to the poor
ray coverage of these single distant shots, we excluded
them from the VSP tomography calculation. While single
shots were used for VSP-I, we repeated the shots three
times for VSP-II (red diamonds) in order to be able to
stack the recordings and to enhance the signal-to-noise
ratio (SNR), which was particularly useful for the DAS
borehole measurements.
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3D SEISMIC VELOCITY TOMOGRAPHY

DATA ANALYSIS
Traveltimes

Since we used different seismic instruments, we
removed the long-period trend and the instrument
response in order to obtain the true amplitude informa-
tion and thus to make the amplitudes comparable. The
seismic amplitudes recorded by the geophones were
restituted to ground velocity. The DAS amplitudes are
shown as strain rate. Figure 3a shows the weight drop
induced seismic signals measured at the borehole chain
and one exemplary surface sensor. The corresponding
frequency spectra are shown in Figure 3b and have been
calculated as a frequency ratio relative to a frequency
spectrum of a random 2 s noise window from each sta-
tion. The spectral amplitudes of the borehole sensors are
all at a similar level, and, therefore, the SNR is also sim-
ilar at all depths. The highest spectral amplitudes are in
the frequency range of 10—100 Hz. This is consistent with
all weight drop events. Therefore, all signals recorded by
the borehole sensors and the surface array have been
filtered between 10 Hz and 100 Hz using a second-order
causal Butterworth band pass filter.

The multiple shots of the weight drop have been
stacked on the DAS data recorded during VSP-II.
This resulted in a significant improvement in the SNR.
Figure 4 shows a wavefield of a shot with a distance of
60 m to the well recorded by the fibre optic cable and
overlaid by the signals recorded at the borehole sen-
sors (colour-coded traces; cf., Figure 3). The dashed
white traces indicate the water wave travelling inside the
water-filled borehole with a P-wave of 1480 m/s. The P-
wave first arrivals of the DAS section and the borehole
sensors at the corresponding depth agree for this exam-
ple. However, we later present an example where the first
arrivals of two exemplary DAS shots are shifted (see,
Figure 5a—c) and had to be corrected (Figure 5d—k).

Our input data for the tomography are traveltimes
between the shot points and the receivers, which can
be calculated from the measured shot times and the P-
wave arrival times at the receivers. We manually picked
the P-wave arrivals at the seismic sensors, where the
onsets are generally impulsive and easy to measure.
The DAS data have many more channels that are very
similar in their appearance so that a semi-automatic
picking approach was used. We manually selected one
trace with a clear first onset and cross-correlated the
remaining traces in order to estimate the phase shift
between the traces, similarly to successive template
matching of neighbouring traces (e.g., Gibbons & Ring-
dal, 2006). This approach worked reliably well and was
efficient for DAS. As the borehole chain and the DAS
behind the casing were almost co-located, we expected
to obtain very comparable arrival times. Figure 5a—c
compares the traveltimes of the borehole picks and the

DAS picks for three exemplary weight drop events with
different distances to the well (25, 175, 325 m). A sys-
tematic average time shift between the borehole sensors
and the DAS is observed, which is 0.0195 s for the
event with a distance of 25 m and 0.0117 s for the event
with a distance of 175 m. The average time shift for the
distant weight drop event in 325 m is 0.0008 s. This
resultindicates that the clock of the DAS interrogator was
possibly slightly drifting. Luckily, as both sensor types
(borehole sensors and DAS) were almost co-located,
we were able to correct the non-static time drift. We
calculated an average time shift per weight drop event
and corrected the DAS arrival times accordingly (c.f.,
Figure 5a—c, black dots). The time residuals after the shift
correction are smaller than 0.0012 s for all three example
events. Figure 5d—k shows a histogram for the time shifts
of all drop weight events before (grey bars) and after the
time correction (colour-coded bars). Before the time shift
correction, the time shift between the borehole sensor
picks and the DAS picks ranges between +50 samples
for all weight drop events. After the shift correction, the
time difference has a maximum of +20 samples. The
mode for all events after the shift correction is +4 sam-
ples which means a shift of +£0.004 s at a sampling rate
of 1000 Hz.

TOMOGRAPHY

We aim to obtain a local 3D P-wave velocity tomography
in order to image structural features. The tomography is
based on the first arrivals of P-waves and has been com-
puted using Simulr16 (Bleibinhaus & Gebrande, 2006;
Bleibinhaus & Hilberg, 2012), which is based on the
approach of Thurber (1983) and Evans et al. (1994). The
method, based on the eikonal solver, computes travel-
time fields and seismic rays for a given gridded velocity
model (Hole & Zelt, 1995). The advantage of the eikonal
solver is a high traveltime accuracy for seismic rays
and a small computational time for an arbitrary number
of receivers. The tomography itself, that is, the inver-
sion for an updated velocity model, is non-linear and
is solved incrementally by linear approximations. The
method uses a damped least-square inversion to iter-
atively find a velocity model with small residuals while
keeping the changes in the model as small as possi-
ble. The model perturbation is controlled by the damping
factor, which is estimated beforehand by a damping
test. The inversion is repeated iteratively, and the final
model is obtained when the parameters (e.g., weight-
ing, damping) are adjusted and, hence, the inversion is
stabilized. We first constructed a homogeneous starting
model with a P-wave velocity of 3 km/s, chosen from
averaged P-wave velocity estimates at different depths.
The volume used for the inversion is defined by the array
aperture and the borehole depth. Accordingly, the size
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Figure 3 (a) Seismogram section (vertical component) showing one exemplary surface shot (weight drop) with a distance of 58 m to the
well. The surface sensor (0 m depth, green) has a distance of 160 m to the well. The borehole sensors are colour-coded with depth. The black
dashed line marks the trigger time of the shot at 0 s. The black solid lines show the manually picked first onset of the weight drop induced
seismic signals. (b) Corresponding frequency spectra of A. The frequency spectra have been smoothed after Konno and Ohmachi (1998) and
are relative to a frequency spectrum of a random seismic noise window of 2 s. The highest amplitudes of the frequency spectrum are in the
range of 10—100 Hz. Since the frequency range for the borehole and surface sensors is comparable, we filtered each seismogram in the

frequency range of 10—100 Hz.

of the model is x =700 m, y = 550 m and z = 450 m
(Table 2). We used a grid spacing of Ax, Ay, Az =5 m.
In a further approach, we refined the initial homoge-
neous starting model to a two-layered velocity model
with low P-velocities overlaying bedrock. This resulted

in a new two-layer starting model consisting of an upper
layer with a thickness of 20 m and P-wave velocities of
2.5 km/s followed by a deeper layer with P-wave veloc-
ities of 4 km/s (Table 2). The bottom of the model is
constrained by the deepest sensors at a depth of 400 m.
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Figure 4 Wavefield of a shot from 60 m distance to the borehole, recorded by DAS on the encased fibre optical cable. Overlaid are the
vertical waveforms recorded by the borehole array. The data have been de-noised with the adaptive frequency filter (Isken et al., 2022)
(two-passes) and low-pass filtered below 100 Hz. The dashed white line shows the modelled water wave travelling inside the borehole (v, =
1480 m/s). The red vertical line at the x-axis indicates the approximate depth of a diffuse wavefield.

Table 2 |Istarting models and P-wave velocities in km/s.

Model type Layer thickness (m) x-y-z dimension (m) P-wave velocity
(km/s)
Homogeneous 0-450 700x550x450 3
Two layered 0-20 700x550x20 2.5
20-450 700x550%x430 4.0

The 3D ray coverage for both VSP experiments is
shown in Figure 6a and is typically used to estimate the
confidence of the model which becomes higher when
the density of the ray paths crossing a cell in the model
increases. Due to the DAS cable and the borehole sen-
sors, the highest ray coverage is in the vicinity of the
well. As the seismic rays are also recorded by the surface
array, the ray coverage is also high at shallower depths
of up to about 50 m. However, the ray coverage becomes
poor at the edges and the bottom of the model.

Another approach to estimate the ray coverage
is given by the derivative weight sum (DWS; see
Figure 6b—f). The DWS is an estimate of the total length

of the seismic rays within a cell. In other words, a
high DWS corresponds to a high density of the seis-
mic rays and, therefore, to a high confidence of the
velocity tomography. Figure 6b—f shows the DWS for dif-
ferent depths (50-400 m). The DWS at depths of 50 m
(Figure 6b) is high in the vicinity of the wellat x = y =
0 m and at depths below 50-60 m due to the surface
sensors. Since the seismic rays are no longer received
by the surface array at depths below 50—60 m, the DWS
and hence the ray coverage is only high in the vicinity of
the well at greater depths (Figure 6c). This is also visi-
ble at higher depths (e.g., 200 m) where the area of the
DWS becomes smaller with a peak at the position close
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Figure 5 (a)-(c) Traveltime versus depth between the borehole sensor traveltimes (colour-coded dots) and the DAS traveltimes for three

exemplary weight drop events with a distance of 25 m (a), 175 m (b) and 325 m (c) to the well. The black dots show the corrected DAS times
after the time shift correction. (d)—(k) Histogram showing the time shift between the DAS picks after the time shift correction and the borehole
picks (colour coded). The time shift before the correction is shown in grey. The average time shift after the shift correction is less than +0.01 s for
all weight drop events. The mode for each sensor depth and shot event is less than +0.004 s.

to the well at x = y = 0 m (cf., Figure 6d,e). At 400 m
depth, the seismic rays are only received by the bore-
hole sensors and the DAS cable, resulting in a low ray
coverage towards the bottom of the model (Figure 6f).
The final 3D P-wave velocity tomography is shown
in Figures 7 and 8. As our goal is to image a steep,

shallow fault zone, we show a cross section of the
3D tomography along a SW-NE profile, which is ori-
ented perpendicular to the strike of the assumed
fault zone (Figure 1b, black dashed line after Saxon
State Office for Environment, Agriculture and Geology,
2022). Figure 8a—h shows several horizontal sections at
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Figure 6 (a) Model showing the seismic rays of the weight drop induced seismic signals. The black squares represent the receiver of both
VSP experiments (surface arrays, borehole geophones and DAS cable). The red squares show the position of the weight drop events. The
seismic rays are shown in grey. (b)—(f) Derivative weight sum showing the total ray length within each cell as a measure of the ray coverage in
different depths (50—400 m). The white edged triangles show the position of the well. The derivative weight sum is high, close to the surface due
to the surface array and close to the well due to the high resolution of the DAS cable.
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different depths. The tomography only considered cells
with a DWS greater than 1. In other words, the P-
wave velocities are only shown if a cell consists of at
least 1 m of seismic rays (the traveltime of a seis-
mic ray in a 1-m segment at the surface is about
0.001 s).

The vertical section shows a SW-NE profile of the 3D
tomography (cf., Figure 1, black line) with a high con-
trast of the P-wave velocities close to the surface and at
higher depths in the vicinity of the well (Figure 7). There
is a horizontal low-velocity zone (LVZ, red area) with P-
wave velocities between 1000 m/s and 3000 m/s up to
depths of about 30—50 m. At greater depths, the horizon-
tal LVZ decreases but is still visible close to the borehole
at depths of up to about 160 m with P-wave velocities
up to 3000 m/s (Figure 7). The higher P-wave velocities
outside the LVZ (blue area) are between 3000 m/s and
5000 m/s and increase with depth.

Figure 8a—h shows horizontal slices of the P-wave
velocity tomography at several depths (0, 15, 30, 50, 90,
120, 165 and 350 m). The P-wave velocities at the sur-
face (0 m) show a sharp transition between the lower
P-wave velocities (1500-3000 m/s; red area) and the
higher P-wave velocities (up to 4000 m/s). The LVZ at
the surface has a size of 300 m in the x-direction and
200 m in the y-direction (Figure 8a, red area). The LVZ
and, hence, the high contrast of the P-wave velocities
decreases at depths of 30 m (Figure 8b,c). Up to depths
of 120 m, the high contrast of the P-wave velocities is
only visible close to the borehole indicating that the LVZ
crosses the borehole at these depths (Figure 8d—f). The
inverted P-wave velocities outside the LVZ range from
3000 to 5000 m/s. However, the P-wave velocity does
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Figure 7 Vertical section of the 3D velocity
tomography in the x- and z-directions of the SW-NE
profile (cf. Figure 1) which is normal to the postulated
fault zone here shown as a magenta line. The
horizontal slices (x- and y-directions) of the 3D
velocity tomography at different depths are shown in
Figure 8.

not change significantly at greater depths and is about
4000-5000 m/s (Figure 8g,h).

DISCUSSION

The main objective of the VSP experiments was a
local 3D seismic velocity tomography of the uppermost
400 m within the study area including the characteri-
zation of a steep, non-tectonic fault zone that was first
recognized during drilling. The 3D velocity tomography
(Figures 7 and 8) indicates P-wave velocities between
1500 m/s and 5000 m/s within a shallow, horizontal
(up to 50 m) LVZ with P-wave velocities between 1000
m/s and 3000 m/s (red area, Figure 8) and higher P-
wave velocities in greater depths of up to 5000 m/s
(blue area). In addition, the LVZ also occurs at greater
depths of up to 165 m (Figure 7, red area) and crosses
the borehole at a depth between 90 m and 165 m
with a dip of approximately 60°. We identified the LVZ
based on a strong P-wave velocity contrast at this depth.
Figure 8a—h shows several horizontal slices of the 3D
velocity tomography at different depths (0, 15, 30, 50,
90, 120, 165 and 350 m). The horizontal slices show an
apparent decrease in the width of the LVZ with depth.
While the LVZ (red area) has a size of about 500x250 m
in the x—y direction at the surface (Figure 8a), the size
of the LVZ decreases at depths of 15 m and 30 m
(Figure 8b,c). However, the size of the LVZ at the sur-
face coincides with the array aperture of the two VSP
experiments. The ray coverage and hence the confi-
dence at the edge of the model is poor which may
explain the size of the LVZ and the high contrast to
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Figure 8 (a)-(h) Horizontal slices (x- and y-directions) of the 3D
velocity tomography at different depths. The white edged black
triangle shows the position of the well. The magenta line is the
SW-NE profile normal to the fault zone corresponding to the vertical
section of Figure 7.

the higher P-wave velocities at the edge at the surface.
However, the LVZ is still visible at a depth of 50 m
(Figure 8d). For greater depths, the LVZ is only visi-
ble close to the borehole, suggesting that the LVZ is
only present close to the borehole (white edged black
triangle, Figure 8e,f). However, this could also be due
to ray coverage and our array instrumentation. Based

on the 3D velocity tomography, we identified an LVZ
with P-wave velocities of up to 3000 m/s in the shallow
subsurface and crossing the borehole at a depth of 90—
165 m with a dip of about 60°. At greater depths, the
LVZ moves away from the well and cannot be resolved
anymore. The P-wave velocities increase gradually with
depth up to 5000 m/s (cf., Figure 7).

The logging data (Figure 2) obtained during the drill
also provide information about the LVZ and the associ-
ated fault zone. Figure 2a shows the core recovery with
depth. The core recovery is poor near the surface (up
to a depth of 30 m) and at greater depths between 90
m and 165 m (marked with red lines) and 365-390 m.
The shallow poor core recovery can be explained by
soil and weathered material (mainly silty-sandy matrix
and sand-silty phyllite) and coincides with the depth of
the shallow horizontal LVZ (cf., Figure 1c). The deeper
poor core recovery up to a depth of 165 m cannot be
influenced by weathering processes but indicates an
intensely fractured material or a fault zone (Figure 2a).
This is also the depth where the drill mud was lost. In
addition, Figure 2b shows the EC. At a depth between
90 m and 165 m (Figure 2D, red lines), where we expect
the fault zone, the median EC is 0.0075 mS/m (max-
imum EC of 0.0182 mS/m). The median EC beyond
the depth of the fault zone is 0.0018 mS/m, and the
EC within the fault zone is four times higher than the
median EC beyond the fault zone. High EC occurs when
a medium is corrosive. For example, corrosive material is
formed when water enters cracks with high porosity and
thus dissolves the rock through chemical changes. Frac-
tured material, cracks and chemical changes are also
evidence of a fault zone. Based on the logging data, we
interpret the deeper LVZ (depth: 90-165 m) as a fault
zone crossing the borehole at a depth of 90—-165 m.

An interesting question for further study is whether
fault zones can be identified and characterized by wave-
fields using only a portable fibre optic cable in an existing
well. Figure 6 shows the DAS wavefield recorded by
the fibre optic cable. The traveltimes of the waveforms
recorded at the uppermost 20 m are slightly delayed
compared to the waveforms recorded at greater depths.
This can be explained by the lower P-wave velocities of
the shallow horizontal LVZ (soil and weathering mate-
rial; cf., Figures 7 and 1c). At a depth of about 90-165 m
(Figure 6, red vertical line), the wavefield is diffuse, espe-
cially the first arrivals are indistinct and the waveforms
have experienced more attenuation. The diffuse wave-
forms are recorded within the depth of the expected fault
zone (90-165 m; see, Figures 1c, 2a and 7). The wave-
forms in greater depths have again clear first arrivals.
As the vertical spacing between the fibre channels is
1 m, the DAS wavefield allows high-resolution imag-
ing of subsurface structures with depths. Thus, imaging
the subsurface using DAS waveforms provides an ini-
tial detection of a possible fault zone. A temporary fibre
optic cable can be brought into an existing borehole for
an initial detection of a shallow fault zone. For example,
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the fibre optic cable in combination with a weight drop
(in our case an SDD 6600 drop weight) can be used as
a simple tool for the initial characterization of shallow
fault zones.

The experiments revealed difficulties and sources of
error in the integration of borehole data with DAS data.
For example, the SNRs were low for the shots recorded
by DAS. We, therefore, repeated the shots three times
at the source position of the VSP-II in order to stack the
data, which resulted in a significant increase in the DAS
SNRs. The first arrivals recorded by DAS and the bore-
hole sensors match for some shots (see Figure 4), but
we identified a non-static time shift in the DAS data for
several shots (cf., Figure 5). We interpret the time shift
as a drifting clock issue of the DAS interrogator. As the
borehole sensors and the DAS cable are co-located in
the borehole, we rule out an earlier arrival of the P-waves
at DAS. After correcting the time shift by subtracting an
average time shift from the DAS traveltimes per shot, we
were able to reduce all time shifts to less than +0.02 s
with a median time shift of 0.004 s.

As steep fault zones are suitable reservoir targets and
thus of high interest for geothermal studies, our VSP
experiments provide an example to image fault zones
using active experiments. Figure 6a shows the ray cov-
erage for both VSP experiments and several horizontal
sections showing the DWS with depth. The ray cov-
erage is typically used to find the highest confidence
of the seismic tomography. As the ray coverage is low
at the edge of our study area, we only consider grid
cells with a minimum ray length of 1 m. This results
in a V-shape of the 3D tomography (Figure 7). In our
experiments, we had the advantage of a 400-m deep
borehole instrumented with borehole geophones and a
fibre optic cable. In order to find suitable geothermal
reservoirs, the question arises whether to image fault
zones using only a temporary surface array. However,
the ray coverage of the uppermost 50 m is high due
to the distribution of the surface sensors but gets less
with larger depth (Figure 6b—f). In addition, the ray cov-
erage and the DWS are high down to 400 m close to
the borehole due to the borehole sensors and espe-
cially due to the high-resolution fibre optic cable. In
our experiments, the surface arrays only record seis-
mic rays down to a depth of about 50 m (cf., Figure 6)
and, hence, we were not able to image the fault zone
down to a depth of 165 m using only a surface array.
However, to get the first indication of a fault zone, it
would be possible to install a temporary fibre optic cable
within an existing borehole which is close to a fault
zone.

CONCLUSION

In conclusion, as shallow steep non-tectonic fault zones
are suitable for geothermal reservoirs, our VSP exper-

REIN ET AL.

iments present a simple strategy for characterizing
such fault zones. The maximum resolved depth of the
study area is limited by the type of the seismic source
(here: weight drop, 340 kg, SDD 6600) and by the
lowest sensors in the borehole (400 m). In our case,
a temporary surface array only would not be able to
image fault zones. However, the high-resolution wave-
field recorded by the fibre optic cable can be used
for the initial detection and characterization of such
fault zones. According to that, VSP experiments com-
bined with a portable weight drop and a temporary
fibre optic cable within an existing borehole provide a
useful tool for geothermal studies in order to identify
near-surface, steep fault zones as potential geothermal
reservoirs.
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