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Abstract

Distributed Acoustic Sensing (DAS) has emerged as a valuable complement to convéntional
seismic monitoring techniques. By converting fiber-optic cables into dense arraysoef-Virtual
sensors, DAS enables the application of standard large-array processing’methods. However,
its directional sensitivity — limited to strain measurements along the fiber axis — may restrict
its potential for full wavefield analysis. To address this limitation, we investigate the
capabilities of DAS on a fiber-optic cable installed both horizontally, near the surface, and
vertically, in a borehole, thereby creating a so-called 3D-DAS array. The survey was carried out
in the southern Munich region (Germany)d4o menitor local seismicity associated with nearby
deep geothermal operations. In this study, we present the data acquisition setup and describe
a processing workflow developed-to characterize source and wavefield parameters of seismic
events from DAS recordings:The workflow is illustrated using a nearby M,, = 0.48 seismic
event. Taking advantage. of the configuration of the fiber optic cable, we demonstrate that the
3D-DAS array emables estimation of the wavefield back-azimuth, incidence angle and

slowness, and compare these results with those provided by a local network of seismometers.
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In addition, seismic source parameters, including seismic moment and stress drop, are
estimated from DAS data acquired in the 250-meter-deep vertical well. These parameters are
derived after converting strain-rate to ground motion, a process quantitatively validated using
a co-located three-component broadband seismometer. The results and waveform evaluation
demonstrate that the 3D-DAS array provides reliable and comprehensive measurements,

independently of the existing local seismic network.

Key words: Distributed acoustic sensing, Earthquake monitoring and test-ban treaty

verification, Induced seismicity, Seismic instruments, Earthquake source observation.

1 Introduction

Distributed Acoustic Sensing (DAS) turns fiber optic cable (FOC) into an array of sensors
capable of measuring strain-rate (SR) of its surrounding material. With DAS, an Interrogation
Unit (IU) sends laser pulses through the fiber” and analyses changes in the Rayleigh
backscattered light. Pioneering research“by Dakin (1990) and Taylor and Lee (1993)
demonstrate the potential of coherent’ Rayleigh backscattering to measure temporal
variations in SR along fiber.segments functioning like individual gauges of fixed length (or
gauge length, GL). The resulting time series are referenced to sensing points (SP) centered on
each gauge, and a, regular SP spacing along the fiber provides spatially resolved
measurements. The use of short laser pulses also allows DAS system to capture a wide
bandwidth of frequencies. DAS can thus capture seismic vibrations ranging from millihertz to
tensof kilohertz with high spatial resolution, provided that strain in the surrounding medium
is effectively transmitted to the optical fiber (Lindsey et al. 2020; Paitz et al. 2021;

Zhai et al. 2025).
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Since its pioneering research, the technology has significantly advanced towards increased
sensitivity (Hartog 2017) and has been adopted across a broad spectrum of geophysical
applications (e.g., Hartog, 2017; Lellouch and Biondi, 2021; Li et al., 2021), while persistent
challenges continue to drive future research directions (Markom et al. 2025). The high spatial
density of SP and the inherent array or antenna nature makes DAS well-suited for applying
array processing techniques developed in passive or active seismics, in particular for data de-
noising (Isken et al. 2022), seismic event detection (Lellouch et al. 2019; Nayak et al. 2021) or,
seismic event location (Verdon et al.,, 2020; Zhan, 2020; Lentas et al., 2023). However,
processing capabilities can vary depending on the cable trajectory, primarily bécause the
sensitivity is limited to the longitudinal deformation of the fiber.

In the Munich region (Germany), DAS on a vertical FOC, cemented behind the casing of a
geothermal injection well, contributed to local monitoring efforts (Azzola et al., 2023;
Azzola and Gaucher, 2024). The authors demonstrate that'this vertical (linear) antenna of SPs
enhances the sensitivity and density of the monitoring network, contributing to the detection
and description of local seismic events. However, studying the full directionality of the
wavefield and resolving seismic event~hypocenters cannot be achieved from this vertical
antenna onits own. In contrast, FOCs installed along multiple directions in the horizontal plane
would provide complementary information. Nayak et al. (2021) demonstrate the capabilities
of beamforming on a dark-fiber to detect weak seismic events at a regional scale.
Lentas et al (2023) locate a M.=3.4 regional seismic event near Athens, Greece, using a
commercial FOC deployed as a controlled seismic array. At the local scale,
Nishimurajet al. (2021) locate the source of volcanic earthquakes using DAS with a 14 km-long
FOC_deployed along a mountain road. Studies by van den Ende and Ampuero (2021),

Mufioz and Soto (2022) or Lentas et al. (2023) nevertheless outline potential challenges
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related to high noise level and partial lack of coherency in DAS signals, limiting the array
capabilities to resolve the directionality of the wave field. Additionally, variations in the SPs
response along the FOC, caused by potential heterogeneities in Earth's structure or
differences in cable coupling, could introduce additional challenges.

Combined vertical-horizontal DAS layouts remain relatively uncommon, yet they offer clear
advantages in terms of azimuthal coverage and wavefield characterization.
Verdon et al. (2020) highlight the benefits of a L-shaped borehole deployment to enhance
azimuthal coverage and improve the characterization of wavefields for microseismic
monitoring. The PoroTomo experiment is another notable case study, in which a large near-
surface DAS array was used alongside borehole DAS (K. Feigl et al. 2016, 2018):Seismicity from
the nearby Brady geothermal field has been primarily studied using the surface DAS array (Z
Li and Zhan 2018; Lv et al. 2023).

The present study introduces a seismic monitoring installation ‘equipped with DAS where the
FOC, both cemented in a vertical well and buried{near=surface in a loop configuration, is
configured to provide three-dimensional sensingicapabilities. The so-called 3D-DAS array,
whose layout accommodates the spatialconstraints of a residential neighborhood, is designed
to characterize low-magnitude (ML <-2) seismicity that may be induced by local geothermal
operations, with particular.focus on'two geothermal fields located about 4 km away. The aim
of this study is to demonstrate that SR recordings collected in multiple horizontal directions
and along the vertical'antenna enable robust estimation of wavefield- and source-parameters.
We present _a. comprehensive workflow for routine analysis of the seismic wavefield
directionality (back-azimuth, incidence and slowness components) and of seismic source
parameters, including hypocenter, seismic moment, moment magnitude and stress drop. A

collocated 3-component (3C) broadband seismometer, which belongs to a local network of
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seismometers, provides an independent reference for validating the SR data and processing
results.

In the following, we first detail the context in which the seismic monitoring installation,
including the 3D-DAS array, was designed and implemented and how the data were acquired.
Then, we present the processing steps applied to the DAS recordings to obtain the
directionality of the seismic wave field and the seismic source parameters. This is illustrated
with a local seismic event located in the monitoring zone. Then, the quality of the surface and
borehole SR measurements is controlled by comparison with the collocated broadband, 3C-
seismometer. Finally, the sensitivity and resolution of the 3D-DAS array is discussed'in the light
of the FOC geometry and the analysis of a larger catalog of seismic events_that occurred

outside the monitoring zone.

2 Data acquisition set-up

2.1 Monitoring context

The study area is situated within the German‘Molasse Basin, a foreland basin formed by the
alpine orogeny during the Oligocené and 'Miocene (Hartmannetal., 2016). The Malm
carbonates of the Molasse Basin aré prime targets for geothermal heat production due to
their favorable reservoir properties and the high temperatures of the fluid found at 3 to 4-km
depth (Schulz and Jobmann,;1989; Dussel et al., 2016; Farquharson et al., 2016). An increasing
number of energyscompanies in both the northern and southern parts of Munich operate the
porous_ Malm=carbonates to supply district heating networks and contribute to Munich
region’s\transition towards renewable heat supply (Croniger et al. 2022). Currently, over
twenty geothermal energy projects are operational in the Greater Munich area, with an

additional nine projects in development (Bundesverband Geothermie 2024).
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Observations of induced seismicity have been documented in the area, although geothermal
operations target hydrothermal systems supported by a porous matrix (Kraft et al. 2009;
Megies and Wassermann 2014; Seithel et al. 2019). With the growth of the geothermal energy
production, local and site-specific seismic monitoring plays a crucial role in the sustainable
development of the energy sector (Azzola et al. 2023; Keil et al. 2023).

The seismic monitoring installation of interest is located midway between the geothermal site
of Pullach im Isartal and the future Pullach Siid project (Bundesverband Geothermie 2024), in
the village of Buchenhain (Figure 1, label BUCH). Its objective is to detect and characterize
seismic sources from the Malm reservoir within a monitoring zone of roughly 4/km radius,
including the Pullach Siid project and the Pullach geothermal field. The installed instruments
consolidate the local seismic network (Department of Earth and Envirenmental Sciences,
Geophysical Observatory, University of Munchen, 2001), which includes ten 3C-broadband

seismometers monitoring continuously the study area (Figure 1a).
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Figure 1: (a): Overview of the study area, in southern Munich (Germany), with the location
of seismometers (diamonds) monitoring continuously the area around the city of Pullach im
Isartal (dashed line). The red diamond labeled BUCH indicates the location of the monitoring
installation under study and the red dash line the targeted monitoring zone. The black dots
show the epicenters of the seismic events detected during the period of continuous data
acquisition‘analyzed here, from March 25, 2022, to December 31, 2023. Coordinate system:
WGS 84/UTM 32 (EPSG 32632). (b): Focus on the center of the Buchenhain village, where
the’instruments are installed, with the trajectory of the near-surface section of the FOC

(black curve), the position of the vertical well (blue dot) and of the 3C-broadband
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seismometer (white diamond). (c): FOCs exiting the vault and being laid down in the trench
before burying. The green FOC is used in this study. (d): Deployment of FOCs in the well,
prior to cementation. The cables are attached to the cementation PVC-pipe, which is kept
centralized using bow-spring centralizers. (e): Electrical cabinet used to store the acquisition

equipment on the surface.

2.2 Monitoring installation set-up

The monitoring installation is located in a small park within a residential area (Figure 1b).
Appendix A includes additional pictures of the installation and its surroundings. The sensing
instruments include a 3C-broadband seismometer (Trillium Compact TC120), which is installed
on the floor of a 2-m deep vault. The FOC (green cable in Figure 1c) is dedicated’to distributed
fiber optic sensing. It has a stiff jacket containing tight-buffered single mode fibers, which is
appropriate for DAS (Willis et al. 2021), and loose fibers ‘for Distributed Strain and
Temperature Sensing (not the focus of this work). The FOC was deployed in two sections, one
near the surface and the other one in a vertical'well) Both sections are interconnected in a
junction box located inside the vault.

For the near-surface section, the cable is\laid in a 90-cm deep trench, on a layer of sand, then
covered with sand and finally-buried ‘under the overburden (Figure 1c). This ensures suitable
coupling with the surrounding formation, which is a key factor to conduct high-quality DAS
measurements (Munn et al. 2017; Willis et al. 2021). The FOC follows the outer edges of the
park, forming-an‘approximately 90-m-long loop. The cable loop was doubled, with both cable
stretches\laid in parallel, to provide redundancy in the SP and increase the effective spatial
sampling along the cable trajectory.

With the FOC layout established, the characterization of SPs includes their geo-referencing

and the determination of the recording azimuth. The mapping of SPs is described in
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Appendix B. We use the surface redundancy to combine parallel loops into a single, higher-
resolution virtual array. Because the trenched FOC follows a complex trajectory, the cable
azimuth can vary over each GL. We characterize the recording azimuth of each SP by
calculating the average FOC azimuth over the corresponding GL. The coordinates and azimuths
of the DAS SPs are indicated in Appendix B.

For the vertical section of the FOC, the cable was clamped with tape, every 4 m, to a DN50
PVC cementation pipe that was centralized every 8 m and lowered in the 250-m vertical well,
The bow-spring centralizers were not rotating and the FOC was routed in-between theirarms
(Figure 1d). The lower end of the cable was sealed with epoxy resin to avoid fiber deterioration
and protected by a first centralizer. Cementation was performed from bottom to top of the
well. A cable-through diverts the FOC from the top of the well to the vault, where it is
connected to the surface loop in the junction box.

The whole acquisition system is installed in an electrical cabinet (Figure 1e) connected to the
surface loop. This cabinet includes an uninterruptible power supply device that powers the
DAS IU, a Febus Optics A1R, an external harddrive,for local storage of DAS data, a router for
remote access to the system and the seismometer data logger. The cabinet is ventilated to
regulate its inner temperature and is.instlated to ensure minimal noise disturbance of the
neighborhood. With only the electrical cabinet being visible from the surface, the seismic

monitoring installation has,a.small visual impact.

2.3 Data acquisition

DAS-datawwere recorded continuously from March 25, 2022, to December 31, 2023. A 500 Hz
sampling rate was used for data acquisition (see Appendix C for all recording parameters). SR
is recorded over a 20-m gauge-length (GL), which corresponds to the longest straight segment

of the surface loop. As suggested by Dean et al. (2017) or Nasholm etal. (2022), this
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parameter is also well suited for monitoring local seismic events characterized by signal
frequencies of 30 to 50 Hz and occurring in media with seismic velocities of approximately
2000 m s™'. We use a nominal SP spacing of 10 m along the FOC. On the near-surface section,
the two cable loops running in parallel in the trench reduce the effective inter-channel
spacing. Hence, the spacing between two successive SPs along the cable in this section is 4 or
6 m, as summarized in Table B2.

Seismic data was also recorded continuously during the period of interest on the network of
seismometers shown in Figure 1a, which includes the 3C-broadband seismometer installed at
the site of the 3D-DAS array (SEED code BUCH.HL*). The sampling frequency was 250 Hz.and
data were transferred continuously via mobile network, in contrast to the DAS recordings,

which were stored locally.

3 Seismic processing workflow

This section details the processing steps applied to DAS and ‘seismometer recordings, which
are also summarized in Figure 2. The resulting analysis)for a seismic event occurring within the

monitoring zone is presented in Section 4.
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Figure 2: Overview of the workflow applied to both DAS and-seismometer data. The
processing steps presented in each row are arranged sequentially’from top to bottom. The
gray boxes indicate how each step is implemented for._the different data types and

components, where applicable, with intermediate outputs shown after each arrow.

3.1 Pre-processing

Once recorded by the U, DAS data'files (HDF5 format) are loaded in memory and reshaped as
an Obspy stream (Beyreuther et al. 2010) to facilitate standard seismological processing.
During pre-processing, we extract DAS traces from the surface loops and the vertical well (first
row in Figure 2)assign their geographic positions, and generate associated metadata. The
Obspy streams of the DAS and seismometer channels are initially filtered between 5 and 50 Hz

using aforward and backward fourth-order Butterworth band-pass filter (Butterworth 1930).
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3.2 Vertical antenna processing

The (vertical) alignment of the in-well SPs enables the use of antenna processing technique
for further data filtering and conversion, thereby supporting the estimation of source
parameters (rows 3, 6 and 7 in Figure 2).

First, velocity filters in the frequency-wavenumber (f-k) domain (Isken et al. 2022) can be
configured to suppress various types of perturbations in the DAS datasets. One goal is to
attenuate coherent, laser-induced noise, observed as signals propagating with infinite
apparent velocity along the fiber (i.e., along the zero-wavenumber axis in the f—k domain),
commonly referred to as common-mode noise (Zhirnov et al. 2019). The velocity filter.is also
used to remove down-going wavefields associated to surface noise of, wave reflections,
typically observed in the positive frequency/negative wavenumber or negative
frequency/positive wavenumber quadrants in the f-k domain{This'facilitates the study of up-
going wavefields typical of seismic events located below the.antenna (Azzola et al. 2023). As
an extension of this approach, a narrow velocity filter'tuned to the apparent velocities of the
P- and/or S-wave fronts is applied to isolate‘specific phases and thereby enhance their signal-
to-noise ratio (SNR), following Azzola‘and Gaucher (2024). Subsequently, P-wave onsets are
automatically picked using a STA/LTA detector, with further refinement based on the earliest
zero-crossing of the trace exhibiting the highest SNR. This refined pick is then propagated to
all remaining traces through waveform cross-correlation.

Second, under the'assumption of plane-wave propagation along the vertical fiber, we use the
dense spatial sampling along the vertical antenna and resulting coherence (or semblance) of
adjacenttraces to convert SR to ground motion, here, acceleration. Equation (1) relates strain-
rate (£,(t)) and acceleration (a,(t)) time series, recorded along the vertical direction z, using

the apparent phase slowness s,, following the formulation introduced by Daley et al. (2016)
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and Wang et al. (2018), or used by Lior et al. (2021). A detailed equation derivation is provided

in Appendix D.
1 .
a,®) ==+ &) &

Instead of applying Equation (1) with an apparent phase slowness constant in time, we
estimate the temporal variations at each trace from a slant-stack transformation. Rooted in
exploration seismology, this transformation leverages dense, regularly spaced receiver.arrays
and coherent plane wave propagation (Schultz and Claerbout 1978; Taner et.al.'1979). The
method, proposed by Lior et al. (2021) and applied for example by Lior et al” (2023) or
Azzola and Gaucher (2024), is data-driven and can adapt to localized“changes in apparent
velocity. It is repeated at every SP, which is treated as the pivot.of asymmetrical array of 2D+1
traces. For each temporal sample, the traces within this coherence-window are time-shifted
according to a range of trial apparent slowness values's;. The coherence of neighboring traces
is then quantified from Equation (2), where the difference between z; and z, denotes the
distance between SP j and the pivot{trace, g(t) represent the seismic traces. The Hilbert
transform h(t) is introduced to capture phase information and allow robust coherence

estimation even at zero-crossings, where amplitude alone would underestimate coherence.

[Z22pgc+s,- (2j-20))| + [S2 _phtts; (z;—ZO))]Z]

coh(sy,t) = [2D%1] - [BP. _ g(t+s; - (2j—20))2+h(t+5; - (2j-70))?

(2)

At'a given time, the slowness yielding the highest coherence characterizes the most-coherent

local plane wave. To avoid sharp variations and preserve the meaningful dynamics in the
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estimated slowness time-series, we apply a moving average filter with a window size set to
the shortest period of interest in the signal. We use a 100-m wide coherence window (D = 5)
in Equation (2) to ensure sufficiently correlated traces contribute (Section 4.2), noting that the
window size must remain within the signal’s spatial coherence while an increase in its length
improves slowness resolution. In addition, using Equation (2) across all SPs and time steps
estimates a coherence amplitude over every data point in the time-offset DAS recordings,
which, when used as a weight, can improve SNR by separating coherent signals from random
noise (Schwarz, 2019).

After conversion, acceleration traces can finally be used as input for seismic source/parameter
inversion by fitting an omega-squared model to the observed acceleration spectra. The
synthetic acceleration spectrum Q(f) is described as a function“of frequency by
Anderson and Hough (1984) (Equation 3), where Qo is the low=frequency displacement
spectrum plateau, fo is the source corner frequency and fiisthe attenuation corner frequency

controlling the behavior at high frequencies.

Q9

o
Q) = 2nf* /7

~exp(—f/fi) (3)

For local seismicity, observed. acceleration spectra are computed using 0.8-second-long
windows starting at the P-wave onset time, and are used to estimate Qo and fo. Scalar seismic
moments, M,,\ are,.computed from Qo using the fault dynamic model proposed by
Madariaga (1976). Moment magnitudes, My,, are subsequently estimated according to

Hanks and Kanamori (1979). We evaluate the stress drop AS assuming a circular fault model,

as proposed by Eshelby and Peierls (1957) and dynamically modeled by Madariaga (1976):
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AS=%-M0-(1€°)3 (4)

In Equation (4), fois the corner frequency. In the absence of site-specific studies, we adopt the
empirical scaling factor k proposed by Madariaga (1976) for a circular crack model expanding
at a rupture velocity of 0.9 - V5. To calculate source radii from observed corner frequencies,
this study used k =0.32 and k = 0.21 for P- and S-waves, respectively.

Equations (3) and subsequent source parameter estimations are applied to the acceleration
time-series obtained at each SP in the vertical well. As shown in Figure 2, they are likewise
applied after differentiating particle velocity data from each seismometepr~ofi the/local
seismological network, which supports the results comparison in Section 4.

In contrast to other approaches that estimate earthquake magnitudes from DAS data using
empirical scaling relations (e.g., Yin et al. 2023), the proposed :methodology does not rely on
calibrated scaling factors. The approach was previously applied by Azzola and Gaucher (2024)
in borehole DAS-monitoring of a geothermal field, where the comparison with seismometer

data confirmed the reliability of the DAS results.
3.3 3D-DAS array processing

The distinctive feature of the 3D-DAS array is its ability to combine recordings from gauges
oriented in different azimuths and inclinations (fourth row in Figure 2). We use a 3D delay-
and-sum beamforming algorithm (e.g., Johnson and Dudgeon, 1993) formulated in the time-
domain tojointly process the SR traces from the surface loops and the vertical well, assuming
incident,plane waves. Hence, we estimate ray parameters, including the back azimuth (BAZ,
¢),incidence angle (INC, i) and propagation velocity of the wave field close to the FOC (v,).

For a set of candidate parameters, the algorithm uses Equation (5) to calculate the time delay
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7; between a SP j with coordinates (x;, y;, z;) and a reference point, taken as the position of
the wellhead. Details on the equation derivation are provided by Schweitzer et al. (2012):
—xj-sini-sing—y;-sini-cos¢ + z; - cosi

Ve

A grid search is conducted over the three parameters (¢, i, v.). For each set of tested
parameters, the beamformed signal is computed as the sum of the time delayed traces divided
by the total number of traces. The energy of the beamformed signal is estimated for each set
of trial parameters, and the parameter set that yields the highest beamformed, energy is kept

as the most appropriate for the seismic event under consideration.

3.4 Quantitative assessment of DAS-derived acceleration

Recent studies explored the phase and amplitude response 0f*DAS across various settings and
frequencies, demonstrating the potential of DAS.data for quantitative seismic applications
(Lindsey et al. 2020; Paitz et al. 2021; Forbriger et al’ 2025; Zhai et al. 2025). Evaluating DAS
data relative to standard seismometerfecordings remains important, as SR recordings can be
influenced by installation specificsistich as the intrinsic properties of the fiber optic cable —
including fiber packing and_outer coatings (Reinsch et al. 2017) — or its coupling methods
(Willis et al. 2021; Forbrigeret al. 2025). For a quantitative evaluation of the recorded phase
and amplitudes;*we use the goodness-of-fit (GOF) test introduced by Kristekova et al. (2006)
to compare=DAS and seismometer recordings. This test uses the continuous Morlet wavelet
transform-to calculate local envelope and phase differences over the signal of interest. GOF

values range from zero (indicating no match) to 100 (indicating a perfect match). In addition
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to the time-dependent GOF computed for phase and amplitude, a more compact
representation of the fit is obtained for each trace using single-valued coefficients.

As illustrated in sixth row of Figure 2, acceleration traces derived from DAS across the vertical
well are compared to the derivative of the vertical component of the 3C-broadband
seismometer located at the wellhead (BUCH.HLZ trace). For the surface section, due to the
variety of recording azimuths, we compare the DAS SR traces to the linear SR computed from
the particle velocity recorded by the 3C-seismometer. This approach assumes that the
recorded signals consist of single, non-dispersive plane waves with known incidence angles
and phase velocities. We use the ray parameters evaluated according to Section 3.3 and’'the
azimuths assigned to each DAS SP. For a given direction x of recording azimuth ¢,,, Equation
(6) gives the scaling relation between particle acceleration a, (t) and the'linear SR &, (t) (see
Appendix D for its derivation). sy, is the horizontal component of slowness and ¢ the back-

azimuth, which are both estimated following Section 3.3.

£x(t) = s * cos(d — @, —180°) - ax(t) (6)

4 Results

4.1 Signature of a M 0.5 seismic event

To illustrate the processing flow and assess the 3D- DAS array capabilities, we focus on the
recording.ofa*M_ 0.5 seismic event that occurred on January 15, 2023. Using the recordings
of the local seismometer network (Figure 1a), this event was located in the zone of interest,
close to the injection well of the geothermal plant of Pullach im Isartal, north-eastward from

the seismic monitoring installation.
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Figure 3 shows the waveforms of this event for all DAS SPs and for the collocated 3C-
broadband seismometer. All traces are filtered between 5 and 50 Hz, after analysis of the
time-frequency signal (see Appendix E). This event exhibits clear P- and S-wave arrivals,
especially on the seismometer and borehole section of the DAS. The energy of the direct P-
wave is mostly concentrated between 35 and 45 Hz. Although this higher frequency content
reflects the proximity of the seismic source to Buchenhain, it implies that the resulting
wavelength is short compared to the source-receiver distance of several kilometers,

supporting the far-field assumption and approximation of incident plane wave.

920z Iudy 0z uo Jasn Oy sbniq Jeoued Wz Aq 80.1598/0% 1L 6eb6/16/c601°01/10p/a[01e-80uUBApE/I[B/W0o dnoolwsepeoe//:sdpy wol pspeojumoq



(a)

Offset [m]

o2

Velocity [m/s]

82 P~ AN AN A

80ne/s
88

) ot "0 1 c 20
.0 0.5 1.0 1.5 2.0

Time [s] after 2023-01-15T721:08:04.00

2.0{x10° HLE

4.0[x10° HLN

1.0[¥10° HLZ

0.0 0.5 1.0 1.5 2.0
Time [s] after 2023-01-15T721:08:04.00

( c ) [ A A W o o v

Depth [m]

Fomen AV A AR A A AN A
25 Jnrrn AR AN A A it
o L L e ey
50 VNI A A A
e
wwwwvww.\vﬂmmwwwm
T AWM IAN A At
‘*WMWM/V”M‘”WWWW‘VWWW
100 eyt mdlentnabe A s A snat
Wﬁwww,\vwwmn\awwmww
I WM AN O~ e AL Nt
125 ‘W1vawmmw AMMAN A A M AN
L N e
150 oMo At

W\)\(ww\,-dmﬂwﬁjwﬂpm/\mwwmw
IV AAMA AR AW AN
175 4w A A A A A e ssmranted
L e e
200 T~ AMAMA SN St ]
w«hﬁ%»«wvmw,«wwwwmww

75

Northing [m]

Wavenumber [km-1]

=10

—-15 4

28

32

42

12

o]

® Seismometer
o Well

200

-20 =15

-10

=5

Easting [m]

150+

100 1

501

“'M lllf“hl‘ ‘|‘l r

| WN""” |

0.8

0.0

Normalized amplitude [-]

40 20 0 20 40
Frequency [Hz]

Figure 3: Waveforms of the 15 January 2023 seismic event. (a): SR recorded at the SPs along
the two surface loops, after 5-50 Hz filtering, with the Y-axis indicating the offset from the
start'of the FOC loops. The red arrow represents an amplitude of 80 ne.s. The location of
the SP on the surface loop is shown in the right panel, with the label indicating the offset

and the arrow the average azimuth computed over the gauge length. The reference for the
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coordinate system is the location of the wellhead (blue dot). The red dot indicates the
location of the seismometer. (b): Waveforms at the 3C-broadband seismometer BUCH after
5-50 Hz filtering. (c): in the left panel, SR recorded at the SPs along the vertical borehole
after 5-50 Hz filtering and f-k filtering to isolate upward-propagating wavefronts. The picked
P- (red points) and S- (blue points) wave onset times are shown. For the same time-period,
the right panel presents the unfiltered in-well SR recordings in the f-k domain, with
amplitude normalized to the maximum. The solid lines indicate the linear frequency-

wavenumber relationships for three apparent velocities.

On Figure 3a, the DAS-traces of the surface loops are displayed according to their offset'from
the vault exit. The mapping of the corresponding SPs along the surface loops is,shown in the
right panel. The red arrow with a length of 80 ne.s?! is representativeof the maximum
amplitude of the signal. This maximum amplitude exceeds the background SR noise usually
recorded in this residential area (see Appendix F). Figure F1 highlights characteristic day—night
and weekday—-weekend background noise variations‘induced by the anthropogenic activity,
with daytime SR levels typically reaching 30ne's™ and occasionally exceeding 50 ne-s™" during
periods of increased presence in thé park. The event under study occurred at 2023-01-
15T721:08:03 (UTC), i.e., at night.in"local time (UTC+2) when anthropogenic seismic noise is
reduced.

Figure 3b shows the 3C-seismogram of the broadband sensor, where the P- and S-waves are
well differentiated“in arrival times, frequency content and polarization. It is noticeable that
the S-wave amplitude is larger than the P-wave.

Figure 3¢ focuses on the recordings from the vertical well, with the right panel showing the
raw SR data in the f-k domain. The high amplitude along the horizontal axis (i.e., infinite

apparent velocities) is characteristic of common-mode noise (Zhirnov et al., 2019). Apparent
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positive and negative velocities ranging from 1600 to 3500 m.s™ and from 500 to 1600 m.s™
are observed too. They correspond respectively to P- and S-wavefields propagating either
upward (positive frequency/positive wavenumber or negative frequency/negative
wavenumber quadrants) or downward. In Figure 3c (left panel) the in-well SR traces are shown
down to 210 m after band-pass filtering and applying a velocity filter configured to retain all
up-going wavefields while removing common-mode noise. The three deepest traces, below
220 m, are excluded from the plot and further analyses because their proximity to the fiber
termination leads to strong reflections, which degrade the signal quality. In addition,
Appendix G shows the result of the narrow velocity filter targeting the P-wave and the S-wave
separately. After applying the velocity filter, P- and S-wave onset times (marked in color in

Figure 3c) are automatically picked according to the approach described in Section 3.2.

4.2 Signal to noise ratio and trace coherency

We examine how different filtering combinations impactisignal coherence and SNR, focusing
on the P-wave onset of the January 15 event. Fhe:SNR.is computed from the RMS amplitudes
in a 0.3-s signal window and a 3-s noise window, after and before the P-wave onset time
respectively. Table 1 summarizes the resulting SNR, with all traces initially band-pass filtered
between 5 and 50 Hz to targetthe-event frequency range.

Table 1: SNR of the P-wave jarrival of the January 15 event measured by DAS along the
vertical (well) and horizontal (surface) sections of the FOC and by the 3C-seismometer
(seismometer). All traces have been filtered between 5 and 50 Hz (BP, first row). For in-well
DAS-SPs,\an"additional velocity filter is considered to isolate either all up-going wavefields
(f<k "up-going) or only the up-going P-wavefield (f-k P-front) (second and third rows
respectively). A trace summation after move-out correction was also applied (third row). In

the fourth raw, a coherence-weighting is applied to the f-k filtered dataset to further
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enhance the SNR. Average SNR values are given and, in parenthesis, the range over the

multiple channels/SPs.

DAS - well DAS - surface Seismometer

BP [5-50] Hz 3.6 (2.6 —-4.8) 3.7(2.7-4.7) 8.2(7.7-8.4)
BP + f-k (up-going) 5.7(5.2-6.3) n.a. n.a.
BP + f-k (P-front) 6.8 (6.2—-7.2) n.a. n.a.
BP + f-k (P-front) + stack 7.7 n.a. n.a.
cohite+ni-:é::;?1:z)n:ent 84(8.0-8.5) n-a n-a.

As observed, the 3C-seismometer has a SNR larger than the band-pass_filtered/ DAS
measurement, by a factor larger than two. For the DAS antenna in the well, different velocity
filters are applied. The f-k filter, which keeps all up-going==wavefields (positive
frequency/positive wavenumber or negative frequency/negative wWavenumber quadrants in
Figure 3c-right), yields a 55% increase in average SNR compared to the sole band-pass filter
(Table 1). Constraining the filter to keep the up-going'\P-wavefield only increases the SNR by a
factor of almost two compared to the band<pass filter. After move-out correction and stack,
the SNR in the well section further increases’and reaches almost the 3C-seismometer level.
This final 13% increase is largerthan typically expected from stacking 21 traces, because the
f-k filter has already substantially reduced random noise.

DAS data filtering also impacts the maximum correlation coefficients measured between pairs
of SP. Figure 4 shows the correlation matrices of the SR traces recorded in the well (a) and on
the surface(b)sections. The correlation was calculated on a 1.5 s window covering the P- and
S-wavefronts, after 5-50 Hz band-pass filtering and, for the well section, the f-k filtering to

keep the up-going P- and S-wavefields.
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Figure 4: Maximum correlation coefficient between pairs of traces (a) along the vertical well,

and (b) along the surface loop.

On the surface section, we observe significant correlation between SP ‘measuring in similar
(consecutive) azimuths (Figure 1). For instance, the maximum correlation coefficient, which
exceeds 0.9, is observed with a combination of SR traces with ‘offsets ranging from + 32 to
+ 48 m, along the almost north-south section of the loop. The maximum correlation coefficient
measured between the traces oriented towards east, with offsets ranging from + 52 to+ 62 m
is lower with a maximum of 0.75. In the_ well section, the maximum correlation coefficients

are above 0.7 for any combination/of SPtalong the downhole cable.

4.3 Determination of seismic source parameters

Figure 5 illustrates the conversion of DAS SR to acceleration time-series for the January 15
event. Panel\(a) displays all well traces, band-pass filtered between 5-50 Hz and f-k filtered to
keep.the up-going P- and S-wavefields as in Figure 3c, with the coherence window delineated
by red.lines. The conversion is carried out for the 120-m deep trace, which presents a strong
first P-wave exceeding 70 ne.s (Figure 5b). Figure 5c shows the coherence matrix computed

with Equation (2), for apparent slowness ranging from -2.5 s.km™ to -0.05 s.km™. We observe
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clear variations associated with different phase arrivals in the slowness-time domain. The
apparent slowness of the P-wave is well constrained, at -0.4 s.km™ and the transition to S-
wave slowness is evident in the coherence matrix. However, due to the lower frequency of
the S-waves and as evidenced by the broader range of high coherence, the slowness estimate
is less constrained compared to the P-waves. The computed slowness trace (red line in the

coherence matrix) is then used in Equation (1) to convert SR to acceleration.

(a)

'-rw *{rﬁffﬁ /iy u{;‘ it

LR O

(b)

1.0
0.8
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0.4
0.2

Normalized coherence [-]

os:c'“m-.s Ti.me (U+C). 08:05.0 08:05.5
Figure 5: Determination of the slowness\evolution for the January 15 seismic event. (a)
shows the SR recorded in the well.and the coherency window (solid red line) around the
trace under consideration, here at 120 m. (b) displays the SR recorded at 120 m. (c) shows
the coherence matrix,.i.e. the time varying coherence values (gray scale) calculated for a

range of slowness‘(vertical axis). The maximum coherence value (red line) indicates the

slowness time-series used to convert SR to acceleration.

In parallely this approach assigns each time-depth data point a coherence amplitude, which is
then used for coherence-based weighting of the original SR data, as introduced by

Schwarz (2019) and applied by Jousset et al. (2022). The resulting coherence-weighted
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wavefield is presented in Appendix G. This approach further improves the SNR in DAS traces
(Table 1), with the average value along the vertical antenna eventually exceeding that of the
BUCH seismometer channels. Since this method does not preserve amplitude information, it
is not suitable for source parameter estimation but remains useful for event detection or
phase picking (Chen et al. 2023; Porras et al. 2024).

DAS-derived acceleration traces are used to estimate the seismic source parameters following
the procedure outlined in Section 3.2. The same processing steps are applied to acceleration
traces obtained after differentiating the recordings from the local seismological network: For
the January 15 seismic event, we derive source parameters from the P-wave sighal, due to
clearer onsets and higher SNRs, and use 0.8-second-long windows starting at the P-wave onset
time. The scalar moment My, the moment magnitude Mw, the corner frequency fo and the
stress drop AS are estimated at each SP along the FOC. On the locakseismological network,
these parameters are estimated at every measurement sitexTable 2 summarizes the average
parameters obtained for each type of recording.

Table 2: Seismic source parameters of the January 15 event. DAS estimates are calculated
for each SP in the well while the seismometer estimates are calculated at each monitoring
site of the local seismometer nétwork (see Figure 1).The table gives the average scalar
moment Mo (N.m), moment magnitude Mw, corner frequency fo (Hz), stress drop AS (Pa) and

low-frequency displacement/amplitude plateau Qo (m.s2.Hz?).

Mo [N.m] Mwl-] | fo[Hz] | AS [Pa] Qo [m.s2.Hz!]
DAS 6.50 x 10° 0.47 45 8.95 x 10° 8.90 x 1010
Seismometer network | 6.60 x 10° 0.48 49 1.30 x 10° 9.25 x 1010

In,addition, Figure 6 shows the distribution of the DAS-estimates to the ratio of the average

value obtained on the seismometer network.
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Figure 6: For the January 15 seismic event, distribution of the ratio between the source
parameters estimated at each DAS SPs along the well section with the‘average calculated
on the local seismometer network. (a), (b), (c) and (d) show the ratios of the scalar seismic
moment, moment magnitude, corner frequency and stress-drop respectively. Each boxplot
includes the average ratio in red, the median ratio in black, the box delimits the first and

third quartiles and the whiskers extend from minimum.to maximum ratio.

DAS-based My estimates (Figure 6a) are in good agreement with the reference value, as
indicated by an average ratio of 0:98. The' relatively small spread of values among DAS SPs
reflects consistent measurements, along the vertical FOC. Consequently, the moment
magnitude estimated from DAS is also reliable. A ratio of 0.95 is observed for the corner
frequency. Since stress drop depends on the seismic moment and on the cube of the corner
frequency (Equation (4)), this parameter exhibits the largest spread in differences between

estimates from DAS and seismometer recordings. The average ratio is 0.91.
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4.4 Ray parameters from DAS

Using the surface and vertical recordings from the 3D-DAS array, the incidence and back
azimuth of the February 15 seismic event can be determined. We focus on the higher
frequency P-wave signal, as the compact layout of the DAS array limits the resolution of lower-
frequency phases, which is further analyzed in Sections 4.7 and 5.1. Inter-channel time-delays
are calculated using Equation (5) and applied to the band-pass filtered traces from the surface
loop and to the band-pass and f-k filtered traces from the well section before beamforming:
The beam energy is computed on successive overlapping 0.3-second windows;“which
corresponds to approximately 10 times the main period of the P-wave~signal -Under
consideration. The results of the analysis are illustrated by two radar plotsin Figure 7. Panel (a)
shows the back azimuth and the horizontal apparent velocity that focuses the signal energy
on the horizontal plane. As observed, the spread of the P-wave back azimuths is low among
the tested bins, which underlines the consistency of DAS-estimates. In Figure 7b, the beam
incidence is evaluated in the vertical plane oriented according to the estimated back azimuth.
The incidence and vertical slowness are displayed as in Figure 7a, showing a similar clustering

of the beam energy.
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Figure 7: For the January 15 seismic event, ray parameters obtained using borehole and
surface DAS data. (a): polar plot of the normalized beam energy as a function of the back
azimuth (angle) and beam slowness (radius) for the corresponding bin. (b): same as (a) in
the vertical plane oriented along the back-azimuth determined in (a), where the angle from
the vertical indicates the event incidence angle. (c): map including the most likely back
azimuth computed from DAS recordings (black arrow) and surface projection of the
cumulative distribution function (cdf) of the event hypocenter derived from the
seismometer.network (light colors). The cdf is color-coded and clipped at 68% confidence
interval:(d)r in the vertical plane crossing the DAS well and the event hypocenter (as
calculated by the seismometer network), most likely incidence angle measured from DAS
(black arrow), layer interfaces from the 3D velocity model (black lines) and projection of the

cdf derived from the seismometer network.
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We compare DAS-derived ray parameters and the hypocenter estimated from the
seismometer network (see fifth row in Figure 2). The latter was obtained using NonLinLoc
(Lomax et al. 2000, 2014) and a 3D velocity model of the study area
(Azzola and Gaucher 2024). Hypocenter determination uses a weighted least-square
minimization of the arrival time residuals with an Oct-Tree grid-search (Lomax and Curtis
2001) and importance sampling provides probability density functions to estimate location
uncertainties. The cumulative distribution function around the most likely hypocenter is
projected on a map (Figure 7c) and in a vertical plane (Figure 7d) up to the 68% confidence
level. The ray parameters derived from DAS recordings are represented as an arrow pointing
in direction of back-azimuth (Figure 7c) and incidence (Figure 7d). Table 3 gives the values of
the back-azimuth and incidence angles obtained in both cases, where uncertainties on the
beam parameters from the seismometer network are computed from:the spatial extent of the
68% confidence level shown in Figure 7. At the BUCH 3C-broadband seismometer, polarization
analysis of the P-wave onset (fourth row in Figure 2)iis carried out to obtain the back azimuth
and incidence of the wave as proposed by Flinn"(1965). This single seismometer approach
computes the principal eigenvector of theithree-component covariance matrix around the P-
wave arrival, which indicates the P-wave propagation direction.

Table 3: Ray parameters of.the“January 15 seismic event measured at the Buchenhain
monitoring installation, including back azimuth (BAZ), incidence (INC) and corresponding

horizontal and vertical-apparent velocities.

Beam parameters BAZ [°] INC[°] (Vapp, h, Vapp, z), P-wave [m.s-1]
From DAS 43 29 (945, 1705)
From NonlLinLoc hypocenter 44 £ 1.5 29+2.1 n.a.

From BUCH.HL* 41 18 n.a.
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These measurements show that the DAS-estimates are within the confidence interval of the
NonLinLoc location. In contrast, the ray parameters computed from the single BUCH
seismometer do not agree with those from the seismometer network or from DAS (see

Section 5.2).

4.5 Recorded phase and amplitude

In this study, the FOC was cemented behind the casing or tightly packed in a trench, and we
used tight-buffered single-mode fibers, which describes favorable conditions to “the
acquisition of high-quality DAS data (e.g., Willis et al. 2021). The relative consistency between
DAS- and seismometer-estimates in sections 4.3 and 4.4 suggests that DAS-basedacceleration
traces are representative of ground motion across the studied frequency range. For
guantitative analysis, we use the GOF test described in Section 3.4

In the vertical well, we compare the DAS recordings with data from vertical channel of the
seismometer installed in the vault, next to the wellhead, as described in Section 3.4. Figure 8a

shows the evolution of the GOF coefficients of the phase and amplitude over the well section.
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Figure 8: January 15 seismic event. (a): GOF.coefficient for the envelope (red) and phase
(black) as a function of depth in the well. The arrow shows the DAS SP that is further
analyzed using the comprehensive'time- GOF analysis in panel (b). (b): GOF between the 90-
m-deep DAS trace and the seismometer trace. The top row compares the BUCH HLZ and DAS
waveforms after conversion to acceleration. The middle and bottom rows show the
normalized goodness-of-fit (GOF) of the waveform envelope (TEG) and phase (TPG) in the

time domainj;.respectively.

Theé phase of the DAS-derived acceleration waveforms is consistent with the phase of the
seismometer acceleration derived from the vertical channel, as indicated by the average

phase-GOF values, which are predominantly above 60%. This consistency also extends to the
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envelope, with values close to 60% across the vertical well. A decrease in GOF coefficients is
observed notably below 220 m in the well. This may be due to disturbances associated with
the proximity of the cable termination but also to heterogeneity of the propagation medium.
These traces were nevertheless excluded from the previous analysis of source parameters.
Figure 8b details the results, in the time and frequency domains, for the DAS SP at 90 m below
ground level, for which the highest amplitude GOF is observed in panel (a). The agreement is
evident both temporally and across frequencies. The figure shows that the DAS (red curve)
captures the correct P-wave arrival time and polarity seen at the BUCH seismometer (black
curve). Although a larger discrepancy of the direct S-wave is observed (after 1.1/s in Figlre
8b), the first arrival is still consistently detected, albeit less distinctly. The sighal amplitudes fit
relatively well, despite the sensors not being co-located.

We applied the same GOF test on the recordings of the surface loop”after converting the
seismometer recordings as described in Section 3.4. Figure:9a'summarizes the results of the
analysis and shows that the phase and envelope .of the, DAS and seismometer SR are less
consistent for the surface loop than for thewell'section. Most of the GOF coefficients are
above 50%, except for specific SPs where,they are significantly below, for example at +8 m
and +42 m (+2 m and +78 m to adower extent). The effect is particularly pronounced on the

GOF envelope.
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Figure 9: January 15 seismic event. (a): GOF coefficient for therenvelope (red) and phase
(black) as a function of the offset along the surface loop. The arrow indicates the two DAS
SPs for which comprehensive time-frequency goodneéss-of-fit analysis is made (panel (b) and
(c)). The upper labels indicate the recording azimuth of each SP quantified by the average
orientation of the cable over the gauge length. (b) and (c) focus on DAS SPs with orientation
close to N180°E (offset 28 m) and/N90°E (offset 52 m), respectively. In both panels, the top
row compares the SR waveform.computed from BUCH channels with the DAS SR waveform.
The middle and bottom rows show the normalized goodness-of-fit (GOF) of the waveform

envelope (TEG) and phase (TPG) in the time domain, respectively.

Considering=Equation (6), used to convert the seismometer recordings, the strain-rate
amplitudeis expected to decrease as the back-azimuth becomes perpendicular to the
recording azimuth. For the January 15 event, this occur at ¢,= 315° or ¢,.= 135°, that is at the

vicinity of the SPs with offset +8 m and +42 m (see Figure 1). Under such circumstances, the
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linear SR computed from particle velocity is primarily influenced by non-plane wave
contributions. Hence, the comparison between seismometer and DAS SR signals fails at these
SPs, as illustrated in Figure 9a at + 8m and +42 m. The variability observed in the GOF
coefficients may also arise from assumptions regarding the recording azimuth of the DAS SP,
as deviations of the fiber from a straight path along the corresponding GL introduce a certain
degree of uncertainty in the phase summation. However, according to the theoretical
framework proposed by Ndsholm et al. (2022), verifying the findings of Bowden et al. (2021),
the cable orientation variations along the GL can be compensated if the radius of curvatureis
sufficiently large (or the curvature is sufficiently small) relative to the seismic signal
wavelength. According to Figure 9a, this could explain relatively high GOF coefficients at an
offset of +48 m, where the average recording azimuth over the gauge length is approximately
eastward, and the SP itself is situated at a bend in the cable trajectory.

Figure 9 finally presents the time-dependent GOF test fortecording azimuths nearly oriented
towards North (panel (b)) and East (panel (c)). For the P wave front, both subplots show that
the phase is well adjusted, and that the first motion.and its amplitude are consistent between
both measurements. The discrepancies-imlater. P-phases may be attributed to the limitations
of the plane wave assumption. Figure.9 shows a more variable adjustment over the S-phase,
for which DAS SR is, for example, weaker compared to linear SR obtained from particle
velocity. This adjustment, of the S-phases also impairs the integrated GOF coefficients

presented in Figure 9a.

4.6 Results on an extended seismic catalog

The 'seismometer network monitoring the area (Figure 1) can detect seismic events with a
moment magnitude down to -0.8 around Pullach (Azzola et al. 2021), which is the targeted

monitoring area for the DAS array. During the recording period of the DAS array, only the
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January 15 event occurred in this zone. Consequently, a statistical assessment of the accuracy
of the DAS estimates cannot be carried out. However, 29 seismic events located outside the
zone of interest were observed during that period. These events are grouped into two clusters,
located approximately 5 km and 12 km east of the Buchenhain monitoring installation (Figure
1). For this extended catalogue, we analyze differences in seismic source parameters derived
from DAS and the conventional seismometer network (Figure 10) in relation to key features
of each event, including the distance from the DAS array to the epicenter, the average SNR on

the surface loop SPs, and the signal frequency content.
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Figure 10: For the 29 events recorded outside the seismic network, difference between
moment magnitudes (a), incidences (b) and back azimuths (c) calculated using the DAS
recordings and using the seismometer network (with index REF). The color scale gives the

differences between the values. The differences are shown in function of the distance to the
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epicenters (horizontal axis) and to the SNR (vertical axis). The displayed SNR is the average
value computed over DAS SPs from the surface loop and measured after application of the

5-50 Hz band-pass filter. The square marker indicates the January 15 event.

The moment magnitudes and P-wave incidence angles derived from the vertical DAS antenna
are mostly consistent with those obtained by the seismometer network, as illustrated by
Figure 10a and Figure 10b. The median difference in moment magnitude is 0.11 and ranges
up to 0.5. The median difference in incidence angle is 4.5° and ranges up to 15°. In contrast;

discrepancies in back-azimuth are more significant with a median value of 7.5°.

4.7 3D-DAS array response

We estimate the sensitivity and resolution of the 3D-DAS array by.computing the array
response in three dimensions. The theory of array response is well-documented for seismic
arrays composed of 3C-seismometers (Haubrich, 1968; lyer;«1968; Mykkeltveit et al., 1983;
Johnson and Dudgeon, 1993). In the case of the 3D-DAS array, we first consider that a
seismometer is virtually placed at the position ofje€ach SP, without accounting for effects
related to the directionality of the incoming wave field or the orientation of the GLs. Figure 11
shows the distribution of beam energy on slices extracted in different planes: (sx, sy) in panel
(a) and (sx, sz) in panel (b)#To'investigate frequency-dependent effects (and thus differences
related to epicentral distance), we also vary the frequency range, from panel (a), which
considers frequencies typical of the January 15 seismic event, to panel (c), which is

representative-of the extended catalogue.
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Figure 11: Relative power of the array response (in dB), normalized.to its maximum, as a
function of slowness differences within a specified frequency. range, as indicated in titles.
Array responses are calculated for incremental frequencies within the queried range and
then averaged. The responses are calculated in 3D for the full DAS array and slices are
extracted for visualization. (a) displays the response in the (sx, sy) plane with sz = 0, panel
(b) shows the response in the (sx, sz) plane with sy = 0. Panel (c) focuses on a lower frequency
range compared to panel (a). In panels (a), (b) and (c), the calculation assumes that a
seismometer is positioned at each DAS SP. In (d), the orientation of the SPs and the wave
field directionality‘are accounted for, focusing on the (sx, sy) plane, the BAZ of the January

15, 2023 seismic.event and its characteristic frequency range (40 to 50 Hz).

To account for the orientation of the FOC and the directionality of the wave field, we applied
the methodology proposed by Kennett (2022), which modulates the beam energy by a generic
response determined by the array geometry. Applied to the P-wave signal of the January 15

seismic event under study, the array response in the sx—sy plane is shown in Figure 11d.
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5 Discussion

5.1 Interpretation of the 3D-DAS array response

As illustrated in Figure 10 with the processing of the seismic events located outside the zone
of interest (see Section 4.5), discrepancies between the ray parameters estimated from the
3D-DAS array processing and their expected values increase with event distance and with
decreasing SNR. A lower SNR that would impair trace coherence and thus limit DAS
beamforming has already been outlined in the literature (van den Ende and Ampuero 2024;
Mufioz and Soto 2022; Lentas et al. 2023). To further investigate these differences as a
function of epicentral distance — and thus signal frequency —the distribution<0f the beam
energy in the 3D-DAS array response, as presented in Section 4.7 and Figure”11, should be
further analyzed.

The spatial arrangement of sensors determines the azimuthal sensitivity of the array. For the
DAS array surface loop, we observe a spherical mainylobe indicating a good azimuthal
resolution with limited orientation effects (Figure\d1a)and Figure 11c), remembering that the
FOC directionality is not accounted for in this,analysis. The resolution to smaller wavenumbers
is influenced by the aperture, with/the longest resolvable wavelength being roughly the same
as the aperture. The aperture-of.the surface loop is 32 m, resulting in a relatively broad main
lobe, as shown in Figuré 2da. This limits the array capacity to resolve apparent velocities in the
horizontal plane, which is even stronger for low frequency signals (Figure 11c). These
resolution limitations are mitigated for the January 15 event, with signals primarily visible
around 40 Hz. On the other hand, seismic signals from the extended catalog are more subject
to,attenuation effects due to the greater distance to the hypocenter. They are characterized
by lower-frequency content, with energy mostly concentrated around 20 Hz. In the vertical

plane (Figure 11b), the main lobe is considerably narrower because of the larger aperture of
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the vertical well, which results in a higher resolution in measuring vertical apparent velocities.
The higher sensitivity and resolution to incident wavefield and vertical apparent velocities
likely explain the smaller median difference in incidence, compared to the back azimuth (see
Figure 10).

Similarly, sensors spacing determines the smallest resolvable wavelength, which is reflected
in the location of the side lobes in the array response. In our setup, the spacing in the vertical
well is imposed by the acquisition parameters (10 m spatial sampling), whereas a shorter,
inter-channel spacing is achieved along the surface loop through the cable geometry and the
double-loop configuration. These short distances are an advantage of the DAS array,
improving its resolution for the shorter wavelengths targeted in this study.

When considering that the beam energy is modulated by a generic response determined by
the array geometry (Figure 11d), we observe that the array response. remains well-focused
with directional effects amplifying the side lobes, particularly.along the Northeast-Southwest
axis. In addition, Figure H2 (in Appendix H) illustrates the directional effects on the array
response shown in Figure 11c, assuming an.dncoming wavefield with an azimuth of N8O°E,
which is representative of the barycenter of the two seismic clusters located east of the
Buchenhain monitoring installation. The features observed in these array responses confirm
the sensitivity and resolution.characteristics inferred for the array of DAS SPs based on the
analysis of panels (a) and (¢).of Figure 11.

This analysis underlines  that the geometry of the 3D-DAS array provides a good azimuthal
response.due to the loop configuration and a valuable array response for P-waves from the
local monitoring zone. It also emphasizes the limitations of the DAS array in resolving the back-

azimuth of seismic events originating from outside the target monitoring area. In view of
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Figure 11, similar limitations would also apply to an array of sensors without the directional

sensitivity constraints associated with DAS SPs.

5.2 Potential for transferability and standardization in monitoring workflows

In future deployments, the design of the FOC surface loop should be motivated by the
monitoring objectives and the expected signal wavelengths. The latter guides the selection of
the GL and, in turn, the required minimum length of straight cable segments. The maximum
resolvable wavelength is approximately equal to the array aperture. Smaller waveleéngthsican
be analyzed with finer precision provided that the DAS channel spacing meets the spatial
Nyquist criterion. However, in practice, the geometry of such urban monitoring installation is
constrained by the available space, which limits the achievable surface aperture. Alternatively,
the surface array could be extended using existing near-surface telecommunication fibers,
though this would introduce additional challenges, particularly in quantifying and ensuring
adequate coupling between the fiber-optic cable.and the ground (e.g., Yang Li et al., 2023).
The minimum required well depth is contrelled’by the SP spacing and GL, as the proposed
conversion from SR to acceleration . requifes a sufficient number of spatially coherent yet
independent traces to contribute.to the coherence window (see Section 3.2). The concept of
a self-contained 3D-DAS array/could also be applied to repurpose abandoned oil and gas wells,
providing an environmentally responsible and technically valuable approach to extend the
lifetime of existing subsurface assets (Sidenko et al. 2022; Lellouch and Wetzler 2025).

As shown, by the results (Section 4), unconventional seismic instrumentation based on DAS
can support passive monitoring of local seismicity, even in complex urban environments. The
comparison of source parameters obtained from DAS and seismometers (Figure 6) showed

that converted DAS SR data provide reliable and homogeneous magnitude estimates. The
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large number of SP along the FOC enhances the statistical robustness of the determination of
the source parameters, however, from a single antenna. In contrast, the local seismometer
network provides fewer observations from different sites, but with site effects that may vary.
Moreover, the vertical alignment of the SPs in the well supports the analysis of highly
coherent, well-resolved wavefields (Figure 4), a feature that could also be exploited to
increase the sensitivity in detecting seismic events (Lellouch et al. 2019).

Beyond the source parameters extracted from in-well DAS recordings, beamforming on the
3D-DAS array for the January 15 event provided back-azimuth and incidence angle estimates
that agree with the hypocenter location independently computed from the conventional
seismometer network (Figure 7). Furthermore, as shown with the extended event catalog
(Figure 10), the DAS array can provide additional constraints that contribute to improved
hypocenter depth estimation. In contrast, the ray parameters computedfrom the single BUCH
3C-seismometer are inconsistent with those derived from_either the DAS array or the
seismometer network (Table 3). In particular, the differences observed in the incidence angles
may come from the measurement approaches:ia single-point evaluation at the surface
compared to a calculation integrating measurements over a 210-m vertical section. Shallow
velocity variations near the surfacé could’bend the seismic ray, resulting in an incidence angle
closer to vertical at the seismometer. Besides, DAS data processing assumes that a dominating
incident plane wave is reaching the vertical antenna.

From an instrumentation perspective, the 3D-DAS array can, to some extent, be compared to
a (mini-)array of geophones, with the advantage of a higher spatial density, albeit without the
thrée-component sensitivity of individual geophones. The dense sampling and continuous
coverage along the fiber allow for coherent array processing over extended distances. From a

cost perspective, the IU represents the primary investment, whereas fiber-optic cables
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themselves are much cheaper. This IU can yet be redeployed across sites or used to operate
multiple DAS arrays if suitable fiber connections exist. However, achieving a comparable
spatial resolution with conventional geophones involves significant investment in
instrumentation. Beyond the local seismic monitoring of geothermal developments in
southern Munich, such a 3D-DAS array would be also relevant for local monitoring of other
geo-energy infrastructures such as Mining, Underground Thermal Energy Storage (UTES) or
carbon capture and sequestration (CCS) projects.

On the long-term, the integration of comparable DAS installations into (inter-)national
monitoring infrastructures will require progress toward the standardization of data types,
(meta)data formats, transfer protocols, and processing methods likely mixing seismological,
seismics and array processing workflow. The presented conversion and event characterization
procedures contribute to standardization efforts, and the phase‘and.amplitude comparison
suggest that DAS and seismometer recordings could bé=merged for quantitative seismic
monitoring (see Section 4.5). This integration presents computational challenges too. The
conversion procedure from SR to accelerationds computationally intensive because it involves
maximizing coherence over slowness, time, and space, which currently limits its suitability for
near-real-time use (e.g., Azzola and Gaucher 2024). Also, the dataflow produced by the 3D-
DAS array of about 1.8 GB per_ hour corresponds to roughly 15.7 TB per year. If storing these
data volumes is feasible, streaming the full dataset over a mobile network is still not realistic.
However, an upgradeyin future implementations could be to stream selected DAS traces via
standard,_seismological protocols (Ba et al. 2025; Morten et al. 2025) to enable their

integration-into automatic seismic monitoring workflows.
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6 Conclusions

This study describes the implementation of an experimental seismic monitoring installation
equipped with a three-dimensional DAS array for monitoring seismic activity associated with
local deep geothermal fields, in the southern Munich region. By using DAS along a fiber-optic
cable deployed horizontally near the surface and vertically in a monitoring well, the setup
enables three-dimensional analysis of the incoming wavefields. The capabilities of the
processing workflow are demonstrated with a Mw=0.48 nearby seismic event. It is then
generalized to seismicity that was located up to 15-km away. The study highlights theéability
of the 3D-DAS array to resolve ray parameters, i.e. back azimuth, incidence angle’and.slowness
vector, thanks to a time-domain 3D beamforming algorithm. In addition/it is shown that the
vertical well section can advantageously be used to convert the DAS SR data to ground
acceleration using adaptive slowness estimation. This data-driven{conversion facilitates the
estimation of seismic source parameters using established processing methods, which
supports the integration of DAS into more standard seismic monitoring practices.

The comparison of the DAS-derived ray parameters, seismic moments, moment magnitudes,
and stress drops with those obtained by the local seismometer network confirms the
proposed methodology and the robustness of the DAS-derived results. As an additional
validation step, we compare.recordings from the collocated 3C broadband seismometer of
the local network with waveforms from both the near-surface and downhole fiber sections
using phase- and amplitude-based goodness-of-fit metrics. The results support the reliability
of the ground motion estimates obtained from DAS data and underline the potential of DAS
as'a complementary tool for estimating wavefield properties.

The analysis of the resolution and sensitivity of the 3D-DAS-array evidences the reduced

resolution and SNR of the DAS along the surface section, which limits the effectiveness of the
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seismic source parameter estimation for distant or low frequency events. This limitation arises
from the compact geometry of the surface loop, shorter than 100-m, which constrains
azimuthal resolution and reduces its sensitivity to low wavenumbers. However, any other
standard array of seismometers with a comparable layout would face similar constraints. The
array response analysis confirms that the spatial density and surface geometry of the DAS
array provides adequate resolution and directional coverage for seismic monitoring in a radius
of 4 km.

From another perspective, the geometry of the 3D-DAS array could be used in future research
to extract subsurface elastic properties from ambient seismic noise by correlating borehole
and surface recordings. If successful, this approach could extend the monitoring capabilities

of the 3D-DAS array to continuous monitoring of subsurface changes.

Data and resources

The DAS strain-rate (SR) dataset from the January 15; 2023 séismic event and a Python script
used for loading, visualizing, and processing the'DAS data, is publicly available at the following
DOI: 10.35097/j8zkf8fnbO0uh5g88. DAS_strain-rate recordings acquired during other time

periods are available from the corrésponding author upon request.
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Appendix

Appendix A: Additional pictures associated with the installation of the DAS 3D array

N
Figure Al: (a) FOC loops are routed th ,\e vault before the trench is closed. (b): Picture

of inside the vault, which con xcess cables, the splicing boxes, and the Trillium
Compact TC120 seismom ot visible). (c): Overview of the small parc where the 3D-DAS
array is installed, showin entrance to the vault and the electrical cabinet used to store

the devices. ?’
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Appendix B: Characterization of DAS sensing points

During installation of the FOC, the cable was geo-localized by a land surveyor. Length markers
were collected along its trajectory, providing an estimate of the offset to the interrogation
unit at each position along the cable.

To refine the spatial coordinates of the SP along the fiber, DAS data were recorded with a
spatial sampling of 1 m and a gauge length of 2 m while local perturbations are applied to the
cable. The experiment is illustrated in Figure B1, which shows DAS recordings as a function of
offset from the interrogator unit. The color map shows the spectral energy. It is computed.by
applying a FFT to the signal recorded at each offset, and then integrating between:10.and 40

Hz, the main frequency band of the signal.
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Figure B1: Evolution with time and offset along the cable of the spectral energy (color-scale)
of the DAS data acquired while applying controlled perturbations and tap-tests around the
surfaceloop.

The applied perturbations are used to identify reference positions along the fiber-optic cable.

Before 150 s (see Figure B1), excess cable sections in the vault are activated, followed by
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surface tap tests performed at the main corners of the surface loop. From this, we estimate
the offsets at which the cable enters and exits the vault (see Figure B2 for the February 15
event example). The position of any SPs along the cable trajectory determined from the land
survey is deduced using the known marker locations. When later using a coarser sampling and
a higher gauge length, these positions can be determined by interpolating along the
geosurveyed cable trajectory (Table B1 and B2). The traces from the surface loops and the
vertical well are identified, which is illustrated in Figure B2 using the traces recorded during

the 15 January seismic event.
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Figure B2: DAS strain-rate'traces as a function of offset along the cable for the January 15
seismic event and after 5-50 Hz bandpass filtering. The blue and red dashed lines indicate

the vault:entry:and exit points, delimiting the surface loops and the well section.
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Table B1: Spatial coordinates of each SP around the surface loops (WGS 84 UTM32

coordinate system, EPSG:32632), offset with respect to the start of the FOC loop (i.e. at the

exit of the vault) and recording azimuth.

Easting [m] | Northing [m] | Elevation [m] Offs::l\::;tzxt;::s[rr:‘e]ct to Recording azimuth
685469 5322569 611 2 N300°E
685460 5322571 611 8 N301°E
685457 5322562 611 12 N110°E
685459 5322552 611 18 N238°E
685466 5322545 611 22 N203°E
685476 5322546 611 28 N179°E
685486 5322549 611 32 N174°E
685486 5322558 611 38 N163°E
685480 5322564 611 42 N143°E
685474 5322565 611 48 N100°E
685466 5322570 611 52 N84°E
685458 5322567 611 58 N8O°E
685458 5322558 611 62 N78°E
685461 5322548 611 68 N53°E
685470 5322546 611 72 N12°E
685480 5322548 611 78 N328°E
685487 5322552 611 82 N324°E
685481 5322559 611 88 N330°E

Table B2: Spatial coordinates of each SP located in the vertical well (WGS 84 UTM32

coordinate system, EPSG:32632), depth with respect to ground level and recording azimuth

. . . Depth with respect to Recording
Easting [m] | Northing [m]\ | Elevation [m] ground level [m] direction
4461917 5321381 603 8 vertical
4461917 5321381 593 18 vertical
4461917 5321381 583 28 vertical
4461917 5321381 573 38 vertical
4461917 5321381 563 48 vertical
4461917 5321381 553 58 vertical
4461917 5321381 543 68 vertical
4461917 5321381 533 78 vertical
4461917 5321381 523 88 vertical
4461917 5321381 513 98 vertical
4461917 5321381 503 108 vertical
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4461917 5321381 493 118 vertical
4461917 5321381 483 128 vertical
4461917 5321381 473 138 vertical
4461917 5321381 463 148 vertical
4461917 5321381 453 158 vertical
4461917 5321381 443 168 vertical
4461917 5321381 433 178 vertical
4461917 5321381 423 188 vertical
4461917 5321381 413 198 vertical
4461917 5321381 403 208 vertical
4461917 5321381 393 218 vertical
4461917 5321381 373 238 vertical

Appendix C: DAS acquisition parameters

Table C1: DAS acquisition parameters

Parameter Value
Pulse Rate Frequency 10 kHz
Sampling rate 500 Hz
Gauge length 20m

Spatial sampling / inter-channel spacing.along FOC | 10 m

Temporal sampling 2.0 ms

Appendix D: Conversion from strain-rate to particle acceleration

Considering the propagation of’a non-dispersive plane wave at location # and time t with a
slowness-vector S, particle displacement 1 can be expressed as a function of l_f, its polarization
and f, the shape of the wave or d’Alembert’s solution to the wave equation.

UFEE) = Of (37 — ©) (A1)
Thenylinear strain-rate £, (7, t) in any direction x, defined by its azimuth ¢, is:

e ) =L Ly (o=

d 122 rid nyoo brie
i - U,s, f (sr - t) = UZ2s, f'GF— 1) (A2)
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Likewise, the x-component of particle acceleration a, (7, t) is:

- dz - nyo- .
a,(7,t) = Eux(r, t) = ULf"(57— 1) (A3)

Hence, the scaling relation between strain-rate and acceleration is given by Equation (A4):

& (Ft) = s, - a, (7 1), (A4)

Or expressed as in Equation (1): a, (t) = S"‘(t)/sx

Furthermore, with the x-direction being defined by an azimuth ¢, with respect to North, and
the plane wave propagating in the direction ¢ — 180°, with ¢ the back-azimuth, s, canbe
expressed as a function of the horizontal component of slowness sy,:

Sy = Sp - cos(¢p — ¢, —180°) (A5)
Moreover, a, (t) can be expressed as a function of ay (t) and ag(t) (Equation)A6), which in
the present setting correspond to the temporal derivatives of the time.series recorded by the
BUCH.HLE and BUCH.HLZ channels, measuring particle velocity:

ax(t) = ag(t) - cos(gy) + ay(t) - sin(py) (A6)
Substituting in Equation (A4) relates linear strain in‘the x-direction to these temporal

derivatives, using the ray parameters of the wavefield:

&x(t) = sp-cos(p — @p —180°) . Tag(t) - cos(py) + ay(t) - sin(gy)]
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Appendix E: Time—frequency representation of the seismic signals from the January 15 event

Trace KB.38.01.SR
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Figure E1: Time frequency representation of the signal using.a..Continuous Wavelet
Transformation (CWT) in the frequency domain, based on a Morlet'Wavelet and following
(Kristekova et al. 2006; Kristekova et al. 2009). The corresponding time-series is displayed
without (SR-raw) application of filter and after (SR-BP) applying a band-pass filter between
5 and 50 Hz. The bottom panel and the leftpanel'show the average power computed from

the spectrum over time and over frequency, respectively.



Appendix F: Analysis of background strain-rate amplitudes and frequency characteristics

Located in a residential neighborhood, the recordings of the DAS 3D array are subject to
anthropogenic noise, particularly when the park is frequented by residents. Figure Fla
summarizes the SR variation over nine following days starting a Saturday (Jan. 7, 2023).
Figure Fla shows the 95th percentile of the SR amplitudes recorded in consecutive 1-minute
intervals, after applying a 5 to 50 Hz band-pass filter.

Figure F1b shows the variation along the cable of the temporal average of the measurement
shown in panel (a). It shows that SPs located in the monitoring borehole collect less‘energy
from the background disturbances than surface SPs. The reduction in SRramplitudes in

borehole recordings can also be seen qualitatively during daytime on January 10, for example.
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Figure F1: (a): SR amplitude.recorded over the FOC during the week preceding the January
15 seismic event. The color scale shows the 95 percentile of all SR values recorded over 1-
minute-long windows. The time-series are plotted according to the offset along the surface
loop (top) and according to depth in the well section (bottom). (b): Spatial evolution along
the _optical fiber obtained after averaging the SR values presented in panel (a). (c):
Comparison of median Power Spectral Densities (PSD) computed over the nine days
displayed in panel (a). The spectrum of the vertical component of the BUCH seismometer

(channel HLZ, black curve) is compared to the spectra from the DAS SP at a depth of 10 m
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(blue) and 200 m (red) located in the vertical well. The dashed lines show the new high and
new low noise models (Peterson 1993). Additional details about the computation of the DAS

PSD are included in the main text.

Figure Flc shows median Power Spectral Densities (PSDs) computed with particle velocity
from the broadband seismometer and SR from in-well DAS SPs. Individual PSDs are computed
using 30 minutes long windows. The median PSD for the BUCH.HLZ channel lies between the
low- and high-noise models, consistent with natural background levels. Assuming that
background noise is predominantly composed of fundamental mode Rayleigh waves, the PSD
computed from DAS SR recordings is multiplied by the phase velocity of the Rayleigh waves,
obtained from the dispersion curve of fundamental mode Rayleigh waves.\The latest is
modeled with the disba Python library (Luu, 2020) using a 1D-velocity.model characteristic of
the study area. Figure Flc shows the signature of common-mode laser noise at low
frequencies and no significant signature of the first microseismic peak on the DAS recordings.
Between 10 and 100 Hz, we observe that the seismometer and the DAS capture significant
energy, attributed to anthropogenic sourcesvof noise. We note that median PSD values
computed with DAS and seismometer data should be compared quantitatively with caution,
as the conversion proposed above depends on the velocity model used to estimate dispersion
curves. Above 10 Hz, the approach is influenced by shallow structures where 1D models often
lack resolution. Comparing the PSD of the shallow (blue curve) and deep (red curve) DAS SPs,
we also observe a*maximum reduction of 5 dB at 8 Hz, suggesting also a reduction in the

energy.ofbackground signals in the well section.
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Appendix G: DAS strain-rate signals after applying a velocity-filter in the f-k domain
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Figure G1: DAS strain-rate in the vertical well after applying a band-er between 5

and 50 Hz and a narrow velocity-filter in the f-k domain, focus?@ n the P-wave front

between 1600 and 3500 m.s* and (b) on the S-wave fro n 500 and 1600 m.s™.
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Figure G2: (a): DAS strain-rate in the well section after applying a band-pass filter between
5 and 50 Hz. (b). in-well DAS strain-rate after applying, in addition to (a), a narrow velocity-
filter in the f-k domain between 1600 and 3500 m.s! (focus on the P-wave front) and
weighting each time-depth data point by coherence, measured at each trace by a slant-stack

approach.

Appendix H: Additional array responses

200
150
100

50

ky [km™!]
o

Relative Power [dB]

r—10

=12

-150
I—14
-200 -150 =100 =50 0 50 100 150 200
kx [km~!]

Figure H1: Relative power of the-array response normalized with its maximum as a function

of wavenumber difference.

920z Iudy 0z uo Jasn Oy sbniq Jeoued Wz Aq 80.1598/0% 1L 6eb6/16/c601°01/10p/a[01e-80uUBApE/I[B/W0o dnoolwsepeoe//:sdpy wol pspeojumoq



[15-25] Hz

1.00 0
0.75 ' -2
0.50 g
— 0.25- B 3
€ %
kv z
% 0.00 3
— -8 o
> 2
m -
—0.25 - e
-10 &
—0.50 A
-12
—0.75 -
-14

.00 . _ _ ' : 4
—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
Sx [s/km]

Figure H2: Relative power of the array response (in dB), normalized to its maximum; as a
function of slowness differences within 15 and 25 Hz. The array response focuses'on the (sx,
sy) plane, with sz = 0. The orientation of the SPs and the wave field-directionality are

accounted for, considering a BAZ of N80°E.
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