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Abstract Despite the fact that earthquake occurrence can be strongly influenced by the architecture of
pre-existing faults, it remains challenging to obtain information about the detailed subsurface geometries of
active fault systems. Current geophysical methods for studying such systems often fail to resolve geometrical
complexities at sufficiently high spatial resolutions. In this work, we present a novel method for imaging the
detailed 3D architectures of seismically active faults based on high-precision hypocenter catalogs, using nearest
neighbor learning and principal component analysis. The proposed approach enables to assess variations in
fault instabilities and kinematics. We apply the method to the relatively relocated St. Léonard (max. M, = 3.2)
and Anzére (max. M, = 3.3) microearthquake sequences in the Southwestern Swiss Alps, revealing strike-
slip fault systems with interconnecting stepovers at depths of 3—7 km and lengths ranging from 0.5 to 2 km.
In combination with additional information about fault instabilities and kinematics, we observe significantly
reduced earthquake migration velocities and fault locking processes within the stepovers. Understanding such
processes and their role in the propagation of strain across stepovers is of great relevance, as these structures
can potentially limit earthquake ruptures but also represent possible locations for the nucleation of larger
ruptures. Our proposed method is expected to be broadly useful for further applications such as monitoring
hydraulic fracture stimulations or geothermal exploration of natural, fluid-bearing faults. Conducting similar
high-resolution spatiotemporal analyses of microseismic sequences has the potential to greatly enhance our
comprehension of how the 3D fault architecture impacts seismogenic fault reactivation.

Plain Language Summary Earthquakes commonly occur on planar geological structures,

called faults. Profound knowledge of the presence and geometries of earthquake-generating faults is crucial
to understand the regional earthquake hazards. Especially for regions with distributed and rather small
earthquakes, it is however challenging to detect such faults, because of the fact that these faults often do not
reach the surface. Here, we present a new method that uses the locations of small earthquakes to resolve

the geometries of earthquake-generating faults at depth. This is only possible due to the recent advances in
earthquake location methods, which can reduce the uncertainties of the locations from the kilometers down to
some tens of meters for precise measurements. With our method, we image the complex geometries of two fault
systems in the Southwestern Swiss Alps at high resolution. The knowledge obtained by applying our method
cannot only help to detect previously unknown, potentially hazardous earthquake-generating faults but might
also improve our understanding of earthquake processes in general.

1. Introduction

Earthquakes typically occur along pre-existing tectonic structures, such as plate boundaries or intraplate fault
zones. These fault zones often have complex architectures, consisting of multiple interconnected, non-planar,
and localized high-strain zones. The high-strain zones are embedded in numerous secondary small-scale faults
and fractures that form the surrounding damage zone (e.g., Faulkner et al., 2010; Perrin et al., 2016; Wibberley
et al., 2008). The geometrical complexities and segmentation of such fault zones significantly influence the
local stress field, directly affecting nucleation, propagation, termination, and source mechanisms of earthquakes
(Barka & Kadinsky-Cade, 1988; Kaven & Pollard, 2013; Kinoshita et al., 2019; Lay & Kanamori, 1981; Legrand
et al., 2020; Manighetti et al., 2007, 2009; Romanet et al., 2018; Segall & Pollard, 1980). In many studies, seis-
mogenic faults are, however, approximated as simplified planar structures, mostly due to the limited knowledge
of the detailed fault geometries in the subsurface. Hence, a significant challenge is to identify and distinguish the
complex fault architectures of seismically active faults at depth.
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The detection of seismically active faults with geophysical methods is demanding, especially in regions charac-
terized by low strain rates, spatially distributed seismicity, and diffuse fault patterns. Active geophysical meth-
ods, such as reflection seismics, are limited by (a) the difficulty of detecting subvertical faults, (b) the absence
of reflectors in crystalline basement rocks, and (c) the lack of direct information on whether or not a fault is
active (e.g., Hajnal et al., 1996; Lynn & Deregowski, 1981). Thus, there is a need for methods to resolve active
faults in such regions. Since successive earthquakes often nucleate along the same fault systems, the align-
ment of hypocenters might be used to reconstruct the geometries of active faults (e.g., Ouillon et al., 2008). We
here introduce the term “hypocenter-based 3D imaging of active faults,” which refers to the imaging of active
faults using earthquake hypocenter locations. The large uncertainties in hypocenter locations, particularly in
focal depth, have, however, limited this approach in the past. Recent advances in absolute (e.g., Diehl, Kissling,
etal., 2021; Husen et al., 2003; Lomax et al., 2000, 2014; Lomax & Savvaidis, 2022; Theunissen et al., 2018) and
relative earthquake relocation techniques (e.g., Console & Di Giovambattista, 1987; Hauksson & Shearer, 2005;
Trugman & Shearer, 2017; Waldhauser & Ellsworth, 2000), as well as enhanced earthquake detection methods
(e.g., Chamberlain et al., 2017; Gibbons & Ringdal, 2006; Herrmann et al., 2019; Ross et al., 2017; Schaff &
Waldhauser, 2010; Shelly et al., 2006; Simon et al., 2021) significantly improved the hypocenter catalogs in
the last years. In ideal cases (dense monitoring network, high sampling rates, impulsive onsets, high waveform
similarities, etc.), relative location uncertainties on the order of ten to hundred meters can be achieved (e.g.,
Deichmann & Giardini, 2009; Simon et al., 2021; Trugman & Shearer, 2017; Valoroso et al., 2013; Waldhauser &
Ellsworth, 2000). This increase in quality and quantity of earthquake catalogs opens new possibilities in imaging
active faults based on hypocenter locations as described, for example, by Ross et al. (2019).

Previous approaches to derive geometries of active faults from hypocenter locations were mainly based on clus-
tering algorithms such as single link (Frohlich & Davis, 1990), Gaussian mixture (Meyer et al., 2019; Ouillon
& Sornette, 2011), k-means (Ouillon et al., 2008; Wang et al., 2013), DBSCAN (Brunsvik et al., 2021; Skoumal
et al., 2019), agglomerative clustering (Kamer et al., 2020), RANSAC (Kaven & Pollard, 2013; Skoumal
et al., 2019) or waveform similarity measures (Deichmann et al., 2014; Petersen et al., 2021). Spatial clustering
allocates each hypocenter to a certain seismogenic fault system according to the defined clustering parameters,
which often requires critical assumptions such as the expected number of faults (Ouillon et al., 2008; Wang
et al., 2013) or splitting and merging criteria (Kamer et al., 2020; Meyer et al., 2019; Ouillon & Sornette, 2011).
The associated geometrical fitting of the seismogenic fault networks is often oversimplified by the assumption
of rectangular planes (Meyer et al., 2019; Ouillon et al., 2008; Ouillon & Sornette, 2011; Petersen et al., 2021;
Wang et al., 2013). Both Kaven & Pollard (2013) and Brunsvik et al. (2021) went beyond the use of simple
planar structures and modeled the fault systems by fitting curved surfaces. Kamer et al. (2020) used a different
approach to overcome this problem by representing the fault geometries as 3D kernels. Moreover, many existing
fitting methods do not incorporate additional constraints such as location errors (Deichmann et al., 2014; Ouillon
& Sornette, 2011; Petersen et al., 2021), earthquake magnitudes (Brunsvik et al., 2021; Kaven & Pollard, 2013;
Ouillon et al., 2008) or focal mechanisms (Kamer et al., 2020; Kaven & Pollard, 2013). Especially the latter is
critical, since independent constraints from the focal mechanisms facilitate the discrimination of the main fault
with consistent slip modes from the surrounding damage zones or interconnecting fault structures.

In this study, we make use of high-precision microearthquake catalogs derived from relative double-difference
hypocenter relocations. The 3D geometries of active fault networks as well as their likelihood for reactivation and
kinematics at depth are derived from these high-precision catalogs. We hereby also consider respective relative
location uncertainties and constraints from high-quality focal mechanisms. To image active fault networks in
3D, we implemented a Monte Carlo based algorithm in Python that uses nearest-neighbor learning and principal
component analysis (PCA). After the description of the methodology and its benchmarking with a synthetic data
set, we apply the method to two relatively relocated microearthquake sequences, which occurred in the South-
western Swiss Alps between 2014 and 2021.

2. Methods
2.1. Double-Difference Relative Relocation and Focal Mechanisms

The significance of fault geometries reconstructed from earthquake locations crucially depends on the preci-
sion of the used hypocenters solutions. To derive such high-precision locations, we applied the well-established
hypoDD double-difference (DD) relative relocation approach of Waldhauser & Ellsworth (2000). This approach
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combines delay times measured from manual phase picks and cross-correlation (CC) of similar waveforms, thus
also weighting the waveform similarities of the events (Waldhauser & Ellsworth, 2000). The initial locations for
the DD procedure in this study are taken from the improved absolute locations of Diehl, Kissling, et al. (2021),
derived from a probabilistic relocation in combination with new 3D P and S wave velocity models. As documented
by Diehl, Kissling et al. (2021) and Lee et al. (2023), these locations achieve sub-kilometer accuracy in terms of
absolute locations for well-constrained hypocenters. The 1D P and S wave velocity models used for the DD relo-
cation correspond to the regional 1D models of Diehl, Kissling et al. (2021). As demonstrated by Diehl, Kissling
et al. (2021), this combination of 3D regional velocity models for absolute location and 1D regional models for
subsequent DD relocation leads to relative hypocenters (as well as cluster centroids) almost identical to the ones
obtained with local 1D velocity models. The computation of CC-based delay times and associated quality control
follows the procedure described in Diehl et al. (2017). The original recording sampling rate of the seismograms
varies between 120 and 250 Hz. Prior to the cross-correlation, seismograms are resampled with a sample interval
of 1 ms and band passed in the frequency range of 1-20 Hz using a second-order filter. The cross-correlation is
performed in the time domain, using a moving-window approach with a sample interval of 1 ms. P phases are
cross-correlated on vertical (Z) components, S phases on rotated transverse (7) components. We used the damped
least-square inversion solver of hypoDD for several sets of inversions. Following the procedure proposed by
Waldhauser & Ellsworth (2000), we incrementally increase the weight of the CC data from one set of inversions
to the next, while incrementally decreasing the weight of the manual picked data. At the same time, we succes-
sively reduce the maximum inter-event distance and residual thresholds of both data types. The complete sets of
used hypoDD parameters are provided as control files in the data repository (Truttmann et al., 2023a). Formal
relative relocation errors in x, y, and z directions are estimated with a statistical resampling approach following
the procedure proposed by Waldhauser & Ellsworth (2000), which results in error values corresponding to three
standard deviations (3¢). Our resampling approach is described in detail in Text S1 in Supporting Information S1.
The DD procedure was applied to relocate two earthquake sequences in the Southwestern Swiss Alps, one of the
seismically most active regions in the Alps. In these sequences, we only considered events that were detected by
standard STA/LTA trigger methods as implemented in the monitoring system of the Swiss Seismological Service
(SED). These standard detection methods achieve a magnitude of completeness (M) of about 0.8 or smaller
in this region (e.g., Diehl, Clinton, et al., 2021; Lee et al., 2023). Even smaller events detected with additional
methods below the standard M, as described, for example, by Simon et al. (2021), are not included in this study.

In addition, we use high-quality first-motion focal mechanisms associated with the two earthquake sequences.
All mechanisms were derived with the method described, for example, by Diehl, Clinton, et al. (2021). This
method uses manually determined P wave polarities and calculates the corresponding take-off angles from 3D
P wave models using the NonLinLoc algorithm (Lomax et al., 2000, 2014). The first-motion mechanism is
then determined with the HASH algorithm (Hardebeck & Shearer, 2002). Only solutions with a unique type of
mechanism, defined by the maximum angular difference (cut-off angle parameter of 30°), are considered. For
each mechanism, HASH computes the preferred solution (black fault planes in Figures S1 and S2 in Supporting
Information S1) from the average of possible solutions (set of gray fault planes in Figures S1 and S2 in Support-
ing Information S1). The possible solutions are calculated using a grid spacing of 2° and also consider potential
errors in the first-motion polarities as described by Hardebeck & Shearer (2002).

2.2. Hypocenter-Based Imaging of Active Faults

In the following sections, we present the methodology of the developed approach that performs the automated
hypocenter-based imaging of active faults, resolving geometries, fault instabilities, and kinematics using the
previously described catalogs of relative locations and focal mechanisms. The processing steps are summarized
in Figure 1.

2.2.1. Fault Network Reconstruction

In a first step, the relocated hypocenters are imported (Figure 1a). Each hypocenter is then randomly shifted
within its relocation errors using a normal distribution for a user-defined number of Monte Carlo iterations 7y,
(Figure 1b). This step results in a Monte Carlo data set with a point cloud around each initial hypocenter, with the
highest density at the initial hypocenter and decreasing densities toward the edges of the error ellipsoid. Note that
the choice of n depends on the magnitude of the relative relocation errors and should be chosen large enough
so that the hypocenter locations represent a normal distribution. This choice can be assessed by investigating the
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Figure 1. Flowchart that schematically illustrates the five main modules presented in the methods section. The red arrows mark different user-defined input parameters.
The visualization module creates interactive 3D fault-network models using Plotly (Plotly Technologies, 2015).

distribution of the hypocenter locations for different values of ny, (Figure S3 in Supporting Information S1). The
Monte Carlo data set is used to calculate a set of fault-plane orientations for each earthquake with the following
steps: (a) A subset of hypocenters with one randomly sampled point for each initial hypocenter is selected from
the Monte Carlo data set (Figure 1c¢). (b) For the defined center event, the nearest neighbors of this subset within
the user-defined search radius (ry,) and search time (dty,) are extracted with the nearest-neighbor learning tool
from scikit-learn (Pedregosa et al., 2011) (Figure 1d). (¢) If more than five neighboring events are found, a
best-fit plane orientation is calculated using PCA on the spatial covariance matrix of the extracted neighbors
(Shakarji, 1998) (Figure le). Solving this eigenvalue problem yields the three eigenvectors, which correspond
to the directional cosine vectors. The eigenvector belonging to the smallest eigenvalue 4, represents the plane's
normal, whereas the perpendicular directions of 4, and 4, lie within the plane. (d) The eigenvalues 4, and 1, are
used in a next step to assess the plane-fit robustness following the suggestions of Jones et al. (2016) (Figure 1f).
To ensure that the nearest neighbors are not simply collinear but form a plane, fits with 4, smaller than the squared
mean relocation error are rejected. To ensure planarity, only fits with A, more than five times larger than 4, are
accepted. Planes not fulfilling these criteria are not considered for further analysis and are rejected. (e) These
plane-fit calculations are then repeated for each hypocenter and for all n,,.. iterations. The Monte Carlo simula-
tions therefore result in a multitude of fault orientations for each hypocenter.

Directional statistics are then used to evaluate the variability of these orientations for each hypocenter (Figure 1g).
Only events for which more than 80% of the n,, simulations resulted in a robust plane fit are considered for further
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analysis. Under the assumption of an underlying Bingham distribution, the five-parameter Fisher-Bingham distri-
bution (FB,) from Kent (1982) can be used to fit the data (Borradaile, 2003; Mardia & Jupp, 2000). For this
step, the implementation of the FB; distribution from Yuan (2021) yields the mean fault-plane orientation. The
dimensionless concentration parameter x from the FB, distribution is defined here as an orientation reliability
parameter, where large x values indicate more concentrated distributions and thus more reliable orientations.

The fact that the ruptured fault area scales with the released energy during an earthquake allows for first-order
approximation of the rupture area from empirical scaling relationships based on the measured magnitude (e.g.,
Leonard, 2010, 2014; Wells & Coppersmith, 1994) (Figure 1h). The local magnitude M, has first to be translated
to the moment magnitude M,,. We use the empirical scaling laws of Goertz-Allmann et al. (2011), which are
based on earthquakes in Switzerland. The rupture area A, is then approximated with the empirical scaling law
from Leonard (2014):

My =a+bxlog(Ar) (1

Values proposed for strike-slip earthquakes in stable continental regions of @ = 4.18 and b = 1 are used in this
study. Assuming a circular rupture plane, A,. can be translated into the rupture radius r,.. In conclusion, we obtain
a fault-plane orientation and a rupture area for each earthquake.

2.2.2. Model Validation

As proposed by Wang et al. (2013), we assess the validity of the 3D fault-network model by comparing the
calculated fault-plane orientations with the two nodal planes of the focal mechanism of the respective earthquake
event. Since the focal mechanisms used in this study are based on first-motion polarities of the P wave, they
provide an independent constraint on the orientation of the active plane. The focal mechanisms are loaded from
a separate catalog and associated with the corresponding hypocenters by matching the origin time, hypocenter
location, and magnitude. Subsequently, the angular differences & between the fault-plane orientation and the two
nodal planes of the focal mechanism are calculated. The nodal plane with the smaller angular difference &
is defined as the preferred solution. The angular difference ¢

i, describes the misfit in orientation between the
calculated fault plane and the preferred nodal plane of the focal mechanism in degrees (Figure 1i). Assuming that

the focal mechanisms are well constrained, smaller values of ¢_. indicate higher reliability of the modeled fault

min

network. As described in more detail in Section 4.2, the model validation module can be used to determine the
optimal values of the input parameters ryy and dfyy.

2.2.3. Automatic Classification

To facilitate the structural interpretation of the derived fault model, we include a classification scheme that
groups the earthquakes based on their fault orientations (Figure 1j). For this classification, the normal vectors of
each fault plane are clustered on the unit sphere, using a soft-assigned mixture of von Mises-Fisher distributions

(Banerjee et al., 2005). The number of expected clusters n_, . must be defined by the user. However, this choice

clust
does not affect the overall fault network imaging procedure. Since the poles of subvertical planes lie on the edge
of the stereonet, spherical clustering might lead to erroneous results for such data sets because vertical faults with
opposite dip directions appear to be disconnected. Therefore, the poles of subvertical fault systems have to be
rotated toward the center of the stereonet before applying the spherical clustering. The automatic classification

scheme results in different classes of faults, based on their distinctive orientations.
2.2.4. Fault Stress Analysis

The method further provides the option to estimate the likelihood for slip and the expected kinematics of each
earthquake under the assumption of a uniform stress field in the vicinity of the imaged fault structure. The
stresses on a fault depend solely on the applied effective principal stress and the respective fault orientation (e.g.,
Bott, 1959; Jaeger & Cook, 1979). We implement the tensor method described by Stein & Wysession (2003) to
calculate the effective normal (o,) and shear tractions (7). The ratio between the effective normal and shear trac-
tions defines whether a fault is prone to slip or not. Similar to the slip tendency defined by Morris et al. (1996),
the fault instability parameter / can be used to assess the likelihood of a cohesionless fault to slip reactivation,
yielding values between 0 (most stable) and 1 (most unstable) (Vavrycuk et al., 2013). It is defined as:

T /4(6,, - 0'[)

7. — p(oe. — o1)

I= )
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where 7, and o, are the shear and effective normal traction on a hypothetical, optimally oriented fault in a given
stress field, and o, respectively 7 represent the effective normal and shear tractions on the fault plane of interest.
Since Equation 2 is independent of absolute stress magnitudes, the scaling of the reduced stress tensor to o, = 1,
0, = 1-2R and ¢, = —1 allows the calculation of I only from the orientation of the principal stress axes, the shape
ratio R and the coefficient of friction x4 (Vavrycuk (2014)):

T_/"(an_ 1)

PN ©

In this study, we assume a coefficient of friction of u = 0.75 (Byerlee, 1978; Sibson, 1983). Additionally, the direc-

I =

tion of the expected fault slip represented by the rake 4, can be calculated (Aki & Richards, 1980; Allmendinger
et al., 2012). A depicts the in-plane angle of the shear traction with respect to the strike direction. The sign
convention of Aki and Richards (1980) is used here, where negative values indicate components of normal slip
and positive values denote components of reverse slip (Figure 1k). With the fault stress analysis module, both
fault instabilities and kinematics can be estimated for each earthquake event.

3. Benchmarking With Synthetic Data

In order to assess the accuracy of the presented approach, we performed a test with a synthetic data set. For this data
set, five rectangular planes were generated with the software Move™ (Petex v2019.1). Along these planes, a total
of 605 points that represent synthetic hypocenter locations were sampled on a regular 100 m grid. To include the
location uncertainties, the points were shifted randomly between 0—10 m horizontally and 0—-100 m vertically. These
values are in the range of formal relative errors estimated for local-scale, high-precision double-difference relocations
with dense networks (e.g., Diehl et al., 2017; Simon et al., 2021), similar to the earthquake catalogs used in our study.
Such formal relative errors can be theoretically achieved with differential-time measurements resolved at scales of a
few miliseconds, which is possible by waveform CC, using seismograms resampled with a sample interval of 1 ms
(e.g., Poupinet et al., 1984). A random M, magnitude between zero and three was assigned to each hypocenter. In
addition, 60 random events were inserted to reflect a background noise level of 10%. The synthetic hypocenter data
set shown in Figure 2a was then analyzed with the fault network and automatic classification modules using parame-

ters 1y, = 1000, ry = 400 m, an infinite search time dfy,, and an expected number of clusters of n = 5.

The resulting 3D fault network is shown in Figure 2b, where each earthquake is represented by a fault orientation
stemming from the PCA and the respective circular fault size determined by the magnitude-area scaling. The
orientation reliabilities k are expressed by the opacity of the fault planes. The colors reflect the association to
the different faults according to the automatic classification, and the corresponding results show that all 5 initial
fault planes were successfully identified (Figures 2b and 2c). For the isolated fault A, the orientation reliability
« is higher in the center of the fault and decreases toward the edge. For the more complex fault geometries B to
E, k reveals several limitations of the method. Lower x values are observed at the bends between faults C and D,
respectively C and E (Figure 2b), which can be attributed to the non-planar arrangement of the hypocenters. x is
also reduced near the intersection of faults B and E, while for the intersecting part itself no fault planes could be
calculated at all (Figure 2b). In the stereographic projection in Figure 2c, clear single-pole maxima are obtained
in the case of the isolated fault plane (A) or intersecting fault planes with different dip directions and dip angles
(B, E). For faults with similar dip angles and only variable dip directions (B, C, D), poles are smeared and cannot
be reliably distinguished. These findings suggest that more complex natural fault structures, such as horsetails or
duplexes, might not be well resolved with our approach. In general, a sufficient number of earthquakes along a
fault and high-precision locations of the hypocenters are required to reliably image such second-order fault struc-
tures. Nevertheless, the benchmarking test with the synthetic data set demonstrates that our method is capable
of imaging the overall fault-network geometry from high-quality hypocenter relocations. For natural earthquake
sequences, the validation module should be used to assess the reliability of the reconstructed fault-network geom-
etry by comparing the obtained fault orientations with the independent focal mechanisms (see Section 4.2).

4. Application to Natural Microearthquake Sequences

4.1. Geological Setting and Recent Seismicity

To demonstrate the effectiveness of the proposed approach for natural microearthquake sequences, we applied
the algorithm to two sequences in the Southwestern Swiss Alps. The earthquakes in this area occur mainly
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Figure 2. Results of the benchmarking with the synthetic data set. (a) Input model with randomized synthetic hypocenters and associated location errors that were
sampled along five fault planes with 10% background noise. (b) 3D fault-network model recovered with the proposed method. The colors refer to five automatically
detected and classified fault systems (colored). Each earthquake is represented by a circular fault rupture plane, where the opacity of the color reflects the orientation
reliability. Gray points are events without a calculated fault plane. (c) Stereographic comparison of input and calculated fault-plane orientations (poles to planes, lower
hemisphere, fault orientations: dip direction/dip angle in degrees).
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Tectonic map after Swisstopo (2005).

in a NE-SW-directed, elongated cluster ranging from 0 to 8 km depth (e.g., Diehl, Kissling, et al., 2021; Lee
et al., 2023; Figure 3a). This cluster lies in the Rawil depression, a saddle-like structure formed by the crystalline
basement units (Burkhard, 1988; Cardello et al., 2016; Cardello & Mancktelow, 2015; Dietrich, 1989; Dietrich
& Casey, 1989; Ramsay, 1981, 1989), which are dissected by steeply dipping and approximately NE-SW striking
shear zones (e.g., Baumberger et al., 2022; Egli et al., 2017; Egli & Mancktelow, 2013; Herwegh et al., 2020).
These units are exposed as the Aar massif in the NE and the Aiguilles Rouges and Mont Blanc massifs in the
SW and are overlain by the folded limestone units of the Helvetic nappes in the Rawil depression. The suggested
depth of the basement-cover contact below this depression is about 3—6 km (Burkhard, 1988; Levato et al., 1994;
Pfiffner et al., 1997; Steck et al., 1997). A seismically active, regional-scale fault, called the Rawil Fault Zone
(RFZ), is proposed below the Rawil depression (Burkhard, 1988; Cardello & Mancktelow, 2015; Lee et al., 2023;
Maurer et al., 1997). To the South, the Rawil depression is bounded by the rather conceptual Rhone-Simplon
Fault System (RSF) (e.g., Campani et al., 2010, 2014; Egli & Mancktelow, 2013; Mancktelow, 1985). Both
of these regional fault systems have been attributed to the occurrence of earthquakes in the past (e.g., Diehl
et al., 2018; Diehl, Clinton, et al., 2021; Lee et al., 2023).

In this study, we analyze two microearthquake sequences that occurred within, respectively close to the main seis-
mic cluster and were recorded by a dense network of seismological stations (approximate interstation-distance
<10 km; Diehl, Kissling, et al., 2021). Within 25 km distance, about 16-26 stations recorded P and S phases of
these sequences. Figure 3b shows a map view of the relatively relocated St. Léonard sequence, which has already
been partly analyzed by Diehl et al. (2018). The recompiled and updated sequence consists of 314 earthquakes
that occurred at depths of about 7 + 1 km (e.g., Lee et al., 2023) and includes events from January 2014 to May
2021. After a swarm-like occurrence of events between 2015 and 2018, three distinctive peaks of activity can be
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Figure 4. Temporal evolution of the earthquake sequences analyzed in this study. (a) Histogram of the monthly events and (b) M, magnitudes of the St. Léonard
sequence. (c) Histogram of the weekly events and (d) M, magnitudes of the Anzére sequence. The gray areas mark the time period analyzed in Figure 7.

recognized in fall 2019 and 2020, as well as in spring 2021 (Figure 4a). The largest observed magnitude of the
St. Léonard sequence corresponds to M; = 3.2, whereas no isolated mainshock can be identified (Figure 4b). Six
focal mechanisms from Diehl et al. (2018) and Diehl, Clinton, et al. (2021), as well as five additionally derived
focal mechanisms are used for the St. Léonard case (see Figure S1 in Supporting Information S1 for details). As
described in Section 2.1, we only considered uniquely constrained types of mechanisms (defined by a maximum
angular difference of 30°), and the uncertainties, represented by the spread of possible solutions (gray lines in
Figure S1 in Supporting Information S1), indicate that most of the mechanisms are well constrained. The Anzere
sequence is shown in Figure 3c and preliminary results were reported in Diehl et al. (2021a). It consists of 420
relocated earthquakes recorded between January 2019 and March 2021. In contrast to the St. Léonard case, the
Anzere sequence shows characteristics of a mainshock-aftershock sequence with an Omori-type aftershock decay
(Figure 4c). Two M, = 3.3 mainshocks were recorded on 5 November 2019, with the main activity within about
20 days thereafter at depths between 3 and 5 km (Figure 4d). In total, 17 reliable focal mechanisms have been
considered for the analysis of the Anzere sequence (see Figure S2 in Supporting Information S1 for details).
Using the same quality criteria as for the St. Léonard case, we consider the majority of these 17 mechanisms as
well constrained and of high quality.

4.2. The St. Léonard Sequence

In order to image the seismically active fault systems, the 314 microearthquakes of the St. Léonard sequence
were first relocated following the double-difference procedure outlined in Section 2.1. The initial number of
quality-checked CC differential times used in the hypoDD inversion is high (190,030 differential times for P and
223,626 for S) and the final root-mean-square (RMS) residual of the CC data is 3 ms. A test with a subset of 107
events shows that the 3¢ relative relocation errors derived from our resampling approach are several times larger
than the formal uncertainties derived by the Singular Value Decomposition (SVD) solver of hypoDD (see Text
S1 and Table S1 in Supporting Information S1 for details). The resampling approach yielded mean values for the
30 relative relocation errors of +15, +£21, and +105 m in the x, y, and z directions for the complete set of events
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Figure 5. Cumulative frequency plots of ¢,
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to calibrate the input parameters ry and dty. (a) Sensitivity analysis for the St. Léonard sequence. (b) Sensitivity

min

analysis for the Anzere sequence. The model validation module was used to compare the calculated fault-plane orientation with the independently derived focal planes
in order to determine optimal values for these parameters. ry is given in meters before the slash, dry in hours after the slash.

(Figure S4 and Table S2 in Supporting Information S1). Considering the presumable fault length of microearth-
quakes on the order of ten to hundred meters (e.g., Bohnhoff et al., 2009), our 3¢ relative errors derived from the
resampling approach appear realistic (especially in comparison with the unrealistically small formal SVD errors)
and in line with values reported in other studies (e.g., Bouchaala et al., 2013; Deichmann & Giardini, 2009;
Simon et al., 2021; Trugman & Shearer, 2017; Valoroso et al., 2013; Waldhauser & Ellsworth, 2000). These rela-
tive uncertainties, however, represent formal errors, which do not consider effects related to possible small-scale,
source-sided velocity variations (e.g., Diehl et al., 2017) as well as systematic errors of the 1D velocity model,
possibly affecting the relative scaling of the cluster.

For formal relative errors on the order of few tens of meters, we found n,,. = 1000 to be sufficient to represent
normally distributed Monte Carlo hypocenter datasets (Figure S3 in Supporting Information S1). To find the opti-
mal values for the input parameters ry and dfy, as well as to ensure the validity of the recovered 3D fault network,
the validation module as described in Section 2.2.2 was used to conduct a sensitivity analysis for the two parame-
ters. For this, the cumulative frequency distributions of ¢, were plotted to analyze the influence of different ryy
and dt, on the model fit (Figure 5a). A perfect model would result in a full agreement between the fault-plane
orientations derived by the algorithm and the independent focal mechanisms, which means that all values of ¢,
would be zero and the curve would be vertical and equal to the y-axis. Following this concept, different combi-
nations of ry and dt, were iteratively tested with resulting optimal values of r = 100 m and df,, = 26298 hr
(3 years) (Figure 5a). Using these parameters, a fault plane could be derived for ~75% of the events. Since the
number of derived focal mechanisms is too small for a robust stress inversion (e.g., Martinez-Garzén et al., 2016),
we used the well-accepted regional stress field of the Southwestern Swiss Alps derived by Kastrup et al. (2004).
This stress field has principal stress axes of ¢, = 301/23 (trend/plunge in degrees), respectively o, = 043/26, and
a shape ratio of R = (¢,-0,)/(6,~05) = 0.35 (Gephart & Forsyth, 1984), indicative for a transtensional regime. The
regional stress field orientations are consistent with the principal stress axes suggested by the focal mechanisms.

A value of n_ . = 2 was used for the automatic classification of the fault planes.

clust

The resulting model reveals a system of two parallel, ESE-WNW striking main faults with a mean orientation
of 192/89 (dip direction/dip angle in degrees). Both main faults have individual lengths of about 500 m, are
laterally separated by ca. 200 m and have an overlap of 600-700 m (Figures 6a and 6b). The two vertical main
faults are connected by an ENE-WSW striking fault (mean orientation 359/84, Figure 6¢) that shows intersections
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with both main faults A and B (Figure 6a). Inferring from this, we interpret this structure as a stepover fault.
The vertical and along-strike extent of the entire active part of the fault system is approximately 1 km. A few
hypocenters locate about 400 m north of the main fault structure, which might suggest the existence of a third
ESE-WNW striking fault (Figure 6b). The orientation reliability, as indicated by the x value, is high in the
center of main fault A, while significantly lower at the bottom of the structure and within the stepover. This is

consistent with the angular differences ¢_. , which indicate high values (and therefore higher uncertainties) at the

min’
bottom of main fault A (Figure S5a in Supporting Information S1). The relatively higher fault instability values
between 0.8 and 1 for the main faults indicates that they are optimally oriented in the present-day stress field of
the region, while the stepover has instability values between 0.5 and 0.8 and is thus less prone to reactivation
(Figure 6d). The slip vectors shown in Figure 6e show the predicted kinematics for each event, which is mainly
dextral strike-slip. Nonetheless, one focal mechanism within the stepover displays oblique thrusting, indicating a
compressive regime. In summary, the hypocenter-based fault imaging approach discloses a system of optimally

oriented, overlapping dextral strike-slip faults with a left-stepping contractional stepover.

In order to study the 3D spatiotemporal evolution, the events within the defined time window shown in Figure 4a
were grouped into five time intervals from 7 to #,. A time interval was defined as a series of events that are both close
in space and time, and separated to other time intervals by a period of reduced seismic activity. The first event of each
interval is defined as the nucleation event. The spatiotemporal analysis was conducted in both 3D (Figure 7a) and in
an along-strike profile (Figure 7b). Interval ¢, started with an isolated M; = 3.1 earthquake on main fault A, that was
followed by a small aftershock sequence. After about 5 months without any recorded seismicity, ¢, nucleated again
on main fault A, followed by a migration of the seismicity toward the east and the west. Within the western branch of
the migrating seismicity, an M, = 3.2 event occurred at the intersection of the stepover and the main fault A. While
seismicity migrated further westward, the migration velocity droped from about 0.27 m/hr along the main fault
A to 0.03 m/hr within the stepover. All the events associated with this slower migrating branch also show signifi-
cantly lower fault instability values. For about 2 years, earthquakes occurred along main fault A and the stepover
in a swarm-like, diffuse manner, followed again by a quiescence period (i.e., no events above the M, threshold) of
almost 1 year. Interval ¢, nucleated again on the main fault A with east- and westward migrating seismicity, with the
activity restricted to about 6 weeks, followed again by seismic quiescence for almost 1 year. The nucleation event of
1; located close to the intersection of main fault B and the stepover, and was followed by a sequence of events within
the stepover that migrated backwards toward main fault A. All these earthquakes occurred in a shallower part of the
stepover than during ¢,, documenting the propagation of the seismicity around the previously ruptured patches of the
stepover. The 3 months of activity during z, were followed by seismic quiescence of about 1.5 years. Subsequently, 7,
marks the reactivation of main fault B, with mainly eastward migrating seismic activity during 7 weeks. Overall, the
3D spatiotemporal analysis of the St. Léonard sequence documents the cyclic reactivation of a contractional stepover
fault system, and a drop in migration velocity of a factor of 10 within the stepover fault.

4.3. The Anzére Sequence

The 420 microearthquakes associated with the Anzere sequence were relocated following the double-difference
procedure described in Section 2.1. While the total number of microearthquakes is higher than in the St. Léonard
case, the initial number of quality-checked CC differential times is slightly smaller (151,515 differential times for
P and 129,575 for S). The final RMS residual of the CC data is 2 ms. The relative relocation errors were assessed
in a similar way as described for the St. Léonard case (see Text S1 and Table S3 in Supporting Information S1
for details). The resampling approach yielded mean values for the 3¢ relative relocation errors of +54, +51, and
+105 m in the x, y, and z directions for the complete set of events of the Anzere sequence (Figure S4 and Table
S4 in Supporting Information S1). As discussed for the St. Léonard sequence in Section 4.2, we consider these 3¢
relative relocation errors to be realistic estimates. The larger horizontal uncertainties in the Anzere case might be
related to the relatively fewer CC differential times compared to the St. Léonard case. Since the formal errors are
in the same range as for the St. Léonard sequence, a value of 1,000 was selected for parameter n,,. The sensitivity
analysis resulted in optimal input parameters of r = 600 m and df, = 12 hr, which provides a good balance
between the model resolution and the number of represented focal mechanisms (Figure 5b). We further used

the above-mentioned stress field parameters of Kastrup et al. (2004), and a value of n_ = 2. Using these input

clust
parameters, a fault plane was derived for ~60% of the events.

The resulting 3D fault-network model reveals a system of two E-W striking, subvertical main faults with a mean
orientation of 176/82 (dip direction/dip angle in degrees) and a lateral separation of about 500 m (Figures 8a
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Figure 6. 3D fault-network model derived for the St. Léonard sequence with (a) and (b) showing the stepover fault system colored according to the automatic

fault plane classification, (c) a stereographic projection of the fault planes (poles to planes, lower hemisphere), (d) the fault instability / (dimensionless) and (e) the
kinematics defined by the rake angle A (SS: strike slip). Axes are given in local coordinates, with the origin located at 46.264°N, 7.394°E and a depth of 6.7 km. The
black dots indicate events without a calculated fault plane. Four outlier events far away from the main sequence are shown in the interactive version of this figure only

(see Supporting Information S2).

and 8b). These parallel main faults have lengths of about 1.5 km (main fault A), respectively 0.5 km (main fault B)
and are interconnected by an oblique, shallower dipping fault with a mean orientation of 163/78 (Figures 8a—8c).
Due to the intersection with main fault B, we interpret this structure as a stepover (Figures 8a and 8b). In contrary
to the St. Léonard sequence, the stepover is underlapping, with an along-strike separation of almost 1 km. The
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Figure 7. Spatiotemporal analysis of the two relocated earthquake sequences presented in 3D view (a and c¢) and as along-strike projection (b and d; profile traces
shown in Figures 3b and 3c). The colors refer to the values of the fault instability parameter /, which is lower within the stepovers. Gray fault planes in (a) and (c) show
all events which occurred before the respective time interval. Arrows in (b) and (d) indicate the migration direction and velocity of the seismicity.

total length of the active fault network is about 3 km, with a vertical extent of about 1.5 km. The high k values
along main fault A are in disagreement with the oblique reverse focal mechanisms, indicated by large values of
€., (Figure S5b in Supporting Information S1). This shows that our model is not resolving the full structural
complexity in this part. For both main faults, high fault instability values between 0.8 and 0.9 were found, while
lower values between 0.3 and 0.8 were obtained within the stepover (Figure 8d). The slip vectors demonstrate

predominant dextral strike-slip motion along both the main faults and the stepover, with a few indications of
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Figure 8. 3D fault-network model derived for the Anzere sequence with (a) and (b) showing the stepover fault systems colored according to the automatic fault plane
classification, (c) a stereographic projection of the fault planes (poles to planes, lower hemisphere), (d) the fault instability 7 (dimensionless) and (e) the kinematics
defined by the rake angle 1 (SS: strike slip). Axes are given in local coordinates, with the origin located at 46.322°N, 7.355°E and a depth of 4.3 km. Five outlier events
far away from the main sequence are shown in the interactive version of this figure only (see Supporting Information S2).
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reverse movements exclusively within the stepover (Figure 8e). The modeled strike-slip movements within the
stepover at least partly contradict the reverse-type focal mechanisms, indicating a compressional regime. Simi-
lar to the St. Léonard sequence, we image a system of subvertical underlapping dextral strike-slip faults with a
left-stepping contractional stepover.

The 3D spatiotemporal analysis is restricted to the main activity during the 12 days after the mainshocks and is
grouped into four separate time intervals (Figures 4c, 7c and 7d). Interval ¢, was initiated by an M, = 3.3 main-
shock that nucleated in-between main fault A and the stepover, 3 hr later followed by another M, = 3.3 event
within 130 m distance. Seismicity migrated both toward the west along main fault A and toward the east along
the stepover. The migration velocity within the stepover of 30 m/hr was significantly lower than compared to the
119 m/hr within main fault A, coinciding with the reduced values of fault instability within the stepover. Another
event with M; = 3.0 occurred about 350 m away from to the first mainshock. After about 9 hr of seismic activity,
1, nucleated on main fault A. The seismicity propagated mainly toward the west, with a first M, = 3.2 event occur-
ring close to the nucleation event, for which a reverse focal mechanism was derived (Figure S2i in Supporting
Information S1). A second M, = 3.2 earthquake occurred in a later stage of 7, at a shallower part of main fault A,
which is followed by few aftershocks along both main fault A and the stepover. Interval z; then marks the reacti-
vation of main fault B. After almost 4 days of quiescence, t, reactivates another small part of the stepover. 20 days
later, a small cluster of seismic activity could be observed on main fault B, imaging the lateral extent of this
fault. In summary, these observations document the nucleation of two M; = 3.3 mainshocks in close association
with the contractional stepover and the consecutive seismogenic reactivation of the contractional stepover, again
revealing significantly reduced migration velocities within the contractional stepover fault.

5. Discussion
5.1. Performance of the Algorithm

In this study, we have presented a new method to image the 3D geometries of active faults based on relocated hypo-
centers using nearest-neighbor learning and PCA, combined with a Monte Carlo-based approach to account for
hypocenter relocation uncertainties. Compared to previous approaches, our method goes beyond the representa-
tion of faults as simple planar structures, but resolves geometrical complexities more accurately (e.g., Ouillon
et al., 2008; Petersen et al., 2021; Wang et al., 2013). Since we treat each earthquake individually, and separate
them both in space and time, our method is able to resolve small-scale structures which would not be resolved
by fitting a single plane. As shown for the Anzere sequence, not all structural complexities are, however, appro-
priately resolved by the model. The spatial distribution of &
complexities (see Figure S5 in Supporting Information S1). Similar to Deichmann et al. (2014), we include the

in can be used to reveal such unmapped geometrical
earthquake magnitude to approximate the rupture areas of individual events, which in contrast to other approaches
images the areas of the fault network which actually ruptured (Kamer et al., 2020; Ouillon et al., 2008; Ouillon
& Sornette, 2011). In addition, our method allows constraining variations in fault instabilities and kinematics
within the reactivated fault networks. As shown in the supplementary material (Text S2 and Figures S6 and S7
in Supporting Information S1), the algorithm is able to recover fault-network geometries for other high-quality,
relatively relocated microearthquake catalogs as well, demonstrating its general applicability.

Most published methods are limited by the necessity to pre-define the number of faults (Ouillon et al., 2008;
Wang et al., 2013) or by the fact that the outcome depends on a large number of ad-hoc input parameters (Kamer
et al., 2020; Meyer et al., 2019; Ouillon & Sornette, 2011). In contrast, our method uses a minimum number of
simple, self-explanatory, and physically meaningful input parameters. The definition of the parameters ry, and
dtyy 1s the most critical step in applying the method. Similar to Wang et al. (2013), we propose an approach that

uses the independently derived focal mechanisms (i.e., the cumulative distribution of ¢ _. ) to calibrate these

min
parameters. The uncertainties of the focal mechanisms are currently not reflected in our models, which might
be included in future work. However, the majority of the focal mechanisms are well constrained, so we do not
expect a significant impact on the parameter calibration. Since the parameter ry, constrains the resolution at
which planes are discriminated, an innapropriately large value might result in oversimplified models, while too
small values lead to overfitted solutions or unconstrained plane fits. A first-order upper limit of ryy is the rupture
radius of the largest earthquake in the analyzed sequence, since a significantly greater value of ry, would lead
to spurious spatial correlations. The parameter dty, can be useful to resolve nearby faults that were seismically

active at different times. For both ry, and dfyy, a compromise between the model resolution and the model
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Figure 9. The algorithm performance, measured by the percentage of
reconstructed fault planes, as a function of the horizontal relative relocation
errors (30). The vertical errors are defined to be five times larger than the

horizontal errors shown in the figure.

different relocation errors. The results of this analysis, shown in Figure 9,
indicate that the 3¢ horizontal relocation errors should not be significantly
larger than 30—40 m for datasets similar to the ones used in this study (further
details are available in Text S3 and Figure S8 in Supporting Information S1).
However, this threshold is not generally applicable but only gives a first-order
estimate, since it is obvious that the Anzere sequence is much less sensitive
to the relocation errors than the St. Léonard data set, which is most likely caused by differences in the spatial
arrangement of the hypocenters. The necessity to rely on a considerable number of earthquakes further requires
a frequent seismic activity, long-term monitoring or enhanced earthquake catalogs. The number of required
earthquakes depends on the targeted model resolution and the extent of the fault systems, but the method should
certainly not be applied on hypocenter catalogs with less than several hundreds of events. Major advances in
microearthquake detection and relocation procedures, such as template matching detection or machine learning
approaches and combinations of such methods (e.g., Mousavi et al., 2020; Shi et al., 2022; Simon et al., 2021;
Zhu & Beroza, 2019), will provide new datasets that fulfill these requirements or enhance existing ones in future
applications. Finally, it should be noted that our approach resolves only faults which rupture seismically. Hence,
information on aseismic deformation such as elastic loading or aseismic creep is lacking. Despite these limita-
tions, the presented method has great potential for future seismotectonic studies of active fault zones.

5.2. Active Faults Along the Rhone-Simplon Fault System

The application of our method to the double-difference relocated St. Léonard and Anzére sequences allows for imag-
ing the detailed 3D geometries of active faults that are part of the previously proposed, ENE-WSW striking RSF and
RFZ (Deichmann et al., 2012; Diehl et al., 2018; Diehl, Clinton, et al., 2021; Lee et al., 2023; Maurer et al., 1997).
The presence of stepover faults in the respective fault systems has been postulated by some of these authors before,
but the detailed fault structures were not resolved. Contractional stepovers are common features in strike-slip fault
systems with different Riedel-type structures, as shown in Figure 10 (Dooley & Schreurs, 2012; Pennacchioni &
Mancktelow, 2013; Swanson, 1988, 2005; Sylvester, 1988; Woodcock & Fischer, 1986). In both analyzed sequences,
the E-W to ESE-WNW striking main faults can be described as Y-shears and represent the principal slip zones, while
the stepover faults have orientations similar to P shears (Kim et al., 2004; Peacock & Sanderson, 1995; Pennacchioni
& Mancktelow, 2013). The overlapping stepover of the St. Léonard sequence exhibits a length-to-width ratio of
around 3—4, which is comparable to previously observed values (e.g., Manighetti et al., 2021). The smaller percent-
age of recovered fault planes for the Anzere sequence (~60%) compared to the St. Léonard sequence (~75%) can be
explained by the more distributed hypocenters, potentially resulting from a larger amount of off-fault seismicity or
a less developed high-strain slip zone (Ross et al., 2017). In light of such interpretations it is however important to
remember that our method only resolves the seismically active part of the fault networks, so fault patches without any
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Figure 10. Schematic illustration of the contractional stepovers and the reactivated Y and P shears imaged for the two earthquake sequences analyzed in this study.
Suggested properties for the different parts of the faults are shown to the right, generally matching the observations for both sequences.

release of seismic energy might not be discovered, and the actual extent of the pre-existing faults would consequently
be underestimated. As an alternative hypothesis, the stepovers might be interpreted as a system of en-echelon faults.
However, due to the striking correlation between the reconstructed fault planes and the respective nodal planes of the
focal mechanisms within the stepovers, we consider this scenario less likely and favor the first-mentioned hypothesis.

Strike-slip fault systems similar in terms of orientations and dimensions have also been reported from field observa-
tions in the Rawil depression (Cardello & Mancktelow, 2015). In combination with the observation of the regional
fault systems and earthquake clusters shown in Figure 3a (Diehl, Clinton, et al., 2021; Lee et al., 2023), this suggests
that the imaged, E-W to NE-SW striking faults are small-scale expressions of the more regional fault systems. In the
case of the Anzere sequence, the imaged structure can be clearly linked to the RFZ, since the studied earthquake
sequence lies in close vicinity of this regional fault system (Figure 3a). The active RFZ was first identified by
Maurer et al. (1997) and confirmed by recent findings of Lee et al. (2023), who showed that the ENE-WSE trend-
ing cluster of seismicity cuts through both the Helvetic nappes and the crystalline basement. With depths around
4-6 km, the imaged Anzere fault system is supposedly located in close proximity to the basement-cover contact.
Due to their more southern location, the active faults of the St. Léonard sequence are likely not part of the main RFZ
(Figure 3a). Located at a depth of around 6—7 km, these faults most likely lie within the crystalline basement units.
Their regional tectonic context is however more difficult to assess, but we speculate that they either represent the
diffuse, deep-rooted eastern termination of the RFZ (Lee et al., 2023), or belong to a northern branch of the RSF.

The newly imaged stepovers show that our algorithm, applied on high-quality relatively relocated microearthquake
sequences, has great potential to gain detailed insights into the 3D architectures of seismogenic faults at depth. This
is of relevance, since the 3D fault architecture plays an important role in the nucleation, propagation and termination
of earthquakes (e.g., Barka & Kadinsky-Cade, 1988; Finzi & Langer, 2012a, 2012b; Ross et al., 2020; Segall &
Pollard, 1980; Wibberley et al., 2008). More detailed information about abundance, geometries, and properties of
such active fault systems at depth is required to improve the hazard assessment of known active faults. To achieve this
goal, we argue that seismological constraints should be complemented with refined geological surface observations.

5.3. Seismogenic Reactivation of Stepovers

The two investigated microearthquake sequences show striking similarities in terms of the spatiotemporal fault
reactivation. In both cases, the migration velocities within the stepovers are reduced by one order of magnitude
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compared to the main faults. Decreased migration velocities within stepovers have been previously observed,
for example, by Harris & Day (1993). The positive correlation between the migration velocities and the fault
instability values in our analysis implies that the main faults are optimally oriented and thus more prone to
reactivation than the stepovers (Figures 6, 8 and 10), which is in agreement with the observation that most nucle-
ation points are located at sites of enhanced fault instabilities (Figure 7). These findings also align well with the
observations of De Barros et al. (2021), who related reduced migration velocities to less critically stressed faults.
Despite being less optimally oriented in the regional stress field, reduced migration velocities within the stepover
could also be explained by other factors. Slip along the main faults, for example, might increase the compressive
stresses within the stepover, which enhances its frictional resistance and thus reduce the migration velocities
(Oglesby, 2005; Sibson, 1986). Additionally, a higher degree of fracturing within the contractional stepovers
could provide a weak barrier that slows down migrating earthquakes (Segall & Pollard, 1980; Sibson, 1986). The
presence of overpressurized fluids within the stepovers could also contribute to such a weak barrier and lead to
slower migration velocities (Sibson, 2014, 2020). Despite the spatiotemporal similarities, the different dynam-
ics of the two analyzed microearthquake sequences imply contrasting mechanisms (Roland & McGuire, 2009;
Vidale & Shearer, 2006). For the Anzere sequence, the estimated migration velocities of 30—119 m/hr are indica-
tive for aseismic slip (Chen & Shearer, 2011; Lohman & McGuire, 2007; Roland & McGuire, 2009). In contrary,
migration velocities of 0.03—0.27 m/hr for the St. Léonard case suggest fluid diffusion as the main driver (Chen
& Shearer, 2011; Roland & McGuire, 2009). The dual migration pattern documented for the latter, with a slow
overall migration and rapid seismic burst, could however also be related to an interaction of long-term fluid diffu-
sion and aseismic slip events (Dublanchet & De Barros, 2021).

It is also interesting to note that the stepover faults are spatially reactivated only once during the investigated time
period, while the same patches of the main faults are reactivated multiple times. We thus interpret these observa-
tions as temporal frictional locking of the more stable stepovers (Figures 7b and 7d) (e.g., Malservisi et al., 2003;
Moreno et al., 2010; Qiu et al., 2016). Locked stepover faults are capable to accommodate internal strain and
thus enable the transfer of stresses from one optimally oriented main fault to an adjacent one, which could
explain the observed overall migration of the earthquakes from one strike-slip fault to the next one. Continuous
strain accumulation within the contractional stepovers can also promote the nucleation of earthquakes (Barka &
Kadinsky-Cade, 1988; Oglesby, 2005; Segall & Pollard, 1980; Wibberley et al., 2008). The observation of the
mainshocks occurring in close association to the stepovers implies that these structures might have accumulated
a significant amount of internal strain. Besides their influence on earthquake nucleation processes, stepover faults
can also act as natural barriers and terminate earthquake ruptures (Elliott et al., 2015; Oglesby, 2005; Wibberley
et al., 2008). However, significantly larger earthquake ruptures than investigated in this study might not be effec-
tively stopped at such tightly spaced, low-angle stepovers (Elliott et al., 2015). This could ultimately lead to a
cascade of ruptures across several optimally oriented faults (e.g., Finzi & Langer, 2012a, 2012b; Manighetti
et al., 2007).

In summary, the well-documented earthquake migration patterns across the stepover faults with variations in fault
instabilities illustrate the strong influence of a faults' small-scale 3D architecture on seismogenic fault reactivation
processes (Ross et al., 2020; Shelly, 2015). We thus emphasize that future analyses of microearthquake sequences
should consider the potential influence of the 3D fault architecture on the observed spatiotemporal patterns, since
this could significantly enhance our understanding of the mechanisms that trigger and drive earthquakes.

6. Conclusions

The developed method allows performing hypocenter-based 3D imaging of active faults, and has the potential to
reveal previously undetected, small-scale 3D architectures of subsurface faults. Applied to high-quality, relatively
relocated earthquake sequences, our method can thus significantly enhance the understanding of seismogenic
fault reactivation processes. In summary, we can draw the following conclusions.

1. The presented hypocenter-based imaging approach allows for resolving the detailed 3D structures of active
faults in the subsurface. The method enables the analysis of both fault instabilities and kinematics of the indi-
vidual earthquakes, which gives new possibilities for the seismotectonic interpretation of seismic sequences
and can thus contribute to next-generation seismic hazard assessment. Our approach could also be used for
other applications on different scales, such as imaging large-scale active faults from regional earthquake
catalogs, monitoring reactivated faults during hydraulic fracture stimulation, exploring natural sources of
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hydrothermal fluids, or tracing artificially induced fractures in laboratory experiments. To further improve the
performance of the algorithm, it could be applied to enhanced hypocenter catalogs obtained from a combina-
tion of template matching and DD relocation (e.g., Herrmann et al., 2019; Simon et al., 2021).

2. The application of the method to two natural earthquake sequences in the Southwestern Swiss Alps has
revealed previously unknown fault structures. This demonstrates the method's potential to gain improved
knowledge about the detailed 3D fault architecture of active faults in regions of distributed seismicity and
faulting. To determine the overall regional significance of the identified fault systems and thus advance our
understanding of the seismic hazard of the Southwestern Swiss Alps, investigations on a more regional scale
are required. Possible next steps could involve a combination of field-based fault observations and application
of the method to additional earthquake sequences.

3. The migration dynamics of the seismicity recorded in this study provide strong evidence for the signifi-
cant impact of 3D fault architectures on earthquake rupture processes. Geometrical complexities, such as
stepovers, also have direct implications for the physical fault zone characteristics, including the likelihood for
reactivation, the accumulation of internal strain, and the hydrological properties. Therefore, we advocate for
the inclusion of 3D fault architectures in future studies of seismogenic fault reactivation processes, wherever
possible.
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