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Abstract Debris flows radiate both seismic and infrasonic waves. According to previous studies, seismic
energy is generated by the solid particle collisions with the riverbed and is dominated by the boulder‐rich front,
while infrasound is produced by turbulence‐induced waves at the flow surface. To further investigate this
complex radiation processes, we present the seismo‐acoustic analysis of a debris‐flow event at Illgraben
(Switzerland). Array processing shows that infrasound is preferentially radiated at channel irregularities, acting
as predominant acoustic sources because of the intense flow turbulence. The high crosscorrelation observed
between the recorded infrasonic and seismic signals suggests that, in addition to the dominant source related to
particle impacts, a minor seismic component is produced by the flow waves developing at topographic steps.

Plain Language Summary Debris flows represent a major hazard in mountain environments. While
flowing, debris flows generate both seismic waves and infrasound (low‐frequency sound). According to
previous studies, the seismic waves are produced by the collision between the transported debris and the
riverbed, while infrasound is generated by the flow waves developing at its surface. Here we present a combined
analysis of the infrasonic and seismic signals generated by a debris‐flow event at Illgraben (Switzerland). The
analysis reveals that the infrasound is preferentially produced when the flow overruns the check dams and flow
waves develop downstream. These latter also produce seismic waves, which, despite being weaker, add to the
dominant seismic component produced by particle collisions. Eventually we show how seismo‐acoustic signals
can be used to track the debris flow along the channel.

1. Introduction
Debris flows are episodic, fast torrent‐floods carrying large amounts of solid debris and boulders (Coussot &
Meunier, 1996; Iverson, 1997), typically occurring within steep mountain catchments as a result of a sudden water
supply (Berti & Simoni, 2005). They represent one of the major natural hazards in worldwide mountain envi-
ronments (Dowling & Santi, 2014).

Over the last 20 years, the use of seismo‐acoustic sensors has gained attention for monitoring debris flows and
investigating their dynamics (Arattano & Marchi, 2008; Belli et al., 2022; Burtin et al., 2009, 2014; Coviello
et al., 2019; Marchetti et al., 2019; Lai et al., 2018; Walter et al., 2017). Similar to other mass movements, such as
snow avalanches (Belli et al., 2025; Havens et al., 2014; Johnson et al., 2021; Kogelnig et al., 2011) and pyro-
clastic density currents (Allstadt et al., 2019; Delle Donne et al., 2014), debris flows radiate elastic energy both in
the ground, in the form of seismic waves (Burtin et al., 2009; Lai et al., 2018; Walter et al., 2017), and in the
atmosphere, as infrasound (low frequency sound, <20 Hz) (Belli et al., 2022; Kogelnig et al., 2014; Marchetti
et al., 2019; Schimmel & Hübl, 2016).

The seismic observation of debris flows has been addressed in several studies, focusing both on event charac-
terization and detection (Allstadt et al., 2019; Arattano & Marchi, 2008; Belli et al., 2022; Bessason et al., 2007;
Coviello et al., 2019; Walter et al., 2017) and on the investigation of the seismic source mechanisms (Burtin
et al., 2009, 2014; Kean et al., 2015; Lai et al., 2018; Zhang, Walter, McArdell, Wenner, et al., 2021). Both
theoretical and experimental studies suggest that the seismic radiation by debris flows is similar to what is
observed for rivers (Burtin et al., 2008; Gimbert et al., 2014; Schmandt et al., 2013; Tsai et al., 2012), where
seismic waves are radiated by bedload transport and turbulent‐flow structures. The most accepted source models
on debris‐flow seismicity are based on the work by Tsai et al. (2012) on the generation of seismic energy by
bedload transport in rivers, and attribute the radiation of seismic waves to solid particle collisions with the
riverbed (Farin et al., 2019; Kean et al., 2015; Lai et al., 2018; Zhang, Walter, McArdell, Wenner, et al., 2021):
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Collisions induce stress oscillations in the ground, generating seismic surface waves. For debris flows, the
boulder‐rich flow front, where most of the largest boulders concentrate, dominates the produced seismic signal
(Farin et al., 2019; Walter et al., 2017).

The use of infrasonic signals to study and monitor debris flows is quite recent (∼15 years). To date, most efforts
have been limited to event detection, using infrasound for early warning purposes (Schimmel & Hübl, 2015; Liu
et al., 2015, 2018), sometimes combined with seismic signals (Schimmel & Hübl, 2016). Only a few attempts
have been aimed at investigating the infrasonic source mechanism in debris flows (Belli et al., 2022; Coco
et al., 2021; Marchetti et al., 2019). These studies all agree that infrasound is generated by turbulence‐induced
waves and splashes developing at the debris‐flow free surface, which collide with the air, producing small
stress oscillations propagating in the atmosphere as low‐frequency pressure waves (Belli et al., 2022; Coco
et al., 2021; Marchetti et al., 2019). According to fluid‐dynamics, these surface oscillations are preferentially
produced at channel irregularities (Belli et al., 2022; Chaudhry, 2008; Feng et al., 2014; Henderson, 1996; Tokyay
& Yildiz, 2007).

Although previous works have highlighted that in debris flows seismic and infrasonic signals are produced by
different decoupled processes (Belli et al., 2022; Marchetti et al., 2019), their spatial and temporal relationship has
not been investigated in detail yet. A debris flow is indeed an extended seismo‐acoustic source, where seismic
waves and infrasound are produced at the same time in different locations (Belli et al., 2022; Farin et al., 2019;
Marchetti et al., 2019). Moreover, seismo‐acoustic coupling makes the analysis even more complicated (Ichihara
et al., 2012), as infrasound transmits in the ground as seismic waves (de Groot‐Hedlin &Hedlin, 2019; Novoselov
et al., 2020) and seismic waves transfer into the air as infrasound (Marchetti et al., 2016; Mutschlecner &
Whitaker, 2005). This means that what is recorded by a seismic sensor may not correspond only to the primary
signal (i.e., signal produced directly by the source), but may include or consist only of the secondary component
produced by the transmission in the ground of primary infrasound nearby the receiver (Hicks et al., 2023; Le
Pichon et al., 2021); the same holds for infrasound (Kim et al., 2004). The effectiveness of seismo‐acoustic
coupling can be evaluated by a cross‐correlation analysis between the recorded infrasound and seismic signals
(Ichihara et al., 2012). This analysis allows us also to investigate the interconnection between primary infrasonic
and seismic signals, sometimes also highlighting additional source mechanisms for the analyzed wavefields
(Matoza & Fee, 2014).

This study presents the combined seismo‐acoustic analysis of a debris flow occurred at Illgraben (Switzerland,
Canton Valais) on 15 July 2019 and recorded by an infrasonic array and a co‐located seismometer. Seismic and
infrasonic signals are analyzed in the frequency domain, and infrasound is further analyzed with array processing
techniques to investigate and locate its source mechanism. We also perform seismo‐acoustic crosscorrelation
analysis to investigate the relation between the recorded signals. Results allow us to define additional constraints
on the seismo‐acoustic energy radiation by debris flows and suggest how the signals can be used to track events
along the channel.

2. Study Site and Data
The Illgraben (Figure 1b) is one of the most active and best‐instrumented debrisflow catchments worldwide,
producing every year an average of 4–6 events capable of transporting meter‐sized boulders, with flow heights up
to a few meters and total volumes commonly exceeding few tens of thousands of cubic meters (Badoux
et al., 2009; McArdell et al., 2007). The basin is drained by the Illgraben torrent and has a total area of ∼10 km2,
almost equally divided between the steep upper catchment, which is the source area of the sediment feeding the
debris flows, and the densely inhabited debris fan in the Rhone valley (Schlunegger et al., 2009). In the 1960s, 30
check dams (CD, hydraulic engineering work built transversal to the riverbed to reduce flow energy; Figures 1b–
1e), including a ∼50 m high dam in the upper basin, were constructed to stabilize the channel and dampen debris
flow impact.

In this work, we analyze the Illgraben debris flow on 15 July 2019 (Figures 1c–1e). The event was recorded with a
maximum flow depth (measured at CD29) of ∼0.54 m, a front velocity (computed from arrival times at CD27 and
29) of 3.4 m/s, a bulk density (estimated with the force plate installed at CD29, (McArdell et al., 2007)) of
∼2,200 kg/m3, and a total volume of ∼9,900 m3 (Belli et al., 2022).
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For this study we use infrasound data recorded with an infrasonic array (ILG) deployed in a flat forested area on
the Illgraben debris fan at a distance of ∼550 m from the channel (46°17’49.02”N, 7°37’38.72”E) (Figure 1b).
The array consists of five infrasonic sensors arranged into a roughly triangular geometry (Figure 1a), with an
aperture (maximum distance between two elements) of ∼160 m, optimized to analyze infrasound signals in the
frequency band between 1 and 10 Hz. Each sensor is deployed inside a plastic barrel buried in the ground and
equipped with a differential pressure transducer with a sensitivity of 400 mV/Pa in the pressure range of±12.5 Pa
and a flat frequency response between 0.01 and 200 Hz. Pressure data are collected at 50 Hz at each element of the
array and then transmitted through fiber optic cables to the FIBRA digitizer (www.itemgeophysics.it).

Figure 1. Map of the Illgraben catchment (b). The dashed orange line highlights the upper catchment. Red bars with
alphanumeric code indicate the location of some check dams (CD). The blue triangle marks the location of the ILG infrasonic
array, whose geometry is shown in panel a, while the magenta circle indicates the position of the ILL13 seismic station. Two
frames of the debris‐flow event on 15 July 2023 flowing over the ∼4 m high CD29 (c, d; source: WSL). Photo of the ∼8 m
high CD20 (e; source: Unifi). 1–20 Hz filtered infrasonic (f) and 1–40 Hz filtered seismic (h) signals generated by the 15 July
2019 event. Infrasonic (g) and seismic (i) power spectral densities (PSD).
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We also use seismic data collected by a temporary station, part of the dense seismic network deployed at Illgraben
during the debris‐flow season since 2017 (Wenner et al., 2019). The seismic station, named ILL13, is deployed
within 10 m from the central element of the infrasonic array (m4, Figures 1a and 1b) and is equipped with a
Lennartz LE‐3Dlite seismometer with a flat response between 1 and 80 Hz. The sensor is placed into a 30 cm deep
pit filled up with sand. Ground velocity is recorded with a Nanometrics Centaur digitizer at 100 Hz.

3. Methods
We perform spectral analysis of recorded seismo‐acoustic signals computing power spectral densities (PSD;
Figures 1g and 1i) and spectrograms (Figure S1 in Supporting Information S1) on raw infrasonic and seismic data,
using moving data windows of 20 s over the entire signal duration.

Then, to investigate the infrasonic source mechanism within debris flows, recorded infrasound is analyzed by
applying array processing (Figure 2). The use of an array allows to reconstruct the direction from which the
infrasonic ray comes from, expressed by the back‐azimuth (i.e., planar direction of the infrasonic wave with
respect to the array, computed based on the recording‐time differences of the signal at the different sensors), thus
providing crucial information on the position of the source. We use the procedure described by Belli et al. (2021),
based on the cross‐correlation of the data recorded at all the sensors of the array. The processing is performed over
10‐s moving signal windows with 90% of overlap, in the 2–10 Hz frequency band, centered on infrasound peak
frequency (see Figure 1g). Within each window, if the correlation between the data recorded at all sensors of the
array is higher than a fixed threshold, an infrasonic detection is defined and characterized in terms of pressure and
back‐azimuth. The processing used here is able to identify in each moment only the infrasound component
recorded as the most energetic at that time.

To explore the interconnection between the seismo‐acoustic signals radiated by debris flows, we perform the
cross‐correlation analysis between the seismic signal recorded at ILL13 and the infrasonic data acquired at the
central element (m4) of ILG array. This allows us to compare signals recorded at the same location, since m4 and

Figure 2. Infrasonic array processing of the Illgraben debris flow on 15 July 2019. 2–10 Hz band‐pass filtered infrasonic track
recorded at M1 (a); infrasonic pressure (b) and back‐azimuth (c) computed with the array processing. The black line in panel
b represents the root mean square amplitude envelope of the infrasonic signal computed over 1‐min windows (see Section S2
in Supporting Information S1). Map of the Illgraben channel between CD1 and CD30 showing the location of ILG array
(blue triangle) and check dams (CD, black bars) (d). Arrows in panels (d) point in the directions indicated by the back‐
azimuth values highlighted in (c). Colors in panels (b), (c) and (d) all refer to the color bar below diagram (d).
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ILL13 are less than 10 m apart (Figure 1a). The seismo‐acoustic cross‐correlation is computed on 1 min moving
signal windows along the entire signal duration, in two different frequency bands: 2–10 Hz (Figures 3a–3c),
where most of the infrasonic energy is concentrated (Figures 1g and 3a), and 10–20 Hz (Figures 3d–3f), for which
high seismic energy (Figure 3e) but little infrasound (Figure 3d) are recorded.

4. Results and Discussion
4.1. Spectral Analysis

The 15 July 2019 debris flow generated ∼1‐hr‐long seismic and infrasonic signals. While infrasound shows a
symmetric cigar‐shaped signal (Figure 1f), the seismic envelope is rather asymmetric, characterized by a steep
onset and a more gradual and longer coda (Figure 1h).

The spectral analysis of the signals reveals significantly different frequency contents; while the infrasonic energy
is concentrated in the 2–10 Hz band and peaks around 6 Hz (Figure 1g), the seismic radiation is widely distributed
between 1 and 40 Hz and peaks around 7.3 Hz (Figure 1i) (Belli et al., 2022). According to previous models (Lai
et al., 2018; Tsai et al., 2012), the seismic spectral content by debris flows strongly depends on wave attenuation
and source‐to‐receiver distance, this latter determining the recorded seismic peak frequency. Nevertheless, Belli
et al. (2022) showed that the discrepancy observed between the recorded infrasonic and seismic frequency
footprints, observed for several Illgraben events, is not due to site or propagation effects, but would result also for
signals recorded at the source (Zhang, Walter, McArdell, de Haas et al., 2021). The different spectral contents
therefore corroborate the idea that the two wavefields are dominated by different decoupled source processes,
simultaneously acting at the flow‐air interface and at the riverbed.

4.2. Infrasonic Array Processing

Array processing shows that the recorded infrasonic signal is dominated by ∼5–10 min clusters of coherent
infrasound (Figure 2), each characterized by almost constant back‐azimuth values, which vary from cluster to
cluster (Figure 2c). This indicates that most of the infrasonic energy by the debris flow is radiated from different
fixed positions along the channel.

The computed back‐azimuth values (155, 111, 90, 80, 35, 30, and 16°N) point at individual check dams located
along the torrent (Figure 2d), indicating that, at Illgraben, coherent infrasound is radiated as the debris flows
encounter check dams, which act as locations of preferential infrasonic radiation. Moreover, the long duration of
the detection clusters (Figure 2) indicates that the infrasound radiation at check dams is not related just to flow
front, whose passage through the dam is way shorter in time, but to the whole debris flow. Each check dam
dominates the infrasonic radiation until the barycenter of the flow moves to a further downstream one, which at
that time results as the new most powerful infrasonic source. Therefore, array processing allows to locate moment

Figure 3. Infrasonic (a, d) and seismic (b, e) signals and corresponding seismo‐acoustic crosscorrelation (c, f) computed in the
2–10 Hz (left column) and 10–20 Hz (right) frequency bands.
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by moment, along the torrent, the source of the most energetic infrasonic signal component recorded by the array
(Figure 2d). It's worth noting that, sometimes (e.g., minutes 35–40 and 55–70) infrasonic detections from different
check dams are recorded at the same time, revealing the co‐presence of infrasonic sources of comparable energy
in different positions (Figures 2c and 2d).

Moreover, the highest infrasonic amplitudes are recorded at back‐azimuths between 155°N and 80°N (Figures 2b
and 2c), corresponding to the channel sector located at the minimum distance from the recording sensors (between
CD16 and CD22, Figure 2d), in agreement with findings by Marchetti et al. (2019). In particular, the infrasonic
amplitude peaks for a back‐azimuth equal to 111°N, corresponding to CD20, which, in addition to being one of
the dams located closest to ILG array, is also the tallest dam (∼8 m high, Figure 1e) after CD1.

Obtained results, observed also for several Illgraben debris flows (Figure S2 in Supporting Information S1),
represent a clear on‐field confirmation of the infrasonic source mechanism suggested by Belli et al. (2022) for
debris flows, according to which infrasound is radiated by turbulence‐induced waves and splashes at the flow
surface, whose formation is enhanced at significant channel irregularities (topographic steps and steep bends)
(Chaudhry, 2008; Feng et al., 2014; Henderson, 1996; Tokyay & Yildiz, 2007). Among them, drops at check
dams result as predominant infrasonic sources for Illgraben debris flows.

The observed sequential infrasound source migration differs significantly from the most active source of seismic
energy, related to the boulder‐rich flow front (Farin et al., 2019; Walter et al., 2017), further confirming the
different source processes for the infrasonic and seismic radiation by debris flows.

4.3. The Seismo‐Acoustic Cross‐Correlation

The cross‐correlation analysis reveals high correlation between infrasound and seismic signal during the entire
debris flow in the 2–10 Hz frequency band (Figure 3c), while almost no correlation is recorded between 10 and
20 Hz (Figure 3f). The high seismo‐acoustic correlation between 2 and 10 Hz indicates that the two wavefields,
different from what is expected based on accepted source models (Section 1) and on the recorded spectral sig-
natures (Figures 1g and 1i, Figure S1 in Supporting Information S1), are related to each other. Maximum cor-
relation coefficients, ranging between 0.1 and 0.45, are observed for lag values (hereinafter lagMAX) which vary
during the event, between ∼0 and ∼1.9 s (Figure 4a). These positive lags indicate that the recorded seismic signal
component precedes the cross‐correlated infrasound throughout the event. Similar results are obtained also for
other Illgraben debris flows, although the cross‐correlation is more intense for smaller flows and less evident or
even absent for larger ones (Figure S3 in Supporting Information S1).

Following the theoretical model by Ichihara et al. (2012), we can use the lagMAX values of the seismo‐acoustic
cross‐correlation to infer insights on the source processes. In particular, a lagMAX = 0, as observed shortly af-
ter the event onset (between minutes 22 and 26; Figure 4a) is expected in case of secondary infrasound produced
at the sensor by the transmission in the air of the primary incident seismic waves (i.e., seismoacoustic coupling)
(Kim et al., 2004). Indeed, this phase of the debris flow is marked by a rapid increase of the seismic amplitude,
compared to a more stable infrasonic one. The lagMAX ̸ = 0 observed for most of the event (Figures 3c and 3d) is
instead consistent with the correlation between primary infrasonic and seismic signal components generated at the
source (i.e., in the debris flow), and results from the different propagation velocities of the two wavefields. For the
2–10 Hz surface seismic waves, dominating the debris‐flow seismic signal (Lai et al., 2018; Tsai et al., 2012), in
agreement with the Illgraben shallow velocity model by Zhang, Walter, McArdell, Wenner, et al. (2021), we can
assume a group velocity (vss) of 800–1,000 m/s. The infrasound instead propagates in the air at the speed of sound
(c), which, at sea level, is ∼340 m/s (Kirtskhalia, 2012). As a consequence of the different propagation velocities,
a common source position would result into seismic and infrasonic signals recorded with different times at the
seismo‐acoustic station. The delay time between the seismic signal and the infrasound (∆ts− i), which determines
the lagMAX observed in the cross‐correlation analysis, depends on the source‐to‐receiver distance (r) as:

∆ts− i = r(
1
C
−
1
Vss

) = lagMAX . (1)

Using Equation 1, and assuming vss = 900 m/s, the lagMAX observed in the seismoacoustic cross‐correlation
function can be inverted to compute the source‐to‐receiver distance (Figure 4b), and thus to locate the seismo‐
acoustic source moment by moment along the torrent. The obtained localization is consistent with the
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movement of the debris flow along the Illgraben channel (Figure 4d). Moreover, similar to what is observed for
the recorded infrasonic back‐azimuth (Figure 2c), the computed source‐to‐receiver distance shows a stepped
variation over time (Figure 4), highlighting once again sources located in fixed positions along the channel for the
correlated seismo‐acoustic signal components.

Since each point of the Illgraben channel is characterized by specific values of backazimuth and distance with
respect to the seismo‐acoustic sensors (Figures 2d and 4d), the infrasonic back‐azimuth obtained from array
processing can be inverted to derive the evolution over time of the distance between the main source of the
infrasonic signal and the recording array (Figure 4c). This inversion allows us to compare the localization of the
source obtained only with infrasound, with the one obtained with the seismo‐acoustic cross‐correlation
(Figure 4d). The comparison reveals a good agreement between the two methods and suggests that a common
source mechanism for infrasound and seismic waves develops in the debris flow (high cross‐correlation) at check
dams (Figures 2d and 4e), which radiates energy that propagates with different velocity from the source to the
receiver (lagMAX ̸ = 0) and migrates as the flow moves downhill (varying lag). This corroborates the findings by
Wenner et al. (2019), who observed that the seismic spectral emission of Illgraben debris flows is affected by
large topographic features, like check dams.

To explain the observed correlation, we suggest that an additional component of the recorded seismic signal,
below 10 Hz, is produced by the turbulence structures developing downstream check dams (Ervine et al., 1997;
Feng et al., 2014; Tokyay & Yildiz, 2007), which, according to previous studies (Belli et al., 2022; Marchetti
et al., 2019) and to our array processing (Figure 2), are responsible also for the radiation of infrasound by debris
flows. This agrees with Ervine et al. (1997), who observed that water jets impinging plunge pools at the base of
dams generate turbulence‐induced eddies, with dimensions up to the flow depth, which cause pressure oscillations
at the floor. Turbulence structures have already been observed and modeled as seismic sources for rivers (Burtin
et al., 2008; Gimbert et al., 2014; Schmandt et al., 2013). Therefore, such a source mechanism is expected to be
active also within debris flows, despite being likely hidden by the dominant and more energetic seismic source
related to the particle collisions with the riverbed (Farin et al., 2019; Lai et al., 2018).

Figure 4. Time evolution of the lagMAX derived from the seismo‐acoustic cross‐correlation (a): data points are colored
according to their cross‐correlation value. Time evolution of the source‐to‐receiver distance derived from the lagMAX using
Equation 1 (b). Time evolution of the source‐to‐receiver distance derived from the back‐azimuth computed with the
infrasonic array processing (c). Distances values in panels (b) and (c) are color‐coded. Map of the Illgraben channel between
CD1 and CD30 (d): Channel points are colored based on their distance from the seismo‐acoustic sensors (blue triangle),
according to the color bar beside diagrams (b) and (c). Arrows in panel (d) are color‐coded by and point in the direction of the
infrasonic back‐azimuth (see Figure 2) according to the color bar below the map.
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More specifically, for the Illgraben, we suggest that the heavy flow turbulence triggered by water drop at check
dams enhances there the formation of oscillations and waves at the flow surface. Such waves push the air,
radiating infrasound, and, at the same time, determine variations of the stress exerted at the riverbed (Ervine
et al., 1997; Gimbert et al., 2014), generating seismic waves. Both wavefields present a spectral content (<10 Hz)
which reflects the periods of the eddies and of the oscillations at the flow surface, so that the generated infrasound
and seismic waves are in phase and result correlated with each other. This turbulence‐related seismic component
adds to the more powerful one generated by the collisions between the transported solid particles and the riverbed,
which represents the dominant seismic source mechanism in debris flows over a broader frequency band (Farin
et al., 2019; Kean et al., 2015; Lai et al., 2018; Zhang, Walter, McArdell, Wenner, et al., 2021).

5. Conclusions
This work allows us to define additional constraints on the seismic and infrasonic radiation processes within
debris flows. The array processing confirmed a preferential infrasonic radiation at check dams, not only asso-
ciated to the passage of the flow front, but during the whole event (Figure 2). This agrees with the source
mechanism proposed by Belli et al. (2022), attributing the radiation of infrasonic waves by debris flows to
turbulence‐induced waves and water splashes developing at the free surface of the flow downstream channel
irregularities (Bedard, 2021; Chaudhry, 2008; Feng et al., 2014; Henderson, 1996).

Although the different frequency contents reveal different dominant source processes for the infrasonic and seismic
signals generated by debris flows, the intense cross‐correlation between primary seismo‐acoustic signals observed
during the event (Figure 3) outlines an unexpected relation between the two wavefields. More specifically, results
suggest that, in addition to themain source of seismic energy due to particle collisions andmostly related to the flow
front (Farin et al., 2019; Lai et al., 2018;Walter et al., 2017; Zhang,Walter, McArdell, Wenner, et al., 2021), a still
significant component of the seismic signal produced by debris flows is likely generated by the powerful turbulence
structures developing due to water drop at check dams (Ervine et al., 1997; Tokyay & Yildiz, 2007), which also
produce infrasound (Belli et al., 2022; Feng et al., 2014). At Illgraben this is observed for the seismic component
below10Hz.Our interpretation is consistentwith the spectra computed on the seismic signals of the event recorded
at ILL11 and ILL12 seismic stations deployed closer to the torrent at Illgraben, showing a slight enrichment be-
tween 2 and 10 Hz, following the trend observed for the infrasonic spectrum (see Section S4 in Supporting In-
formation S1). We suggest that the turbulence‐related seismic source in debris flows might be enhanced at
Illgraben, because of the larger size of its check dams compared to other sites, which therefore trigger more en-
ergetic turbulence (Belli et al., 2022; Tokyay &Yildiz, 2007), and for smaller, less granular and more fluid events,
because of the milder dominance of the collision‐related source. This seems confirmed by the trend observed for
other Illgraben debris flows, with the larger flows being characterized by lower seismo‐acoustic cross‐correlation
(Figure S3 Supporting Information S1). The additional seismic source mechanism highlighted here opens new
scenarios for future experimental and/or theoretical studies aimed at estimating the seismic component produced
by flow‐turbulence starting from the recorded infrasound, so as to be able to discriminate within the seismic signal
the contributions associated to the different source processes (particle collisions and flow turbulence).

Eventually, our study further highlights the potential of using infrasonic and seismic signals for monitoring debris
flows, as already indicated in previous studies (Marchetti et al., 2019; Belli et al., 2022; Schimmel & Hübl, 2016;
Chmiel et al., 2021; Schimmel et al., 2022). If an infrasound antenna is available, the array processing has proven
to be able to identify the debris flow passage at the main check dams located along the Illgraben channel
(Figure 2), so that it can be used to detect and track events in real time, as already suggested by Marchetti
et al. (2019). Similarly, our work shows how, if co‐located infrasonic and seismic sensors are present, the seismo‐
acoustic cross‐correlation analysis could be used to localize debris flows in well‐known channels (Figure 4).

Data Availability Statement
Infrasound data are freely available at Belli (2024). Seismic data are openly available at Belli and Walter (2024).
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