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Key Points:

• We present an innovative array-processing approach to image glaciers
structures through locating seismic sources with high-resolution.

• We investigate a large range of spatial phase coherences, from very low up
to very high, over narrow frequency bands and short time windows.

• We image the spatial and temporal dynamics of sources originating from
active and passive crevasses as well as from subglacial hydrology.

Abstract

Dense seismic array monitoring on glaciers combined with advanced array pro-
cessing may help retrieve and locate a variety of seismic sources with unprece-
dented resolution and spatial coverage. Here we present an array methodology
that goes beyond classical localization algorithms through gathering various
types of sources (impulsive or continuous) into a single scheme and sort those
by their associated array phase coherence. We demonstrate that we can retrieve
the spatial and temporal dynamics of active crevasses with a metric resolution
using sources with high phase coherence; the presence of diffracting materials
(e.g. rocks) trapped in transverse crevasses using sources with moderate phase
coherence; and the time evolution of two-dimensional maps of the subglacial
water flow drainage system using sources with low phase coherence. With the
ongoing increased use of dense seismic arrays, our study highlights the strength
of using an appropriate seismological approach to image a wide range of subsur-
face structures.

Plain Language Summary

Over the past two decades, the growing use of dense seismic arrays has often over-
come limitations of traditional observations methods and yielded new insights
on the physics of subsurface process and properties. Yet scientific challenges
remain to be addressed for using the appropriate array-processing approaches
and automating the techniques on continuous data and in a multidimensional
model space including 3D source locations and seismic wave velocity. In this
paper we address such challenges in the particular case of monitoring glaciers,
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which have the particularities to generate numerous sources of quite extraor-
dinarily diverse nature, from impulsive to tremor like signals. We combine a
physic-based and a statistical approach to explore the spatial coherency of the
seismic field generated by such a diversity of sources. We show that even a
partial spatial coherence remains rich in statistical information on concomitant
and/or low amplitudes micro-seismic sources. This allows us to localize seismic
sources at high-resolution (metric to decametric) and identify emerging patterns
associated with a wide range of glacier features and their dynamics, ranging from
active crevasses, debris in transverse passive crevasses and subglacial water flow.
Such methodological and conceptual advance may enable a more efficient and
complete imaging of geophysical objects.

1 Introduction

Over the past two decades, the use of dense seismic arrays has become
widespread at all spatial scales in geophysics and seismology thanks to the
development of low-cost autonomous and synchronized seismic sensors (Lin et
al. 2013; Ben-Zion et al. 2015; Shen et al. 2012; Sergeant et al. 2020). On a
continental scale, these networks of several hundred or thousands of sensors
(e.g. USArray, Hi-Net (Ekström et al. 2009; Okada et al. 2004)) yielded
accurate maps of phase and group velocities for surface waves in the frequency
range where ocean-driven ambient seismic noise dominates (<~1 Hz). On a
local scale (few to tens of kilometers), passive imaging and monitoring of the
subsurface have become classical tools of geophysics with the investigation of
higher frequency waves (few to tens of Hz) often generated by anthropogenic
noise (Pinzon-Rincon et al. 2021). Seismic exploration conducted using active
sources and a number of sensors often exceeding ten thousand has long been
used for near-surface imaging purposes, particularly in the oil and gas industry
(Lindseth 1968; Chmiel et al. 2021). With the growing monitoring capabilities
now being affordable in academia, the scientific literature has recently been
full of examples of the use of dense seismic networks on all kinds of geophysical
objects and at all spatial scales, such as active faults, volcanoes, geothermal
systems, landslides, glaciers, oil exploration fields. Thanks to the remote and
non-invasive nature of seismic instrumentation, the use of dense seismic array
often allows overcome limitations of traditional observation methods and yield
new insights on the physics of subsurface process.

The use of dense seismic arrays requires array-processing techniques in which one
analyzes the spatial coherence of the incident waves on all or part of the array,
in accordance with the diffraction laws. Although very promising, the recent
development of algorithms based on artificial intelligence and neural networks
with or without learning stage (Bianco et al. 2019; Seydoux et al. 2020; Shi et
al. 2021) does not yet take the place of wave physics as an essential tool to take
advantage of the spatial density of sensor arrays (Seydoux et al. 2016). Current
physics-based algorithms consist in evaluating the spatial coherence(s) between
nearby sensors and on the whole network via the construction of the inter-
spectral matrix (CSDM) at given frequencies (Cros et al. 2011). The measure
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of the spatial coherence is then coupled to an inversion scheme (for imaging)
or to a projection on a 2D/3D model space (for source localization), this last
algorithm forming the fundamental principle of the widely used Matched Field
Processing (MFP) (Vandemeulebrouck et al. 2013; Gresse et al. 2018). MFP
algorithms lead to the interpretation of an ”ambiguity surface” that represents
the probability of the presence of a seismic source in the model space (Corciulo
et al. 2012; Gradon et al. 2019; Gradon et al. 2021; Chmiel et al. 2019).

Applying MFP on massive data raises three main difficulties, which are (1)
matching the appropriate surrogate source from the model space to the experi-
mental data, (2) dealing with multiple and concomitant sources that degrades
the spatial coherence of the CSDM and affects the quality of the projection
of the propagation model, built on the basis of a point-like source or an inci-
dent plane wave, onto the data and (3) automating the technique on continuous
and massive data and in a multidimensional model space including 3D source
locations and phase velocity, for example.

In this paper, we address the above listed challenges in the specific case of
the monitoring of glaciers, which have the particularities to generate numerous
sources of quite extraordinarily diverse nature, from impulsive to tremor like
signals (Podolskiy and Walter 2016). The aim of our study is to go beyond clas-
sical localization algorithms that generally assign a source to a time window for
high phase coherencies, and that reject time windows where the phase coherence
is low and localization is ambiguous. We combine an efficient MFP algorithm
and a statistical approach in order to gather all the diversity of sources into a
single scheme. We show that, despite the ambiguity on localization, a partial
coherence on the array remains rich in statistical information on concomitant
and/or low amplitudes micro-seismic sources. Sorting all sources by degree of
phase coherence, we identify distinct patterns associated with different glacier
features and their dynamics, ranging from active crevasses, debris in transverse
crevasses and subglacial water flow.
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Fig. 1: (a) Monitoring set-up of Glacier d’Argentière and (b) aerial view of the
Glacier d’Argentière field site (France, Mont Blanc mountain range). (a) The
seismic network (green dots) is composed of 98 seismic stations with Fairfield
Nodal Z-Land 3 components, which are indicated according to their positions at
the beginning of the survey period. White contour lines show 50-m-spaced ice
thickness contours, as obtained from combined radar measurements and surface
elevations. The pink crosses show the locations of the 29 starting points used
in the location algorithm. The glacier flows toward the northwest (top left) as
shown by the black arrow in (b). Aerial view provided by Bruno Jourdain.

2 Materials and Methods

2.1 Field experiment

Our study lies in the context of the RESOLVE project (Gimbert et al. 2021),
which consisted in the deployment of 98 seismic sensors on the Argentière Glacier
in the French Alps (Fig. 1). The network covered an area of about 650m x
800m in the lower part of the glacier, with a station interspacing of about 40
m. Continuous acquisition were made during 35 days at the onset of the 2018’s
melt season (April-June). This area is also well documented through other local
measurements (Gimbert et al. 2021). Based on this complementary information
we know that the glacial surface velocity was on the order of 0.1 m.day-1 during
the dense array campaign and that subglacial water discharge increased from 0.1
m3.sec-1 on April 24th to 4 m3.sec-1 on May 30th. Geophysical imaging through
ambient seismic noise correlation has already been conducted with this seismic
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dataset as well as the identification of coherent seismic sources (icequake) located
on the surface (crevasses, block falls) and at the rock-glacier interface (Sergeant
et al. 2020). At high frequencies [10-20] Hz, short and repeated pulses that cross
the entire network dominate the seismic signal with a few seconds recurrence
time (Gimbert et al. 2021). This very large population of icequakes is mostly
composed of surface waves (phase velocity = 1590 m/s). At low frequency [3-7]
Hz, subglacial water flow has been observed to generate continuous seismic noise
(Nanni et al. 2020) and a dynamic mapping of hydrological flows at the base of
the glacier was carried out via the study of incoherent and spatially dispersed
seismic sources (Nanni et al. 2021).

2.2 Data analysis

We focus on ground motion extracted from the vertical component of the nodes.
We conduct MFP by recursively matching a synthetic field of phase delays be-
tween sensors with that obtained from observations using the Fourier transform
of time-windowed data. We obtain the synthetic field from a source model with a
frequency-domain Green’s function that depends on source spatial coordinates
𝑥, 𝑦 and 𝑧 and medium phase velocity 𝑐. We use a spatially homogeneous
velocity field within the glacier, which has the advantage of a fast-analytical
computation, although it also results in a higher degree of ambiguity between 𝑧
and 𝑐. To build a large catalog of events, we apply MFP over the entire study
period using short time windows of T=1 s with 0.5-s overlap, across frequency
bands of ±2 Hz width evenly spaced from 5 to 20 Hz. Our approach considers
spherical waves and allows locating point-like sources close to and even within
the seismic array (Gimbert et al. 2021). In order to preserve a quality of source
localization we keep only the sources detected within the glacier at less than
400 m from the center of the seismic network and with realistic phase velocities
within [1000-3500] m.sec-1 (Sergeant et al. 2020; Nanni et al. 2021). We limit
our spatial analysis on the glacier’s surface plane because of (1) the depth-vs-
velocity ambiguity of the MFP due to the 2D disposition of our array and (2)
the large spreading of the surface wave sensivity kernel with depth (Gimbert et
al. 2021).

At each frequency, the MFP output is a marker of the spatial coherence among
the array (Vandemeulebrouck et al. 2013). It ranges from 0 to 1 with higher
values corresponding to better matches between modelled and observed signal
phases, which is classically interpreted as a higher confidence in true source
location (Cros et al. 2011; Gresse et al. 2018; Corciulo et al. 2012; Gradon
et al. 2019; Gradon et al. 2021). One should note, however, that across
frequencies, a source located with a similar MFP output does not bear the same
accuracy, since the spatial phase coherence increases with increasing seismic
wavelength (Rost and Thomas 2002). For instance, a partial coherence on 5 to
10 neighboring sensors (with inter-distance of about 40 m) would lead to a MFP
output around 0.05 at high frequencies of about 20 Hz (seismic wavelength of
about 80 m) while around 0.1 at frequencies of about 10 Hz (seismic wavelength
of about 160 m).
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It can occur that within a given time window 𝑇 simultaneous micro-seismic
sources of varying amplitudes occur, which causes wavefield superposition and
a drop in the spatial coherence. As a result, a large number of local minima
characterize the exploration of the model space at each frequency. In order to
properly probe local minima (Gradon et al. 2021; Chmiel et al. 2019), we start
the minimization algorithm from a set of 29 points widely distributed inside and
near the array at the glacier surface (pink crosses in Fig. 1). The originality of
our approach is to keep all MFP outputs of the 29 minimizations found after
convergence and analyze these statistical results through the distribution of
MFP values. Such an approach is made possible through drastically reducing
computational cost using an algorithm that relies on the downhill simplex search
method (Nelder-Mead optimization) (Lagarias et al. 1999) instead of using a
multi-dimensional grid search approach.

Two extreme cases give an idea of the population of localizations obtained by our
MFP algorithm. When a single icequake signal is present in the study window 𝑇 ,
the 29 minimizations are expected to converge to a single source location with
an MFP level close to 1 (Sergeant et al. 2020; Gimbert et al. 2021). On the
contrary, if the time window 𝑇 records only random noise, the 29 minimizations
are expected to generate as many localizations scattered over the whole study
area with an MFP level of the order of 1/𝑁 where 𝑁 = 98 is the total number
of sensors in the seismic array. Between these two extremes, the case of multiple
sources leads to clusters of localizations.

Through the diversity of sources encountered within a glacier, the results pre-
sented below scan the different degree of spatial phase coherence obtained by
MFP minimization initialized from different starting points and show the strate-
gies to be developed to image at high-resolution a variety of glacier structures
with source localization techniques.

3 Results

3.1 Imaging crevasse dynamics from impulsive events

In Figure 2a, we show the spatial distribution of the seismic events associated
with a high (i.e. global) phase coherence (MFP output, [0.5-1]; frequency, [15-19]
Hz). For these events, the convergence of the location algorithm leans towards
the global minimum of the cost function, whatever the starting point of the
minimization (Gimbert et al. 2021). We observe that the events are mainly
located on the side of the glaciers where crevasses are observed (Figs. 1a, 2a)
and have a relatively low occurrence of c. 1 event per day per square meter.
On the eastern and western flanks of the glacier where ice is thinner, the events
are almost aligned orthogonally to the glacier flow, whereas on the northern
part of our study area, they tend to align along flow. Such pattern is typically
expected for crevasses of narrow U-shaped valley glacier as a result of maximum
extensive stresses rotating form near along flow to near perpendicular flow due
to increased shearing as approaching the glacier sides (Colgan et al. 2016). In
Figure 2b, we show the temporal dynamics of the events observed on April 25th
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between 0:00 and 10:00 am UTC and located within the seismic array. Over the
course of the day, the crevasses activation migrates at a speed of c. 10 m.s-1,
allowing us to draw the complete geometry of the c. 150 m-long crevasses buried
under about 4 meters of snow. On the eastern part of the crevasse, where the
spatial spreading of the events is relatively large (c. 50m), no large crevasses
are observed on the surface (Figs. 1a, 2b) suggesting more diffuse and smaller
structures than on the western side where clear localized structures are visible
on the surface. In this later area, the geometry depicted by the successive events
presents a narrow width of about or less than ten meters, which is considerably
lower than the half-wavelength (c. 45 m for a 17 Hz central frequency, Fig. 2c).
It thus appears that our localization accuracy is better than expected based on
the classical limits of wave diffraction defined in the far field (i.e. for source-
to-stations distances greater than the wavelength) (Fink et al. 2000). This is
further evidenced in Figure 2c, where we observe that the focal spot obtained
from matched field processing on a grid search conducted for the event identified
with the green cross (Fig. 2b, c) has a width of about 100 m, which is much
larger than the apparent resolution of about ten meters depicted by the events
alignment along the crevasse. This show that keeping only the centre of the focal
spot as shown in Fig. 2c, leads to ultra-high resolution imaging of dynamical
structures, in a similar way to what is done in optics (Betzig et al. 2006; Rust
et al. 2006). This also leads us to advance that the spread of sources on the
eastern side of the crevasse is real and not due to localization uncertainties.

Fig. 2: Two-dimensional maps of source location obtained from matched-field
processing (MFP) for the 17 ±2 Hz frequency range and the [0.5-1] MFP output
range. (a) Map averaged over a 30-day time windows. The color scale shows the
number of events per square meter per day. Contour lines show the 50-m-spaced
ice thickness contours, as shown in Figure 1a. Red square shows zoom of panel
(b). Black arrow shows glacier flow direction. (b) Source location obtained for
April 25th between 0:00 and 10:00 am UTC. The color scale shows the time of
each event. Red square shows zoom of panel (c). (c) Diffraction-based spatial
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focus obtained from MFP for the event identified with the green cross. The
color scale shows the MFP output values. Black dots show localized seismic
sources.

3.2 Imaging sub-surface structures from diffracted waves

In Figure 3a, we show the spatial distribution of the seismic events associ-
ated with an intermediate (local) phase coherence (MFP output, [0.07-0.16];
frequency, [11-15] Hz). With these intermediate phase coherencies, the data
versus model phase agreement is only local and all 29 localizations obtained
from the minimization algorithm are expected to be spatially dispersed. We
observe that, when averaged over multiple days, the spatial distribution of the
events draws clear structures that are transverse to the glacier flow and are par-
ticularly marked in the upstream and downstream parts of the seismic network
(Fig. 3a). These structures are regularly spaced by c. 50 m, and 8 of them
have an average event density of around 10 per day per square meter, which is
significantly higher than previously found for crevasse sources at high coherency
(Sect. 3.1). The typical width of the transverse structures (c. 10m) remains
significantly lower than the half-wavelength (c. 60 m for a 13 Hz central fre-
quency) thus further supporting our previous finding that location precision is
higher than the typical half-wavelength. In Fig. 3b, we show with more details
the downstream part of our seismic array where three lines of events are well
distinguishable, to be compared with Fig. 3c where we show a picture of the
same area taken from helicopter. In this picture, we identify 3 to 4 across-flow
transverse crevasses with a geometry similar to that of the lines of events iden-
tified with seismic. Such transverse crevasses are thought to be inherited from
large crevasses formed upstream (see Fig. 1b) and having progressively closed
as advected downstream under a more compressive stress environment (Colgan
et al. 2016). Despite being small and likely inactive, we suggest that these relict
crevasses create a sufficiently strong material contrast for diffraction to occur
and our algorithm to detect diffractions as “events”. Such a strong material
contrast is likely permitted by the presence of rock debris having entered these
relict crevasses when those were previously active and large. Analysis of lower
spatial phase coherencies in the MFP algorithm can therefore allow identifying
diffractors, which would not have been permitted in a classical MFP framework
since each of these localizations would have been ignored based on their low
spatial coherence. This shows the strong potential of our statistical analysis,
which highlights the meaning of retrieving event locations in an attempt to not
only study true seismic sources but also scattering structures (Fig. 3b,c).
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Fig. 3: (a) Two-dimensional maps of the source location densities obtained for
the 13 ± 2 Hz frequency range and the [0.07-0.16] MFP output range averaged
over a 30-day time windows. The color scale shows the number of events per
square meter per day. Black arrow shows glacier flow direction. (b) Zoom on
the downglacier part of our array. Black dotted-line is orthogonal to glacier
flow. (c) Helicopter view of the study area from the right flank of the Glacier
d’Argentière. Line of sight is shown in (a) with the black triangle. Red arrows
show crevasses traces at the surface of the glacier. Black dotted-line is the same
as in (b). Aerial view provided from Bruno Jourdain, September 2018.

3.3 Imaging the subglacial hydrology dynamics from incoherent noise

In Figure 4, we show the spatial and temporal distribution of the seismic events
associated with the lowest (i.e. local) phase coherence (MFP output, [0.07-0.16];
frequency, [3-7] Hz). The localizations shown in Fig. 4 are expected to be more
dispersed and less reliable than in Fig. 3a, because of the larger wavelengths
and therefore a lower phase coherence. By considering sources over the whole
period we observe a characteristic pattern of sources aligning along the glacier
centerline, where the ice is at maximum thickness and where hydraulic potential
calculations (Fig. 4a) suggest the likely location of subglacial water flow (Nanni
et al. 2021). These sources are studied in details in Nanni et al. (2021),
who showed that they are likely generated at depth near the glacier bed and
are associated with subglacial hydrology flows. At such low frequencies, the
localization resolution is expected to be limited to 50 to 150 m (i.e. 1/6 to 1/2
of the c. 300 m wavelength). The width of the observed spot (c. 50 m) is likely
due to this reduced localization resolution as a result of the limited number of
sensors being sensitive to a given source, although we cannot rule out that it
could also be due to sources being distributed.

The temporal evolution observed from Fig. 4a to Fig. 4d highlights a significant
increase of source density from around 1 event per day per square meter up to
15 events per day per square meter over the one month of instrumentation,
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consistent with subglacial flow discharge and the associated generated seismic
noise strongly increasing over the period (Nanni et al. 2020). This evolution
is associated with a transition from a distributed to a more localized pattern,
which was identified by Nanni et al. (2021) as the signature of the subglacial
hydrology dynamics in response to an increase in surface melt, consistent with
expectations based on numerous glacier observational and numerical studies in
different contexts (Tranter et al. 1996; Lewington et al. 2020; Davison et al.
2019; Vincent and Moreau 2016; Irarrazaval et al. 2021). Despite the very low
phase coherence at such MFP output range, we thus observe coherent pattern of
sources with a temporal dynamic that is significant enough to be used to study
and image the subglacial hydrology networks.

Fig. 4: (a to d) Temporal evolution of the spatial patterns of the source
location densities obtained for the 5 ±2 Hz frequency range and the [0.07-0.16]
MFP output range. All of the maps are averaged over 7-day time windows.
Color scale shows the number of events per square meter per day. Contour lines
show the 50-m-spaced ice thickness contours, as shown in Figure 1. The blue line
in (a) shows the path that minimizes the hydraulic potential gradient calculated
with a flotation fraction of 0.5 in Nanni et al. (2021), which represents the likely
location of subglacial waterways.

4 Discussion and Conclusions

4.1 Source location accuracy

We observe that the horizontal resolution at which we retrieve sources with our
MFP scheme, whether they are generated by actives/inactive crevasses (Figs. 2,
3) or by subglacial water flow (Fig. 4), is of about 1/6 to 1/12 of the investi-
gated wavelength. Such a resolution is much higher than expected under a far
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field investigation, which is considered to be limited to half of the investigated
wavelength (Fink et al. 2000). We suggest that the high resolution obtained in
our case is made possible thanks to our array disposition that allows subwave-
length sampling and cover all azimuthal directions around the targeted sources
(Rost and Thomas 2002) and by our focus on sources within and close to the
array, resulting in a near-field investigation of the wavefield, which is considered
to yield a resolution down to 1/8 of the investigated wavelength (Pyrak-nolte
et al. 1999).

For the highest coherence values (Fig. 2), we obtain a hyper-resolved imaging
of active and superficial crevasses in all respects similar to that observed in
super-resolved optical imaging (Hess et al. 2006). This allows us to draw with
details the geometry of a crevasse that is revealed accurately by the repetition
of nearby micro-icequakes in active crevasses through our statistical approach.
With our resolution we do not simply image the most localized parts of crevasses
but also locations where those are more diffuse. Such approach may yield key
observations for the study of the mechanisms controlling the propagation of
crevasses, which is a topic of important matter for the dynamics of the Greenland
Ice sheet (Roeoesli et al. 2016) and the Antarctic Ice shelfs (MacAyeal et al.
2019).

For the lowest coherence values (Figs. 3, 4) we also obtain highly-resolved im-
ages of subsurface transverse crevasses, with a c. 10 m resolution, and subglacial
hydrology networks, with a c. 50 m resolution. Traditionally, events located
with such low phase coherence are discarded because considered of low confi-
dence. However, by summing these localizations over time, we obtain reliable
observation of glaciers structures and their dynamics. This shows the advan-
tage of applying a statistical approach downstream of a fine localization of a
very large number of sources over time.

4.2 Advances and perspectives in the investigation of phase coherence

The repetition and multiplication of impulse seismic sources of the icequake type,
but also the superposition with ambient noise of a hydraulic nature, requires a
more complete physical and statistical study of the recorded signal that what
is traditionally done. In practice, it appears that each time window 𝑇 (~1s)
contains spatially correlated information on all or part of the seismic network.
Extracting this spatial coherence requires then (1) not to be limited to the strong
MFP values classically used to confirm the detection of a microseismic source,
(2) to allow MFP analysis by narrow frequency bands (~+/- 2Hz) for seismic
wavelengths well sampled by the network and (3) to let the MFP algorithm
explore the parameter space in search of local minima via a gradient descent
technique initiated at different points inside and outside the seismic network.
The novelty of the observations yielded from our MFP investigation lies also on
the diversity of the observed sources, compared to previous studies that used a
similar methodological approach ( Gradon et al. 2021; Chmiel et al. 2019). We
observe (1) impulsive events with clear arrival time and high phase coherence,
(2) incoherent seismic noise generated from water turbulences and (3) diffracting
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objects that, to our knowledge, have not been observed before with seismic a
source localization scheme.

The wealth of information extracted from such a complete MFP analysis is
promising for the understanding of the physical processes at play in complex
systems hosting a large diversity of processes that generate numerous sources,
from impulsive to tremor like signals, such as glaciers, active volcanoes, land-
slides or active fault zones. In a time of increasing use of dense seismic arrays,
our study highlights how an accurate physic-based approach can be used to im-
age with high accuracy sub-structures through a high-resolution localization of
a variety of seismic sources. It also highlights the potential to apply a statisti-
cal and/or deep learning approach downstream of a physic-based approach to
enhance the level of comprehension on large seismic dataset.
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