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Abstract We present a multiscale seismic attenuation tomography of a seismotectonically complex region
in northern Italy hosting the well-characterized Collalto Underground Gas Storage (UGS). Beyond its specific
relevance, this site provides a natural laboratory for assessing the ability of attenuation imaging to distinguish
fluid-rich zones from highly strained, failure-prone volumes. We integrated scattering and absorption
tomography models: scattering anomalies, between the two principal thrusts, highlight localized strain near fault
tips; absorption tomography images the shallow UGS and reveals a deeper fluid-saturated volume. Seismicity
concentrated around this deeper anomaly, exhibiting a pulsatory temporal pattern, suggests a fluid-driven role in
the deformation processes. These findings show that attenuation tomography, combined with multiscale and
complementary geophysical models, can resolve critical subsurface features related to fluids and strain. The
approach is broadly applicable to geothermal and volcanic contexts and supports seismic hazard assessment in
tectonically active regions where natural and anthropogenic processes may interact.

Plain Language Summary During their propagation, seismic waves change their amplitude and
frequency content. By studying these variations, we can produce images of the energy lost by the waves due to
the rock properties. Seismic attenuation and its two primary mechanisms, scattering and absorption, are
sensitive to fluids, geochemistry, and temperature; however, they can also vary significantly due to rock
heterogeneities and strain conditions. We tested the potential of these techniques in the Montello area (eastern
Southern Alps, northern Italy), site of the Collalto Underground Gas Storage (UGS). The results confirm the
position and geometry of the principal tectonic structures in the area and show the rock volume permeated by
fluids (Collalto UGS). The absorption model also highlights a deeper, separated fluid reservoir, influencing the
earthquakes release.

1. Introduction

The interplay between crustal fluids and tectonic stress is a critical factor in seismic hazard assessment, yet
distinguishing their individual signatures in the subsurface remains a major challenge. Seismic attenuation, along
with its two primary mechanisms (i.e., scattering and absorption) has proven highly effective for imaging sub-
surface heterogeneities in complex geological contexts (Borleanu et al., 2017; De Siena et al., 2017; Schurr
et al., 2003). These methods are particularly sensitive to fluids, temperature, and strain, consistently with both
laboratory (King, De Siena, Benson, & Vinciguerra, 2023) and numerical modeling simulations (Di Martino
et al., 2022; King, De Siena, Zhang, et al., 2023).

Several studies associated attenuation anomalies with major fault systems, stress accumulation, and seismic
activity or gaps (Gabrielli et al., 2023; Napolitano et al., 2020; Nardoni & Persaud, 2024; Talone et al., 2023).
Nevertheless, attenuation imaging is still predominantly applied in volcanic environments (Clarke et al., 2020;
Guardo et al., 2022; Prudencio et al., 2015; Reiss et al., 2022), where widespread fracturing, fluid circulation, and
high strain rates favor strong attenuation contrasts. In such contexts, the sensitivity of seismic absorption to fluids
is widely documented, for instance correlating high absorption values with melting portions of the lithosphere and
reservoirs associated with volcanic activity (De Siena et al., 2016; Sketsiou et al., 2020). However, in tectonic
settings, the straight correlation between attenuation and the presence of fluids remains debated. This is largely
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Figure 1. The seismotectonic framework of the Montello-Collalto area in the eastern Southern Alps (top-left inset shows the
location map of the study area). Principal tectonic structures (Bigi et al., 1990; ITHACA Working Group, 2019; Picotti
etal., 2022; SGI & UNMIG, 2010) are shown on the map and in a 3D view as reconstructed in this work (top-right inset). The
available seismic stations (triangles) and seismic events (circles) from 2012 to 2022 are represented. The seismicity (sized
according to the magnitude) corresponds to the catalog utilized for the tomography. Purple and black rectangles indicate the
large and small tomography areas, respectively. Bottom-left inset displays the prevailing stress regime according to Villani
et al. (2024).

due to trade-offs between absorption caused by the presence of fluids, distributed fracturing, and rock damage
(e.g., Mavko et al., 2020; Zhu et al., 2021). As a result, attenuation anomalies are often difficult to interpret
unambiguously in these contexts, especially when fluid pressure, strain localization, and lithologic contrasts
coexist.

To address this issue, we perform an in situ benchmark test of multiscale attenuation tomography. We focus on the
Montello thrust system, an active segment of the outer front of the eastern Southern Alps (SA) in Italy (Figure 1),
which hosts the methane Collalto Underground Gas Storage (UGS) (Cargioli & Sola, 2007; Priolo et al., 2015).
This site is particularly suitable for two reasons. First, the well-characterized UGS is an ideal reference target for
evaluating the ability of attenuation imaging to discriminate between fluid- and strain-related anomalies at
different scales. Second, the reservoir is embedded in a seismically active fold-and-thrust belt characterized by
blind thrusts and interacting deformation processes.
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Our results correlate well with the structural architecture proposed by Picotti et al. (2022), confirm the high-
absorption signature of the UGS, and reveal a previously undetected deeper fluid-saturated volume. Its spatial
correlation with local seismicity suggests that fluid circulation may modulate seismic behavior in the area,
potentially supporting the hypothesis of a creep-like deformation regime as proposed in previous studies (Barba
et al., 2013; Romano et al., 2019).

These findings have implications beyond the Montello-Collalto area, as they allow calibrating attenuation at-
tributes with significant impact on seismic hazard assessment and resource management where imaging of fluids
is central, like across geothermal reservoirs (Napolitano et al., 2025; Yemane et al., 2025). The ability to detect
deep seismogenic sources supports studies in complex seismotectonic settings (Akinci et al., 2020, 2022; Visini
et al., 2009, 2010) and seismic risk of carbon capture and storage sites (Tisato et al., 2015). Finally, they enhance
our understanding of the role of deep fluids in earthquake cycles, including seismic swarms and aseismic creep
along major faults (Reiss et al., 2022).

2. Seismotectonic Framework

The SA in northern Italy form an S-verging fold-and-thrust belt, a segment of the post-collision back thrusting
zone of the Europe-verging Austroalpine-Penninic orogen (Castellarin et al., 2006). The eastern sector of the SA
(Figure 1) is bounded by the Periadriatic Line (north) and by the Giudicarie Line (Castellarin et al., 2006; Curzi
et al., 2024; Handy et al., 2010). The principal tectonic force driving the deformation of the belt is NNW-SSE
compression (Villani et al., 2024) related to the collision of the Adria and European plates (Poli et al., 2008)
(Figure 1). In this context, we focus on the Montello-Collalto area because of the coexistence of active tectonic
structures, a high-quality local seismic network, and a well-known methane reservoir (Figure 1 and Figure S1 in
Supporting Information S1).

The Montello thrust represents the outer front of the eastern SA (Picotti et al., 2022) and is characterized by an
average shortening rate of about 0.3—0.4 mm/yr that is smaller than the Bassano-Valdobbiadene thrust behind it
(Picotti et al., 2022). The two structures exhibit opposite deformation behaviors, characterized by a locked
Bassano-Valdobbiadene thrust and a freely slipping Montello thrust (Barba et al., 2013; Picotti et al., 2022;
Romano et al., 2019), as indicated by the velocity field (Anderlini et al., 2020).

The Montello hill hosts a methane reservoir, exploited between 1983 and 1994 (Cargioli & Sola, 2007), and
converted into the Collalto UGS by Edison Stoccaggio S.p.A. (recently acquired by Snam). Since 2012, the
National Institute of Oceanography and Applied Geophysics (OGS) has been in charge of the seismic monitoring
of the Collalto UGS and the surrounding area, thanks to a local and permanent seismic network consisting of 10
stations with borehole sensors (Rete Sismica di Collalto [RSC], Figure 1) (Priolo et al., 2015). This high-
resolution network plays a fundamental role in detecting several micro-earthquakes that are invisible to the
regional and national seismic networks (Peruzza et al., 2022; Romano et al., 2019), thus filling a previously
considered seismic gap (Burrato et al., 2008; Galadini et al., 2005).

A recent comprehensive analysis of the seismicity distribution in the Montello area is presented by Romano
et al. (2019) for the period 1977-2017. The authors show predominantly sparse, low-energy (magnitude <4.0)
seismicity between 5 and 15 km depth, which is classified as tectonically originated (Peruzza et al., 2022; Priolo
et al.,, 2015; Romano et al., 2019). The dominant kinematics reflect a compressive response to the current
deformation state (Villani et al., 2024), as confirmed by the available focal mechanisms (Sarao et al., 2021). An
oblique-to-strike-slip component develops in response to deformation accommodation along high-angle sec-
ondary transverse structures, oriented NE-SW and NW-SE (Picotti et al., 2022; Romano et al., 2019). A stress
inversion analysis performed by Romano et al. (2019) reveals general transcurrent kinematics in the westernmost
area of the UGS, and reverse movement for the thrust-dominated Montello frontal zone. Peruzza et al. (2022)
propose a mixed kinematics for the recent 2021 Refrontolo microseismic sequence, raising the question of local
stress variations inducing oblique kinematics that accommodate the compressive push along pre-existing
discontinuities.

3. Materials and Methods

The seismic catalog used in this study (January 2012—-October 2022) comes from the RSC network. It comprises
1,326 micro-to-minor earthquakes with 0.0 < M; < 3.9, located with a 1D velocity model optimized for the
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Montello-Collalto area (Romano et al., 2019) and characterized by the best hypocentral parameters according to
Husen and Hardebeck (2010) criteria. We outlined two study areas: a small area centered on the Collalto UGS,
and a large one encompassing the entire Montello thrust system. The completeness magnitude of the RSC catalog
varies spatially (Mc 0.0 near the UGS and Mc 0.5 in the neighbors); thus, we removed all events with M; < 0.5 to
use a homogeneous catalog (Figure 1 and Figure S2 in Supporting Information S1). Finally, we obtained 689
earthquakes with 17,205 waveforms for the large area and 185 earthquakes with 6,777 records for the small area
(Figure S3 in Supporting Information S1).

We performed a preliminary analysis following Talone et al. (2023). We considered four central frequency ranges
to investigate the frequency content of seismic signals (1.5, 3, 6, and 12 Hz). Based on this analysis, we selected a
central frequency of 12 Hz, which is appropriate given the small magnitudes of the earthquakes and the di-
mensions of the study area (Figures S4—-S6 in Supporting Information S1). We then perform seismic scattering
and absorption tomography with the Matlab© code MuRAT3D (De Siena et al., 2014). This code models the
scattering (using the peak delay PD as a proxy) and absorption (using the inverse coda quality factor Qc™" as a
proxy) considering various portions of the seismogram (Reiss et al., 2022):

o Scattering is measured from the broadening envelope; PD corresponds to the time between T, (earthquake
origin) and the maximum peak of the envelope (Aki & Chouet, 1975; Saito, 2002; Sato, 1989). Assuming that
the wavelength is smaller than the correlation distance and that the propagation is constrained within a
constant-velocity parallelepiped (average of the velocities encountered by the seismic ray), the method cor-
rects for the increase in PD due to travel time and relates the remaining variations as scattering phenomena.
The variations are allocated in the crossed blocks using the regionalization method, with the hit count serving
as weights (Calvet et al., 2013; De Siena et al., 2016; Takahashi et al., 2009).

¢ Absorption is measured using the envelope decay of the coda waveform, starting from the results of a Multiple
Lapse Time Window Analysis (Fehler et al., 1992). The sensitivity of the coda waves to the 3D Earth structure
is evaluated using sensitivity kernels (Del Pezzo et al., 2018). MuRAT3D builds an inversion problem
assuming that the measured coda energy is contained within the propagation grid (Sketsiou et al., 2020). Qc™
becomes a proxy for absorption if coda waves are in the diffusive regime within a single high-diffusive layer.
The code tests the equipartition between P- and S-wave energy by verifying the independence of coda
attenuation from the hypocentral distance (Akande et al., 2019; De Siena et al., 2017; Mayor et al., 2016). This
condition is sufficient to interpret Qc™' absorption-related in the absence of leakage and coherent phases
within the coda (Akande et al., 2019; Borleanu et al., 2023; Calvet et al., 2013; Napolitano et al., 2020;
Nardoni et al., 2021; Sketsiou et al., 2020). Method's applicability and ray coverage have been properly tested
(Figures S7-S9 in Supporting Information S1).

4. Results and Discussions

Recent studies (Picotti et al., 2022; Romano et al., 2019) have provided a comprehensive review of the geological
and seismotectonic framework of the Montello thrust system. We combine 3D geological modeling with seismic
scattering and absorption tomography to explore the relationship between attenuation anomalies and fault ar-
chitecture, stress distribution, and fluid content. Major faults have been reconstructed by integrating geological,
geophysical, and seismological data using the MOVE suite software (PetEx Ltd., version, 2022, 3D model in
Figure 1). Our analysis starts with a look at regional-scale scattering anomalies and their tectonic implications.
Then, we discuss localized variations in scattering and absorption, comparing them with existing models and
seismicity patterns.

4.1. Scattering: Fracturing and Stress

Our results suggest that seismic scattering anomalies are closely related to major faults and the zones of strain
accumulation. The regions of high scattering are located in the area between the hanging wall of the Montello
thrust and the footwall of the Bassano—Valdobbiadene thrust (Figures S10-S12 in Supporting Information S1).
This correlation highlights damage zones surrounding fault cores, as shown in cross-section A—A’ (Figure 2),
where anomaly 1 broadens along the mapped thrust traces. Similarly, anomaly 2 aligns with the branching of the
Nervesa—Arcade system from the Montello thrust, consistent with the expected increase in fracturing at fault
junctions. These patterns agree with previous studies (Gabrielli et al., 2023; Napolitano et al., 2020) that associate
high seismic scattering to high rock fracturing caused by tectonic deformation. Comparison with the geological
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represented: colors and labels have been attributed to the principal thrust discussed in this work. The position of the Collalto Underground Gas Storage (labeled black
rectangle) is also shown. In the latter section seismicity represented in Figure 1 is projected with a semi-width of 5 km and scaled according to the magnitude.

model of Picotti et al. (2022) reveals that high-PD values are mainly concentrated in the carbonate units, likely
reflecting their higher stiffness compared to the overlying sedimentary cover. This mechanical contrast enhances
strain localization along fault planes and promotes seismic scattering (Atterholt et al., 2022; King, De Siena,
Benson, & Vinciguerra, 2023).

In contrast, anomalies 3 and 4, although located within carbonates, show low scattering. These low-PD zones are
associated in literature with areas of increased tectonic stress (Gabrielli et al., 2023; King, De Siena, Benson, &
Vinciguerra, 2023; King, De Siena, Zhang, et al., 2023; Talone et al., 2023). Anomaly 3 occurs in the axial zone of
a SE-verging overturned fold, where compressive stress likely deforms the heterogeneity, while fold limbs may
remain more fractured. Anomaly 4 marks a stress accumulation zone along secondary structures of the Montello
thrust, including the Refrontolo backthrust, and coincides with the 2021 Refrontolo seismic sequence. Minor
discrepancies between scattering anomalies and mapped faults are likely due to tomographic resolution limita-
tions and interpolation artifacts. Nevertheless, PD proves to be a robust proxy for delineating fault geometry and
regional stress regimes.
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absorption anomalies, (b) the scattering anomalies, and (c) the Vp/Vs ratio redrawn from Anselmi et al. (2011). The three cross-sections are overlaid by an identical
frame composed of: earthquakes of the Refrontolo cluster projected with a semi-width of 0.5 km and scaled according to the magnitude; fault surface intersections from
the 3D structural model illustrated in Figure 1; an iso-density contour from the Tadiello and Braitenberg (2021) model (solid black line, density of 2.7 g/cm?); the main
separation between high and low scattering values (dash-dotted black line); the position of the Collalto Underground Gas Storage (labeled black rectangle).

At finer scales, PD becomes more sensitive to lithological contrasts. The high-resolution scattering model reveals
a SE-dipping low-PD anomaly within the Montello hanging wall (Figure 3b). This feature approximately co-
incides with a seismic velocity contrast (Anselmi et al., 2011; Figure 3c) and a 3D density model (Tadiello &
Braitenberg, 2021; Figure 3, black iso-density contours). The boundary marks the transition between thrust-
stacked carbonate units (Bassano—Valdobbiadene and Montello) and the overlying low-density, high Vp/Vs
sediments of the Venetian Plain. The interface is mostly planar, with local dip variations near faults, consistent
with a compressional tectonic setting.
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Figure 4. Small-scale absorption model with comparisons to the 2021 Refrontolo cluster. The anomalies are represented as iso-volumes, indicating Qc™"' > 0.002
(yellow) within the neighboring tectonic structures: the Montello thrust (orange), the Nervesa-Arcade thrust system (blue), and the Refrontolo backthrust (pink). The
two zoom images show high absorption anomalies around the Collalto Underground Gas Storage (black polygon in inset 1) and contouring the seismic sequence (green
spheres scaled according to the magnitude in inset 2), respectively. The results of the spatiotemporal analysis of seismicity are shown using R-T plots. (left) The
Refrontolo sequence and the cumulative number of earthquakes with time (blue line), (right) the first burst event, the diffusivity law (black line), and the seismic front
(green) and back front (blue) in a constant 2-hr window (see Text and Figure S14 in Supporting Information S1 for further details).

4.2. Absorption: Fluid Circulation

In contrast to the PD, density, and Vp/Vs models, the seismic absorption model reveals features that do not
correlate with mapped structures or lithological boundaries. It shows two distinct anomalies with high-Qc™': a
shallow hemispherical feature in the upper 4 km of the crust and a deeper, more complex anomaly between 6 and
13 km depth (Figure 3a). The shallow anomaly spatially includes the Collalto UGS (Figure 3a; Figure 4, inset 1).
We interpret this feature as the result of fluid-induced absorption, confirming the high sensitivity of Qc™' to-
mography to fluid content and its value for tectonic studies. The Collalto reservoir lies at ~1.5 km depth and
extends ~8 km NE-SW and ~1.5 km NW-SE (Romano et al., 2019), whereas the associated high-Qc_1 anomaly
extend laterally over ~16 X 8 km and reaches ~4 km in depth. This size difference likely reflects the limited
spatial resolution of the Qc™' model, which is constrained by a node spacing of 1 km. In addition, exploration data
(SGI & UNMIG, 2010, Figure S1 in Supporting Information S1) report multiple depleted or unexploited fluid-
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bearing layers in the area, suggesting that the observed anomaly may represent a more extensive fluid-rich volume
rather than a single reservoir. These interpretations are not mutually exclusive.

The second, deeper high-Qc ™! anomaly is located beneath the Refrontolo backthrust (Figure 3a; Figure 4, inset 2),
which is top-bounded by a low-scattering region in the hanging wall and by a high-Qc™" zone in the footwall
(Figures 3a and 3b). Using the Collalto anomaly as a reference for fluid sensitivity, we interpret this deeper feature
as indicating the presence of fluid at depth. Synthetic tests (Figure S13 in Supporting Information S1) confirm the
robustness of the anomaly, although geological and geophysical constraints are not yet sufficient to determine its
physical nature. This deep anomaly is in a region of frequent microseismic activity, recorded by the Collalto local
seismic network. Among these, the 2021 Refrontolo sequence stands out due to its detailed documentation and
number of events, providing a seismological signature that supports the presence and dynamic role of fluids
inferred from our attenuation model.

The sequence, analyzed by Peruzza et al. (2022), went through at least three burst phases, the first of which
included the M; 2.4 mainshock (Figure 4, R-T plots). During the sequence, a localized increase in the Vp/Vs ratio
(from a background median of 1.78 to 1.85) was observed, a variation commonly interpreted as indicative of fluid
involvement in earthquake triggering. The R-T distribution of the first burst phase is consistent with a hydraulic
diffusion model (Shapiro et al., 2002), with a best-fit diffusivity of ~4 m?/s. Such a value is computed following
Amezawa et al. (2021), De Barros et al. (2024), and Diaz-Moreno et al. (2015) (see Figure S14 in Supporting
Information S1 for further details).

Using the total seismic moment released during the sequence and the approach of Danré et al. (2022), we estimate
the fluid volume involved in triggering at ~1.4 X 10* m®. This is comparable to values for naturally triggered
seismic swarms and thus supports a fluid-driven interpretation. However, the spatio-temporal evolution of the
sequence cannot be fully explained by pure diffusion due to its complexity. In particular, the expansion and retreat
of the seismic front and backfront show a non-monotonic behavior, suggesting the involvement of additional
mechanisms. We therefore propose a mixed triggering process including pore pressure diffusion, poroelastic
stress changes, and static stress transfer as shown by Boyet et al. (2023). Finally, we point out that the size of the
volume of the identified anomaly is subject to uncertainty due to limitations in tomographic resolution and
interpolation effects and should not be overinterpreted.

Geological processes such as mineral hydrolysis or metamorphic decarbonation can generate CO, and other fluids
at depth, provided suitable thermal conditions are present (Kissin & Pakhomov, 1975). These fluids in a su-
percritical state can accumulate in deep crustal reservoirs and migrate upward along tectonic discontinuities,
potentially affecting shallower systems (e.g., de Nardis et al., 2024; Smeraglia et al., 2018). In support of this
hypothesis, Italiano et al. (2009) documented the persistent release of deeply sourced CO, along tectonic
structures in the Friuli region. Their interpolated CO, map shows elevated concentrations near Pordenone, just
east of our study area. By analogy, we suggest that similar processes may occur beneath the Montello thrust
system, where compressional tectonics both generate and guide the upward migration of deep fluids.

The reconstructed framework in which fluids likely play a key role in modulating local seismicity along the
Montello thrust system is consistent with Anderlini et al. (2020) and Barba et al. (2013), who advanced the
hypothesis of creeping behavior based on GPS data and the observations of Romano et al. (2019) on seismicity
analyses. We emphasize that such behavior does not exclude larger earthquakes in an active tectonic area, as has
been observed in other parts of the world (Lienkaemper et al., 2012).

5. Conclusion

In this work, we present the first multi-scale seismic attenuation tomography of a sector of the eastern SA,
focusing on both the regional tectonic setting and the Collalto UGS located inside the Montello hill, to charac-
terize fault structures and detect fluid-related anomalies. The reconstructed attenuation anomalies are associated
with both tectonic fractures and the presence of fluids, confirming the overall tectonic setting and the position and
isolation of the UGS.

Seismic scattering tomography confirms its effectiveness in mapping fault geometry and stress accumulation
zones, being more sensitive to the fractured zones. The coda-based absorption model demonstrates its ability to
detect fluid-rich volumes, even in a tectonic context, thereby overcoming the limitations of other geophysical
models, such as seismic velocity, Vp/Vs ratio, or 3D rock density.
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Our results suggest that fluids play a central role in modulating seismicity in the Montello system. The detection
of a deep high-absorption anomaly beneath the Refrontolo backthrust, together with its spatial correlation to
clustered seismicity and anomalous Vp/Vs variations, supports a fluid-driven triggering process.

These results demonstrate the value of attenuation tomography as a complementary imaging tool in tectonically
active areas. By revealing features that cannot be detected with conventional seismic parameters, it provides
important insights into fluid-structure interaction and its influence on fault slip and earthquake occurrence.
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