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Abstract On March 9th, 2023, three small earthquakes (3.8 < M,, <4.5) occurred near Umbertide (Central
Italy), within 4 hours. Analyzing seismic ambient noise in the frequency band 0.1-1 Hz from six seismometers
within 20 km of the M,, 4.5, we detect a significant drop in seismic velocity at the time of occurrence of the
seismic sequence. A strain sensitivity analysis suggests that crustal damage was primarily caused by the passage
of seismic waves, likely enhanced by the presence of fluids. Analyzing geodetic data from recently installed
strainmeters and pore pressure transducers, we highlight the role of elastic strain and fluids in driving
deformation during this sequence, suggesting the presence of a pressure source that strongly influences the
deformation pattern. We find that fluid-induced stress may cause the reloading of a few kPa of a co-seismic
asperity within hours, unveiling the contribution of pore pressure sources to the stress budget of seismogenic
faults.

Plain Language Summary On March 9, 2023, a sequence of small earthquakes (M,, <4.5) occurred
in the northern Apennines (Italy). Although the events were relatively small, we observed a clear and sudden
reduction in the speed of seismic waves traveling through the Earth's crust. This drop is a sign of physical
changes in the rocks, likely caused by the shaking of the earthquakes and the presence of underground fluids.
We combined data from seismic sensors, strainmeters, and instruments that measure underground water
pressure. Together, these observations showed that underground fluids may have amplified the effects of the
earthquakes and contributed to how the ground moved afterward. The data also suggest that fluids may have
moved more easily through the crust after the shaking, changing the pressure conditions in ways that might help
trigger further seismic activity. Our findings show that even small earthquakes can cause important changes
underground when fluids are involved. Monitoring these changes using a mix of seismic and geodetic tools
helps scientists better understand how earthquakes work and how fluid-filled faults behave.

1. Introduction

On March 9th 2023 three earthquakes nucleated near the town of Umbertide in the Umbria-Marche Apennines,
Central Italy, with magnitudes M,, € [3.8; 4.5] (Figure 1). The sequence began at 15:05 UTC with a M,, 4.3 event,
followed by the largest M,, 4.5 earthquake at 19:08 UTC, and a M,, 3.8 5 min later. The tectonics of this Apennine
sector are shaped by a complex normal fault system formed during the Quaternary extensional phase, overprinting
earlier Miocene-Pleistocene compressional structures (Anderlini et al., 2016). Active NE-SW extension at
~2—3 mm/yr (Serpelloni et al., 2022) is accommodated by normal faults, specifically in this area by the
E-dipping low angle Alto Tiberina Fault (ATF) and associated splay faults (Anderlini et al., 2016; Pauselli
et al., 2006; Vadacca et al., 2016). Stress build up produced by the creep of the ATF can be released by both
aseismic (e.g., Gualandi et al., 2017) and seismic (e.g., Anderlini et al., 2016) events on the ATF synthetic and
antithetic splay faults, highlighting the importance of investigating the typical small seismic swarms (M,, <4.5)
of this area (Valoroso et al., 2017).

The March 9th events nucleated at shallow depths (~3—5 km) within a fractured crustal volume where splays
detach from the ATF (Mirabella et al., 2011). In order to investigate the complex tectonic setting of this area, the
Altotiberina Near Fault Observatory (TABOO-NFO) was established (Caracausi et al., 2023; Chiaraluce
et al., 2014, 2022). This geophysical infrastructure includes seismic, geodetic, geochemical, and meteorological
sensors (Chiaraluce et al., 2014), recently enhanced with a STrainmeter ARray (STAR) of six Gladwin Tensor
StrainMonitor (GTSM, Chiaraluce et al., 2024). Using TABOO's dense geophysical network, we analyze the
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Figure 1. Map of the study area. Red and magenta lines mark the traces respectively of the E-dipping and W-dipping faults
known in literature (Mirabella et al., 2011). Yellow stars show the location of the 3 events of March 9th (UTC time, focal
mechanisms from ISIDe Working Group (2007)). Cyan squares indicate the seismometers employed in this study, red diamonds
the GNSS stations within a radius of 20 km from the M,, 4.5 epicenter, triangles the strainmeter array (blue and black
respectively those with and without data on March 9th). Bottom panel: cumulated seismic moment released and number of
events per day for the events within a radius R < 120 km from Umbertide in the time span 1st of September 2022—31st of
December 2023 (earthquakes from ISIDe Working Group (2007)). Red vertical lines mark respectively the 9/11/2022 M,,
5.2-5.5 Costa Marchigiana earthquakes, the March 9th 2023 earthquakes and the 18/09/2023 Marradi M,, 4.9 earthquake.

March 9th seismic sequence with ambient seismic noise cross-correlation, measuring seismic wave travel time
variations and relative velocity changes (“’7‘) We focus on coda waves, which are highly sensitive to small crustal
changes (Zaccarelli et al., 2011). This technique has been widely used for monitoring seismogenic faults
(Brenguier et al., 2008; Poupinet et al., 1984), volcanic areas (Brenguier et al., 2014; Sens-Schonfelder &
Wegler, 2006), and environmental variations (Hillers et al., 2015b; Meier et al., 2010). We complement seismic
data with the available geodetic observations (Figure 1) and we investigate the impact of crustal fluids on the
seismic sequence, as fluid-filled cracks can play a critical role in generating deformation patterns and inducing
changes in crustal properties (De Lorenzo & Trabace, 2011; Pastori et al., 2012; Poli et al., 2020). Integrating pore
pressure data with seismo-geodetic observations we can thus interpret the seismic sequence, demonstrating how
multidisciplinary approaches may clarify the mechanisms behind low-energy earthquakes.

The paper is organized as follows: Section 2 describes data processing, results are presented in Section 3 and
discussed in Section 4. Conclusions are drawn in Section 5.
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2. Data Analysis

For the seismic noise analysis, we select broadband seismometers from the Italian National Seismic Network
(INSN, http://www.fdsn.org/networks/detail/IV/) located within a 20 km radius of the M,, 4.5 epicenter. The
analysis spans 16 months, from September 1st 2022 to December 31st 2023. After excluding stations with missing
recordings during the days of interest, the network includes the six seismometers shown in Figure 1.

As detailed in Section S1 of Supporting Information S1, GNSS is unable to resolve sub-daily deformation
associated with the Umbertide earthquakes and is therefore excluded. Instead, we leverage the newly installed
GTSMs (Chiaraluce et al., 2024), capable of measuring horizontal strain components with high precision (101!
strain, Gladwin, 1984) over time scales from seconds to months, largely outperforming GNSS (Reuveni
et al., 2012). The GTSMs' high temporal resolution and precision allows us to detect geodetic strain from small
seismic events that would otherwise remain undetected. Of the six strainmeters installed, four (TSM1, 2, 3, 6)
were operational on March 9th and are used here (Figure 1).

2.1. Seismic Data Processing

We process and filter the raw hourly seismic data following these steps. First, we merge daily streams, linear
interpolating gaps <20% (Zaccarelli et al., 2011), while days with larger gaps are considered as missing data.
Following prior studies (e.g., Shapiro et al., 2006; Zaccarelli et al., 2011), we apply spectral whitening in the
0.1—1 Hz band to account for oceanic microseisms and use a water-level iterative normalization in the time
domain, which has proven to be less aggressive than the 1-bit normalization (Bensen et al., 2007). 1-hour data
chunks of the different station pairs are cross-correlated to get daily cross-correlations (CCs). Despite many

authors have succeeded in tracking d—vv stacking the ZZ of CCs only, in order to get more stable results, we stack the

dv
v

Window Cross Spectral (MWCS) technique (Poupinet et al., 1984), applied to CC codas as in Brenguier

CC from EE, NN, and ZZ receivers components. To calculate relative velocity variations €%, we adopt the Moving
et al. (2008); Clarke et al. (2011). This method estimates the relative time lag (%) by performing linear regression
in the phase-frequency domain between a reference cross-correlation (CCy) and the current cross-correlation
(CC.,)- Under the assumption of perturbations acting homogeneously on the sampled volume, the relative ve-
locity variations are (Poupinet et al., 1984):

-2 (1)

CC,,s is obtained by stacking all CC over the entire study period for each station pair and component. CC,.,, are
obtained by stacking data over a 25-day moving window with a 1-day step. The 25-day window provides the best
balance between a high correlation coefficient (» > 80%) and adequate sensitivity to variations (see Section S2 in
Supporting Information S1). Using the MWCS approach on CC codas ensures a thorough sampling of the crustal
volume due to the multiple scattering of surface waves. However, the actual part of the CC representing the coda
is not univocally defined. In this paper codas are defined as starting from the theoretical arrival time of surface
waves, estimated assuming a phase velocity v, = 2 km/s of the Rayleigh waves that propagate within the upper
crust (Moretti et al., 2009), and ending based on the Root Mean Square (RMS) of CC,,s as detailed in Supple-

mentary (Section S3 in Supporting Information S1). The ‘{—Y are then obtained by stacking EE, NN, ZZ CC for each
station pair, sampling the crustal volume down to ~5 km depth (based on surface wave penetration at these
frequencies, Almagro Vidal et al., 2024). Results are shown in Figure 2a.

2.2. Strain Data Processing

Strain data for the 9th of March have been downloaded using the EarthScope strain tool (https://earthscopestrai
ntools.readthedocs.io/en/latest/), and we downsample at 1 min the original 1 Hz record. Provided that we consider
the full day of the events, data processing includes the correction for the long term drift and the removal of tidal-
related strains. After a visual comparison among barometric and strain time series, and due to the small atmo-
spheric pressure variations (<1 hPa) recorded on that day, we neglect the influence of barometric pressure on
strain data and we do not correct for them, as we expect atmospheric-related deformations ~1 nstrain (Roel-
oft, 2010). Before strain data can be incorporated into any geophysical model, the assessment of the instrument
response, that is calibration, which relates the raw measurements to the regional crustal strain field, is mandatory.
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Figure 2. (a) Relative velocity variation in the time span analyzed. Color palette defines the number of station pairs stacked.
(b) Relative velocity variation after the correction for temperature and rain (Section 2.1). The period between December 15th
and February 3rd, when the d—VV is not well constrained, has been removed from the time series. Gray shaded area show
uncertainties. Red vertical line marks the epoch of the Umbertide earthquakes.

Calibration of the STAR array is described in a dedicated paper (Hanagan et al., 2025), and in particular we adopt
the approach reported in Supplemental Text B of Hanagan et al. (2025) which follows the methodology of
Mandler et al. (2024). Calibration matrices used in this work are reported in Supplementary (Table S1 in Sup-
porting Information S1) for simplicity. The deployed borehole strainmeter instruments provide information about
the horizontal strain field:

o= ( €Ew €SWEN) @)

ESWEN ENs

However, GTSMs do not directly measure the strain tensor components, but the linear strain in four non-aligned
channels. From their combination, it is possible to measure the areal (AR = egzy + eys), differential
(ED = epy — eys) and engineering (ES = 2egygy) strain, which ultimately can be converted in E, N, and EN
components if needed. As an example, the processing of the 1 Hz daily time series for TSM1 is provided in
Supplementary (Section S4 in Supporting Information S1), whereas processing results for the four GTSMs are
shown in Figures 3a-3d and they will be better explored in Section 3.2.

3. Results
3.1. Seismic Data Results

Figure 2a shows highly unstable velocity variations between mid-December 2022 and February 2023, which we
attribute not to actual crustal velocity changes but to the reduced number of available station pairs (indicated by
hot colors in Figure 2a). This limitation results in less constrained % measurements, as evident from the larger
associated error bars. To ensure more reliable interpretations, we restrict our analysis to periods with at least 40
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Figure 3. 1 min sampled areal (AR, black), differential (ED, blue), engineering (ES, magenta) strain time series for (a) 7SM1, (b) TSM2, (c) TSM3 and (d) TSM6. Red
vertical lines mark the M,, 4.3 15:05, M,, 4.5 19:08 and M,, 3.8 19:13 UTC earthquakes. Panel (e) shows the pore pressure variations measured at TSM3 (blue) and

TSMS (black).

station pairs. Notably, Figure 2a reveals a sudden drop in % during the Umbertide seismic sequence (March
2023), with a delay caused by the 25-day stacking. Since % can also be influenced by seasonal and meteorological
effects (Almagro Vidal et al., 2021), we compare our time series with mean temperature (7(¢)) and cumulated and
detrended rainfall (R(#)) data from 13 nearby sites (Table S2 in Supporting Information S1) to remove non-
tectonic contributions. Stacked and detrended temperature and rainfall data are shown in Figure S5a of Sup-
porting Information S1. We correlate R(f) and % (#) and we get a maximum correlation coefficient ~— 0.44 with a
zero time lag. Anticorrelation is expected since an increase in water content in the crust is generally associated
with a decrease of % (e.g., Almagro Vidal et al., 2021). Comparison between T(¢) and d{(z) gives a maximum
correlation coefficient 0.26 with a 43 days time delay. Such a time delay between T(¢) and ‘f—f may be explained as
due to the time necessary for temperature to warm up and deform the thermal boundary layer thickness, y,, as
defined in Berger (1975). Considering a 43 days delay we get y, ~ 2.1 m, which is consistent with the char-
acteristic thickness of the layer where temperature is dissipated (Berger, 1975).
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Given the influence of the environmental forcing on velocity variations we proceed to their removal as in Mikhael

et al. (2024), namely we produce some synthetic %Syn:

v’ _[dv cov % T)
T 0= (o) | mr o ©
R _ dv cov(%”; R)
Tsyn(Z) B <7(I)> + var(R(t)) R(t) (4)

where (.) stands for the temporal mean, cov() and var() respectively the covariance and variance among the

indicated quantities. Slope derived from Equation 3 for %T (t) is ~1.8 x 10™*, whereas slope for
syn

R . . . .
d—vvsyn(t) ~ —2.5 x 1073, therefore temperature seems to be the main environmental source causing velocity
variations in the area and period considered (Figure S5 in Supporting Information S1), even though precise
disentangling of environmental forcings with similar temporal evolution may prove difficult, as already observed

in GNSS data (e.g., Larochelle et al., 2018).

Figure 2b shows % after removing the temperature and rain effects and we can more clearly identify the drop
relative to the Umbertide seismic sequence, with a significantly large decrease of ~0.6%. We observe a
% ~ 0.4% surge around the end of August 2023 followed by a second drop on the 20th of September 2023 which

is visible also in Figure 2a, and it is even more evident after the removal of the effects of rainfall and temperature.

dv
v

ability, we assume normally distributed data and we fix a 2¢ threshold to evaluate their significance, finding that

In order to define which variations of £ are significantly out of the error, and to estimate measurements vari-
only the drop around the Umbertide earthquakes and the above mentioned surge in August overcome this
threshold (Figure S12 in Supporting Information S1). Despite the drop ~ September 20th comes out to be within
the statistical variability of our time-series, we deem it worth discussing as it occurs only 2 days after a M,, 4.9
earthquake with epicenter almost 100 km apart toward NW (close to the Marradi village, in the Mugello basin,
Tuscany, Figure 1). However, no evidence has stood out to support the hypothesis of a causal link between the
Marradi earthquake and the observed %, therefore we neglect possible relationships. Further details about the
drop around September 20th, as well as on the other changes, will be provided in Section S11 of Supporting
Information S1.

We can compare the d—vv associated with the Umbertide earthquakes and the dynamic strain €, induced in the rock's
volume through the dynamic strain sensitivity # (Hillers et al., 2015a; Ostrovsky & Johnson, 2001):

Y — ey ®)

v

where f represents a second-order quadratic term of the rocks' constitutive law (e.g., Delorey et al., 2021; Poli
et al., 2020). To compute €, from seismic traces, we follow the approach of Gomberg and Agnew (1996), ac-
cording to which

seism PGV
e = (6)

Vs

The Peak Ground Velocity PGV, averaged over the seismic network and components (Section S6 in Supporting
Information S1), gives a peak velocity ~1.2 cm/s (Figure S6 in Supporting Information S1) and therefore a
€M ~ 6 pstrain (v ~ 2 km/s, Moretti et al., 2009). An independent assessment of the dynamic strain comes
from the inspection of 1 Hz strainmeter time series, by using the RMS of the measured strain components
(Barbour & Crowell, 2017):
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6,z'itn/zinmeter — (GJ%X + Gﬁy + e%y)/3 (7)

ggrainmeter~, ().1—1 pstrain, consistent with previous studies (Barbour & Crowell,2017). Havinge; ~ 1075-1077

and a coseismic velocity drop %Umh ~ —1073 we find, from Equation 5, values of # ~—10?; —10*. Further dis-

cussions will follow in Section 4.

3.2. Deformation Modeling

Strain time series resulting from the processing described in Section 2.2 and associated with the three 9th of
March earthquakes for TSM1, TSM2, TSM3, TSM6 are shown in Figures 3a-3d.

Figures 3a-3d shows that areal deformations (AR, black lines) are coherently non-expansive for all of the sites and
earthquakes, with static offsets reaching a maximum of ~10 nstrain. On the other hand, shear deformations
(differential strain ED, blue, and engineering strain ES, magenta) are more heterogeneous depending on the
strainmeter position relative to the epicenters as well as on the event considered, and amplitudes are fastly
dampened moving away from the epicenter (TSM6, Figure 3d).

The temporal evolution of deformation after the M,, 4.3 highlights some interesting differences among the sites,
with TSM6 showing a monotonic areal expansion of ~ 30 nstrain, whereas TSM3, TSM2, TSM1 show a quick
areal relaxation after the co-seismic drop lasting respectively ~ 60, 90, 100 min, followed by expansion until the
M, 4.5.

Post-seismic deformation is known to be primarily driven by elastic stress relaxation, poroelastic fluid redistri-
bution, and viscoelastic relaxation in the crust and upper mantle (e.g., Fialko, 2004; Mandler et al., 2021; Per-
fettini & Avouac, 2007; Pollitz et al., 2000). Here, we exclude viscoelastic processes due to the small size of the
seismic events, and we implement a forward poroelastic numerical model through the PEGRN-PECMP routine
(R. Wang & Kiimpel, 2003). This approach allows us to model the elastic (co-seismic + afterslip) and the
poroelastic deformations, together with the relative pore pressure changes in a water saturated half space (Nespoli
et al., 2025). To model the co-seismic deformation, we use the fault geometry of the ATF's synthetic splay, as
obtained by preliminary inversion of InSAR ground displacements (Atzori et al., 2023, see insert of Figure 4a). A
detailed description of the fault's parameters is reported in Table S3 of Supporting Information S1. We estimate
the scalar moment M, through the relationship (Hanks & Kanamori, 1979):

MO — 101.5XMW+9.1 (8)

from which we derive the uniform slip # ~ 5 mm on the fault plane:

M,
M_yXA ©9)

where ¢ = 30 GPa (consistent with Vadacca, 2020) is the rocks' shear modulus and A the slipping surface from
Atzori et al. (2023). From Figure 4a, it is possible to notice that such a model gives areal contractions in the order
of ~1-10 nstrain at the strainmeter sites, consistently both in sign and amplitude with the measured ones. To
model the poroelastic post-seismic deformation, we impose the subsequent activation of rectangular fault planes
extended 2.5 km along strike both northwards and southwards, and 2.5 km downdip of the co-seismic fault plane
(Figure 4a, Table S4 in Supporting Information S1). We assume a ratio afterslip/coseismic moment =30%
(Avouac, 2015). Although for small earthquakes afterslip moment roughly equals the co-seismic moment
(Gualandi et al., 2017; Hawthorne et al., 2016), Alwahedi and Hawthorne (2019) found an average post-seismic/
co-seismic moment ratio ~45% in the 1.5 days after moderate (M 4 to 5) earthquakes. Since we are taking into
account the first ~4 hours after the M,, 4.3, we assume a more conservative afterslip/co-seismic moment = 30%.
Given the strong expansion measured at the strainmeter sites, following also previous authors (Nespoli
et al., 2018), we maximize the poroelastic effects imposing a Skempton's coefficient B = 1, a Biot—Willis
effective-stress coefficient @ = 0.95 and a hydraulic diffusivity D = 1 m?/s, which is a value representative of
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Figure 4. Poroelastic modeling of inter-events deformation. Panel (a): Areal coseismic deformation induced by the M,, 4.3
event (yellow star) modeled through the PEGRN-PECMP routine (blue compression, red expansion). Solid box shows the
co-seismic fault plane, whereas dashed boxes show the fault planes used for the afterslip relaxation. Insert shows a cross-
section of the map (ATF in light gray and the fault used to model the M,, 4.3 in black) along the SW-NE direction. Pentagon
shows the position of Umbertide. Panel (b): Pore pressure measured at TSM3 site (blue). Panels (c—f): post-seismic areal strain
time-evolution at respectively TSM1, 2, 3, 6. Cyan and blue curves show respectively the period when deformation is driven by
afterslip and fluids. Orange markers show the model results. Note the different vertical scale panels (b, d, f).

the first few kilometers of the crust (e.g., Nespoli et al., 2018). Results of the post-seismic modeling are shown in
Figures 4b—4f and will be discussed in Section 4.

4. Discussion

The analysis of continuous seismic records over a limited time span (16 months) and area (within 20 km from the
epicenter of the M,, 4.5 event) allows us to clearly detect the crustal velocity drop associated with the low energy
Umbertide seismic sequence. As previously shown (e.g., De Lorenzo & Trabace, 2011; Pastori et al., 2012),
fluids-filled cracks at seismogenic depths are a major factor driving crustal velocity variations in the Apennines,
which are also strongly influenced by the hydrological cycle (Hillers et al., 2015b; Wang et al., 2017). Conversely
to Poli et al. (2020) and Almagro Vidal et al., 2024 we do not find variations in the water table and groundwater
content due to seasonal effects to be the most influential factor. As a matter of fact we focus on a short time span
(~1 year), during which temperature emerges as the dominant perturbing factor affecting the %” (Section 2.1), as
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found by Richter et al. (2014); Mikhael et al. (2024). The f# ~ — 10?; —10* obtained from strain sensitivity
analysis (Section 3.1) aligns with values reported in the literature (e.g., Takano et al., 2014; Yamamura
etal., 2003). # # Ois indicative of a departure from elastic linearity, and its magnitude reflects the level of crustal
damage (Jin et al., 2018; Sens-Schonfelder et al., 2018). Specifically, # < 0 is interpreted as dilatation within the
rock volume due to the re-opening of cracks, which is directly associated with a % < 0 (Nur, 1971; Takano
et al., 2019). Analyzing 1-min sampled strain data (Figure 3), we observe static strain offsets in the order of
10°—10! nstrain, values that are 2-3 orders of magnitude smaller than dynamic ones. Hence, similarly to
Brenguier et al. (2014), we attribute the observed velocity variations to the interaction between tectonically
induced stress variations and crustal fluids.

Despite the low energy release of the Umbertide earthquakes, their associated velocity drop is clearly visible. As
previous authors have shown (e.g., Brenguier et al., 2014; Zinszner et al., 1997), in regions where effective
pressure is decreased by the presence of fluids, sensitivity of the seismic velocity is strongly affected. Analyzing
the velocity variations at different depths (Figure S7 in Supporting Information S1), we notice that the drop
corresponding to the Umbertide seismic sequence is more evident at frequency <0.6 Hz (i.e., ~2 km depth),
where highly pressurized CO, is known to be stored (e.g., Chiodini et al., 2004; Piana Agostinetti et al., 2017),
and previous authors (e.g., Almagro Vidal et al., 2024) have already found evidence of coseismic crustal
damaging enhanced by crustal fluids. Pore pressure measurements of sensors co-located with TSM3 and TSM5
(Figure 1) reveal a larger dynamic response at TSM3 after the M,, 4.3 and 4.5 events (Figure S8 in Supporting
Information S1) and, more interestingly, a significant pore pressure increase of ~30 hPa, unseen by TSM5, in the
time span between the two earthquakes with no significant static variation after the M,, 4.5 (Figure 3e). These
observations lead us to investigate the poroelastic effects after the M,, 4.3 earthquake. The model in Section 3.2
offers insights into the processes acting after the M,, 4.3 (Figures 4b—4f): (a) coherently with the data, we observe
limited co-seismic pore pressure variations at TSM3 (Figure 4b); (b) afterslip relaxation is needed to explain the
rapid contraction at TSM1, TSM2, and TSM3, while TSM6 seems to be more influenced by fluids effects
(Figures 4c—4f); (c) poroelastic effects can explain the post-seismic deformation at TSM1 and TSM3 (Figures 4c
and 4d), and they account for ~7% of TSM3's pore pressure increase (Figure 4b). However, the high hydraulic
diffusivity necessary to maximize areal expansion fails to replicate TSM3's temporal pore pressure evolution
(Figure 4b). Tests with higher diffusivity (D = 10 m%/s) or increased afterslip moment ratios (100%) fail at
better explaining the measured post-seismic deformation, as discussed in Section S9 in Supporting Informa-
tion S1. Interestingly, stress induced by the poroelastic relaxation during the ~4 hours separating the earthquakes
has positively recharged the area that ruptured during the M,, 4.3 of a few kPa (Figure S11 in Supporting In-
formation S1). Despite the low stress increase predicted by the model, we can infer a possible role of fluids in
triggering the M,, 4.5. Further details are reported in Section S9 in Supporting Information S1.

Results of the model suggest a limited contribution of the poroelastic mechanism to the strain measured at the
borehole sites, meaning that fluids diffusing from the hypocentral area can explain only partially the observed
deformation. A possible explanation to the post-seismic pattern comes from the enhanced permeability model
firstly proposed by Roeloff (1998), according to which the passage of the seismic waves may cause, in the in-
termediate field, a gradual but sustained water level change (C. Wang & Chia, 2008). Brodsky et al. (2003)
suggest that highly fractured media may be clogged with time by colloidal flocs. The ground shaking induced by
the passage of seismic waves may disaggregate the flocs which loose their effects on permeability. A gradual pore
pressure change, rather than a step-like variation, implies that barriers are formed not immediately in the prox-
imity of the borehole (Brodsky et al., 2003), as the enhanced permeability likely connects the borehole to a close-
by pressure source which requires time to transmit the pore pressure perturbation (Wang & Chia, 2008). Similar
velocity drops have already been associated with cracks re-opening and permeability increase by Brenguier
et al. (2014). Pore pressure variations at TSM3 following the February 6th M,, 7.8 Turkey-Syria earthquake
resemble those seen in the Umbertide sequence (Figure S9 in Supporting Information S1), which supports the
hypothesis of an earthquake enhanced permeability. According to Roeloff (1998), the sign of pore pressure
perturbation will be the same (either positive or negative) independently of the earthquake source, as it is the case
here.
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5. Conclusive Remarks

We shed new light on the complex interplay between seismic wave propagation, crustal damage, and fluid dy-
namics during a low-energy seismic sequence. Despite the moderate magnitude of the earthquakes considered
(M,, <4.5), in fact, we detect a clear coseismic reduction in seismic velocity, indicating transient crustal damage
amplified by the presence of fluids. By integrating seismic ambient noise monitoring, high-resolution borehole
strainmeter and pore pressure measurements, we find that post-seismic deformation following the first event was
driven not only by elastic afterslip, but also by fluid diffusion and transient stress redistribution. The observed
patterns suggest an increase in crustal permeability, likely induced by dynamic shaking, which may have facilitated
fluid migration and modulated stress conditions within the fault zone. These findings point toward a potential
triggering role of fluid overpressure and enhanced permeability, even in low-energy seismic sequences. Near-fault
multidisciplinary observations are key in revealing subtle physical processes that influence fault behavior. In fluid-
rich fault systems, such as the ATF, these processes may significantly contribute to the local stress budget and
future studies should evaluate the role of fluid-induced stress redistribution in seismic hazard models.
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https://www.unavco.org/data/strain-seismic/bsm-data/bsm-data.html, and can be obtained through the Python
package earthscopestraintool (https://earthscopestraintools.readthedocs.io/en/latest/). Relative velocity varia-
tions, strain time series, GNSS time series, the mean temperature and rainfall data used in this article are available
on Zenodo (Mandler, E., 2025). GNSS time series are available on Zenodo at https://doi.org/10.5281/zenodo.
15240216. Post-seismic deformation has been modeled using the PEGRN-PECMP software (C. Wang &
Chia, 2008). The maps have been made using the GMT software (Wessel et al., 2019).
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