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Study region: The carbonate hydrostructures of the Italian Apennines host major aquifers that
serve as a critical groundwater resource. In tectonically active settings, such as the Sibillini
Mountains, structural discontinuities and deformation features exert a dominant control on the
hydraulic conductivity and storage properties of aquifers, thereby modulating groundwater flow
regimes.

Study focus: The M,, 6.5 Norcia earthquake of October 30th 2016, part of the 2016 Central Italy
seismic sequence, caused extensive ground deformation and surface faulting, triggering signifi-
cant and long-lasting hydrogeological changes across the Sibillini Mountains carbonate aquifer. In
this study, we develop a regional-scale conceptual hydrogeological model and implement it in
steady-state numerical simulations. Our modelling reproduces pre- and post-seismic groundwater
flow conditions and highlights the role of major active faults in governing aquifer hydrodynamics.
New hydrological insights for the region: Simulations demonstrate that the earthquake-induced fault
rupture, modelled as a binary (on-off) feature, facilitated cross-fault groundwater transfer,
leading to a persistent depletion of the eastern aquifer sector and enhanced discharge in the
central and western sectors. These findings provide evidence of how seismic events can recon-
figure groundwater flow patterns in fractured carbonate systems, highlighting the critical role of
tectonic structures in controlling their hydrodynamic balance.

1. Introduction

Over the last century, recurring changes in hydrogeological regimes induced by strong earthquakes have increasingly captured the
interest of scientists, fascinated by the complex nature of the processes that govern aquifer responses and their evolution over time
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(Manga et al., 2012). These changes include water level fluctuations in wells (Ingebritsen and Manga, 2019; Wakita, 1975), changes in
stream discharge, the appearance and disappearance of springs (Manga and Wang, 2015; Montgomery and Manga, 2003; Muir-Wood
and King, 1993), and changes in groundwater properties such as colour, temperature and chemical composition (Li et al., 2019).

Such phenomena were observed following several earthquakes worldwide. The My, 9.2 Great Alaska Earthquake in 1964 (Hansen
et al., 1966) caused groundwater level fluctuations recorded even hundreds of kilometres from the epicentre, while in the near field,
wells exhibited turbidity spikes associated with these oscillations (Vorhis et al. 1967 and references therein). The 1995 Kobe earth-
quake (Japan) produced a rapid and sustained increase in discharge at springs along the active fault system, accompanied by a drop in
water levels at high-altitude wells (Sato et al., 2000). Similar manifestations were observed in the epicentral area of the 2014 M,, 6.0
Napa and the 2007 M,, 5.5 Alum Rock earthquake (California (Manga and Rowland, 2009; Manga and Wang, 2015)), and during the
2016 seismic sequence in Central Italy (Mastrorillo et al., 2020; Petitta et al., 2018; Valigi et al., 2019), where rapid variations in the
discharge rate at springs occurred. Many previously dry streams and springs began to flow again, while some springs showed per-
manent changes in discharge rate.

In 2023, two significant earthquakes (M,y 7.7 and 7.6) in Turkey caused a 430 km surface rupture, disrupting groundwater systems
and compromising potable water quality. The increase in groundwater discharge at karst springs was linked to elevated turbidity,
suggesting the presence of microbial pathogens (SiMsek et al., 2024).

Additional manifestations related to groundwater include soil liquefaction and the formation of mud volcanoes and geysers (Manga
et al., 2012). An example of these phenomena has been observed during the 2012 seismic sequence that occurred in the alluvial valley
of the Po Plain in Northern Italy. Although the two M, 6.0 and 5.8 reverse fault events did not produce coseismic surface faulting, they
caused strong seismic motion that triggered significant liquefaction, resulting in the ejection of sand from ground cracks and water
wells, as well as local differential subsidence (Albano et al., 2024; Emergeo Working Group, 2013; Papathanassiou et al., 2015).

These hydrologic responses occur over a wide range of timescales, from as short as the duration of shaking to permanent changes,
and over a wide range of length scales, from within the fault zone to more than 10.000 km away (Albano et al., 2024; Brodsky et al.,
2003; De Luca et al., 2018; Isaya et al., 2025; Manga, 2001; Muir-Wood and King, 1993; Rojstaczer et al., 1995; Shi et al., 2019; Wakita,
1975; Wang et al., 2003).

Hydrological effects arise from the properties of the Earth’s crust, which acts as a poroelastic medium (Wang, 2000). This medium
consists of a solid framework and voids occupied by fluids (Albano et al., 2019; Fyfe, 1978). In shallower, compartmentalised
hydrogeological systems, seismogenic faults often serve as relative hydraulic barriers (Bense et al., 2013), obstructing fault-orthogonal
groundwater flow and hydraulically isolating the system’s compartments. During earthquakes, fault slip could disrupt this barrier
effect, enabling groundwater to flow through the fault (Manga et al., 2012; Manga and Wang, 2015; Mastrorillo et al., 2020).
Moreover, coseismic static stress changes and dynamic stresses caused by seismic waves create static and dynamic volumetric strains at
the surface and within seismogenic depths. Consequently, this leads to alterations in hydraulic gradients, shifts in groundwater divides,
and changes in permeability and storage characteristics of underground structures, resulting in water-level fluctuations in wells and
changes in spring and streamflow discharge rates.

These phenomena have scientific significance because they demonstrate the dual interaction between earthquakes and fluids,
thereby facilitating the development of theoretical formulations that, in principle, should also describe the more subtle manifestations
occurring before earthquakes (Albano et al., 2021b, 2021a; Moro et al., 2017). Furthermore, in an age when climate change un-
dermines both the quantity and quality of available water resources, tectonic activity poses a considerable risk, not only due to the
direct damage to human lives and infrastructure but also concerning the availability and sustainable management of drinking water.

Despite extensive research and the development of integrated, widely accepted hypotheses explaining seismic-related hydro-
geological changes, key uncertainties remain. Fundamental questions persist: when will hydrodynamic equilibrium be restored? Will
the system return to pre-seismic conditions, and if not, why? What future changes may follow another earthquake?

In recent years, numerical modelling of groundwater flow has become increasingly important not only for understanding and
predicting the recharge-discharge processes of diffuse-flow karst systems and managing groundwater resources (Leone et al., 2025) but
also for understanding and anticipating critical scenarios, including those triggered by seismic events (Lancia et al., 2020; Parsasadr
etal., 2024; Scharling et al., 2009). Hydrogeological models, particularly those incorporating fault systems, offer valuable insights into
groundwater behaviour under stress. However, simulating fault-related flow remains complex due to geological heterogeneity and
transient seismic effects.

To date, no regional-scale models have been developed to simulate earthquake-induced changes in groundwater flow. This gap
stems from the complex, poorly constrained nature of earthquake-groundwater interactions.

Numerical models fundamentally rely on conceptual models. A conceptual hydrogeological model is a simplified yet scientifically
sound representation of the key geological and hydrological processes controlling groundwater flow (Anderson et al., 2015; Enemark,
2020; Kresic and Mikszewski, 2012). Its development depends on the study’s purpose (Reilly and Harbaugh, 2004), such as examining
existing conditions or forecasting future ones, and integrates geological, hydrogeological, and geochemical data to describe subsurface
structures, hydraulic properties, recharge and discharge mechanisms, and interactions with surface water. It outlines hydrostrati-
graphic units and flow types, providing the basis for numerical modelling and predictive analysis.

This research aims to clarify the influence of fault rupture on groundwater dynamics by reconstructing pre- and post-seismic
groundwater flow conditions through an integrated conceptual and numerical modelling approach. Specifically, we examine the
impact of the M, 6.5 earthquake in Central Italy on October 30th, 2016, which significantly affected the groundwater flow directions
and discharge rates of the Sibillini Mts hydrogeological system (Fig. 1). We first analysed persistent groundwater changes that modified
the regional aquifer by collecting and analysing all available literature data. Then, we developed a sound hydrogeological conceptual
model, which enabled us to provide a qualitative description of the hydrogeological system’s behaviour before and after the
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earthquake sequence. We applied this conceptual model to perform a numerical analysis of the groundwater system. The proposed
approach and methods allowed us to simulate groundwater flow at varying levels of complexity before and after the earthquake. This
approach allowed us to explore the system’s behaviour and verify the hypotheses about the mechanisms controlling the observed
changes in groundwater flow.

2. The study area
2.1. Tectonic and hydrogeological setting

The Sibillini Mountains (Fig. 1a) form part of the east-verging fold-and-thrust belt of the Central Apennines, developed during the
late Miocene to early Pliocene compressional phase (Lavecchia et al., 1988). This morpho-structural framework results from the
deformation of a 2-km-thick Meso-Cenozoic sedimentary succession, deposited in a passive-margin setting associated with the
southern Tethys Ocean. The stratigraphy mainly comprises carbonate lithologies, reflecting a transition from platform to basin en-

dissected by the Sibillini Mountains thrust system (SMt), the main regional contractional structure separating the carbonate platform

Fig. 1. Sketch of the study area. (a) hydrogeological and tectonic overview, together with the groundwater flow direction from tracer tests (Cambi
et al., 2022) before the earthquake sequence (modified from Viaroli et al. (2021)). (b) Hydrogeological cross-section along the A-A’ trace in panel a
(modified from Viaroli et al. (2021)). (c) Detail of the area enclosed in the dashed grey rectangle in panel a, showing the increase and reduction of
discharge rates measured at springs and spring groups after the 30th of October event (Valigi et al., 2020), together with the definition of the three
basins constituting the regional hydrostructure and the groundwater flow direction after the earthquake sequence from tracer tests (Cambi et al.,
2022). (d) The 2016 seismic sequence (data from Chiaraluce et al. (2017)). The dashed black line indicates the boundary of the Sibillini Mts
hydrostructure.
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from the Apennine foredeep (Pierantoni et al., 2013). Since the Early Pleistocene, SW-NE extensional tectonics have progressively
dissected this compressive framework, creating intermontane Quaternary basins, such as Norcia and Castelluccio. The active exten-
sional regime is evidenced by recent moderate seismicity and earthquake focal mechanisms (Pondrelli et al., 2006).

The hydrogeological framework of the Sibillini Mountains (Fig. 1a) is dominated by a multilayered carbonate aquifer system,
characterised by a dual groundwater circulation: a deep, regional basal aquifer and a shallow aquifer system (Boni, 2010; Mastrorillo
etal., 2009; Viaroli et al., 2021). The basal aquifer, the most productive and strategic, comprises fractured and karstified formations of
the Calcare Massiccio and Corniola units (Lower Jurassic), as well as the Maiolica (Lower Cretaceous). Its flow is bounded below by the
Triassic evaporitic sequence, which acts as a regional aquiclude (Fig. 1b). In this context, post-orogenic normal and transtensional
faults, trending NW-SE and N-S, play a key role in modifying the regional hydrostructural framework, acting as either hydraulic
barriers or conduits depending on the permeability of the fault zone. Indeed, groundwater flow in the basal aquifer primarily follows
NNW-SSE to N-S structural trends and is compartmentalised by thrust faults that create hydrostructural barriers, and by extensional
faults that can either impede or enhance flow (Cambi et al., 2022; Nanni et al., 2020; Nanni and Vivalda, 2005). The shallow aquifers
develop within the Scaglia Bianca and Scaglia Rossa limestones (Upper Cretaceous-Paleogene) and are hydraulically separated from the
basal system by the marly Marne a Fucoidi formation, which is spatially discontinuous and behaves as an aquiclude, where locally
preserved. Porous aquifers hosted in Quaternary alluvial deposits fill tectono-karstic basins and are recharged by meteoric infiltration
and lateral inflows from the carbonate massifs, favouring hydraulic connections with streams (Boni, 2010; Viaroli et al., 2021). Springs
emerge naturally at structurally controlled locations, feeding both the Tyrrhenian and Adriatic catchments (Boni et al., 1991; Mas-
trorillo et al., 2009).

Groundwater circulation defines three main hydrostructural sectors (Fig. 1¢), delimited by contractional and extensional structures
and hydrostratigraphic contrasts (Mastrorillo et al., 2020; Nanni et al., 2020; Valigi et al., 2020). Although these sectors are physically
distinct, hydraulic connectivity persists between them (Nanni et al., 2020; Valigi et al., 2020). The northward plunge of the Vettore Mt
anticline, where the Triassic aquiclude crops out, serves as the principal piezometric divide between the Adriatic and Tyrrhenian
groundwater flow domains.

2.2. The earthquake sequence

Such a hydrogeological context has been impacted by the 2016 earthquake sequence (Chiaraluce et al., 2017; Improta et al., 2019).
The latter began on August 24th, with an M,, 6.0 earthquake located between Accumoli and Amatrice towns (Fig. 1d), followed two
months later by an My 6.5 earthquake on October 30th, hitting Norcia town and causing further damage (Albano et al., 2019;
Chiarabba et al., 2018; Tung and Masterlark, 2018). Thousands of aftershocks were registered during the seismic sequence, including
four M, > 5 events, spanning more than 850 km? (Fig. 1d).

The entire sequence developed along a normal fault system striking approximately NW-SE, dipping 40-55 © SW-ward with a locally
listric shape (Cheloni et al., 2019) and involving a crustal volume of roughly 6000 km? (Bignami et al., 2019). These faults crosscut the
Earth’s crust and outcrop along the Vettore-Bove fault system (Fig. 1a), which is characterised by extensional/transtensional kinematics
and dissects the Meso-Cenozoic clayey/marly and carbonate sedimentary layers of the Central Apennines (Galadini and Galli, 2009).

3. Data analysis, conceptual modelling and numerical approach

The 2016 seismic sequence induced substantial hydrogeological changes in the carbonate aquifers of the Sibillini Mountains,
particularly following the M, 6.5 earthquake on October 30th, which affected the area northeast of Norcia (Boni et al., 1986; Mas-
trorillo et al., 2020; Petitta et al., 2022, 2021a, 2021b; Valigi et al., 2020, 2019; Viaroli et al., 2021). These changes included (Fig. 1c):
i) a widespread increase in discharge from springs located on the western flank of the Sibillini Mountains and along the Vettore-Bove
fault system, as well as in the main drainage network of the Nera River basin; ii) the reactivation of the Torbidone spring in the Norcia
Plain, which had remained dry since 1979 (Petitta et al., 2018; Valigi et al., 2019); iii) a marked reduction in spring discharge on the
eastern flank of the range, accompanied by a significant lowering of groundwater levels, which severely impacted the water supply
infrastructures in the Marche region.

According to Mastrorillo et al. (2020), these hydrogeological anomalies, still observable today, can be attributed to a shift in the
piezometric divide of Vettore Mt towards the east, because of the aquifer “rupture” caused by the fault dislocation. However, the
underlying quantitative mechanisms responsible for this phenomenon have yet to be fully constrained. To address this gap, we
developed a methodology to semi-quantitatively assess the impact of the seismic sequence on regional groundwater flow within the
Sibillini hydrostructure.

We began by constructing a conceptual hydrogeological model of the study area. This model offered a first-order, qualitative
framework for interpreting the aquifer’s pre- and post-seismic behaviour. To inform this model, we integrated a comprehensive dataset
from the literature, encompassing geological, tectonic, and hydrogeological maps; spring discharge time series; piezometric mea-
surements from water wells and piezometers; hydrogeochemical analyses; and tracer test results acquired both before and after the
seismic events.

Subsequently, we performed a numerical analysis to investigate the hydrodynamic response of the fractured carbonate aquifer
system to the earthquake perturbations. The hydrogeological system was first simulated under steady-state conditions representative
of the pre-seismic regime. This calibrated model was then employed to simulate steady-state groundwater flow immediately following
the earthquake fault dislocation, enabling a semi-quantitative comparison of pre- and post-seismic hydrodynamic regimes.
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3.1. Conceptual model and system behaviour

A conceptual model is a qualitative synthesis of current knowledge of the area, constructed from the available information.
However, data limitations and knowledge gaps constitute the primary sources of (epistemic) uncertainty, which can influence the
outcomes of the modelling process (Beven, 2016; Enemark, 2020). Despite these limitations, available literature data allowed the
construction of the conceptual model in Fig. 2a.

The model is bounded by permeability limits that reflect tectonic and geometric boundaries. Tectonic boundaries include the
Sibillini Mts thrust system, which provides hydraulic sealing due to its continuous and significant deformation zone along the NNE-SSW
extent (Boni et al., 1986; Mastrorillo et al., 2012); and the Coscerno Mt thrust (CMt) to the southwest, serving as a local sealing feature
according to Preziosi et al. (2022). Topographic and lithological limits mark the remaining boundaries. To the northwest, the
upper-middle Nera River stands out as the lowest point in the area; it gathers groundwater from numerous springs primarily on its left
bank, which leads to its classification as a hydraulic feature boundary. Finally, to the south, the hydrostructure is bounded by a
groundwater divide close to the Leonessa municipality and the namesake normal fault system (Boni et al., 1986; Mastrorillo et al.,
2009).

At depth, the basal limit of the hydrostructure is defined at the boundary between the Calcare Massiccio and the Triassic Evaporites
formations (Fig. 1b), the latter being laterally continuous and acting as an effective seal unit when thrusted above Mesozoic carbonate/
Tertiary units (Viaroli et al., 2021). This surface has been reconstructed by spatially interpolating the available hydrogeological
cross-sections from Viaroli et al. (2021) and data from the 3D crustal model of Central Italy (Di Bucci et al., 2020; RETRACE-3D
Working Group, 2021). Based on the above assumptions, the hydrogeological system covers approximately 1000 km?. As shown in
the cross-section in Fig. 2b, it exhibits variable thickness, generally decreasing from east to west with a mean value of around 1900 m.

Internally, groundwater flow direction is influenced by complex fault systems that disrupt both the vertical and lateral continuity of
the aquifer layers, locally displacing the sequence and positioning at lateral contact horizons with different hydraulic properties.

Fig. 2. (a) Regional hydrogeological conceptual model of the Sibillini Mts hydrostructure, with the location of punctual and linear springs,
groundwater head observation points, and gauging station location along the main river courses. (b) Sketch of the cross-section of the hydro-
structure along the A-A’ trace in panel a, showing the top and bottom of the assumed homogeneous aquifer and the internal tectonic boundaries
separating the three sectors. (c) The Idealised Box Model (IBM), representing the Sibillini hydrostructure in panel (a) as a basin-in-series scheme,
where each sector is depicted as a reservoir, and a faucet symbolises linear and punctual springs.
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Before the seismic sequence, tracer tests revealed that groundwater flow directions were nearly parallel to the Vettore-Bove (VBfs) and
Norcia (Nfs) faults’ strike (blue arrows in Fig. 1a) (Nanni et al., 2020), with only small amounts of cross-fault groundwater transfer.
Hence, both fault systems acted primarily as barriers to groundwater flow directed orthogonally to their strike. We then incorporated
VBfs and Nfs into the hydrogeological conceptual model as discrete features (Fig. 2b), which delineate a compartmentalised aquifer
system divided into three main sectors, labelled Sector 1, 2 and 3 in Fig. 2a and b, approximately corresponding to the three basins
defined in the literature (Valigi et al., 2020; Viaroli et al., 2021).

Such compartmentalization is further supported by the observation that, after the earthquake sequence, all the springs east of the
VBfs exhibited a decrease in groundwater flow rate, while most of the springs west of the VBfs and Nfs experienced an increase in
groundwater flow rate (Di Matteo et al., 2020; Fronzi et al., 2021; Petitta et al., 2018; Valigi et al., 2020, 2019), together with a change
in groundwater flow directions, crossing both the VBfs and Nfs according to post-earthquake tracer tests (Cambi et al., 2022; Nanni
et al., 2020), and then highlighting the active role of both fault systems in modulating groundwater flow rate and direction. The
potential influence of other tectonic structures, such as secondary faults and thrusts within the Sibillini hydrostructure, has been
disregarded because of their lesser relevance to the groundwater flow.

The largest amount of groundwater is stored in the Corniola-Calcare Massiccio hydrogeological formations (Fig. 1a), making the
Basal Aquifer the most productive layer (Boni, 2010). Therefore, we considered the hydrogeological conceptual model consisting of a
single aquifer layer.

Groundwater outflow occurs at several springs at different altitudes and along several river segments where the riverbed intersects
the groundwater saturation level. In our conceptual model, we included the punctual and linear springs affected by the earthquake
sequence, for which we have discharge data before and after the earthquake sequence (Fig. 2a and supplementary Table S1). Minor
springs, representing less than 0.5 % of the total water budget, were neglected for modelling purposes. Additionally, data from wells
and piezometers (Gw head observation points in Fig. 2a and supplementary Figure S1) have been incorporated to define the preseismic
groundwater levels across the three basins (Mastrorillo et al., 2020; Petitta et al., 2022, 2021b; Valigi et al., 2020). The average
piezometric values before the earthquake sequence are listed in Supplementary Table S2, while the available time series are shown in
Figure S2.

Fig. 3. (a) Discharge rate time series at monitored springs and gauging stations of the three sectors before and after the earthquake sequence,
compared with the monthly seismicity rate and rainfall (seismicity from Chiaraluce et al. 2017, rainfall from the Norcia pluviometric station,
available at https://annali.regione.umbria.it/). (b), (c¢) and (d) Schematic representation of the hydrodynamic behaviour of the Sibillini Mts
hydrostructure employing the IBM in Fig. 2c, in three different phases before and after the 30 October 2016 earthquake, as highlighted in panel (a).
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3.1.1. System behaviour before and after the earthquake sequence

Groundwater head and discharge variations are among the most direct manifestations of earthquake-induced perturbations.
Therefore, to understand the hydrogeological system behaviour before and after the earthquake sequence, we examined the main
springs, spring groups, and monitoring sites, which have nearly synchronous and homogeneous time series of recorded discharge and
water-level fluctuations (Fig. 3a and Supplementary Figure S2).

The earthquake sequence began on August 24th, 2016, with an M,, 6.0 event located north of the Accumoli village (Fig. 1d). This
event led to negligible changes in the discharge rate at the monitored springs and spring groups (Fig. 3a) and in piezometric levels
(supplementary Figure S2). Otherwise, the M, 6.5 earthquake on 30 October, located in the upper-central sector of the hydrostructure
(Fig. 1d), caused widespread changes in discharge rates and groundwater head. Sector 1 experienced a rapid and substantial decrease
in both spring discharge (Fig. 3a) and hydraulic head (supplementary Figure S2a). The Sp3 spring (Foce di Montemonaco, 910 m a.s.l.)
showed a discharge reduction exceeding 55 %, dropping from 0.53 m? /s to below 0.24 m? /s. Simultaneously, piezometric monitoring
within the Aso River catchment (panel a in Supplementary Figure S1) recorded a mean groundwater level decline of approximately
15 m (panel a in Supplementary Figure S2) (Petitta et al., 2022). A similar discharge decrease (~50 %) occurred at Spl spring
(Sassospaccato, 1300 m a.s.1.), with flow rates falling from 0.06 m? /s to around 0.03 m® /s. Limited data from Sp4 spring (Capotenna,
1178 m a.s.l.) indicate a modest post-seismic reduction of about 8 %, from a pre-seismic average of 0.151 m® /s to approximately
0.139 m® /s.

In Sector 2, a moderate reduction in spring discharge was observed at high-elevation springs along the southeastern boundary of
the hydrostructure (Sp9 and Sp10 in Fig. 2a). Because of their sensitivity to recharge and highly variable flow regimes, establishing
reliable pre- and post-seismic discharge averages is challenging. Notably, Sp9 (Fig. 3a) (Pescara spring, ~ 891 m a.s.l.) showed an initial
increase above the annual average discharge, followed by a progressive decline, with discharge decreasing from an estimated pre-
seismic average of ~ 0.27 m® /s to ~ 0.14 m® /s by late 2020 (Valigi et al., 2020). Similarly, Sp10 (Capodacqua spring, ~ 850 m a.
s.l., not shown) exhibited a brief post-seismic increase in discharge, resulting in an estimated surplus of ~ 4.1 x 10° m*® (Cambi et al.,
2022), relative to its pre-seismic average of ~ 0.38 m® /s (Petitta et al., 2021b). However, beginning in late 2017, a sustained reduction
in discharge was observed, reaching an average of ~ 0.3 m® /s by the end of 2020 (Cambi et al., 2022; Petitta et al., 2021b). Piezo-
metric data from monitoring wells and piezometers (panel b in Supplementary Figure S1) showed minimal changes in groundwater
levels (panel b in Supplementary Figure S2), as the latter are also strongly influenced by seasonal oscillations (Petitta et al., 2021b).

In contrast, the low-elevation, northwestern part of Sector 2 exhibited marked increases in spring discharge. Discharge rate at the
gauging station located along the Nera River, near the village of Visso (GS1, Fig. 3a) rose by ~82 % between 25 October and 12
November 2016, from ~ 5.1 m® /s to 9.3 m® /s (Valigi et al., 2020), the latter collecting the discharge contributions from all the
upstream springs (Spe, Sp7, Sps, Sle, Sl7, Sls, Slo, Slyg, Sl11, and Sl in Fig. 2a and Table S1). Piezometric data from nearby monitoring
wells (panel ¢ in Supplementary Figure S1) indicated a significant rise in groundwater levels of ~ 2-7 m after the 30 October event
(panel c in Supplementary Figure S2), peaking in December 2016, followed by a gradual decline that nonetheless remained above
pre-seismic levels through 2017 (Mastrorillo et al., 2020). The subsequent recession phase (2017-2018) was characterised by a
depletion rate nearly double that observed before the seismic sequence (Di Matteo et al., 2020).

In Sector 3, the October 30th, 2016, earthquake triggered a significant hydrological response in the Norcia basin. The resurgence of
the Torbidone spring (Sp16 in Fig. 2a and Fig. 3a) was a clear indicator, reaching peak discharges of ~1.5 m® /s within three months
post-event (Cambi et al., 2022; Checcucci et al., 2017; Petitta et al., 2018; Valigi et al., 2020, 2019). The total discharge measured at
the gauging station along the Sordo River (GS2, Fig. 3a), which incorporates contributions from many springs (Sp11, Sp16, Sp12 and
S120 in Fig. 2a and Table S1), peaked at ~5.8 m?® /s, i.e., more than double the pre-seismic value of ~1.6 m? /s, before entering a
gradual decline beginning around May 2018. In the Norcia plain, piezometric measurements based on pre- and post-seismic well
surveys (panel d in Supplementary Figure S2) revealed almost stable groundwater levels in the preseismic phase (mean approximately
583 ma.s.l. during 2010-2011). After the seismic sequence, water table elevations increased by approximately 7 m, particularly in the
eastern and southern sectors near the carbonate reliefs (panel d in Supplementary Figure S1), suggesting lateral groundwater transfer
from Sector 2. Groundwater levels subsequently declined gradually until October 2019 (Valigi et al., 2020), although they remained
above the pre-earthquake values.

3.1.2. Conceptual interpretation of observed data

To provide a simple yet effective interpretation of the observed variations in groundwater head and discharge rates, we developed
an Idealised Box Model (IBM) as in Fig. 2c. In IBM, each box corresponds to one of the three sectors constituting the Sibillini Mts
hydrogeological system, separated by the VBfs and Nfs faults, representing relative hydrogeological barriers. Rainfall infiltration
serves as the recharge for each box, with its outflow represented by faucets, ideally symbolising the discharge of punctual and linear
springs from each sector. We also assume a regional phreatic aquifer system (Nanni et al., 2020), in which changes in groundwater
discharge correspond to changes in water levels within each box.

According to the available data, each sector shows a different hydraulic head level before the earthquake sequence (Phase 1 in
Fig. 3b) (Nanni et al., 2020). The highest level is associated with the most topographically elevated Sector 1, while the lowest hydraulic
head occurs in the most depressed Sector 3 (Supplementary Figure S2). Before the seismic sequence, groundwater mixing across the
three Sectors is limited, as demonstrated by tracer tests (Cambi et al. 2022, and Fig. 1a), because the VBfs and Nfs act as relative
hydrogeological barriers.

The 30 October event fault rupture extended through the entire hydrostructure to the surface (Cheloni et al., 2019; Villani et al.,
2018), disrupting the seal between Sectors 1 and 2. This, in turn, triggered a transient diffusion process (Phase 2 in Fig. 3c and a), with
the development of a groundwater wave travelling from Sector 1, first reaching Sector 2 and then Sector 3. This interpretation is
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supported by the temporally delayed peak in discharge rates observed in these two sectors (the white triangles at the end of Phase 2 in
Fig. 3a). Such a groundwater transfer explained the reduction in the groundwater head and discharge rate at Sector 1 (panel a in
Supplementary Figure S2) and their initial, progressive increases at Sectors 2 and 3 (Fig. 3c and panels ¢ and d in Supplementary
Figure S2). The excess groundwater stored in Sector 1 was progressively discharged through existing punctual and linear springs
located in Sectors 2 and 3, which consequently exhibited a temporary increase in discharge rates. Additionally, part of this surplus was
released through the resurgence of previously inactive or newly formed discharge points, particularly along the gaining reaches of the
Sordo and Nera rivers, as evidenced by the reactivation of the Torbidone spring in the Norcia Plain (Sp16 in Figs. 2a and 3a). This
process persisted until the groundwater storage in Sector 1 was no longer sufficient to sustain the elevated discharge observed in
Sectors 2 and 3. Indeed, rainfall infiltration alone was inadequate to maintain such enhanced post-seismic flow conditions in these
sectors. Consequently, starting from approximately November 2017, both discharge rates and hydraulic heads in Sectors 2 and 3 began
a gradual, long-term decline, similar to that observed in Sector 1 (Phase 3 in Fig. 3d; Supplementary Figure S2, panels a, c, and d). This
decreasing trend persisted until 2020, eventually reaching magnitudes comparable to those before the earthquake. The attenuation of
the decline in Sectors 2 and 3 can be attributed to their broader areal extent, which confers a higher hydraulic buffering (or lamination)
capacity. In contrast, Sector 1 exhibits a persistent deficit in stored groundwater, reflecting a permanent transfer of groundwater
toward Sectors 2 and 3.

From that point onward, discharge rates are mainly influenced by seasonal recharge dynamics, yet an overall downward trend
persists throughout the whole hydrogeological system. This suggests that the available data do not identify a steady-state condition
after the earthquake sequence.

3.2. Numerical modelling

We verified the proposed conceptual model and its behaviour before and after the seismic sequence through numerical simulations.
We developed a steady-state model to simulate groundwater flow both before and immediately after the earthquake using the
MODFLOW-OWHM (One-Water Hydrologic Flow Model) finite-difference code (Boyce, 2022; Boyce et al., 2020; Hanson et al., 2014).
We adopted the Equivalent Porous Media (EPM) approach (Abusaada and Sauter, 2013; Lancia et al., 2020, 2018) to model a uniform,
continuous aquifer layer.

We assigned a homogeneous initial hydraulic conductivity to the aquifer layer, assuming isotropy in the horizontal plane (K, = K,).
We used the Newton Solver algorithm coupled with the Upstream Weighting package (UPW-NWT configuration) to solve the flow
equation and ensure convergence, assuming unconfined conditions (Niswonger et al., 2011). Given this assumption, the base equation
governing the two-dimensional, steady-state, groundwater flow simulation, accounting for the non-linearity introduced by the un-
confined conditions (i.e. variable saturated thickness of cells), is expressed as:

0 oh 0 oh
& (Kaqh&> +a—y <Kaqh;y) + W = O (1)

where Ky is the aquifer’s hydraulic conductivity (LT’l), h is the hydraulic head (L), and W is the term related to inflow/outflow
@r .

To simulate springs and riverbed springs that remove groundwater from the aquifer, we used the Drain (DRN) package (Harbaugh,
2005; McDonald and Harbaugh, 1984) (Eq. 2).

Qous = Cq @ (ha—h) 2

This head-dependent boundary enables the computation of the outflow leaving the cell Qg (L3T 1), which depends on the drain
conductance Cy4 (L2T1) and the difference between the computed groundwater head h (L) and the drain’s elevation hg (L). Given that
the drain conductance is a highly variable parameter influenced by the thickness and permeability of the riverbed material, it is
typically estimated during calibration. Nevertheless, an initial uniform value was assumed for all drains.

The Recharge Package (RCH) allows water to enter the system (McDonald and Harbaugh, 1984). A uniformly distributed recharge
equal to 1.62 x 10~8m/s was estimated by dividing the total outflow from drains by the total area of the model A (1.2), maintaining the
stationary water balance following the basic equation:

Quot
H =
RCl A

(3)

The Horizontal Flow Barrier (HFB) package (Hsieh and Freckleton, 1993) was used to model the VBfs and Nfs. This package
simulates the presence of a hydraulic barrier by adding an additional conductance term to the flow computation between the two cells
containing the barrier. This term depends on the barrier’s hydraulic conductivity and thickness. Since this behaviour was assumed for
both faults, a thickness of 1 m was assigned to each, based on the approximate mean range of fault cores from literature (Bense et al.,
2013), and a hydraulic conductivity K¢ (LT~ 1) lower than that of the aquifer was assigned to both barriers.

Observation points were employed to compare model-generated values with experimental data. Specifically, the Drain Observation
(DROB) and Head Observation (HOB) packages were implemented to record the simulated outflows from drain cells and track
groundwater heads at designated locations within the model.
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3.2.1. Numerical modelling rationale

Numerical analysis of post-earthquake hydrogeological changes requires defining the pre-earthquake hydrogeological conditions.
For this reason, we started by modelling the steady-state groundwater flow of the Sibillini Mts hydrostructure before the earthquake
sequence.

We began with a straightforward analysis of the system’s operation and established an initial meaningful parametrisation. To
achieve this, we first created a Semi-lumped Model (SM) by dividing the single aquifer layer into six rectangular cells, as shown in
Fig. 4a.

SM dimensions were geometrically defined to preserve the actual size of the hydrostructure. The model top was set to the highest
elevation relative to Vettore Mt (about 2476 m a.s.l.), while the bottom of the aquifer layer was set to —1000 m a.s.l., corresponding to
the average depth inferred from the reconstructed bottom surface of the hydrostructure. Each domain sector is represented by a pair of
adjacent cells aligned along the columns of the structured grid. We implemented both the VBfs and Nfs along the cells’ boundaries,
separating the three sectors of the model and functioning as hydraulic barriers (HFB1 and HFB2, respectively). Four drains were
incorporated into the model cells to simulate the outflow points of the system. The drain lengths equal half the width of the cell in
which they are placed, while their elevations were set to match the lowest representative spring level (meters a.s.l.) in each sector. The
total outflow from each drain (q1, q21, q22 and q3) was determined by summing the discharge contributions from all the available
springs and linear springs falling within each Sector (supplementary Table S1).

Additionally, head observations (h1l, h21, h22, and h3) were assigned to the four model cells containing the head-dependent
boundaries, represented by the DRN package. For each basin, a representative and feasible average hydraulic head observation
value was selected from experimental data (supplementary Figure S2 and Table S2) to ensure that the head computed within the cell
exceeds the drain elevation, thereby facilitating the proper functioning of the DRN package.

This Semi-lumped model served as an easy-to-use calibration tool to match both the experimental groundwater head and discharge
rates before the earthquake sequence by adjusting the aquifer’s hydraulic properties, the fault barriers, and the drains. To achieve this,
we defined an initial hydraulic conductivity for both the aquifer (K,y) and the fault barriers (Kjy), along with an initial conductance
value for the drains (Cy), as shown in Table 1, taking care that the fault permeability is not larger than the aquifer permeability (K <
Kag)-

qA first forward model was executed under steady-state conditions to simulate a preliminary pre-seismic groundwater flow and
head. Then, initial values in Table 1 were refined through calibration using the PEST inversion algorithm (Doherty, 2015). The
calibration was performed within the plausible parameter ranges (upper and lower values reported in Table 1) and using discharge
rates from drains and groundwater head measurements as targets.

The best-fit parameter values obtained from the SM served as initial inputs for running a Distributed Model (DM) as in Fig. 4b,
which accurately reproduces the conceptual model geometry presented in Fig. 2a. The DM has been discretised into square cells of

Fig. 4. Sketch of the developed numerical models of the Sibillini Mts hydrostructure: (a) Semi-lumped model (SM), (b) Plan view of the Distributed
Model (DM) and (c) cross-section along the A-A’ profile in panel (b).
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Table 1

Initial, upper, and lower intervals of parameter values adopted for the SM and DM numerical models.
Feature Package Parameter Initial value Lower value Upper value unit
aquifer - Kag 1x107* 1x107° 1x1072 m/s
fault barriers HFB Kf 1x10°12 1x10°'® Kaq m/s
drains DRN Cq 1x10°2 1x10°8 1 m?/s

150 x 150 m? resolution, oriented N28W to align with the average strike direction of normal fault systems. Both the VBfs and Nfs in
Fig. 2a have been modelled with the HFB package (HFB1 and HFB2, respectively, in Fig. 4b) and the geometries and coordinates of all
the springs and streambed springs in Fig. 2a have been imported and modelled as drains. The elevations assigned to the drains
correspond to the elevations where they intersect the topography provided by the DEM. Drains in the same cell were combined into a
single drain to avoid multiple identical boundary conditions. This is feasible because all those springs, very close to each other, drain
water from the same Basal Aquifer.

Following the same approach as for the SM, we recalibrated the pre-earthquake DM parameters using the SM-calibrated values. We
further inverted them using PEST, considering the ranges in Table 1 and using a larger number of discharge and head targets than in the
previous SM calibration.

Fig. 5. Results of the steady-state groundwater flow model of the SM before the earthquake sequence. (a) distribution of the computed groundwater
head. (b) and (c) Comparison between observed and simulated groundwater head (panel (b)) and discharge rates (panel (c)) at observation points,
together with the residuals.
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The optimised parameters obtained from the pre-earthquake DM were subsequently used to recompute groundwater flow in a
steady-state forward simulation of the post-seismic scenario. In this case, we did not perform any inversion of the hydraulic param-
eters, as we cannot assume that current observations (Fig. 3a and Supplementary Figure S2) represent the steady-state conditions based
on the available discharge rates and groundwater head data. No additional outflow boundaries were assumed beyond those explicitly
defined within the DM domain for the pre-earthquake scenario. This modelling strategy is adopted to qualitatively investigate the
short-term redistribution of groundwater flow and hydraulic head after the seismic event, rather than to reproduce the complete
temporal evolution toward equilibrium.

We simulated only the fault rupture caused by the 30 October 2016 event, as this event resulted in the most widespread hydro-
geological changes (Fig. 3a), by deactivating the HFB1 from the DM in Fig. 4a. With this approach, we remove the hydraulic barrier
imposed by the VBfs prior to the earthquake, enabling a simplified simulation of the seismogenic fault rupture. Transient or permanent
volumetric crustal changes due to seismic shaking and fault dislocation are not considered at this stage.

4. Numerical modelling results

The results of the numerical models are reported as hydraulic head maps and groundwater flow directions for both SM and DM,
considering pre- and post-earthquake conditions.

4.1. Hydrogeological system before the earthquake sequence

4.1.1. SM results

The inversion results of the SM in Fig. 4a provided a schematic steady-state distribution of the hydraulic head across the different
sectors of the idealised hydrostructure before the earthquake sequence, as in Fig. 5. The highest values occur in Sector 1, with an
average maximum groundwater level of approximately 1572 m a.s.l. Sector 3 shows the lowest heads, around 408 m a.s.l., while
Sector 2 exhibits intermediate levels, with a decreasing head gradient moving from south to north (h22 > h21). Such a result is
consistent with observations. Indeed, simulated and experimental heads show an overall good fit, as in Fig. 5b, with larger residuals
observed only for h21 in Sector 2 (Ah > 100 m), where simulated values are higher than observed values, which justifies a Mean
Absolute Error (MAE) of 52.3 m. Regarding discharge rates (Fig. 5¢), the fit between experimental and computed values is good, with
an MAE of approximately 0.54 m3/s. Larger residuals are still observed in Sector 2, where the q21 drain slightly overestimates the
observed discharge rate, consistent with the overestimated groundwater head, and in Sector 1, where the simulated values are slightly
lower than the observed ones. The best-fit hydraulic parameters of the SM, reported in

Table 2, fall inside the adopted ranges (i.e., lower and upper values in Table 1) and show permeabilities of the fault segments
significantly lower than the aquifer, thus testifying to the role of a relative hydraulic barrier to the groundwater flow orthogonal to the
fault strike. These values also agree with experimental ones from fault cores in Italy (Agosta et al., 2007; Ferraro et al., 2020).

4.1.2. DM results

Calibration of the DM prior to the earthquake sequence was conducted using a methodology analogous to that employed for the SM
to determine optimal hydraulic parameter values. The initial parameterisation was based on the calibrated SM values (Table 2).
Subsequently, inverse modelling was performed using PEST, incorporating observed groundwater heads and discharge rates
(Supplementary Table S1) to refine the hydraulic parameters specific to the DM. The comparison between observed and simulated
groundwater heads and discharge rates is presented in Supplementary Figure S3. Notably, the simulated groundwater heads are fairly
consistent with those observed; however, the simulated discharge rates indicate the presence of inactive drains, which are situated at
high elevations and exceed the modelled hydraulic head within the corresponding grid cells. The final set of best-fit parameters derived
from the DM calibration is listed in Table 3. These parameters exhibit some deviations from those obtained for the SM but corroborate
the influence of the Nfs and VBfs as relative hydraulic barriers.

The calibrated DM produced a more consistent and physically realistic simulation of pre-earthquake groundwater head distribution
and flow patterns across the hydrostructure (Fig. 6a). Sector 1 is characterised by the highest computed hydraulic heads, ranging from
approximately 1030 m a.s.l. beneath Vettore Mt to around 850 m a.s.l. in its northern extent. This spatial distribution of hydraulic head
supports the conceptual hypothesis that the regional groundwater divide is situated within this sector, most likely associated with the
structural high formed by the VBfs. The topographic and structural controls in this area result in a pronounced hydraulic gradient
directing groundwater flow predominantly northeastward. This flow regime sustains the springs emerging along the northeastern

Table 2

Best-fit parameters estimated for the SM.
Object Sector Parameter Best-fit value Unit
aquifer all Kaq 6.32x10°° m/s
HFB1 (VBfs) 1-2 Ky 1.00 x 10712
HFB2 (Nfs) 2-3 Kp» 9.84 x 10713
drnl 1 Ca 2,93 x 1073 m%/s
drn21 2 North Caz1 1.22 x 1072
drn22 2 South Cazz 3.18x 1072
drn3 3 Cas 1.73 x 107!
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Table 3

Best-fit parameters estimated for the DM. The “DRN” object defines the best-fit parameter for all drains falling into each Sector.
Object Sector Parameter Best-fit value Unit
aquifer all Kaq 1.69 x 107° m/s
HFB1 (VBfs) 1-2 Ky 8.91 x 10713
HFB2 (Nfs) 2-3 Kp» 3.76 x 10~
DRN 1 Ca1 4.97 x 1071 m?/s
DRN 2 North Caz1 1.70 x 10~*
DRN 2 South Cazz 2.16 x 107"
DRN 3 Cas 3.11x 1073

Fig. 6. Results of the steady-state DM of the Sibillini Mts hydrostructure, expressed in terms of groundwater head and flow directions, before (a) and
after (b) the 30th of October 2016 earthquake. Key to the legend: 1) Modelled groundwater flow vectors; 2) Piezometric head observations; 3)
Punctual spring discharge observations; 4) Linear springs discharge observations; 5) Internal boundary impervious relative to the surrounding rock
(Nfs= Norcia Fault system; VBfs= Vettore-Bove fault system): (a) active, (b) inactive; 6) Trace of the cross-sections in Fig. 7a.

flanks of the hydrostructure.

The VBfs functions as a semi-permeable structural boundary, significantly influencing groundwater storage and flow dynamics. It
promotes water accumulation in Sector 1, effectively creating a hydraulic contrast with the adjacent Sector 2. This contrast manifests
as a marked head drop, evident in the cross-sectional view along transect A-A’ (Fig. 7a, dashed red line), and highlights the role of the
VBfs as a relative hydraulic barrier.

In Sector 2, the simulated hydraulic heads reach approximately 875 m a.s.l., particularly in the Castelluccio Plain and Capodacqua
(Spl0in Fig. 2a) areas. These zones correspond to recharge and localised flow convergence areas, where the Capodacqua spring (Sp10)
acts as a discharge point draining southward. The minimum head values in this sector, around 600 m a.s.l., occur near the Visso village,
reflecting a significant downward gradient (Fig. 7a, Section C-C/, dashed red line). The dominant groundwater flow direction in this
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Fig. 7. Results of the DM before and after the earthquake. (a) Cross-sections reporting the groundwater table before and after the removal of the
HFB1 corresponding to the VBfs, together with their difference (post—pre). The traces of the cross-sections are reported in Fig. 6a and b. (b) Plot of
the difference between the groundwater head after (Fig. 6b) and before (Fig. 6a) the VBfs removal. For the legend of symbols in panel (b), please
refer to Fig. 6.

central sector is toward the northwest, aligning closely with the Nfs and VBfs tectonic lineaments. These structural alignments guide
the groundwater toward the northern portion of the Nera River catchment, reinforcing the concept of structural control on regional
flow paths.

Sector 3 exhibits the lowest overall hydraulic heads, ranging from approximately 775-450 m a.s.l. (Fig. 7a, Section D-D’, dashed
red line). Groundwater in this sector primarily discharges along the northwestern basin margin, contributing to the Sordo and Nera
rivers, representing the main basal outflow systems of the hydrostructure. These rivers serve as key discharge zones for deep-seated,
regionally integrated groundwater flow systems. The groundwater flow in this sector is also directed northwestward, consistent with
the regional topographic gradient and structural framework.

The substantial differences in hydraulic head between Sectors 1, 2, and 3 indicate partial hydraulic compartmentalisation of the
system, imposed by the barrier effect of VBfs and Nfs fault zones. This compartmentalisation leads to variations in storage, flow di-
rection, and discharge behaviour across the three sectors. The orientation of groundwater flow pathways, which are generally aligned
with the regional tectonic features, reinforces the influence of structural controls. These observations agree with hydrogeological
models previously described in the literature (Cambi et al., 2022), emphasising the interplay between fault zone permeability and
groundwater partitioning. Nevertheless, while the faults act as relatively low-permeability structures under pre-seismic conditions,
they do not fully impede groundwater transfer. The presence of slightly curved equipotential lines near fault zones, orthogonal to the
main fault traces, indicates that some degree of cross-boundary flow persists. This suggests that the VBfs and Nfs act as leaky barriers,
allowing limited hydraulic connectivity between adjacent sectors. Such a configuration is characteristic of fault zones with internal
heterogeneity, where fractured zones or fault gouge material may locally facilitate or impede flow. Therefore, while the sectors exhibit
distinct hydraulic behaviours, they remain partially interconnected, forming a complex but integrated regional hydrogeological
system.

4.2. Hydrogeological system after the earthquake sequence
The removal of the VBfs barrier (HFB1 in Fig. 4b) to simulate the coseismic fault dislocation associated with the October 30th
seismic event led to substantial modifications in both groundwater head distribution and flow dynamics, particularly within Sectors 1

and 2 (Fig. 6b). The post-earthquake steady-state simulation reveals a significant hydraulic reconfiguration: the previously distinct
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hydraulic heads in Sectors 1 and 2 have now become equilibrated, exhibiting a continuous gradient ranging from approximately 925 m
a.s.l. in the southeastern portion to about 550 m a.s.l. in the northwestern portion. This homogenisation of the hydraulic gradient is
most evident in the A-A’ cross-section (Fig. 7a, blue curve), where the steep pre-seismic gradients, especially those adjacent to the VBfs,
have flattened due to the removal of HFB1. In contrast, the barrier effect imposed by the Nfs remains intact between Sectors 2 and 3, as
the current simulation does not incorporate any changes in permeability resulting from static or dynamic stress perturbations asso-
ciated with the seismic sequence. Consequently, hydraulic compartmentalisation between these sectors is maintained in the post-
seismic model.

In Sector 1, the groundwater flow direction, previously oriented toward the north-northeast and parallel to the VBfs, now shifts
significantly toward the northwest (Fig. 6b), indicating cross-barrier flow through the area previously compartmentalised by the VBfs.
This altered flow regime enhances discharge into the Nera River. The groundwater head differential between pre- and post-earthquake
conditions, illustrated in Fig. 7b and in Section B-B’ of Fig. 7a, reveals a substantial average head reduction in Sector 1 on the order of
approximately —57 m. This decline in hydraulic head reduces discharge from high-altitude springs within the Sector. The total
computed outflow from Sector 1 decreases by approximately —1.58 m3/sin the post-earthquake scenario, with a reduction percentage
of approximately 82 % respect to the pre-seismic state (Supplementary Table S3).

Sector 2 exhibits a marked increase in groundwater head following the removal of the VBfs. The C-C’ cross-section in Fig. 7a and b
indicate a post-seismic average head increase of approximately + 30 m relative to pre-earthquake conditions. This change in hydraulic
head results in a substantial rise in discharge from the northwestern and southeastern drains within Sector 2, with an increase of
approximately + 0.9 m>/s, corresponding to a percentage increase of approximately 93 % with respect to pre-earthquake discharge
rates (Supplementary Table S3). These changes indicate a redistribution of groundwater storage and flow pathways, driven by the
hydrostructural modification imposed by fault dislocation.

Sector 3 appears less affected by the removal of the VBfs, with both the groundwater head and flow direction remaining directed
toward the northwest. This is consistent with the model assumption of unchanged hydraulic properties along the Nfs and within the
surrounding areas. However, since the Nfs is not completely impermeable, an increase in hydraulic head is still observed in Section
D-D’ (Fig. 7a), which can be attributed to the head rise in Sector 2 that propagates downstream into Sector 3. This intersectoral in-
fluence results in an average increase in hydraulic head of approximately + 0.06 m and in the computed discharge rates of about+ 0.6
m3/s, corresponding to a percentage increase of 4.2 % relative to pre-seismic conditions (Supplementary Table S3).

Overall, these results highlight the critical role of fault zone permeability in governing groundwater flow and storage dynamics in
fractured carbonate aquifers. The removal of the VBfs barrier illustrates how structural discontinuities, when altered by tectonic
processes, can lead to large-scale reorganisation of regional groundwater systems, with significant implications for spring discharge
rates, water resource availability, and hydrogeological hazard assessment.

5. Discussion

The modelling results provided a semi-quantitative interpretation of the observed behaviour of the Sibillini Mts hydrostructure
before and after the earthquake sequence. The SM preseismic model results (Fig. 5) support the hydrogeological compartmentalisation
proposed in the conceptual model (Fig. 2a), as the parameter inversion procedure yielded low relative permeabilities for the VBfs and
Nfs features relative to the surrounding medium, thus computing distinct head gradients and limited connectivity between the three
sectors of the hydrogeological system. In this model, faults are represented as homogenous, low-permeability linear features of fixed
thickness and hydraulic conductivity, not accounting for variability typically encountered on fault zones in the field, which are
anisotropic and heterogeneous and consist of a core and damage zone with complex hydraulic behaviour, alternating between acting as
barriers or conduits depending on stress state, lithology, and rupture history (Bense et al., 2013).

Despite the adopted simplifications, the model reproduces the observed groundwater heads and spring discharge rates with good
accuracy (Fig. 5b and c), though simulated heads are overestimated in Sector 2.1, and discharge rates are overestimated in Sector 2.1
and underestimated in Sector 1. These discrepancies likely arise from minor mismatches between the internal boundary separating
Sectors 1 and 2 in the conceptual model and the structural configuration described by Valigi et al. (2020). According to this inter-
pretation, the boundary in the northwestern portion of the aquifer is slightly shifted northeastward, following the Vettore - Bove Mt
thrust rather than the Vettore Mt normal fault (Fig. 1c). This shift would assign the Sp6 spring to Sector 2 instead of Sector 1, decreasing
the measured discharge in Sector 1 and increasing it in Sector 2.1. Such redistribution could explain the modelled underestimation of
discharge in Sector 1 and the overestimation in Sector 2.1. However, given the limited discharge involved, this boundary adjustment is
not expected to significantly affect the overall model performance.

The DM results provide a clearer picture of the functioning of the Sibillini Mts hydrostructure (Fig. 6a), confirming the internal
compartmentalisation between the three Sectors, each characterised by distinct groundwater head values (Fig. 7a), with groundwater
circulation directed north-northwestward and almost parallel to the VBfs and Nfs features, in agreement with the observation from
tracer tests before the earthquake sequence (Cambi et al., 2022). The computed groundwater head values agree quite well with the
observations (Supplementary Figure S3a), whereas the correlation for groundwater discharge remains poor across all three Sectors,
especially for the discharge points located at high elevations, which mostly resulted in dry conditions (Supplementary Figure S3b and
Table S3). This difference likely arises from limitations inherent in the modelling process, primarily related to the inability to discretise
the hydrogeological system into multiple layers and to adequately represent high-altitude groundwater circulation confined within less
permeable units. For example, Sector 1 is situated at the front of the Sibillini Mts thrust system, where local tectonic conditions are
highly complex and likely result in the superposition of multiple hydrostratigraphic units with distinct hydraulic behaviours, as
suggested by Mastrorillo et al. (2012) and Petitta et al. (2022). This configuration could explain the occurrence of high-elevation
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springs. Given the limited knowledge of this complex structural setting and the impracticality of fully incorporating it into a
regional-scale model such as the one developed here, the simulated groundwater head is consequently lower than the observed
elevation of these high-altitude springs, depriving them of their drainage capacity. Nevertheless, the regional configuration and spatial
distribution of the steady-state flow field are satisfactorily reproduced, effectively capturing the system’s dominant hydrogeological
patterns.

The earthquake sequence disrupted this equilibrium and altered groundwater circulation across the three sectors, as clearly evident
from the groundwater discharge rates and head observations in Fig. 3a and Supplementary Figure S2. The most significant evidence of
changes in aquifer dynamics is observed following the October 30th earthquake (M, 6.5) (Fig. 3a and Supplementary Figure S2). In
contrast, the second and third strongest events of the sequence, namely, the August 24th (Amatrice, M,y 6.0) and October 26th (Visso
event, My, 5.9), do not show clear signs of hydrological impact. Several factors contribute to this discrepancy. Firstly, the spatial lo-
cations of the earthquakes differ with respect to the October 30th event: the August 24th and October 26th events occurred at the
eastern and western margins of the hydrogeological structure, respectively, whereas the October 30th event nucleated in the middle of
the hydrostructure (Fig. 1d). Secondly, the August 24th and October 26th earthquakes released significantly less seismic energy than
the October 30th event, and their associated fault ruptures likely did not propagate to the surface (Albano et al., 2016; Huang et al.,
2017). As a result, the hydraulic integrity of the hydrogeological system remained largely unaffected.

In contrast, the October 30th earthquake caused well-documented surface ruptures, disrupting the aquifer system over at least
20 km, as evidenced by field surveys and remote sensing data (Bignami et al., 2019; Villani et al., 2018). This also suggests that
transient shaking-induced hydrodynamic changes are minimal; if shaking alone was responsible for the observed hydrological
changes, similar effects would be expected after the August 24th event. Therefore, we argue that the observed changes in aquifer
behaviour primarily result from non-transient structural modifications. These include alterations in the aquifer’s hydraulic properties
due to fault rupture, breaching the hydraulic barrier between Sectors 1 and 2, and broader volumetric deformation of the crust.

Such a hypothesis is qualitatively confirmed by the post-earthquake numerical model shown in Fig. 6b, which simulated the
earthquake rupture associated with the October 30th event by simply removing the VBfs as a hydraulic barrier in the distributed
model, idealising the fault’s mechanical failure and the resulting permeability enhancement. This approach treats post-seismic
permeability enhancement as a binary change (i.e., barrier removal) rather than as a spatially distributed and stress-dependent
adjustment. Despite such simplifications, the simulation produced a post-seismic redistribution of hydraulic heads and flow paths
(Fig. 6b) that qualitatively matched observed changes, such as (i) the sudden decrease in groundwater head and discharge rates at
eastern springs (Sector 1) and (ii) the rise in groundwater head and discharge in western and central areas (Sectors 2 and 3) (Fig. 7 and
Supplementary Table S3). Such results are consistent with tracer test outcomes and field-measured trends in groundwater levels and
flow rates (Mastrorillo et al., 2009; Nanni et al., 2020; Petitta et al., 2018; Valigi et al., 2019).

5.1. Model limitations and potential solutions

However, the amplitude of the computed discharge rates and groundwater head is quite different from those observed in the field,
especially for Sectors 2 and 3. This is because the implemented steady-state model for post-seismic simulations simplifies the inher-
ently dynamic, temporally variable hydrogeological rebalancing. Indeed, the model does not capture the transient propagation of
pressure waves, delayed recharge-discharge cycles, the resurgence of new springs, or the evolving permeability due to time-dependent
fracture opening, clogging, and modifications of karst networks. Consequently, while the model effectively reproduces an ideal steady-
state scenario of discharge rates and hydraulic head, it currently cannot resolve short- to medium-term hydrodynamic adjustments,
such as those observed in the weeks and months immediately following the earthquake (Fig. 3a). For this reason, the post-seismic
scenario was simulated without recalibration, given the uncertainty regarding the achievement of a new hydrodynamic equilib-
rium in the field data (Fig. 3a). While this decision is methodologically sound, given the long, potentially incomplete transition to
steady state, it limits the predictive power of the post-seismic simulations. The modelled changes should thus be interpreted as hy-
pothetical end members of a dynamic evolution, rather than as precise forecasts of current conditions. To resolve such an issue, we can
invoke the scalability of the proposed model approach by implementing a transient model based on the developed DM geometry. In
this way, we can simulate the entire time series of discharge rates and hydraulic heads rather than defining an ideal steady-state
condition based on the available data.

Finally, the absence of geomechanical coupling in the current model precludes the simulation of crustal volumetric strain and
stress-induced variations in porosity and permeability along the fault plane and within the surrounding geological medium. This
limitation is evident in the post-seismic model results presented in Fig. 6b and Fig. 7, where the predicted amplitudes of groundwater
head and discharge rates differ significantly from those observed (Fig. 3a). This discrepancy can be attributed to two factors: (i) the
modelled hydraulic fault behaviour, which is simply removed in the postseismic model rather than assuming a spatially distributed and
stress-dependent permeability adjustment, and (iii) the absence of crustal volumetric deformation effects, which could modify aquifer
properties beyond the fault zone. Several studies have demonstrated that seismic activity, through both dynamic (seismic wave
propagation) and static (coseismic stress changes) mechanisms, can induce significant changes in aquifer hydraulic properties. These
include variations in permeability, porosity, storage coefficients, and compaction (Albano et al., 2021b, 2021a, 2019, 2017; Nespoli
etal., 2018; Tung and Masterlark, 2018). Such mechanical-hydrogeological interactions are particularly relevant in fractured and karst
systems, such as the one analysed in this study. Specifically, the October 30th earthquake event induced measurable ground uplift and
southwestward horizontal displacement across the Norcia Plain, resulting in dilatational crustal strains down to depths of approxi-
mately 1.5 km (Albano et al., 2021a). These volumetric strains likely enhanced permeability, facilitating the groundwater transfer
from Sector 2 to Sector 3 across the Norcia fault.
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To address this modelling shortcoming, a fully coupled hydro-mechanical model should be implemented. Such an approach would
allow for the simulation of crustal stress redistribution, fracture dilation, and elastic deformation, thereby enabling a more compre-
hensive and physically realistic prediction of post-seismic volumetric changes both along the fault and in the surrounding rock, thus
allowing for a more precise definition of fault and crustal permeability changes, for a better estimation of the hydrogeological
response.

5.2. Possible long-term implications

Although the available data suggest that pre-earthquake conditions have been nearly re-established in Sectors 2 and 3, Sector 1
continues to exhibit a persistent decline in groundwater storage, with no evidence, at least so far, of trend reversal. This long-term
depletion is attributed to the disruption of the hydraulic barrier previously exerted by the Vettore Fault, which caused a permanent
modification in the inter-sectoral hydraulic connectivity and drainage configuration. Consequently, potential future hydrogeological
scenarios largely depend on (i) the effective groundwater recharge that will occur over the coming years, which will determine the
ability of the system to replenish the drained storage and (ii) the extent to which pre-seismic bulk permeability conditions can be
restored within both the aquifer units and the fault zone (Cambi et al., 2022; Mammoliti et al., 2022; Mastrorillo et al., 2023; Petitta
et al.,, 2021b; Valigi et al., 2020). The expected recharge rates are affected by considerable uncertainty under the current
climate-change framework; however, no substantial deviation from the pre-seismic mean annual recharge is anticipated in the short
term. The recovery of bulk permeability, on the other hand, is controlled by a complex interplay between damage and healing pro-
cesses. Numerous studies have shown that coseismic fault slip and associated deformation typically induce a significant increase in
permeability (Mitchell and Faulkner, 2008; Zhu and Wong, 1997; Zoback and Byerlee, 1975). Conversely, during the interseismic
period, progressive fault healing mechanisms, such as gouge compaction, cementation, and pressure-solution transfer, tend to reduce
permeability and re-strengthen the fault structure (Gratier et al., 2003; Im et al., 2019; Tenthorey et al., 2003). The rate of crack sealing
and mineral reprecipitation is estimated to occur over timescales comparable to or longer than the recurrence interval of major
earthquakes (Gratier et al., 2003), suggesting that recovering pre-seismic hydraulic conditions may require centuries to millennia.

Therefore, the persistent groundwater deficit observed in Sector 1 likely represents a long-lasting, if not irreversible, condition on
human timescales, reflecting the combined effects of structural modification of the fault zone and limited short-term recharge capacity.

6. Conclusions

This study aimed to bridge the gap between qualitative hydrogeological observations and semi-quantitative, physically based
simulations for evaluating the hydrodynamic effects of large seismic events on complex carbonate aquifer systems, specifically
focusing on the Sibillini Mts hydrostructure affected by the 2016 earthquake sequence. The strength of the proposed approach lies in its
combination of rigorous conceptual modelling and numerical parsimony. The latter comprises a modular approach, starting with the
simplest model configuration (SM in Fig. 4a and Fig. 2c) to model the investigated hydrogeological system, which requires minimal
parameters while preserving the hydrogeological information and the inferred system dynamics. This model has proven effective in
providing a straightforward analysis of the system’s functioning and in establishing meaningful parameterisation of the required
parameters.

The complexity of the numerical model is increased through the SM by introducing further details, such as the full geometry of the
hydrostructure, appropriately discretised to account for punctual and linear drains, and the full fault extent, resulting in the DM model
as in Fig. 4b. In the DM, the adopted regional-scale analysis justifies homogenising the hydrostructure into a single continuous aquifer,
enabling the application of the EPM approach and the simulation of a single groundwater flow, at the cost of lower precision in fitting
observed head and discharge rates. Indeed, certain regions of the hydrostructure, particularly the deeper aquifer zones and fault cores,
remain poorly characterised due to limited data availability and spatial distribution, which introduce uncertainties into parameter-
isation and, by extension, into model results.

Nonetheless, calibration of hydraulic parameters using inversion techniques (PEST) ensured that the results were not merely
illustrative, within the limits of available and spatially distributed observational data.

Simulations showed that the earthquake-induced fault rupture enabled cross-fault groundwater transfer, resulting in ongoing
depletion of the eastern aquifer sector (Sector 1) and increased discharge in the central and western sectors (Sectors 2 and 3). These
findings demonstrate how seismic events can alter groundwater flow patterns in fractured carbonate systems, emphasising the vital
role of tectonic structures in maintaining their hydrodynamic balance.

The model’s scalability permits the integration of additional complexity, such as multi-stratigraphic aquifer configurations and
hydraulically and geometrically heterogeneous fault zones, contingent on the availability of appropriate data. Moreover, this meth-
odology presents a replicable framework for application in analogous seismotectonic environments worldwide. The approach is
robust, grounded in empirical data, and yields results that align well with observed post-seismic hydrological changes.

Nonetheless, the study also highlights several limitations. Future developments should focus on incorporating transient flow dy-
namics and hydro-mechanical coupling to better capture the effects of seismic stress redistribution on aquifer properties. Improve-
ments in fault zone characterisation, surface water-groundwater interaction modelling, and the resolution of data gaps would
substantially enhance model fidelity and predictive capacity.
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