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Introduction

Earthquakes are widely recognized for inducing variations in hydrogeological systems. Within the
field of earthquake hydrogeology, these variations are consistently attributed to changes in crustal
permeability, driven by the interplay of multiple mechanisms occurring within the crustal porous
medium in response to seismic shaking and pore pressure variation (Manga & Wang, 2007; Wang
& Manga, 2010) Such hydrogeological responses are typically observed at springs, along major
rivers, and in wells, where they manifest primarily as anomalous variations in discharge rates and
fluctuations in piezometric levels.

The My, 6.5 Norcia earthquake, which occurred on October 30, during the well-known 2016 Central
Italy seismic sequence (Chiaraluce et al. 2017), profoundly affected the regional hydrogeological
system of the Sibillini Mts. Unlike the transient nature of most earthquake-induced
hydrogeological changes, the effects of the My, 6.5 mainshock have proven to be long-lasting, with
clear evidence still observable today.

This study aims to analyse the hydrogeological changes induced by the My, 6.5 Norcia earthquake
within the complex hydrogeological system of the Sibillini Mts., by using conceptual models and
numerical analysis. Particular attention is given to the role of seismogenic and capable faults in the
Sibillini area and how these structures influence the groundwater circulation.

Materials and Methods

The extensive available documentation regarding the Norcia earthquake and the related effects,
along with pre- and post-seismic hydrogeological monitoring data, were analysed to define a
conceptual model. The data set include information on seismic activity, spring discharge rates and
piezometric fluctuations, hydrogeochemical analysis and tracer test results, as well as geological
and hydrogeological information of the study area. Although the groundwater circulation of the
Sibillini Mts. hydrogeological system is compartmentalized within several hydrogeological
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complexes, a single aquifer is assumed for the hydrostructure. The bottom of the aquifer was
reconstructed by interpolating data from available hydrogeological cross-sections (Viaroli et al.
2021) and 3D geological information (RETRACE-3D Working Group, 2021). Seismogenic faults in the
area are considered as relative hydrogeological barriers, influencing the groundwater flow
differently in the pre- and post-seismic. A numerical analysis was then performed by using the
MODFLOW-OWHM code (Hanson et al. 2014). The groundwater flow before and after the Norcia
earthquake was simulated by adopting the equivalent porous medium approach to model the
aquifer, and the Horizontal Flow Barrier package (Hsieh and Freckleton 1993) was used to model
the seismogenic faults. A parameters calibration of the pre-seismic groundwater flow model was
performed by using the PEST algorithm (Doherty, 2015).

Results and future perspectives

The comprehensive literature analysis enabled the reconstruction of a conceptual hydrogeological
model of the Sibillini Mts. hydrostructure at a regional scale, encompassing the whole area where
hydrogeological variations were observed. The model extends to shallow crustal depths and is
constrained by physical and hydraulic boundaries identified in the study area. A 3D representation
of the conceptual model is shown in Figure 1. Both the Vettore-Bove fault system (VBfs) and the
Norcia fault system (Nfs) are implemented in the conceptualization as simplified structures.
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Fig. 1 — Regional hydrogeological conceptual model, 3D geometric representation
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Two groundwater flow model were developed based on the defined conceptualization, whose
simulation results are shown in Figure 2(a, b). In the pre-seismic groundwater flow, both VBfs and
Nfs act as relative hydrogeological barriers. Their barrier effect leads to a differentiated hydraulic
head within the hydrostructure, decreasing from east to west. Calibration of the hydraulic
parameters was performed by using measured heads and discharge rates as target observations.
The resulting parameterization was then applied to simulate the groundwater flow in the post-
seismic scenario (Figure 2b). According to the concept of “Aquifer Fault Rupture” (Mastrorillo et al.
2020), the Norcia earthquake was simulated by removing the barrier effect of the VBfs. This
forward simulation results in a redistribution of the hydraulic head in the model, especially to the
east of the VBfs, and a subsequent change in spring discharge.
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Fig. 2 — Regional groundwater flow numerical models a) before and b) after the earthquake

The results of this study are both qualitative and quantitative. The numerical models and the
employed modelling approaches reproduce consistent scenarios, confirming the hypothesis that
the faults act as relative hydrogeological barriers. These findings provide valuable insights into the
sustained hydrogeological variations induced by the My, 6.5 Norcia earthquake. Furthermore, the
model’s ability to simulate both scenarios highlight the importance of a reliable hydrogeological
conceptual model.

Future research will focus on further refining the models and analysing groundwater flow in a
transient simulation to gain deeper insights into the functioning of such a complex system and the
non-transitory nature of the earthquake-induced hydrogeological changes.
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