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cleaning effect, which is induced by pore pressure propagation. In the studied aquifers, the
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was carried out to determine the possible causes of this sudden increase in groundwater
outflow. Taking into account the geological and structural framework, a conceptual model
of a basin-in-series has been adopted to describe the complex hydrogeological setting,
where the thrusts and extensional faults have clearly influenced the groundwater flow
directions before and after the seismic sequence. The prevalent portion of the total post-
seismic discharge surplus not explained by the increase in permeability has been attributed
to changes in the hydraulic gradient that caused seismogenic fault rupture and the disrup-
tion in the upgradient sector of the aquifer. The additional flow calculated through the
breach of the pre-existing hydrostructural barrier corresponds to approximately
470 x 10° m®. This value is consistent with the total discharge increase measured in the
whole study area, validating the proposed conceptual model. Consequently, a shift in the
piezometric divide of the hydrogeological system has been induced, causing a potentially
permanent change that lowers the discharge amount of the eastern springs.
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1 | INTRODUCTION Cooper, Bredehoef, Papadopulos & Bennett, 1965; Roeloffs, 1998;
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include changes in groundwater level (Leggette & Taylor 1935; 2015; Barberio, Barbieri, Billi, Doglioni & Petitta, 2017) and variation
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in stream flow (Muir-Wood & King, 1993; Manga, Brodsky & Boone,
2003; Montgomery & Manga, 2003; Manga & Rowland, 2009). Modi-
fications of spring features (Wang & Manga, 2015) and changes in
temperature and chemical composition of groundwater may also
occur (Mogi, Mochizuchi & Kurokawa, 1989; Claesson et al., 2004;
Skelton et al., 2014; Kim et al., 2019).Various mechanisms have been
proposed to explain the hydrologic responses, including permeability
changes in aquifers (Rojstaczer, Wolf & Michel, 1995; Wang, Wang &
Kuo, 2004; Manga et al., 2012), permanent changes in static stresses
and strains (Muir-Wood & King, 1993; Jonsson, Segall, Pederse &
Bjornsson, 2003; Albano et al., 2017), fracturing of geothermal reser-
voirs (Wang, Wang & Manga, 2004), opening of deep fractures
(Sibson & Rowland, 2003), liquefaction (Mohr, Manga, Wang, Kirchner
and Bronstert, 2015), breaching of hydraulic barriers or seals (Sibson,
1994; Brodsky et al., 2003), and variations in karst base levels (Saroli,
Moro, Gori, Falcucci & Salvatore, 2012).

In detail, earthquakes can produce “transient modifications” of
the hydrogeological system (Cooper et al., 1965) and “sustained off-
sets” that may last a long time after the mainshock (Yan, Woith &
Wang, 2014). In summary, the type and intensity of each
hydrogeological response to an earthquake depend on the local geo-
logical conditions (Manga et al., 2012).

The fractured and locally fissured nature of carbonate aquifers
favours a quick co-seismic response in terms of both pore pressure
propagation and/or dynamic strain modifications, which may induce
temporary changes in permeability (Wakita, 1975; Jonsson et al,,
2003). In karst and fractured aquifers, most of the mid- and long-term
effects on groundwater flow can be due to the formation of micro-
cracks (Casini, Martino, Petitta & Prestininzi, 2006), unlocking of pre-
existing fractures and fracture cleaning, and/or fracture dilatancy and
closure (Rojstaczer et al., 1995; Elkhoury, Brodsky & Agnew, 2006;
Wang et al., 2004; Wang & Manga, 2010). The ultimate effect of all
these phenomena is an increase in bulk hydraulic conductivity at the
aquifer scale, followed by changes to the hydraulic head, which
increases close to discharge zones and correspondingly decreases in
recharge areas (Galassi et al., 2014; Wang & Manga, 2015).

Studies of the effects of past earthquakes on the carbonate
hydrogeological systems of Central Italy (Esposito, Pece, Porfido &
Tranfaglia, 2001, 2009; Carro, Amicis & Luzi, 2005; Amoruso, Cre-
scentini, Petitta, Rusi & Tallini, 2011) generally revealed a strong
dependence among hydrogeological anomalies, regional structures,
and fault mechanisms. Typically, after the co-seismic peak, the dis-
charge and water table remained at higher values with respect to pre-
seismic conditions for up to several months after the seismic events.
This phenomenon was observed after the 1980 Irpinia earthquake in
the Caposele spring (Esposito et al., 2001) and after the 2009 L'Aquila
earthquake (Adinolfi et al., 2012), and this phenomenon has been
explained by the effects of (a) pore pressure propagation due to
dynamic stresses caused by seismic waves, which determined the sud-
den discharge peak, and (b) fracture cleaning, triggered by pore pres-
sure propagation, which induced an increase in bulk hydraulic
conductivity of the fractured aquifer (Amoruso et al., 2011). After the
three main seismic events of 2016, similar responses have been

recorded, and consequently, similar mechanisms have been invoked
(Petitta et al., 2018; Rosen et al., 2018; Giacopetti, Fabbrocino, lanni,
Materazzi & Pambianchi, 2019; Albano et al., 2019).

Nevertheless, in the area of the Sibillini Mts., which is very close
to the epicentres (<10 km), abrupt changes have been followed by a
large sustained increase in discharge over time (approximately +25%
of the natural discharge) with respect to the limited magnitude of the
seismic events (Valigi et al., 2019). Part of this peculiarity could be
explained by the succession of three main events having Mw > 5.5,
which repeatedly struck the fractured aquifers. The persistent
hydrogeological changes also observed 3 years after the earthquakes
cannot be explained by the effects of the increase of the bulk hydrau-
lic conductivity only. In fact, the spring discharges and water-table ele-
vations remained higher for a long time compared with the pre-
seismic conditions, which indicates a continuous additional contribu-
tion from the fractured aquifer (Checcucci, Mastrorillo & Valigi, 2017).
Consequently, other possible additional factors may have concurred
with the observed data, and the post-seismic hydrological response
model of the studied area is currently not fully understood.

This paper aims to identify an interpretative mechanism in the
Sibillini Mts. area that would explain why the hydrogeological post-
seismic responses there were larger and longer lasting than the ones
usually observed in past earthquakes in the central Apennines. First,
the work shows the results of extensive monitoring measurement of
the groundwater discharge during and after the 2016 earthquake
sequence, exceeding the pre-seismic values. The effect of the
enhanced permeability was estimated and deemed insufficient to jus-
tify the significantly prolonged and localized overall groundwater dis-
charge in the Sibillini Mts. area. Then, a new conceptual model of the
hydrogeological response of carbonate aquifers after an earthquake is
proposed and discussed considering the available measurements.

2 | GEOLOGICAL AND
HYDROGEOLOGICAL SETTING OF THE
STUDY AREA

The Valnerina-Sibillini Mts. (VSM) area corresponds to the southern
and external sector of the Umbria-Marchean Apennines (Central
Apennines), a northeast verging fold-and-thrust belt, involving the
Mesozoic-Tertiary sedimentary sequence. The Triassic evaporites act
as the main regional detachment level. This domain consists of a
Lower Jurassic carbonate shelf unit overlain by stratified pelagic sedi-
ments (Middle Lias-Lower Miocene), with an overall thickness of
approximately 2,500-3,000 m (Pierantoni, Deiana & Galdenzi, 2013,
and references therein).

The geo-structural framework (Figure 1) can be summarized in an
original synorogenic thrust system dissected by subsequent post-
orogenic extensional faults (Calamita & Pizzi, 1993; Calamita, Coltorti,
Farabollini & Pizzi, 1994). The compressive tectonic stage (Messinian
to early Lower Pliocene orogenic stage) caused the eastward tectonic
overlap of the carbonate units over the foredeep turbiditic deposits

(Doglioni, Carminati, Cuffaro & Scrocca, 2007). Limited translational
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movements produced a series of asymmetrical NNW-SSE or N-S Centamore, Rossi & Tavernelli, 2009). The following Plio-Quaternary
trending overturned and thrusted eastward folds, with a northward extensional fault stage dissected and/or inverted pre-existing features

axial plunge (Boni, Mastrorillo, Cascone & Tarragoni, 2005; of the central Apennines fold and thrust belt (Tavani, Storti, Bausa &
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Munoz, 2012, and references therein). Western and eastern normal
fault systems caused the opening of intermontane extensional basins,
subsequently filled with thick continental sequences of Quaternary
alluvial, detrital, and lacustrine deposits (Cavinato & De Celles, 1999).

The normal faults, with trends generally at 150°N, are usually
characterized by a stratigraphic throw of 100 m, except for Vettore
Mt.-Bove Mt. fault (VBF, Figure 1), with a maximum displacement
that exceeds 1,000 m (Pizzi & Scisciani, 2000; Pierantoni et al., 2013).

The carbonate units outcropping in the VSM system are the
recharge areas of several coexisting aquifers partitioned between
shallow and basal regional aquifers (Nanni & Vivalda, 2005;
Mastrorillo et al., 2009; Boni, Baldoni, Banzato, Cascone & Petitta,
2010; Mastrorillo & Petitta, 2014). At the regional scale, the basal
aquifer is hosted in the Trias-Upper Jurassic formations, whereas sev-
eral segmented shallow aquifers can be recognized within the Creta-
ceous limestones (“Scaglia Calcarea”, Mastrorillo & Petitta, 2010). A
marly-clayey Lower Cretaceous aquiclude is interposed between the
two aquifers, preventing groundwater mixing. Generally, the thrust
faults act as hydraulic barriers, whereas the normal faults do not nec-
essarily correspond to a groundwater flow seal, because their perme-
ability is controlled by the fracture network properties (connectivity,
density, orientation, and length distribution of the fractures) of the
fault zone (Bense, Gleeson, Loveless, Bour, & Scibek, 2013; Saroli
et al., 2019). The Triassic evaporites underlie the whole groundwater
flow, acting as regional bedrock.

The Scaglia Calcarea shallower aquifers (Mastrorillo, 2001) are
not analysed in this study, because they are not significantly affected
by sustained post-seismic hydrodynamic changes.

The Plio-Quaternary intermountain extensional basins host multi-
layer porous aquifers mainly fed by lateral inflows from the surround-
ing carbonate reliefs. These basins mostly act as hydraulic
connections between the carbonate fractured aquifers and the rivers
flowing in the same intermountain plains. The regional
hydrogeological setting is depicted by the hydrogeological cross-
section in Figure 1, where the overlay of the shallow aquifer on the
basal aquifers was depicted. The Lower Cretaceous marly-clayey
aquiclude is not visible at the map scale.

The VSM hydrogeological system is hydraulically sealed by the
Valnerina Thrust (VNT; Calamita & Deiana, 1988) along the western
side. The Sibillini Mts. Thrust (SMT; Calamita, Cello, Deiana &
Paltrinieri, 1994) corresponds to the eastern no-flux boundary of the
VSM system. In the studied system, widespread carbonate fracturing
ensures infiltration rates from 400 to 1,000 mm/year feeding a total
groundwater discharge of approximately 23 m*/s. The main springs of
the area occur in the Nera River basin and along the eastern side of
the carbonate system (Figure 1), where 18.2 and 4.6 m®/s of ground-
water, respectively, outflow (Boni, Bono & Capelli, 1986). The basal
aquifer feeds approximately 70% of the total discharge of the VSM
hydrogeological system, whereas the shallow Scaglia Calcarea aquifers
feed the remained rate. The steady rate of springs confirms that
groundwater flow is scarcely and only locally influenced by real karst
conditions, and at the aquifer scale, the Darcian flow in a fracture

network can be considered dominant.

The preferential direction of groundwater flow in the basal aqui-
fer is NNW-SSE or N-S, in accordance with the directions of the fold
axis and parallel to the regional structural lineaments, which usually
hinder the transversal groundwater exchanges. At the regional scale,
the basal aquifer appears to be partially compartmentalized by N-S
fault development. In contrast, at the local scale, the same faults can

provide non-negligible groundwater seepages, where the fracture
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network properties allow high permeability conditions. Thus, the VSM
system acts as a “basin in series system” (Figure 2), where the whole
groundwater flow system is characterized by good interdependence
of hydraulic head upgradients and downgradients of low-permeability
faults (Petrella, Capuano, Carcione, & Celico, 2009).

The eastern sector of the basal aquifer feeds the baseflow of the
rivers at the eastern foot of Sibillini Mts. ridge, at altitudes above
900 m a.s.l. with a discharge of about 2 m®/s. The western sectors of
the basal aquifer drain towards the streambed springs of the Nera
River basin between 760 and 250 m a.s.l. for a total discharge of
approximately 14 m3/s. The position of the groundwater divide
(Figure 2), which splits the two flow directions, is partially conditioned
by the uplift of the bedrock, such that the southern sector of the sys-
tem has an elevation higher than the water table elevation, as clearly

visible in the cross-section of Figure 1.

3 | THE 2016 AMATRICE-NORCIA SEISMIC
SEQUENCE

The three main earthquakes of the 2016 sequence (August
24, October 26, and October 30) originated by ruptures nucleated on
different segments of the same 40° SW-dipping active normal fault
system associated with the 30-km-long VBF (Lavecchia et al., 2016;
Tinti, Scognamiglio, Michelini & Cocco, 2016; Huang et al., 2017;
Tung & Masterlark, 2018; Brozzetti et al., 2019). This normal fault sys-
tem almost exclusively crosscuts the middle Lias-Upper Jurassic for-
mations, causing a progressive lifting of the eastern side.

In the study area, coseismic effects during the 2016 sequence
have been observed after the main shocks (Pucci et al., 2016; Villani
et al.,, 2019; Luzi, D'Amico, Massa & Puglia, 2018; Liberatore, Doglioni,
AlShawaa, Atzorib & Sorrentino, 2019), and several numerical model-
ling approaches based on the seismological data collected have been
produced (Cheloni et al., 2017; Valerio et al., 2018; Walters et al.,
2018). The results agree that each main shock caused surface faulting
along the ~28-km-long VBF fault system as follows:

e The August 24 earthquake (Mw 6.0) ruptured two distinct seg-
ments, one of which corresponds to the southern part of the VBF,
and nucleated at a depth of 8 km. The maximum fault slip is located
approximately at 3-4 km at depth and reaches the surface only in
the section of the M. Vettore for a length of approximately 4-5 km
(Chiaraluce, Valoroso, Piccinini, Di Stefano & De Gori, 2011; Bigi,
Casero, Chiarabba, & Di Bucci, 2012; Cheloni et al.,, 2014 and
2017; EMERGEO Working Group, 2016).

e The October 26 Mw 5.9 event activated the northern ~15-km-long
segment of the VBF at a depth of ~4 km (Chiaraluce et al., 2017;
Civico et al., 2018; Cheloni, Falcucci & Gori, 2019).

e The October 30 Mw 6.5 main shock ruptured the ~20-km-long
segment of the VBF that remained unbroken after the previous
events. The slip reaches the surface in the area where surface
ruptures have been observed. The average offset calculated

from variable slip modelling in the elastic field and from field

surveys (Cheloni et al., 2017, 2019; Galadini et al., 2017; Civico
et al., 2018; Brozzetti et al., 2019) is approximately 0.775 m,
which is related to the mean water table depth of the basal

aquifer.

The pattern of the deformation caused by this seismic sequence
has been interpreted by different slip models. Some dissimilarities in
terms of accurate fault location, fault size, fault dip angle, and slip dis-
tribution along the ruptured plane (Coltorti & Farabollini, 1995;
Pierantoni et al., 2013) suggest that models based on a single planar
fault slipped in the October 30 earthquake may not be exhaustive
(Cheloni et al., 2017; Chiaraluce et al., 2017; Pizzi, Di Domenica,
Gallovic, Luzi & Puglia, 2017; Scognamiglio et al., 2018; Valerio et al.,
2018; Walters et al., 2018; Cheloni et al., 2019).

4 | THE MONITORING SITES

Five representative monitoring sites were chosen in the study area
representing the main aquifer sectors included in the VSM system
(yellow boxes in Figure 1). Four of these sites monitor groundwater
discharge outflowing from each “basin in series” (Figure 2), and the
fifth is the Torre Orsina gauging station (TO) along the Nera River,
where the total spring discharge of the western sector of the VSM
hydrogeological system can be monitored. The pre-seismic minimum
and mean values of the annual discharge recorded at each monitoring
site are summarized in Table 1.

Site 1 corresponds to the highest outflow from the basal aquifer
on the eastern side of the VSM system (Foce spring with a mean dis-
charge of 0.5 m%/s). It is part of a large 50 km? aquifer (Basin 1) that is
laterally limited by the SMT along the eastern boundary and by the
Fiegni-Mt.Vettore Thrust (FVT) and the groundwater divide along the
western side. The total discharge of the aquifer is 1.42 m®/s and is fed
by a groundwater flow with prevailing N-S direction (Mastrorillo
etal., 2012).

Site 2 (Upper Nera River) and Site 3 (Ussita River) monitor the dis-
charge of two streambed springs located in the Bove Mt.-Prata
Mt. aquifer (Basin 2) bounded at the east by the FVT and the ground-
water divide. The southern part of this aquifer has a local hydraulic
connection with the neighbouring western basal aquifer (Basin 3)
through the segment of the Fema Mt.-Norcia Fault (FNF) skirting the
Norcia Plain (Petitta, 2011). The whole estimated recharge area of this
aquifer is approximately 97 km?, with the main groundwater flow
northward oriented. The total mean discharge of the aquifer is
approximately 2.00 m3/s, 1.30 m3/s of which flows out in the Nera
River near the San Chiodo tapped spring and the remaining 0.70 m®/s
flows out along the Ussita River (Boni et al., 2010), exactly where the
monitoring sites are located.

Site 4 (Sordo River) is located in the Norcia Plain aquifer (Basin 3),
whose boundaries are still not clearly identified. The mean discharge
measured in Site 4 (1.59 m3/s) corresponds to the total discharge of
the aquifer, which corresponds to a recharge area of at least 65 km?.

The piezometric surface of the Norcia Plain highlighted two different
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TABLE 1
events

Elevation (m a. Start of the reference

Monitoring site s.l) period

1. Foce Spring 910 January 4, 2009

2. Upper Nera 750 January 1, 2011
River

3. Ussita River 607 January 9, 1991

4. Sordo River 555 April 26, 1990

5. Nera River (TO) 210 January 1, 2006

flow directions: partly from the south and partly from the east,
through the FNF (Petitta, 2011).

Site 5 corresponds to the Torre Orsina (TO) gauging station and is
located along the Nera River at the exit of the VSM system. The TO
gauging station closes a 1,445 km? wide catchment, including the
drainage basins of the gauging stations of Sites 2, 3, and 4. The aver-
age Nera River discharge recorded in the 2006-2018 period is
approximately 20 m3/s, which is more than 90% fed by the discharge
of all upstream springs in the catchment, with a negligible contribution
of runoff. Most of the Nera River baseflow was fed by the spring dis-
charge of the basal aquifer (at least 78% according to Mastrorillo
et al., 2009). In this context, Site 5 seems to be an adequate tool to
evaluate the basal aquifer discharge regime of the western sector of
the VSM hydrogeological system. The groundwater mean discharge
measured in Sites 2, 3, and 4 corresponds to approximately 17% of
the baseflow measured in Site 5 according to the data shown in
Table 1.

5 | METHODOLOGY
The data from the five monitoring sites were collected by the Hydro-
graphic Services of the Umbria Region, water supply companies or
directly from the research team. In Site 1, the spring discharge is mea-
sured in the tunnel drainage of the local water-supply system by auto-
matic water level sensors and converted into discharge through the
related rating curve. Sites 2, 4, and 5 are equipped with pressure pro-
bes or automatic ultrasonic measurement sensors. Rating curves have
been used in conjunction with river stage measurements to determine
the river discharges. Only in Site 3 was the river discharge unevenly
measured using a portable flow meter. Additionally, the water-table
depths were recorded in four piezometers of Site 2 by downhole data
loggers with atmospheric compensation.

The complete time interval of the data set is reported in Table 1.
A uniform and synchronous time series of discharge data, from
January 1, 2016, to December 30, 2017, was analysed in this study.
Data processing was performed daily, but hourly frequency data were
also processed when necessary.

The hydrograph recession analysis (Maillet, 1905) was carried out

to analyse groundwater discharge and water table heads over time, to

Minimum discharge

Minimum, mean discharge and standard deviation of the discharge detected at the five monitoring sites before the 2016 seismic

Mean discharge Standard deviation

(m3/s) (m3/s) (m®/s)
0.32 0.57 0.03
0.74 1.30 0.35
0.37 0.69 0.21
0.94 1.59 0.18
12.28 20.03 5.60

Discharge

Time
Legend
|:| Pre sisma groundwater amount
|:| Real groundwater amount (RGA)
Assumed groundwater amount (AGA)
Groundwater amount surplus (RGA - AGA)

== == Pre sisma recession curve prolonged

Seismic event

FIGURE 3 Subdivisions of the groundwater amount within a
discharge hydrograph affected by earthquake

compare the volume of groundwater discharge outflowed after a seis-
mic event (“Real groundwater amount,” RGA) with the expected vol-
ume in the absence of an earthquake (“Assumed groundwater
amount,” AGA). The difference between the RGA and AGA provides a
quantification of the amount of groundwater mobilized by the earth-
quake sequence (Figure 3).

The persistence of the low flow condition, due to the 2016-2017
drought period (IRSA-CNR, 2017), allowed us to set the end of the
period considered at the end of the hydrograph depletion curves
recorded at the gauging stations (November 30, 2017).

In cases where the recession curve is not clear, due to the steadi-
ness of the spring regime (Sites 1 and 4), the AGA was taken as the
value of the pre-seismic average discharge.

Three main seismic shocks occurred in 2016 (August 24, October
26, and October 30), but the two events in October occurred very

close in time; therefore, it is not possible to distinguish their different
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effects. The analysis of the hydrogeological effects recorded between
October 26 and 30 are therefore not meaningful. The evaluations
were made for both periods August 24 to October 26, 2016, and
October 30, 2016, to November 2017, to discriminate between the
effects of the first and the third event. The effects of the third event
are not exclusive and may also include some effects from the first
event that are not fully exhausted.

The persistence time of the earthquake effects on the
hydrogeological features was also calculated by extending the calcu-
lated recession curve on the discharge outflowed after the seismic
events until reaching the pre-earthquake average conditions.

The time trend of the hydraulic gradient during pre- and post-
seismic conditions was reconstructed from data recorded in the Site
2 piezometers (Figure 1). Two hydraulic gradient hydrographs were
reconstructed between three intermediate piezometers (A, B, and C)
located along the EW groundwater flow direction. A third gradient
hydrograph was calculated between the highest piezometer (D) and
San Chiodo spring (located along the Upper Nera riverbed at 750 m a.
s.l.), along the NS flow direction. The mean hydraulic gradient hydro-
graph was obtained by the daily average of the gradients considered.

The enhanced permeability was estimated from the comparison
between Site 2 discharge and the hydraulic gradient calculated
between the D piezometer and San Chiodo spring. The estimation is
based on the Darcian flow model, whereby the discharge increase is
linked to both enhanced permeability and hydraulic gradient rise. For
each of the two events, the portion of the hydrograph in which dis-
charge increase is not associated with gradient rise analysed in detail.
On the first approximation, we could attribute this discharge increase
to the enhanced permeability due to the earthquake and estimate the
relative rise of the bulk hydraulic conductivity. When the hydraulic
gradient begins to rise, it is no longer possible to distinguish the
enhanced permeability effect because the increase in recharge is
clearly affected by the rise in hydraulic gradient.

6 | RESULTS

The elaboration of the daily discharge data produced the hydrographs
shown in Figure 4. By focusing on the hydrogeological long-lasting
changes, only Site 1 produced a significant discharge decrease over
time and produced a final discharge much below the pre-seismic mean
value. Conversely, the discharges of Sites 2, 3, and 4 substantially
increased, remaining higher than the pre-seismic mean values. The
final discharge result of Site 5, despite the great increase of the previ-
ous months, is equal to the pre-seismic mean value.

The effects of the August event on the increase in discharge seem
to be transient at all sites, except Site 4, where a gradual and
sustained increase in discharge is evident during the intermediate
period between the two main seismic events. In contrast, in the other
cases, a slight discharge drop was recorded.

The October events affect the discharge with different conse-

quences, as follows (Figure 4):
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FIGURE 4 Daily discharge (m*/s) of the monitoring sites in the
2016-2017 period. Vertical red bars locate the three main seismic
events. The horizontal dot line indicates the pre-events mean
discharge, reported in Table 1. In Site 3 graph, the spot discharge
measurements are indicated (blue dots). In Site 5 graph, the
recession curve (blue dotted line) is shown to identify the post-
seismic surplus groundwater amount (RGA)
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e Site 1 shows discharge instability in the 4 months following the
events and a gradual and continued decrease in discharge since
February 2017;

e Sites 2 and 5 show a much higher abrupt increase in discharge,
followed by stability for 3 to 4 months. The discharge starts to
decrease from February 2017 at Site 2 and from January 2017 at
Site 5. In November 2017, only the Site 5 is the discharge reverted
to the original value. The achievement of pre-earthquake condi-
tions at Site 2, corresponding to a discharge of approximately
1.70 m%/s, would be expected in April 2018 in the absence of sea-
sonal recharge;

o the Site 3 response is similar to that of Site 2, but the lack of a con-
tinuous data set does not allow for an accurate evaluation;

e in Site 4, the discharge increases gradually and very considerably
until January 2017. During the following months, the discharge
continues to increase slightly and, from March to April, remains
stable; since May, the discharge starts to drop staying above the
pre-seismic average value. The zeroing of the earthquake effects
on the Site 4 discharge (1.59 m®/s) is forecasted in May 2020, not

considering the effects of seasonal recharge.

The sustained seismic responses of the water table, monitored by
the four piezometers at Site 2 (Figure 5, L) highlight a gradual rise in
the water level for 2 months after the events, with the post-October
rate of increase (between 3 and 8 m) significantly higher than the
post-August rate (between 1 and 2 m). Immediately after the shocks,
only the highest elevation piezometer (D) initially suffered from a
sharp lowering, which was quickly balanced in the following days and
later showed a significant rise. After December 2016, the water level
decreases until November 2017, when the level stabilizes. After
1 year, the original values are still not fulfilled in the A, B, and C pie-
zometers; only the D piezometer has attained a lower level than the
pre-seismic condition.

The daily hydraulic gradient time patterns (Figure 5, R) mirror the
daily water table trends overtime, and they highlight that post-August
event increase has a negligible magnitude compared with the surplus
amount related to the October events. Following the August shock,
the mean gradient increased by 15% from 0.042 to 0.049, whereas
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the October events caused a 69% increase from 0.049 to 0.083. After
December 3, 2016, the hydraulic gradient gradually decreased,
reaching a steady-state condition in November 2017. The mean gradi-
ent stabilized at approximately 0.046 in the last days of November
2017, with a reduction of the abnormal spike of approximately 0.88%.
The gradient stabilization could be referred to as a new hydraulic bal-
ance achievement, not excluding a possible meteoric recharge effect.

The AGA and RGA values are reported in Table 2, where the sur-
plus/deficit amount (A) is expressed both in absolute values (m3) and
relative terms (percentage of the assumed value).

The post-seismic conditions of the August and October events
are different not only for the groundwater discharge involved but also
for the spatial distribution of their effects. The August event induced
a general increase in the amount of groundwater outflow, both in the
western (Sites 2, 3, and 4) and eastern (Site 1) sides of the study area.
Even in the eastern sector, the percentage of the increase (2%) is one
order of magnitude lower than that in the western side (approximately
20%). After the October events, in the western area, a sharp increase
in groundwater amount (between 130% and 190%) was observed;
conversely, the eastern side recorded a decrease of approxi-
mately 20%.

In the western sector of the VSM system, the seismic response
difference between the two events is more evident. After the August
event, the surplus amount of Site 5 is 30.7 x 10° m®. The sum of the
groundwater surplus of Sites 2, 3, and 4 is 4.5x 10°m?
corresponding to 15% of the Site 5 surplus. This rate is similar to the
percentage of the baseflow measured at Site 5 and ascribed to the
total spring discharge at Sites 2, 3, and 4 (17%). After the October
events, a surplus of 407 x 10° m® was calculated at Site 5. The sum of
the surplus of Sites 2, 3, and 4 is 183 x 10° m?, which is equivalent to
45% of the Site 5 surplus. Thus, the October seismic effects are more
localized and stronger in the springs at the study sites than at other
sites.

The comparison of the hourly Upper Nera hydrograph discharge
and the 12-hr hydraulic gradient calculated between the D piezome-
ter and San Chiodo spring at Site 2 (Figure 6) highlights that the Upper
Nera discharge increases by 9% after approximately 20 hr during the
August event (Figure 6a), with a depletion of the hydraulic gradient

Jul - 16
Oct - 16
Jan - 16
Apr - 16 -
Jul - 17
Oct - 171
Jan - 164

Legend

—— Piezometer A —— Piezometer D

Piezometer A / Piezometer B

— Piezometer B
—— Piezometer C

Piezometer B / Piezometer C

Apr - 16 {

Piezometer D / San Chiodo spring
Mean hydraulic gradient in Site 2
——— Main seismic events

Jan - 1831

Jul - 17 1
Oct - 17 1

FIGURE 5 Daily hydrographs of water
table levels (L) and hydraulic gradient “i"
(R) at Site 2
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TABLE 2
condition of each seismic event

August 24, 2016-October 25, 2016

- Groundwater volumes involved in the 2016 seismic sequence related to two specified periods, corresponding to post-seismic

October 26, 2016-November 30, 2017

Site AGA (10°m®  RGA(10°m® A (10°m°) A (%) AGA(10°m®) RGA(10°m® A (10°m°) A (%)
1 Foce spring 317 322 0.05 2 20.40 16.55 -3.85 19

2 Upper Nera River 9.22 11.02 1.80 20 40.20 116.42 76.22 190
3 Ussita River 3.83 5.04 1.21 32 25.48 65.82 40.34 158
4 Sordo River 8.65 10.18 1.53 18 54.54 124.47 69.93 123
5 Nera River (TO) 102.51 133.21 30.70 30 500.41 907.60 407.19 81

Abbreviations: AGA, assumed groundwater amount calculated in absence of the earthquakes; RGA, real groundwater amount involved; A, surplus /deficit
amount expressed both in absolute values (m®) and in percentage of the AGA.

FIGURE 6 Discharge (blue line) versus A) August 24" 2016 (B) October 30" 2016
hydraulic gradient (black dots) between the 307 0086 40 0096
D piezometer and San Chiodo spring, & Looss & il Looss &
recorded at Site 2, during August (a) and E o B E o B
=7 244 r ped ~ 34 b Y
October (b). The red vertical line shows the 5. . ... b S ., o
. Fooss = < 7 Looss =
time of the earthquake £ . 3 £, 3
R UMW Loosz O 2 Loosz O
e WJW_W\F\J_UW‘VL/WVML £ 5 o {
164 F0.091 26 F0.091
144 24 °
I 0.090 | 0.090
124 ° o o o 8 o ° 22 N N
3888838838888838 28888888888
SNSNSNE8NE8NE8HS 48 d8d8dga gy
© © © © © © © © © © © © © © © © © © © © v v ©O ©
S 5555555555865 5 5 55 55 5585 & &
R I RO I I Y S8 888889¢d
LLLLLLLL2L29OLQLQQ T T T T T T T T T T
N AN O T T 1O O© ON~NINODO 0 OO O O O ~ ~ - — N o
AN AN AN NN AN AN NN NN NN NN N MO MmO MmO M O o O O
TABLE 3 Terms of Darcy law evaluated in pre- and post-seismic conditions, for each seismic event
Pre-seismic Post-seismic Pre-seismic KA Post-seismic KA AKA
Event Pre-seismic i Post-seismic i Q (m?/s) Q (m®/s) (m®/s) (m®/s) (m3/s)
August 0.0932 0.0895 1.88 2.05 20.17 2291 2.73
October  0.0950 0.0895 2.16 2.40 22.74 26.82 4.08

Abbreviations: i, hydraulic gradient between D piezometer and San Chiodo spring; Q, discharge recorded in Site 2; K, hydraulic conductivity; A, cross-
sectional area to flow; AKA: variation of KA value between pre and post conditions.

until 0.0895 occurring approximately 12 hr after the event. During
the 4 days after the earthquake, the discharge and hydraulic gradient
remained stable. The October events caused a 10% instantaneous
increase in the discharge and a drop in the hydraulic gradient up to
0.0895, which began to rise 24 hr after the event (Figure 6b).

Darcy's law (Q = KAI) was applied to the hydraulic system of Site
2 in both pre- and post-event conditions (August and October;
Table 3) to calculate the hydraulic conductivity enhancement. Q is the
spring discharge (m3/s), K is the hydraulic conductivity (m/s), A is the
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cross-sectional area to flow (m?), and is the hydraulic gradient
between the D piezometer and San Chiodo spring.

Because the A value can be considered unchanged, the varia-
tion of the KA term can be attributed almost exclusively to K vari-
ation. Starting from this premise, even if the exact value of the K
variation could not be assessed, the rate of permeability change

with respect to its pre-event value has been evaluated.

At Site 2, the rate of permeability increase was estimated to be 13%
and 19% of the pre-event values, for the August and October events,
respectively. These increased values are lower than those reported in the
literature, where a larger variability, between one and three times the
order of magnitude, has been calculated (Rojstaczer et al., 1995;
Tokunaga, 1999; Wang, Wang, Manga, Wang & Chen, 2013). After the
two events, the rate of permeability increase is similar, and the mobilized
groundwater amounts are very different, and it is necessary to find a fur-
ther response mechanism for supporting the involvement of a large

amount of groundwater during and after the October events.

7 | DISCUSSION

Within 2 months, the VSM hydrogeological system was affected by
two main seismic events that were characterized by different
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magnitudes and similar focal mechanisms and originated by the rup-
ture of different segments of the same extensional tectonic element
(VBF).

hydrogeological effects both in amplitude and spatial distribution.

Nevertheless, the two events produced different

The different responses would not seem to be associated with a
different increase in permeability. In both seismic events, the flow rate
increases, and the hydraulic gradient is reduced to 0.0895 (Figure 6)
after the earthquake. In the case of the August earthquake, the
hydraulic gradient and the flow rate remain stable at the new values
for at least 4 days. In the October earthquake, the gradient and the
range begin to progressively rise after 24 hr. The hydrogeological
responses to both seismic events were a lowering of the hydraulic
gradient up to the same value (0.0895) and an increase in the same
percentage of discharge (9-10%). The identical responses are related
to the similarity between the seismic events both in intensity
(Mw 6.0-6.5) and in distances from the epicentre (Figure 1). The
described aquifer responses fall within the interpretative models of
enhanced permeability, due to the cleaning/widening of fractures. In
extensional fractured carbonate systems, such as the one studied
here, the short-term hydrogeological effects can be explained by the
poroelastic response of the aquifer to the seismic perturbation, which
creates a water mass imbalance and forces the water table to drop
(Rojstaczer et al., 1995).

However, the significant increase in groundwater discharge
recorded at the mid- and long-term can be attributed to cleaning
and/or widening of the fractures, which cause enhancement of the
permeability (Manga, 2001; Amoruso et al., 2011; Ingebritsen & Man-
ning, 2010; Wang & Manga, 2015). The literature recognizes that
poroelastic deformation contributes to a minor amount of water dis-
charge compared with the permeability increase (Tokunaga, 1999;
Manga et al., 2012).

The effect of the increase in permeability is quite clear after the
August earthquake. In the following 2 months, the effect is uniformly
distributed throughout the basal aquifer, thus producing persistent
changes in the hydraulic features of the aquifer and resulting in a
widespread and homogeneous increase in the discharge of all basal
springs. The discharge surplus, linked to the effect of cleaning/widen-
ing of the fractures, should decrease according to the progressive
closing of the fractures if further earthquakes do not occur. When the
October earthquake occurred, the effect of the fracture widening
related to the August earthquake does not seem to have been
exhausted yet because the pre-earthquake conditions have not been
restored at any monitoring site; therefore, the effects of the October
earthquake would be superimposed to those of August. During the
first 24 hr after the October 30 event, the increase in permeability
was repeated with the same mechanism as the August earthquake,
although with higher magnitude. Subsequently, a sudden and simulta-
neous increase in the hydraulic gradient and of the groundwater dis-
charge was triggered. This abnormal response is unlikely to be
explained by the sole increase in permeability.

A further interpretative conceptual model of the hydrogeological
response to the seismic perturbation was carried out, to justify the

significantly prolonged and localized overall groundwater discharge in

the study system. We assumed that seismogenetic fault rupture might
induce a disruption in the upgradient sector of the aquifer. The inter-
pretation has similarities with the breaching hydraulic barriers or seals
(Sibson, 1994; Brodsky et al., 2003; Wang et al., 2004). In central
Apennine, a similar mechanism has been invoked for the first time
(Saroli et al. 2012) for the Posta Fibreno fault with a progressive
change in the base level of the groundwater flow with a related deep-
ening of the karstic system. In the studied case, the trigger of the sur-
plus groundwater transfer was not the removal of the temporary
blockage in a fracture. The sudden formation of a displaced
section area on the fault plane inside the saturated zone of the aquifer
induced an abrupt hydraulic imbalance, favouring a surplus groundwa-
ter transfer through the newly displaced section. Owing to the
described mechanism, named “Aquifer Fault Rupture” (AFR), the sys-
tem will gradually tend to a new hydraulic equilibrium. The rate of the
transient surplus discharge will start to decrease according to the
hydraulic gradient drop. At the same time, the height of the wetted
section will decrease, contributing to the consequential reduction of
the surplus discharge. The new steady-state condition will be reached
when the hydraulic gradient stabilizes and not necessarily when the
surplus discharge decreases to zero, because the AFR mechanism
might not be the only mechanism causing increase in the discharge.

The estimation of the “RGV” attributed to the AFR mechanism
was partly based on the literature data. The broken plane of the VBF
provides vertical offsets estimated at the mean depth of the basal
water table at approximately 0.775 m on a fault segment approxi-
mately 20 km long, as explained above. The mean values of the
hydraulic gradient range between 0.03 (Boni et al., 2005) and 0.04
(measured at Site 2); the hydraulic conductivity ranges between
2%x1072 and 4x 1072 m/s (Mastrorillo et al, 2012; Aquilanti
et al.,, 2016).

The rate of the hydraulic gradient reduction over time is
expressed by the exponential equation calculated for the mean gradi-
ent at Site 2 (Figure 5, R):

i=0.0846e 0%
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where “i" is the hydraulic gradient value and “t” is the time in days.
The range of the increase in bulk permeability has been evaluated
to be 13-19% with an average increase by 16%. The calculated aver-
age value of post-seismic permeability was estimated as approxi-
mately 3.5 x 1072 m/s, which corresponds to the mean pre-seismic
value of the above-mentioned literature and increased by 16%.
Starting from a mean VBF vertical offsets of approximately
0.775 m over the entire rupture plain (20 km), the mean displacement
section was estimated to be 15.5 x 10° m2. The application of Darcy's
law, using the average values listed above, led to the estimation of the
instantaneous groundwater surplus flow through the displaced
section of approximately 19 m®/s. Based on the assumption that the
surplus discharge remains constant until the hydraulic gradient starts
to decrease, the amount of the groundwater flow surplus, which
occurred from October 31 until December 3, 2016, was evaluated at
53x10°m>.  After December 3, 2016, the amount of the
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groundwater surplus flowing through the new displacement
section area progressively decreased following the hydraulic gradient
trend reduction until November 30, 2017. After this date, the hydrau-
lic gradient stabilizes at a constant value of 0.047, which is 10% higher
than the pre-seismic value (0.043). During December 3, 2016, to
November 30, 2017, period, a groundwater flow surplus of
421 x 10 m® was calculated. Consequently, the total calculated
groundwater flow surplus mobilized by the AFR mechanism is esti-
mated to be approximately 474 x 10° m>.

This interpretative conceptual model has been roughly validated by
the comparison between the measured and calculated volumes of
groundwater mobilized after the earthquakes. From November 1, 2016,
until November 30, 2017, the 407 x 10° m® groundwater surplus mea-
sured at Site 5 is approximately similar to the groundwater flow surplus
calculated through the VBF (474 x 10° m®). The discrepancy is lower
than 20% between the two inferred and observed volumes and can be
attributed to the uncertainty of collected data and to errors in extrapo-
lating permeability and hydraulic gradient from a local to regional scale.
The temporal and spatial development of the proposed hydrodynamic
response to the earthquake can be explained by the “basins-in-series
system” (Petrella et al, 2009) interpretation of the VSM system
(Figure 7). Immediately after the VBF surface rupture, a part of the total
surplus groundwater transferred through the newly displaced

M\\\’W
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section moving from east to west. The newly displaced section cuts the
northern sector of Basin 2, producing a surplus of groundwater that
reaches the springs at Site 2 and Site 3 almost instantaneously. South-
ward, the VBF cuts the western side of Basin 1, favouring a transfer of
groundwater to Basin 2. This transfer triggers the translation and lower-
ing of the groundwater divide between Basin 1 and Basin 2, with a con-
sequent reduction in the discharge rate at Site 1 on the eastern side.

The inflow of the groundwater surplus in Basin 2 caused a rise in
the water table, producing an increase in the groundwater flow
already drained towards Basin 3 before the earthquakes. In Basin
3, the increased volume of groundwater transferred from Basin 2 leads
to a rise in the water table at the Norcia Plain, an appearance of new
springs (Console, Motti & Pantaleoni, 2017) and a progressive
increase in the baseflow discharge at Site 4.

The hydrograph trends of the monitored sites (Figure 4) provide
an idea of the temporal development of the described process. Site
2 shows a sudden increase in flow immediately after the October seis-
mic events, with a shift of approximately 24 hr to the AFR movement.
At Site 1, the progressive decrease in flow begins 4 months after the
earthquake (February 2017), when the lowering of the surplus
groundwater supplied by the springs at Sites 2 and 3 begins. At Site
4, the increase in spring discharge was growing smoothly; however,

larger volumes of groundwater were affected. This evolution can be
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FIGURE 7 Schematic section showing the effects of the Aquifer Fault Rupture (AFR) mechanism on the basal aquifer of the Valnerina-
Sibillini Mts. Hydrogeological system (VSM). This is an explanatory drawing not to scale and not matching to any trace in the hydrogeological
map. Discharge graphs are related to Site 4, Site 2 and Site 1 (see Figure 4). The fault acronyms are explained in the legends of Figure 1 and

Figure 2
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related to the greater distance from the VBF and to the storage effect
of the porous media in the Norcia plain aquifer. This smoothing effect
would also be confirmed by the different values of the recession coef-
ficient calculated in the post-earthquake conditions at Site
2 (0.003 d™%) and Site 4 (0.001 d™%), leading to different exhaustion
times of the groundwater surplus. At Site 2, the surplus is expected to
be exhausted by April 2018, whereas at Site 4, by May 2020.

8 | CONCLUSION

The study area, hosting large carbonate fractured hydrogeological sys-
tems, was affected by two main subsequent seismic events with mag-
nitudes of 6.0 and 6.5, originating from the rupture of different
segments of the same extensional VBF fault system. The
hydrogeological responses to those seismic events exhibited signifi-
cant differences both in the volume and in the persistence of the trig-
gered groundwater surplus outflow. The second seismic event had
the highest Mw (6.5) of the entire seismic sequence, and the amount
of mobilized groundwater (approximately 400 x 10° m®) was one
order of magnitude higher than that of the previous amount (approxi-
mately 30 x 10° m®). Such large induced variations in groundwater
flow have also been observed 3 years after the earthquakes. Under-
standing that the largest event could amplify the not yet exhausted
effects of the first event, the complex hydrogeological changes pro-
duced by the October 30 earthquake can be explained by conven-
tional mechanisms described in the literature for similar cases.

Thorough analysis of the responses of this carbonate system rev-
ealed a strong dependence among hydrogeological anomalies, regional
geological setting, and local seismogenetic processes. The combined
study of these three topics allowed us to generate a new interpreta-
tive mechanism, named “Aquifer Fault Rupture” (AFR), which is able
to explain the abnormal aquifer response to earthquakes. The pro-
posed interpretation assumes that the seismogenetic fault rupture
causes a disruption in the upgradient section of the aquifer, determin-
ing a sustained increase of the groundwater flow by increasing the
hydraulic gradient in the aquifer. At the same time, this mechanism
induces an additional westward/northward flow through the
breaching of the pre-existing tectonic barrier and a shift eastward of
the piezometric divide. The implication of this interpretation is
supported by matching the results obtained from different quantita-
tive evaluations. The calculated groundwater amount flowing through
the new tectonic breaching (approximately 470 x 10° m®) is consis-
tent with the measured groundwater amount surplus outflowing from
the whole regional basal aquifer.

Certainly, the obtained results of the hydrogeological response to
earthquakes need to be refined. In fact, the observed changes in
groundwater flow also have a long-term impact on groundwater man-
agement. In the studied system, the post-seismic position of the
groundwater divide severely penalizes the eastern side of the Sibillini
Mts., where even in the pre-seismic period, the mean total discharge
of the springs (4.6 m®/s) was far less than that of the western side

(18.2 m®/s). The proposed AFR model is unable to forecast if or when

the modified piezometric divide would recover its original position.
The existence of tapped sources of drinking water on the eastern side
requires a careful evaluation of this issue, implying a revision of the
long-term strategy to achieve sustainable management of groundwa-
ter resources.

The findings highlight the importance of the availability of a
robust and widespread monitoring network to achieve significant
guantitative results in earthquake hydrology. Classical hydrogeological
data would not be sufficient if they are not compared with detailed
geological setting and seismological data. In seismic areas hosting rele-
vant groundwater resources, future development of combined
hydrogeological and seismological monitoring networks is therefore
considered highly recommended, at least with the aim of optimizing

groundwater resource management.
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