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Abstract: Understanding the groundwater flow in carbonate aquifers represents a challenging aspect
in hydrogeology, especially when they have been struck by strong seismic events. It has been proved
that large earthquakes change springs hydrodynamic behaviour showing transitory or long-lasting
variations and making their management much more difficult. This is the case of Sibillini Massif
(central Italy), which has been hit by the well-known 2016–2017 seismic period. This work aims to
improve the knowledge of carbonate aquifers groundwater circulation and their possible changes
in the hydrodynamic behaviour, during and after a series of strong seismic events. The goal has
been achieved by comparing long-time tracer tests and transient time-series analysis, based on a
sliding-window approach. This approach allowed investigating transient variations in the carbonate
aquifers recharge system, highlighting the changes of relationships between the inflow contributions
to the spring discharge in the area. As a result, the seismically triggered pore pressure distribution,
and the hydraulic conductivity variations, because of the ground shaking and the fault systems
activation, account for all the mid- and long-term modifications in the recharge system of Sibillini
aquifers, respectively. These outcomes provide valuable insights to the knowledge of aquifer response
under similar hydrogeological conditions, that are vital for water management.
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1. Introduction

Transitory or permanent changes in hydrodynamic behaviour due to a series of strong seismic
events are known all over the world [1–5]. Many authors tried to understand and explain which
processes are responsible for the hydrogeological modification after big earthquakes [6–9]. For instance,
Koizumi et al. [10] analysed streamflow data from eight observation stations on three major rivers in
Kumamoto Prefecture and they surveyed 11 water springs in the region several times after the main
shock (Mw 7.3), which occurred in Kumamoto Prefecture, Japan. Some of the eight observation stations
recorded large increases in streamflow following a heavy rainfall that occurred two months after the
earthquake. They supposed that this effect could be associated with a decrease in the water-holding
capacity of the catchment caused by earthquake-induced landslides but the earthquake-related changes
in the spring flow rate were not so clear.
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In Italy, Amoruso et al. [11] proposed a conceptual model of the earthquake consequences on the
Gran Sasso aquifer due to the L’Aquila earthquake (Mw 6.3). In this model, the short-term hydrologic
effects registered, immediately after the main shock, were determined to have been caused by a pore
pressure increase related to aquifer deformation, while the mid-term effects highlighted a change in
groundwater hydrodynamics. They suggested that supplementary groundwater that flows towards
aquifer boundaries and springs in discharge areas reflects a possible increase in hydraulic conductivity
in the recharge area, nearby the earthquake fault zone.

Valigi et al. [12] investigated a significant discharge alteration to the Pescara di Arquata spring
(exploited for drinking purposes), due to the 24 August 2016 (Mw 6.0) extensional Amatrice earthquake
and to 30 October 2016 (Mw 6.5) Norcia event. They argued that the increase in post-seismic depletion
coefficients indicates that the aquifer empties faster than it did during the inter-seismic period.
The observed transient increase and subsequent decrease of discharge were consistent with a transient
earthquake-related increase in hydraulic conductivity.

The extremely high heterogeneity and complexity of the aquifers are linked to the different types
of porosity as well as their distribution throughout the subsoil [13,14], that affect the groundwater flow;
thus, they represent an important challenge for hydrogeologists, who try to get a deeper insight into
the hydrodynamic features under different conditions. The comprehension of such features is much
more difficult when the system is affected by an external modification influencing the hydrodynamic
response of springs fed by these aquifers. The latter is the case of a large earthquake or a series of
strong seismic events that may modify the porosity of the system [15]. An increasing or decreasing
of the permeability or a possible change of the aquifer geometry can also modify the groundwater
circulation and flow paths, making water resource management a real challenge.

From a methodological point of view, these issues are increasingly addressed also by time-series
analysis and tracer tests. The former is used to highlight the correlation between recharge processes
and discharge [16–19], whereas the latter is used to identify the preferential flow path in aquifers and
potential connections and exchanges among hydro-structures [20,21] and to determine the aquifer
characteristics [22].

In this study, the Sibillini carbonate Massif (central Italy) was investigated. That area has been
selected due to several Mw > 5.0 earthquakes during the 2016–2017 seismic period [23] which affected
its groundwater circulation [24]. According to [25], after the main shock (Mw 6.5, 30 October 2016),
the springs located on the eastern and southern-eastern side of the massif shown a long-lasting decrease
in discharge values, meanwhile the springs and rivers located westward shown an increase in discharge
values [26,27]. Although many efforts were made to propose a preliminary conceptual model of the
water circulation after the seismic events [28], a study which aims to investigate the time response of
springs discharge to the rainfall and/or snowfall in the system has not yet been conducted. For this
purpose, a transient time-series analysis, made via a Sliding-Window Cross-Correlation Function
(SWCCF) between the inflow (i.e., rainfall, snowfall) and outflow (i.e., discharge), has been performed
on three springs of the study area. The time-series analysis has been compared with two long time
tracer tests conducted in 2018 and 2019, after the seismic events, and to the others conducted before in
the same area [29]. In particular, this work is aimed to investigate the recharge system in a carbonate
aquifer and to assess its changes caused by a series of strong seismic events.

2. Materials and Methods

2.1. Study Area

The study area is located in central Italy and involves the carbonate sequence of Sibillini Massif
(Figure 1). The hydrogeological setting of the area is strictly influenced by the stratigraphic and
the tectonic features [30–32]. The so-called Basal aquifer is hosted by the Calcare Massiccio and
Corniola formations (Upper Triassic-Lower Jurassic), a carbonate platform disarticulated in different
domains characterised by a well-developed karstic system [29,33]. This is locally separated by the
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Upper Jurassic aquiclude (Calcareous siliceous marly units) from the Maiolica aquifer mainly composed
of stratified micritic limestone, characterised by fissure and only partially by the minor karstic system.
The latter is separated by the Scaglia Calcarea (stratified and fissured limestone) aquifer by the regional
Marne a Fucoidi aquiclude (Figure 1). Before the seismic events, the Basal aquifer, which feeds the
principal springs of the domain, was characterised by a prevalent circulation directed SSE-NNW
(Apennine direction) according to the tectonic setting [34–37].
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Figure 1. Hydrogeological sketch of the study area and location of the monitoring points. 1. Thrust fault;
2. Normal fault; 3. Alluvial and lacustrine deposits (Holocene-Pliocene); 4. Clay and sands units
(Miocene); 5. Calcareous Marly units (Miocene-Eocene); 6. Scaglia Calcarea (Eocene-Cretaceous);
7. Marne a Fucoidi (Lower Cretaceous); 8. Maiolica (Lower Cretaceous-Jurassic); 9. Calcareous siliceous
marly units (Upper Jurassic); 10. Corniola-Calcare Massiccio (Lower Jurassic); 11. Anidriti di Burano
(Triassic); 12. Rain gauges and snow thickness gauge (see Table 1); 13. Spring discharge station with
fluorimetric probes; 14. Tracer injection point. 15. Hydrogeological section. All the cross-sections are
modified from the literature [29,38].
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Table 1. Details of the points of the monitoring network considered in this research.

Point Abbreviation Parameter Instrument

Pescara spring PES Discharge Water level gauge
Capodacqua spring CD Discharge Water level gauge

Foce spring FOC Discharge Water level gauge

Monte Prata station MTPs
MTPr Snow cover thickness Snow gauge

Montemonaco station MTMr Rainfall Rain gauge
Capodacqua station CDr Rainfall Rain gauge

Rainfall Rain gauge

However, the fault system was responsible for local groundwater exchanges between different
sectors of the aquifer (transversal direction) [28,29]. The Maiolica aquifer, when separated by the
Basal one and the Scaglia Calcarea aquifer, is responsible for local groundwater recharge through
the minor springs of the area [39]. After the seismic events, the transversal exchanges between the
different hydro-structures seem to be more developed towards the western sector of the domain,
while the Apennine flow direction (SSE-NNW) still characterise the Basal aquifer. According to the
literature [29,39], the hydrogeological boundaries of the Sibillini Massif are represented in the eastern
and southern-east portion of the domain by the Sibillini overthrust, while the western boundary is
represented by the Nottoria-Preci normal fault system. As concerns the northern hydrogeological
boundary, its features have not been clearly defined in literature yet [29]. However, according to the
structural framework characterised by a general immersion of the fold axes towards the NW [35],
the Nera River can be identified as the main area of groundwater preferential flow.

In a barycentric position with respect to the study area, there is the Pian Grande plain,
which represents a large plateau located almost 1300 m a.s.l. This plain is a tectono-karstic basin
filled by Holocenic lacustrine deposits in which several sinkholes are located [29]; the main one,
named the Mèrgani sinkhole, has been instrumented by a hydrometric station and starting from 2017
a continuously daily discharge inflowing in the sinkhole has been recorded.

2.2. Datasets

In Table 1, all the details of the monitoring network are shown.
The three selected discharge monitoring points are located radially with respect to the Pian

Grande plain, in the eastern and southern east portion of the massif (Figure 1). Pescara springs
(PES, at 926 m a.s.l.) and Capodacqua (CD, at 841 m a.s.l.) are located in the southern part of the
domain, while Foce spring (FOC) is located eastward, at 910 m a.s.l. For all the monitoring points
the daily discharge data are available and provided by the drinking water company CIIP S.p.A.
The spring discharge has been measured through water level sensors located in a specific weir with
rectangular sections, which have an accuracy of ±5 % for PES, ±1.9 % for CD, and ±1.5 % for FOC.
Three rain gauges and one snow thickness gauge, managed by Civil Protection Agency (Marche Region),
have been selected to measure the meteo-climatic conditions of the area. In particular, Monte Prata
rain (MTPr) and snow cover thickness (MTPs) gauge, located at 1813 m a.s.l., has been used to
represent and analyse the main meteorological contribution from the highest portion of the massif,
which represents the main recharge areas for the analysed springs; while Montemonaco (MTMr) and
Capodacqua (CDr) rain gauges were used to measure the local meteorological condition, nearby the
considered springs. The rain gauge and the snow thickness gauge daily data are available online
at (https://www.regione.marche.it/Regione-Utile/Protezione-Civile/Console-Servizi-Protezione-Civile/

SIRMIP-online). Due to its barycentric position and its inflow in the hydrogeological system, MGS was
selected as an artificial-tracer injection point. For this purpose, many tracer tests were performed to
investigate the hydrodynamics of the area [29,40]. Not least, in this work, two tracer tests conducted

https://www.regione.marche.it/Regione-Utile/Protezione-Civile/Console-Servizi-Protezione-Civile/SIRMIP-online
https://www.regione.marche.it/Regione-Utile/Protezione-Civile/Console-Servizi-Protezione-Civile/SIRMIP-online
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about 2 and 3 years after the seismic events, were compared by the others conducted by Nanni et al. [29]
in 2016, and 2017, before, during, and just after the series of strong seismic events.

2.3. Tracer Test Features and Analysis

Each monitoring point (PES, CD, and FOC) was equipped with a continuous fluorimetric probe
(Figure 1) designed to operate in the field for a long time. Two different devices were used: one produced
by Albillia Co. (Neuchâtel, Switzerland) and one by PME Inc. (Vista, CA, USA) which contained
various optics for tracer detection. Each probe has a standalone power supply and a data logger for the
measured data storage. The Albillia GGUN-FL24 fluorimeter is characterised by a minimum detection
limit of 2 × 10−8 ppb, whereas the PME Cyclops-7 Logger has 0.01 ppb as Fluorescein detection limit
and 0.6 ppb as concerns the Tinopal CBS-X detection limit. Measurements have been acquired every
10 min during the various tests.

The tracer TEST4 and TEST5 (Table 2) have been performed by a sudden injection method of 16 kg
and 27 kg of Sodium Fluorescein on 20 March 2018, and 8 February 2019, respectively. During the
first injection operation, the Mèrgani inflow discharge was about 130 L/s, while during the second
injection, its discharge was about 70 L/s. More specifications about the tests conducted by Nanni et al.
are described in the literature [29].

Table 2. Characteristics of the tracer tests conducted in the area.

Test ID Injection Date Tracer Mass
(kg) Mèrgani Discharge (L/s) Period Reference

TEST1 12 February 2016 Fluorescein 2 1550 Pre-seismic [29]
TEST2 9 June 2016 Tinopal CBS-X 29 10 Co-seismic [29]

TEST3 20 March 2017 Tinopal CBS-X 85 136
Post-seismic

[29]
TEST4 20 March 2018 Fluorescein 16 130 This study
TEST5 08 February 2019 Fluorescein 27 70 This study

After a denoising procedure on the tracer arrival signal recorded by the fluorimetric probes located
in the monitored points, a quantitative analysis has been performed by Qtracer2 ver. 2, free software for
carbonate aquifers (i.e., karst and fractured) tracer tests interpretation [41]. Using Qtracer2 is possible
to identify the first arrival of tracers at the springs and calculate the minimum and maximum velocity.
It is also possible to identify other arrivals of tracer on the monitoring points and calculate the flow
characteristics. The output obtained by Qtracer2 and the maximum daily concentration expressed in
ppb of tracer recorded in each monitoring point (Figure 1) was related to the rainfall and snow depth
recorded at MTPr and MTPs, respectively, and the spring discharge in each monitoring point (PES, CD,
and FOC) (Section 3.2).

2.4. Transient Time-Series Analysis

To assess mid- and long-term alteration of inflows-outflow dynamics in the Sibillini aquifers after
the series of strong seismic events occurred in central Italy in the 2016–2017 period, the Sliding-Window
Cross-Correlation Function (SWCCF) has been selected [42]. This is an enhanced version of the
traditional bivariate technique (Cross-Correlation Function, CCF), that is well known in literature [43,44]
for being an effective tool to define the output (i.e., spring discharge, or hydraulic head) response
time to different inputs (i.e., snowmelt, and rainfall), to identify the different recharge modes affecting
the outflow behaviour over the time, and to evaluate the actual influence of an inflow on the overall
amount of the discharging groundwater. As for the CCF, a correlation coefficient (rxy(k)) is calculated
for each time lag (k), by the following (Equation (1)):

rxy(k) =
1
N

∑N−k
t=1 (xt − x)

(
yt+k − y

)
1
N

∑N
t=1

√
(xt − x)2

(
yt − y

)2
, with k = 0, 1, 2, . . . , K (1)
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where N is the number of observations in the time-series,
(
xt, yt

)
are the pairs of data, and x and y are

the mean values of each time-series. Time lags characterised by high positive rxy(k) values correspond
to the actual discharge response times to recharge events.

The ground-shaking has been proven to cause both reversible and irreversible modifications to
groundwater flow, relationships between input and output time-series change as well. This implies that
results obtained by a traditional CCF are unreliable. On the other hand, the SWCCF allows performing
a transient time-series analysis, that allows the identification of all the changes in the inflow-outflow
system related to the seismic sequence. It consists of performing a CCF in time windows with a regular
width, partially overlapped. In this paper, the selected windows are 2-year wide (i.e., 730 days) and
have been shifted by 6 months (i.e., 180 days).

In large karst aquifers, the rainfall inflow generally represents a limited amount of the whole
recharge volume, with respect to snowmelt [45–48]; hence, it is necessary to remove the baseflow
component of discharge time-series to amplify the rainfall recharge effect of spring behaviour.
To effectively remove the baseflow from the daily discharge time-series, the BFI+ 3.0 freeware
software [49] was used. This tool calculates the daily baseflow component of the selected daily spring
discharge time-series (DBFI) by a local-minimum method [50]. Once the daily baseflow time-series
of a certain spring has been calculated, it was removed from the raw time-series (Dtot) to obtain the
residual component (Dres):

Dres = Dtot −DBFI (2)

Besides, the higher the correlation coefficient value, the more the specific inflow is influent on the
discharge behavior over the selected period. However, the correlation coefficient values have physical
meaning only if they are significant. For this reason, the 95% significance level has been tested for
rxy(k) values (p < 0.05), through the Student’s t-test [51]:

t =
rxy(k)

√
N− 2√

1− rxy(k)
(3)

where t is the t-value, which is equal to 1.645 for the 95% significance level. Positive correlation
coefficients below the rxy(k) values that give t = 1.645 in the previous equation are considered
not significant.

3. Results and Discussion

3.1. Data Description and Basic Statistics

Table 3 and Figure 2 show the basic statistics of all the time-series considered in this research.
To discern whether significant changes caused by the series of strong seismic events, basic statistics
have been calculated within three parts of the whole period of time: Pre-seismic (i.e., before the seismic
events), Co-seismic (i.e., during the seismic events, when the main shocks took place), and Post-seismic
(i.e., after the seismic events).

Table 3. Basic statistics of the considered time-series, related to the Pre-seismic, Co-seismic,
and Post-seismic periods. See Table 1 for the monitoring points’ abbreviations.

Pre-Seismic Period

Unit N of Data Mean Min 25th Median 75th Max

MTPs cm 1027 11.8 0.0 0.0 0.0 7.5 195.0
MTPr mm 1027 3.0 0.0 0.0 0.0 2.0 135.0
CDr mm 1027 3.5 0.0 0.0 0.0 2.8 179.2

MTMr mm 1027 3.6 0.0 0.0 0.0 3.2 158.8
PES L/s 1027 309.9 119.9 192.8 313.6 412.6 559.5
CD L/s 1027 430.3 205.6 326.8 444.6 529.8 671.4

FOC L/s 1027 1033.7 866.9 1020.0 1043.7 1059.5 1476.4
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Table 3. Cont.

Co-Seismic Period

Unit N of Data Mean Min 25th Median 75th Max

MTPs cm 148 2.6 0.0 0.0 0.0 0.0 64.0
MTPr mm 148 3.5 0.0 0.0 0.2 2.4 108.2
CDr mm 148 3.0 0.0 0.0 0.2 2.6 64.2

MTMr mm 148 3.0 0.0 0.0 0.0 1.9 75.0
PES L/s 148 346.6 242.4 320.2 357.0 378.0 412.3
CD L/s 148 568.3 410.1 559.2 581.0 602.7 700.5

FOC L/s 148 1065.9 871.3 1035.8 1064.3 1090.5 1343.4

Post-Seismic Period

Unit N of Data Mean Min 25th Median 75th Max

MTPs cm 1016 17.8 0.0 0.0 0.0 14.7 158.7
MTPr mm 1016 2.6 0.0 0.0 0.0 1.6 60.0
CDr mm 1016 2.9 0.0 0.0 0.0 2.0 83.4

MTMr mm 1016 3.4 0.0 0.0 0.0 2.2 121.6
PES L/s 1016 154.6 24.6 59.5 143.5 218.6 404.0
CD L/s 1016 377.1 199.5 276.0 376.6 468.4 593.9

FOC L/s 1016 422.0 153.1 221.2 279.7 408.4 1740.0Water 2020, 12, x 8 of 21 
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Figure 2. Graphs of the considered time-series: (a) Daily rainfall recorded at Mount Prata rain (MTPr),
Capodacqua rain (CDr), and Montemonaco rain (MTMr) gauges and snow cover thickness data
measured at Mount Prata snow (MTPs) gauge starting from November 2013 to December 2019. The red
crosses represent the injection of tracer in the Mèrgani sinkhole. Daily discharge expressed in L/s and
tracer maximum concentration expressed in ppb, recorded at (b) Pescara springs (PES), (c) Capodacqua
(CD), and d) Foce spring (FOC), respectively, starting from November 2013 to December 2019. In those
cases, the red crosses represent the presence of a fluorimetric probe in the monitoring points. The grey
zone represents the most intensive seismic period (24 August 2016–18 January 2017).
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The inflow time-series (i.e., rainfall and snow cover thickness) do not show significant modifications
among the three selected periods. Rainfall time-series (i.e., MTPr, CDr, and MTMr) are characterised
by the typical random behaviour, as suggested by their non-Gaussian statistical distribution
(strongly asymmetric, with minimum, 25th percentile, and median values equal to 0). November is the
annual rainiest month, characterised by several intense rainfall events (>100 mm), while the driest
season is generally in summer. As concerns the snow cover thickness in the recharge area (MTPs),
it is characterised by a seasonal variability with a maximum value of 195 cm, reached the pre-seismic
period (Figure 2). The snowfall events usually start in late November and the snow coverage remains
in the highest portion of the Sibillini Massif until March-April.

Regarding the spring discharges, PES and CD are characterised by a similar behaviour with
marked seasonal variability, as demonstrated by the differences between minimum and maximum
values and between 25th and 75th percentiles. For FOC spring, the seasonal fluctuations are from
very limited (i.e., in the order of tens of litres) to nihil. The actual nature of the baseflow feeding the
different springs accounts for this evidence: PES and CD springs behaviour depends mostly on the
seasonal recharge, while groundwater discharging in FOC is related to a longer and deeper circulation.

During the Co-seismic period, all the analysed springs showed an unusual increase of the discharge
value, not linked to clear meteo-climatic changes [12]. For all the springs, spotless changes in their
behaviour between the Pre- and Post-seismic period have been detected. The spring discharges
decrease considerably after the Co-seismic period. This is clearly indicated by all the statistics shown
in Table 3 (i.e., mean, minimum, 25th percentile, median, 75th percentile, and maximum values).
However, to remove the possible influence of yearly variation in inflow volumes, the minimum value
can be taken into account to point out the long-term decrease in spring discharges. As a result,
PES, CD, and FOC springs suffered a net discharge loss (i.e., the difference between the minimum
discharge values related to the Pre- and Post-seismic periods) of about 100, 5, and 720 L/s, respectively.
The regional groundwater flow modifications, already highlighted in the literature [28,29], can account
for these discharge losses. Furthermore, especially for FOC, the random discharge peaks are more
frequent and characterised by a larger amplitude: from few litres during the Pre-seismic period to
hundreds or thousands of litres after the Co-seismic one.

3.2. Tracer Tests Analysis

As concerns PES, only during TEST2 conducted before the series of strong seismic events on
9 June 2016, by Nanni et al. [29], the tracer arrives in the spring. The Tinopal CBS-X was recorded by
the fluorimetric probe after 13 days from the injection with subsequent peaks at 18, 20, 24, and 26 days,
suggesting a velocity range of tracer movement between 165–561 m/day (Table 4). During TEST3 and
TEST4 conducted on 20 March 2017, and on 20 March 2018, respectively, the tracer did not arrive in
PES. In all the other tests, there was no fluorimetric probe installed in the spring.

Table 4. Tracer velocity range (m/day) estimated by the free software Qtracer2 (US EPA 2002) for the
five analysed tracer tests. The tracer transit time (in days), used to calculate the velocity together with
the distance from the injection point (IP), is reported in brackets.

Spring Distance
from IP (m) TEST1 TEST2 TEST3 TEST4 TEST5

PES 7300 - 165–561
(44–13) n.d. n.d. -

CD 6300 108–572
(58–11)

114–525
(55–12)

37–39
(170–161) - 20–29

(315–217)

FOC 12,600 50–59
(252–213)

35–37
(360–340)

35-116
(360–108)

210–273
(60–46)

39–132
(323–95)

n.d.: tracer not detected, -: no fluorimetric probe installed.
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In CD, TEST1 and TEST2 show similar behaviour: the tracer arrives at the spring in about one week
after the injection, showing the main peak after 12 days for TEST1 and 20 days for TEST2, respectively.
Successive peaks are located between 40 and 60 days after the injection. TEST3, conducted after the
main seismic events, is characterised by a lower velocity of tracer movement with respect to the others
and the tracer arrives in CD between 161 and 170 days after the injection (Table 4), with the highest
tracer concentration of about 14 ppb. The tracer arrivals are located in the depletion phase of the
spring discharge. In TEST5, the main tracer arrivals are located in the depletion phase of the spring
discharge as well. The first tracer arrival (i.e., 112 days after the injection) could be an early arrival
of tracer in the spring; however, due to its low concentration, the possibility of being connected to
the Fluorescein injection during TEST4 cannot be excluded. Moreover, the fluorimetric probe was
not located in CD spring during the TEST4 and therefore the first peaks of tracer were not recorded.
The major peaks of TEST5 are located after 217, 272, 315 days from the injection, suggesting even in
this case a lower velocity of tracer for the test performed in the Pre-seismic period. A major role in the
tracer velocity reduction toward the springs located in the south-eastern portion of the aquifer can be
played by the blocking of karst conduits either for internal collapse or fault movement, that produced
a local decrease of the hydraulic conductivity. However, since the Post-seismic period is characterised
by a generalised drop of the water table, the possibility that the tracer remained stuck more easily and
more often in karst conduits and fractures within a widened unsaturated zone cannot be excluded,
at least in combination with the previous process.

Regarding FOC, TEST1 and TEST2 are characterised by similar behaviour in the tracer movement.
The long-lasting arrivals after about 250 days and one year from the injections suggest a low velocity
of tracer transit time (Table 4). Even the TEST3 is characterised by a long-lasting tracer arrival, but the
peaks are located during the strong increase phases of the spring discharge (Figure 2). TEST4 and
TEST5 show similar behaviour with respect to the peaks. In TEST4, the tracer was detected just after
45 days from the injection, during a strong increase of the spring discharge which passes from 312 L/s
to 498 L/s in about 4 days (Figure 2). In the last test (TEST5), a small amount of tracer (>detection limit)
was recorded during the whole test; however, the main peaks are located during the strong increases
of the spring discharge, like TEST4.

Figure 3 illustrates the daily tracer maximum concentration and the daily rainfall recorded
at MTPr station for each tracer test and spring. This representation method provides a valuable
innovative alternative to highlight the correlation between tracer arrivals and the rainfall events.
Interestingly, this correlation showed a delay between rainfall and tracer arrivals. The delay is
interpreted as the travel time of the tracer between the recharge area and the springs. This time
comprises both the infiltration in the unsaturated zone and the tracer movement in the saturated
portion of the aquifers [52]. These graphs provide also information from two different points of view:
the first regards the differences in the delay between injection, rainfall events, and tracer arrivals in
the springs before (TEST1), during (TEST2), and after the series of strong seismic events (i.e., TEST3,
TEST4, and TEST5); the second one, instead, highlights hydrogeological relationships between the
different examined springs. Before the main seismic events, we notice a generally constant delay time
in the arrival of the tracer after rainfall for PES and CD springs of about 10 and 8 days, respectively.
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Figure 3. Comparison between tracer concentration expressed in ppb vs days after injection in the
monitoring points and rainfall recorded at MTPr during the five analysed tests. The green area
represents the Fluorescein, while the blue one the Tinopal CBS-X. When the fluorimetric probe was not
installed in a specific spring during a specific test, the corresponding graph is represented in light grey,
and the expression “No Probe” is added in the figure.

For PES spring, this aspect is documented by the peak located at about 10 days after the rainfall
event, which is occurred after 3 days from the injection (TEST2). A subsequent peak is also visible
at 23 days and it is likely correlated to the second intense rainfall event (>20 mm), recorded after
10 days from the injection. Regarding CD spring, there is a strong similarity in tracer arrivals between
TEST1 and TEST2, but in this case, the delay time between rainfall events and tracer arrivals is slightly
reduced to 8–9 days. After the rainfall events occurred 3, 10, and 36 days from the injection (TEST2),
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the tracer arrived at 12, 19, and 44 days after the injection. This last evidence is clearly visible in TEST2,
even though confirmed by TEST1. After the seismic events, the tracer did not arrive in PES at all
regardless of the presence of rainfall, while in CD spring a specific rainfall event seems to be not related
to the tracer arrivals during TEST3. Analysing TEST5, a lag of 44–48 days is systematically recognised
between intense rainfall events (>50 mm) and the tracer arrivals.

A completely different behaviour has been observed in FOC spring. Before and during the
Co-seismic period, a specific rainfall event seems to be not related to the tracer arrivals. In this case,
the relation is much more appreciable after the seismic period especially in TEST4 and TEST5, where the
tracer arrives at the springs 12 days after the main rainfall events. It was also noticed that during the
TEST5 a low amount of Fluorescein was recorded during the entire monitoring period. This aspect
could be linked to the decrease of spring discharge (Table 3 and Figure 2), following the series of strong
seismic events that occurred in this area [27]. This reduction of water volume flowing toward FOC,
attributable to the change in baseflow directions, caused a limitation of dilution and allowed a larger
concentration of tracer to be detected by the fluorimetric probe.

3.3. Seismically Induced Mid- and Long-Term Changes to Inflow-Outflow Relationships

In Figures 4 and 5, the SWCCF results related to the Pian Grande recharge system are
shown, whose time windows and corresponding seismic periods (i.e., the Pre-seismic, Co-seismic,
and Post-seismic ones) are listed in Table 5. To avoid misinterpretation (e.g., false response times)
of rainfall/residual spring discharge relationships for the main recharge area, the SWCCF analysis has
been performed also considering the rain gauges located downstream (Figure 6), located near each
spring. This has allowed a visual filtration of results shown in (Figure 5). Furthermore, it is important
to highlight that all the discharge responses to the considered inflows represent the piezometric
perturbations, due to the recharge arrival in the saturated zone (i.e., pressure transfer); thus, these do
not necessarily include the recharge water transport through the saturated zone.
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Figure 4. Contour graphs that represent variations in the curve shape of the snow cover/ raw
spring discharge CCFs, over the whole period (i.e., among the sliding windows shown in (Table 5).
(a) MTPs/PES; (b) MTPs/CD; (c) MTPs/FOC. The positive correlation value corresponding to the 95%
significance level (p < 0.05) is 0.06.
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Figure 5. Contour graphs that represent variations in the curve shape of the high-elevation
rainfall/residual spring discharge CCFs, over the whole period (i.e., among the sliding windows
shown in Table 5). (a) MTPr/resPES; (b) MTPr/resCD; (c) MTPr/resFOC. The positive correlation value
corresponding to the 95% significance level (p < 0.05) is 0.06.

Table 5. List of windows considered in the Sliding-Window Cross-Correlation Function (SWCCF)
analysis, with the corresponding starting and ending dates. The Co-seismic period refers to windows
that include in the part of time-series at least one of the main shocks occurred in the 2016–2017 series of
strong seismic events.

Window N Months Starting Date Ending Date Period

1 24 1 November 2013 31 October 2015
Pre-seismic2 24 1 May 2014 30 April 2016

3 24 1 November 2014 31 October 2016

Co-seismic
4 24 1 May 2015 30 April 2017
5 24 1 November 2015 31 October 2017
6 24 1 May 2016 30 April 2018
7 24 1 November 2016 31 October 2018

8 24 1 May 2017 30 April 2019
Post-seismic9 24 1 November 2017 31 October 2019
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Figure 6. Contour graphs that represent variations in the curve shape of the low-elevation
rainfall/residual spring discharge CCFs, over the whole period (i.e., among the sliding windows
shown in Table 5). (a) CDr/resPES; (b) CDr/resCD; (c) MTMr/resFOC. The positive correlation
corresponding related to the 95% significance level (p < 0.05) is 0.06.

As already seen for other wide karst aquifer springs recharged mainly from snowmelt infiltration,
PES and CD show a strong response to snowmelt inflow, which is represented by the high
correlation values (Figure 4). However, this clear response has been pointed out mainly for the
Pre- (i.e., windows 1 and 2) and Post-seismic (i.e., window 8 and 9) periods; even though it is evident
also in the first and last windows of the Co-seismic period that can be considered as transition periods.
In windows that fall in the central part of the Co-seismic period, the PES and CD raw spring discharges
seem to totally decorrelate from snowmelt recharge, because of the transient and generalized sharp
hydraulic head increase (Figure 2) related to the pore pressure propagation following strong seismic
events [11,26,43]. In this case, the seasonal recharge effect on the piezometric fluctuation seems to be
completely hidden by the seismically induced pore pressure propagation perturbation one. During the
post-seismic period, higher correlation coefficients (i.e., CCF range is 0.4–0.6 before and 0.7–0.9 after the
seismic sequence) between the PES and CD raw spring discharges and the snow cover thickness suggest
a stronger influence of the seasonal recharge on these spring behaviours. Furthermore, response times
increase both for PES (i.e., from about 110 to about 130 days) and CD (i.e., from about 100 to about
130 days). Taking into account that time-series of PES and CD springs (Figure 2b,c) show a clear
decrease in the outflow amount, these larger response times can be attributed to local hydraulic
conductivity decreases and/or a post-seismic piezometric level drop in the recharge area, that makes
unsaturated a larger portion of the previously saturated zone and indeed increases the travel times
of recharge water. On the other hand, FOC spring shows a very limited influence of the seasonal
snowmelt inflow on the spring behaviour. In windows 1 and 2 of SWCCF between the PES and CD



Water 2020, 12, 3073 14 of 20

raw spring discharges and the snow cover thickness, the maximum significant correlation value is in
the range 0.3–0.4, with a time lag of about 160 days. During the Co- and Post-seismic periods, the FOC
discharge pattern seems no longer influenced by the seasonal snowmelt inflow, except for a slightly
significant response with an unclear lag ranging between 60 and 90 days.

These mid- and long-term changes in the relationship between FOC discharge and snow cover
thickness can be explained by a combination of (i) pore pressure propagation due to the seismic
perturbation, that causes a general piezometric uprising, and (ii) non-homogeneous hydraulic
conductivity variation within the of the aquifer, that has been proven to change hydrodynamics
at different scales. In this area, the hydraulic conductivity increase is due to the bulk fracture cleaning
triggered by the pore pressure propagation [9,11], to the formation of new co-seismic ruptures along
with the Mt. Vettore-Mt. Bove fault system [53–56], and likely to the blocking of karst conduits for
internal collapse and/or fault movement.

Comparing (Figures 5 and 6), it appears clear that the quickest responses of residual discharge to
rainfall inflow are attributable to the infiltration in the Pian Grande recharge area (MPTr). This evidence
is demonstrated by the high-elevation rainfall/residual spring discharge SWCCFs, that show correlation
values higher than the low-elevation rainfall/residual spring discharges’ ones.

As clearly represented in (Figure 5), all of the springs show highly different response patterns to
the rainfall inflow. Before the seismic events, residual PES time-series (resPES) shows two slightly
significant response peaks at about 15 and 33 days, respectively. During the Co-seismic period, a strong
quick response has been (i.e., lag ~ 1–2 days, with a correlation value >0.200). At the end of the
considered period (i.e., the Post-seismic), only a clear 38-day response time (i.e., correlation value > 0.200)
has been pointed out detected by the rainfall/residual spring discharge SWCCF. From a hydrodynamic
point of view, changes in the MTPr/resPES relationship over the considered period are related to
variations in the overall piezometric level, that have affected the recharge modes.

The sharp hydraulic head increase, due to the pore pressure propagation in the Co-seismic period,
has likely caused the saturation of previously unsaturated karst conduits; hence, intense rainfall events
reach the water table by karst circulation and not through combined karst and diffuse fracture matrix
flow paths. During the Post-seismic period, the 33-day response time raises to 38 days, due to the
water table drop that likely increases the portion of unsaturated flow path toward the saturated in the
diffuse fracture matrix.

The SWCCF between MTPr and the residual CD time-series (resCD) pointed out a 3-day and
a 24-day significant positive response time, during the Pre-seismic period. Throughout the Co-seismic
period, a very quick (i.e., 1 day) and multiple long-period (i.e., 21, 28, and 33 days) response times have
been detected by the sliding window analysis. Finally, during the Post-seismic period, the response
times are at 12 and 45 days. As for PES, the rise of the water table, caused by the pore pressure
propagation during the Co-seismic period, has shortened the unsaturated path in the matrix of fractures,
in favour of the karst one, and activated new long and/or slow paths. The following decrease of
the water table has provoked a generalized increase of the response times and the deactivation of
unsaturated paths, temporarily activated during the Co-seismic period. As the 45-day response time
does not correspond to any of the Pre-seismic peaks, the formation of a new permanent unsaturated
flow path, caused by the Mt. Vettore-Mt. Bove fault system activation, cannot be excluded.

Finally, the results related to MTPr/residual FOC spring (resFOC) sliding window time-series
analysis (Figure 5) show an evident 2-day response time both in the Pre- and Post-seismic period,
that disappears in the Co-seismic windows (i.e., 3–7). Furthermore, a more retarded significant peak
has been detected over the considered time period. This has a lag of 24 days in the pre-seismic windows
(i.e., 1 and 2), of 10 days in the central window of the Co-seismic period (i.e., 5), and 15 days in the last
four windows (i.e., 6, 7, 8, and 9). The quickest response time disappears probably because it is related
to an unsaturated karst flow path, that actually brings a smaller amount of recharge water toward
the saturated zone; thus, the generalized pore pressure propagation throughout the Sibillini aquifer
following the repeated seismic solicitations can have masked the response of resFOC. Regarding the
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more retarded peak, although the pore pressure propagation can account for the decrease of the
response time during the Co-seismic period, its lag during the Post-seismic one has been reduced to
15 days likely because Co-seismic deformation could have created new fractures that have increased
the hydraulic conductivity.

3.4. Conceptual Model

The combined approach between tracer tests and time-series analysis has allowed setting up
a detailed conceptual model of the area before, during, and after the series of strong seismic events
occurred in the 2016–2017 period (Figure 7). As a matter of fact, hydrodynamic changes both at a local
scale and regional scale can be pointed out for the eastern side of Sibillini aquifer.
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Figure 7. Schematic conceptual model. On the left, hydrogeological cross-sections (not in scale);
on the right, plan views of the analyzed springs and recharge area (not in scale). In legend:
(1) tracer injection point (i.e., Mèrgani sinkhole); (2) spring; (3) tracer; (4) diluted tracer; (5) thrust in plan
views; (6) normal fault in plan views; (7) tectonic structures in cross-section; (8) co-seismic ruptures;
(9) rainfall infiltration; (10) piezometric levels; (11) Basal aquifer main groundwater flow direction
(the symbol size is proportional to the quantity: low, intermediate, high); (12) spring discharge
(the symbol size is proportional to the quantity: low, intermediate, high); (13) recovered tracer
(the symbol size is proportional to the quantity: low, intermediate, high); (14) tracer not recovered;
(15) strong discharge response to intense rainfall events.
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During the Pre-seismic period (Figure 7a), the baseflow fed all the springs located on the eastern
side of the aquifer; however, the SWCCF between the snow cover thickness and the raw spring
discharge pointed out that the snowmelt recharge influenced considerably only the PES and CD
discharge, while the FOC regime did not show any seasonal variation. The tracer injected in the
Mèrgani sinkhole to simulate the recharge process arrived in the south-eastern sector (i.e., CD spring)
in about 10–20 days, while reaches FOC in more than 200 days. Intense rainfall events infiltrating
during the Pre-seismic period affected the discharge patterns by reaching the saturated zone with
travel times of few days for CD and FOC and tens of days for all the spring on the eastern portion of
Sibillini aquifer. Therefore, these rainfall events mobilised the tracer stack in the unsaturated zone,
bringing it to the spring with an additional delay of few days.

This complex but defined framework changed considerably during the Co-seismic period
(Figure 7b) because subsequent strong seismic events caused a pore pressure propagation throughout
the entire aquifer. This phenomenon accounts for the complete disappearance of the seasonal
response in the SWCCF between the snow cover thickness and all the raw discharge time-series.
Besides, another result of the pore pressure propagation was the generalised transient increase of the
hydraulic head, which can explain the quicker response of the discharge of all the springs to intense
rainfall events. The water table rise provoked the saturation of a shallower portion of the aquifer that
is expected to have porosity more attributable to karst features than to fracture ones. For the same
reason, other additional flow paths previously unsaturated were activated, as highlighted especially in
CD by the SWCCF between rainfall and residual spring discharge time-series. Although changes in the
relationships between the rainfall recharge and spring discharge were observed from a hydrodynamic
standpoint, no significant variations were detected in the tracer travel times after intense rainfall events.

In the Post-seismic period (Figure 7c), the irreversible effects of the series of strong seismic events
affected the Sibillini aquifer hydrodynamics. In fact, the Mt. Vettore-Mt. Bove fault system activation,
together with multiple ground shakings, caused consistent variations in the hydraulic conductivity
distribution throughout the aquifer, either by increasing or reducing its value. The fault system
activation produced new co-seismic ruptures and fractures [54–56], while the ground shaking caused
the already existing void clean up [9,11]. This heterogeneous hydraulic conductivity increase within the
aquifer provoked a general lowering of the piezometric level, especially in the recharge area, and a shift
on the groundwater divide with a subsequent hydraulic gradient variation, as already noticed in
literature [26,28,29]. As a result, the regional groundwater flow direction changed considerably,
becoming north-west. This variation in the regional groundwater flow accounts for the clear discharge
decrease in all the considered springs. Besides, both snowmelt (Figure 4) and rainfall (Figure 5) travel
times increased, especially in PES and CD, as pointed out by the SWCCF results.

Comparing the tracer velocity variations between the Pre- and Post-seismic periods (Table 4),
additional insights about irreversible changes due to the 2016–2017 period on the distribution of
hydraulic conductivity can be obtained. In detail, FOC shows a higher tracer velocity, that is attributable
to the hydraulic conductivity increase due to the co-seismic ruptures. Besides, this new fracture
network created a more permeable zone in the area between the Mèrgani sinkhole and FOC favouring a
more rapid infiltration of intense rainfall events, that arrived in the spring in 2 days (Figure 5). In FOC,
the simultaneous arrivals of the tracer and the abrupt and consistent discharge increase confirmed the
crucial role of the co-seismic ruptures in changing this spring hydrodynamics. Contrariwise, a decrease
in the overall tracer velocity has been observed in PES and CD. Although it could be ascribable to the
water table drop and the subsequent widening of the unsaturated zone increasing the probability for
the tracer to remain stack in karst conduits and fractures, a local decrease of the hydraulic conductivity
caused by the blocking of karst conduits for internal collapse and/or fault movement could have played
a major role in this extension of the travel times toward the south-eastern portion of the Sibillini aquifer.
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4. Conclusions

In this research, the main objective was to get a deeper insight into the effects that a series of strong
seismic events can have on the hydrodynamic of a limestone aquifer and to the discharge regime of its
springs, both at mid- and long-term. The availability of rainfall, snow cover thickness, and discharge
daily time-series, collected over a 6-year time interval that comprises the 2016–2017 seismic period,
and high-quality tracer tests, performed at different times along the same period, has enabled to define
a detailed framework of reversible and irreversible modifications to the aquifer features and to the
recharge system that affected the Sibillini massif’s springs, located on its eastern side. To this purpose,
these valuable datasets have been analysed through a combined approach, that takes into account
periodic tracer tests and the Sliding-Window Cross-Correlation Function.

The combination of ground shaking and fault activation caused reversible and irreversible mid-
and long-term variations of the hydraulic conductivity (i.e., both increases and decreases) within the
Sibillini aquifer that changed its recharge system at different scales and the spring discharge regime.
In detail, the void cleaning induced by the pore pressure propagation throughout the aquifer and the
creation of co-seismic ruptures caused a modification of the groundwater flow, a general decrease
of the water table as well as a shift of the groundwater divide eastward, and improved the rainfall
infiltration toward FOC spring. On the other hand, the blocking of karst conduits for internal collapse
and/or fault movement accounted for the local decrease of the hydraulic conductivity that slowed
down the groundwater flow toward both PES and CD springs.

As a result, this research has tried to compare two techniques aimed at understanding underground
hydrodynamics, which usually provides results at different time scales: periodic tracer tests and
transient time-series analysis. In the first case, single and localized inflow events and their
spatio-temporal influence on the recharge system are simulated; hence, the strong heterogeneity
and anisotropy of the system, as well as the meteo-climatic features of the specific year, have a major
influence on the results, although the tracer behaviour reflects the actual flow of recharge water. In the
second case, the time-series analysis techniques allow identifying the inflow-outflow relationships
along with large time scales and independently from the number and intensity of the recharge events.
Although this is the first attempt to join time-series analysis and tracer tests and limitations can be
found in both cases, the outstanding results obtained by the proposed combined approach gives the
chance to statistically explain the tracer path within the aquifer, especially when the tracer gets stuck
in the highly heterogeneous unsaturated zone and are mobilized by consecutive recharge events.
Considering the promising results obtained through this approach, it can be certainly applied in similar
geological contexts worldwide.
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