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Groundwater is a vital source of freshwater, serving ecological, environmental, and
societal needs. In regions with springs as a predominant source, such as the Northern
Apennines (ltaly), resilience of these springs to climate-induced recharge changes is
crucial for water supply and ecosystem preservation. In this study, Nadia Spring in the
Northern Apennines is examined through an unprecedented array of multidisciplinary
analyses to understand its resilience and unique characteristics. The Nadia Spring's
exceptional response, characterized by a sustained base flow even in the face of
drought, is attributed to a combination of factors including a substantial groundwater
reservoir, a complex network of faults/fractures, slope instabilities, and karst
dissolution. The investigation reveals a dual porosity system in the aquifer, consisting
of fast-flow conduits and a diffuse fracture network. While fast-flow conduits contribute
to rapid responses during high-flow conditions, the diffuse system becomes
predominant during low-flow periods. This dual porosity structure helps the spring
maintain a consistent base flow in the face of climate-induced recharge fluctuations.
The study shows that Nadia Spring exhibits remarkable resilience to year-to-year
variations in recharge, as evidenced by stable minimum discharge values. While the
spring has undergone a decline in discharge over the past century due to long-term
climate change, it is becoming more resilient over interdecadal timescales due to
transition to a diffuse drainage system that mitigates the impact of reduced recharge.
The availability of a century-long spring discharge monitoring was a crucial piece of
information for understanding the spring's discharge response and drawing
conclusions about its long-term resilience to recharge fluctuations. Continuing long-
term monitoring and research in the future will be essential to validate and expand
upon these findingsin the context of changing climatic conditions. This research serves
as a model for assessing strategic groundwater discharge points in geological settings
similar to the Northern Apennines.
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decline in discharge over the past century due to long-term climate change, it is becoming more resilient
over interdecadal timescales due to transition to a diffuse drainage system that mitigates the impact of
reduced recharge. The availability of a century-long spring discharge monitoring was a crucial piece of
information for understanding the spring's discharge response and drawing conclusions about its long-term
resilience to recharge fluctuations. Continuing long-term monitoring and research in the future will be
essential to validate and expand upon these findingsin the context of changing climatic conditions. This
research serves as a model for assessing strategic groundwater discharge points in geological settings

similar to the Northern Apennines.
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1 Introduction

Groundwater is a primary source of freshwater and provides essential ecosystem services by supporting
ecological and environmental flows, as well as sustaining Groundwater Dependent Ecosystems (GDEs;
Cantonati et al., 2020; Stevens et al., 2022). Moreover, it plays a pivotal part in meeting societal needs,
serving as a fundamental supply for drinking, agricultural and industrial purposes (Abderrahman, 2005; Tsur,
1990). Groundwater is progressively gaining significance as a strategic asset during periods of drought, as it
boasts substantial reserves within suitable geological settings (Gronwall and Oduro-Kwarteng, 2018; Kruse
and Eslamian, 2017) and appears to withstand the impacts of climate change better than surface water
(Liesch and Wunsch, 2019; Taylor et al., 2013).

Groundwater exploitation predominantly occurs through well extraction or through the uptake of natural
springs discharge. The latter approach is prevalent in mountainous regions, where springs generally offer
high-quality, gravity-fed water due to minimal anthropogenic impacts on the groundwater system compared
to urbanized/industrialized lowland or coastal areas (Nicholson et al., 2018; Simsek et al., 2008). However,

the anticipated decrease of discharge, stemming from reduced recharge due to global warming and
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alterations in seasonal patterns of solid and liquid precipitation (Amanambu et al., 2020; Atawneh et al.,
2021; Caloiero et al., 2018; Dore, 2005; Kundzewicz and Doli, 2009; Riedel and Weber, 2020; Tambe et al.,
2012; Weissinger et al., 2016), can yield supply-related challenges in these regions. As such, it becomes
essential to identify springs resilient to recharge decrease.

Resilience is defined in recent hydrogeological literature as “the ability of the system to maintain
groundwater reserves in spite of major disturbances” (Sharma and Sharma, 2006), or as “the adaptive
capacity of a system to a change generated by external pressures while maintaining certain vital functions”
(Herrera-Franco et al., 2020). The discharge resilience to drought-induced recharge decrease is the capacity
of a spring system to sustain its flow during periods of low recharge by releasing groundwater stored during
intermittent periods of higher recharge, while avoiding irreversible depletion of the spring reservoir.

The resilience of a hydrogeological system can be studied by examining both how the groundwater
responds to specific stresses and the characteristics of the geological medium that affect resilience
(Cuthbert et al., 2019; de la Hera-Portillo et al., 2020). Most previous studies on groundwater resilience
have focused on trend analyses of aquifer recharge, groundwater storage, hydraulic heads, and discharge,
while relatively few studies have considered different aquifer characteristics such as lithology and
permeability, saturated thickness and transmissivity, or geometrical properties of the fracture network
(Zeydalinejad, 2023).

When examining groundwater resilience to climate-related stresses, both long-term (decadal) climate
change trends, and short-term (less than one year) stresses must be taken into account (MacDonald et al.,
2011). Some authors have focused on analyzing the millennium-scale resilience of discharge, e.g. the fossil
aquifers recharged during the last glaciation that now represent vast groundwater reservoirs no longer
being replenished or with a direct recharge lower than 5 mm/yr (Ram et al., 2020; Sultan et al., 2019).
However, the acceleration of water crises in the first glimpse of this millenium demands an analysis on
shorter timescales, spanning centuries or decades, tied to resource management challenges. Yet,
monitoring data are often unavailable for such time-spans, as already highlighted by Liesch and Wunsch

(2019) regarding hydraulic heads. Research that investigates the effects of recharge changes on spring
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discharge using extensive historical datasets is rare and often restricted to large karst aquifers (e.g., Fiorillo
et al., 2021). Indeed, these aquifers have long been of interest due to their socio-economic relevance
related to high water yields (Ford and Williams, 2007; Kresic and Stevanovic, 2010) unfortunately associated
to a high vulnerability to climate changes and pollution (Butscher and Huggenberger, 2009; Campanale et
al., 2022; Kacaroglu, 1999; Mimi and Assi, 2009).

Other types of aquifers, such as those in fractured sedimentary or hard-rock strata, are less studied
compared to karst, having a lower permeability and a limited storage capacity (Lachassagne, 2008;
Lachassagne et al., 2011; Mézquita Gonzalez et al., 2021). In mountainous regions dominated by these
aquifers, springs are generally highly vulnerable to discharge decrease during drought periods due to a
limited extension of the associated groundwater flow systems with constrained underground pathways and
rapid loading and unloading. An example is the Northern Apennines belt (Italy), where the supply of
drinking water derives from numerous low-yield springs fed by sedimentary fractured aquifers that renew
stored groundwater almost completely every hydrological year (Cervi et al., 2018; Gargini et al., 2008;
Petronici et al., 2019; Segadelli et al., 2021). In this setting, identifying strategic resources with peculiar
resilience to recharge decreases becomes crucial to manage recurring water shortage crises. Indeed, these
crises often lead to conflicts between the demand for drinking water, which may necessitate supplementary
supply measures such as water tankers, and the preservation of GDEs (e.g., Cantonati et al., 2016).

Here, we investigated Nadia Spring (Emilia Romagna Region, Northern Apennines), which stands out as a
peculiarly substantial resource compared to other springs within the same context. Through a
comprehensive array of analyses—including geological, hydrogeological, geochemical, isotopic, and tracer
tests—tour study pursues several objectives: (1) unraveling the connection between recharge dynamics and
discharge patterns across various time scales; (2) assessing the resilience of the spring discharge in response
to past and anticipated recharge fluctuations; and (3) demonstrating the potential of integrated
multidisciplinary analyses to identify recharge-discharge dynamics associated with spring resilience. To our
knowledge, such an extensive set of analyses has not been previously employed in investigating strategic

spring resources. Therefore, this study serves as a paradigm, offering insights into the definition of key
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evaluation tools and indicators for assessing spring resilience amid declining recharge in analogous

geological settings.

2 Geological and hydrogeological setting

Nadia Spring is situated in the Emilia Romagna Region (Italy) at an elevation of 555 m above sea level (asl)
(44°19'09"N; 10°58'14"E), nearby the morphologic divide of the Northern Apennines belt between the
valleys of the Reno and Panaro Rivers (Fig.1a). The Northern Apennines are a Neogene fold-thrust belt that
formed from the continental collision between Adria micro-plate (part of African plate) and the Eurasia
plate beginning ~35 Ma (Boccaletti et al., 2011; Carminati and Doglioni, 2012; Vai and Martini, 2001). The
sector of the chain between the Reno and Panaro Rivers is affected by km-long fault systems with both
Apennine (NW-SE) and anti-Apennine (SW-NE) trends (Balocchi, 2014; Stendardi et al., 2023). The main
feature of the area is a complex NE-SW-trending fault zone, approximately 25-30 km long, named the Val
Lavino Structural System (VLSS) (Fig. 1a). The faults of the VLSS are mainly oriented N30°-40° (Capitani,
1997), and they display left-lateral strike-slip kinematics with evidence of a transpressive component. These
faults involve and deform all the structural-stratigraphic array of units of the Northern Apennines, including
the Epiligurian Domain (ED), a wedge-top basin formed atop an accretionary wedge progressively evolving
into a fold-and-thrust belt (Conti et al., 2020). The ED consists mainly of large sandstone-dominated slabs or
plates averaging between 5-30 km? and deposited on top of allochtonous Ligurian and Subligurian nappe
units made of clay-rich lithotypes (Cibin et al., 2001).

Nadia Spring discharges at the western edge of an ED slab, referred to as “N slab”, which covers an area of
25.6 km? (Fig.1b) with topographic elevation between 576 and 916 m asl (average elevation of 768 m asl).
The N slab is tabular and gently monoclinalic (Fig. 1c), with bedding dipping between 10° and 40° to the
east. Both anti-Apennine and Apennine strike faults affected the slab, showing strike-slip (left- and right-
lateral, respectively) and subordinate normal kinematics. Balocchi (2014) interprets these faults as resulting

from a "simple left shear" mechanism that induced an anticlockwise rotation of the structures.



130 Subsequently, during a post-orogenic extensional event, these structures would have been reactivated as
131 normal faults, forming structural highs and depressions resulting in a blocky pattern of the N slab.

132 The main aquifer of the N slab is the Pantano Formation (PAT), primarily composed of medium- to fine-
133 grained calcareous sands deposited in a shallow marine environment between the upper Burdigalian and
134 lower Langhian (Lower to Middle Miocene; Amorosi, 1997; Amorosi and Spadafora, 1995). PAT outcrops
135  extensively over a 300 km? area in the Apennine reliefs southwest of Bologna and Reggio Emilia,

136  representing one of the most productive groundwater reservoirs in the Northern Apennines and hosts

137  several major springs in the region (Petronici et al., 2019). Unpublished borehole hydraulic filed tests

138  performed by the authors in the PAT aquifer lithology few km far from the N-slab, indicate an aquifer

139  transmissivity in the range of 0.001 and 0.004 m?/s and a specific yield of 3.4%. The average groundwater
140 saturated thickness of PAT in the N slab is approximately 190 m. Within the slab, various groundwater flow
141 systems transfer direct recharge from precipitation to several discharge outlets, some of which are totally or
142 partially up-taken by the local water supply company. Nadia Spring stands as the largest discharge point in
143 the slab, with an average discharge not lower than 40 L/s in the low-flow season, corresponding to IV class
144  following Meinzer (1923). Meinzer classes ranging from V to VIl characterize the other springs of the slab,
145  corresponding to the most common classes in the Northern Apennines belt (Gargini et al., 2008).

146  The typical pattern of springs discharge in the sub-mediterranean area of the Northern Apennines is

147  characterized by a peak during the spring season, following a rainy and snowy period from November to
148  April (recharge season). An absolute discharge low is usually registered at the end of the hot and dry

149  summer period of July-September (recession season) (Cervi et al., 2015; Gargini et al., 2008; Segadelli et al.,
150  2021; Segadelli et al., 2017). However, increasingly frequent and intense droughts have occurred in the
151  study area since the start of the XXI century, with a cycle of approximately five years (Pefia-Angulo et al.,
152 2022; Rakovec et al., 2022; Riedel and Weber, 2020). The most recent droughts were in years 2017 and
153 2022 when a significant decrease in precipitation was registered during the recharge season in association
154  to a substantial increase of average annual temperature (ARPAE, 2018, 2023). These droughts caused

155 significant reduction of aquifer recharge that reflected in turn on a discharge decrease in many Northern



156  Apennines springs, especially during the summer recession season, when the drinking water reaches a peak

157 due to seasonal tourism.
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Figure 1: map of the research area: (a) geological setting of the Northern Apennines sector between the
Panaro and the Reno rivers, with indication of the meteorological station of Riola di Labante; (b) geological
setting of the N slab. The tracer injection point and the rain sampler for water isotopes are marked on the
map. Black lines represent the traces of AA and BB geological cross sections, while the location of Fig. 2 is

indicated by a dashed black line;(c) AA and BB geological cross sections of the N slab.

3 Methods

3.1 Structural and geomorphological investigations

A geomorphological and structural field survey, integrated with publicly available aerial photographs
(https://geoportale.regione.emilia-romagna.it/approfondimenti/database-topografico-regionale), was
carried out in the N slab to identify and analyze those geological elements that may control the
stratigraphic-structural setting of the N-slab and, consequently, the hydrogeological response of Nadia
Spring. The survey focused on structures affecting the ED domain, which more effectively register brittle
deformation. The observed structural elements were divided in stratigraphic bedding, faults, and
fractures/veins. The fault data were statistically analyzed to obtain their main orientations. Moreover,
continuous cores were drilled approximately 7 km south from Nadia Spring within the same aquifer
lithology as the N slab, as part of a separate research endeavor. Using acoustic and optical televiewer logs
conducted along the uncased boreholes, it was possible to observe the distribution and size of open

fractures. Details on coring and televiewer logging are in the Supplementary Material (SM).

3.2 Spring discharge

3.2.1 Discharge monitoring

Nadia Spring is tapped through a slanting drainage tunnel 75 m long built between 1917 and 1920 (Vecchi,
1920). The tunnel has a concrete lining with openings on the walls allowing direct drainage of groundwater
from the fracture’s network of the aquifer. Part of the spring discharge is withdrawn by the local aqueduct

company through a pumping system, which lifts water to main distribution tanks located at higher altitudes.
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The remaining discharge overflows in an open ditch outside the tunnel entrance that conveys water to a
nearby stream. The flow rate withdrawn by the aqueduct is continuously monitored since 2017 through an
electromagnetic flowmeter installed on the discharge pipe of the pumping system. The pumping flow rate
varies every few hours, typically ranging from 20 to 50 L/s depending on the water demand from the
aqueduct network. When the pumping rate is decreased, any excess discharge is released into the overflow
ditch. The overflow discharge was monitored between December 2020 and March 2023. In detail, a
pressure transducer (Hobo Onset water level data logger, U20L-04 model) was installed in the ditch to
measure the water stage every 15 minutes. The relatively short 15-minute monitoring frequency was
chosen since possible short-term responses of spring discharge to recharge events were unknown prior to
this study and needed verification. An additional transducer placed outside of the water was used for
atmospheric pressure compensation. Due to malfunctioning of the transducers, two significant registration
gaps occurred from March 26™ to April 3™ 2021, and from May 29 to June 19*" 2022. To establish a rating
curve for the channel, eight flow rate measurements were performed in various discharge conditions using
an Acoustic Doppler Velocimeter (Flowtracker, SonTek/YSI Inc).

Due to random asynchronies between the two datasets, the sum of the withdrawn and overflow discharges
was eventually calculated on daily averages and the resulting daily sums were further smoothed using a 5-

day moving average in order to avoid false peaks..

3.2.2 Historical discharge data

Monthly monitoring of spring discharge was performed between January 1915 and October 1918, before
the excavation of the tapping tunnel, through a thin plate contracted weir installed in a natural streambed
originating at the spring outlet (Vecchi, 1920). The monthly amount of rainfall was monitored during the
same time span at a meteorological station named “Montese” (920 m asl). This was the active station
closest to the study area during the time-span covered by the historical monitoring. The historical data are

shown in the SM.
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This historical dataset of spring discharge, exceptionally rare in the global literature due to its century-long
time span, allowed a unique comparison between the contemporary (2020-2022) and historical (1914-
1918) spring hydrographs. The comparison focused on the spring's hydrodynamic response throughout

each hydrologic year and on the evolution of discharge variability from past to present.

3.2.3 Recession analysis
The hydrologic recession of a spring refers to the final stage of the depletion limb of the hydrograph where
discharge is solely contributed by groundwater from the aquifer with no perturbation induced by active
direct recharge or fast-flow from the surface. This stage provides valuable information about a combination
of intrinsic aquifer features, encompassing transmissive capacity (i.e. hydraulic conductivity) and storage
capacity (i.e. storativity and size of the reservoir) (e.g. Azeez et al., 2015; Tague and Grant, 2004). The
recession curves of the monitored hydrologic years 2020-21, 2021-22 and of the historic ones 1914-15,
1915-16, 1916-17, 1917-18 were analyzed using the Maillet model (Maillet, 1905) which represents a linear
approximation of the nonlinear quadratic spring reservoir depletion model proposed by Boussinesq (1904).
According to Maillet, the relationship between groundwater discharge and time follows the exponential
decay of Eqg. (1) in the absence of external influences, such as active recharge from precipitation,
groundwater abstraction, or evapotranspiration affecting the saturated zone:
(1) Qt=Qoe™
where Q; and Qo are the flow rates (L3/T) at time t (T) and at the beginning of the base-flow recession,
respectively, and a is a constant (T™!) representing storage lag-time. o is known as the “Maillet recession
coefficient” and it is related to the time required to halve the recession discharge (tos) as shown in Eq. 2:
(2) a=-[(In0.5)/tos]
From a mathematical perspective, Eq. (1) has been described as the most convenient model for analyzing
spring recession in different geological settings, including karst (Cerino Abdin et al., 2021; Dewandel et al.,
2003; Medici et al., 2023). Despite its simplicity, Eq. (1) has previously been shown to accurately represent

the recession response of most Northern Apennines springs (Gargini et al., 2008; Segadelli et al., 2021).
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For the six hydrographs analyzed in this study, the recession curve was selected as the final linear segment
of the depletion limb on a semi-log plot (i.e. Log Q VS time), resulting in varying starting times and durations

among different years.

3.3 Hydrochemistry and water isotopes

High-frequency automatic groundwater sampling was performed between January 2022 and February 2023
using a programmable ISCO series 3700 sampler. A total of 384 samples were collected every 12 or 24 hours
in 500 mL polypropylene bottles. The collection was interrupted for a total of 57 days distributed along the
sampling period due to temporary malfunctioning of the sampler. Specific electrical conductivity (EC,
compensated at 20°C) and pH were measured in each sample with a HACH-HQ30D probe. 38 samples were
selected within the period from January 19t 2022 to November 23™ 2022, for the analysis of major cations
(Na*, K*, Ca?*, Mg?*). The samples were selected following a regular time step of approximately 7 days.
Cations were analyzed by ICP-OES (Inductively Coupled Plasma — Optical Emission Spectroscopy) using an
Agilent series 5800. The analysis was performed on filtered (0.45 um) and acidified aliquots at the
laboratory of the "Centro Ricerche Energia, Ambiente, Mare" located in Marina di Ravenna.

Seven additional groundwater samplings were performed at Nadia Spring in June and November 2011, May
and September 2014, May and August 2017, May and October 2021, for the analysis of major cations and
anions. The first six samples were collected and analyzed in the Laboratories of Regional Environmental
Protection Agency (ARPAE) following standardized procedures. The last two samples were collected for this
study by filling a 250 mL bottle stored at 4 °C until analysis. The analysis was conducted in Laboratory of the
GruppoHERA water company following the standard methods EPA 300.1 1997 and APAT-CNR-IRSA 29/2003
(sections 2010, 2090, 3010, 3020).

Four samplings were performed in February, June, September 2021, and January 2022 for stable water
isotope analysis (6'80 and 3H). Samples were taken in 250 mL PET bottles from Nadia Spring and from a
rain sampler installed in the recharge area of the spring at an elevation of 752 m asl, for cumulated monthly

rainfall collection (Fig. 1b). The analysis was performed using a laser-based isotope analyser (Picarro L2140-

11
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i) at the University of Natural Resources and Life Sciences, Vienna, Austria. Each sample was measured up to
nine times and referenced using internal standards. These standards (deionized Baltic sea water (—6.31%o
for 680 and -45.8%. for 82H) and tap water (-11.16%o for 5§80 and -75.6%. for §%H)) are twice a year
calibrated against international standards. The isotope ratios were given in the 6 notation in %o relative to

the Vienna-Standard Mean Ocean Water (V-SMOW).

3.4 Analysis of the recharge-discharge time lag

A number of discharge indicators, namely spring discharge (Q), EC, pH, total concentration of major cations
(TCC), were exploited to investigate the time lag between the main recharge inputs (represented by the
main precipitation events) and the consequent discharge output at the spring. The values of the indicators
were derived from the monitoring described in Sections 3.2.1 and 3.3. TCC represents the sum of cation
concentrations (meq/L) and is considered a proxy of groundwater salinity. As such, it is expected to be
inversely correlated to the degree of dilution induced by the arrival of newly infiltrated water from
precipitation. Daily precipitation data were acquired from a meteorological station managed by the Regional
Agency for Prevention, Environment and Energy (ARPAE), namely “Riola di Labante” (Fig. 1a). The station
was selected as the most representative of the Nadia Spring recharge basin based on its location and
altitude (623 m asl).

The analysis was conducted separately on two monitoring periods characterized by different hydrological
regimes (as suggested by the results of Section 4.2): (1) the hydrologic year 2020-21 (data available from
December 2020 to October 2021), characterized by higher spring discharges; (2) the hydrologic years 2021-
2022 and 2022-2023 (data from November 2021 to March 2023), characterized by lower discharges. The
two periods will be identified hereafter as “high-flow period” and “low-flow period”, respectively. The
monitoring of Q covers both the high-flow and low-flow periods whereas EC, pH and TCC are only available
for the low-flow period.

The cumulative precipitation over 5 days was tentatively correlated, by means of bi-variate analysis, with

the average values of Q, EC and pH in the same 5 days. Cumulative precipitations lower than 25 mm were
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eliminated from the dataset since it was proven, through an iterative trial and error series of correlation
with different threshold values, that these would not have significant effects on spring discharge. Due to a
low number of snowfall events during the 2020-23 monitoring period, it was not possible to perform a
separate analysis on the effect of liquid versus solid precipitation (see further details in the SM). The
discharge indicators were progressively shifted forward in time from 0 to 90 days, using a five-day
increment. The five-day increment was chosen in order to smooth the roughness and intrinsic measuring
uncertainties associated to the daily acquisition. For each time lag increment, the degree of linear
correlation between recharge and discharge indicators was quantified by the coefficient of determination R?
(see the correlation graphs in the SM). Two R? thresholds will be used to describe the time-lag analysis,
corresponding to 0.6 and 0.3. These thresholds serve a primarily qualitative purpose, supporting the
categorization of correlations into three groups: strong correlations (R?> 0.6), weaker correlations (0.6 < R?<
0.3), and the absence of correlation (R, < 0.3). When analyzing the correlation between precipitation and Q,
a R?> 0.6 suggests a clear association between these variables, likely reflecting the occurrence of
preferential flow paths, such as open fractures or conduits, connecting the recharge area to the discharge
point. As the correlation weakens, it might indicate a shift towards a more diffuse drainage network,
resulting in a less defined signal of spring discharge in response to recharge events. Conversely, when
examining EC or pH, a strong or weak inverse correlation with precipitation would indicate the arrival of
newly infiltrated water. An absence of correlation, on the other hand, suggests that a discharge increase at
the spring is driven by pressure transfer from the recharge area to the discharge point, i.e., increase of the
hydraulic head in the recharge area with a subsequent increase of the hydraulic gradient in the aquifer.
During the timespan covered by TCC analysis, a comparison was performed between dilution events, i.e.,
variations of the parameter compared to its averaged value along the monitoring interval and five-day

cumulative precipitation greater than 25 mm, in order to search for identifiable recharge-dilution time lags.

3.5 Artificial tracer test
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On January 10t 2023, a tracer test was performed involving the injection of 50 g of Uranine into a hole
corresponding to an enlarged vertical fracture oriented NW-SE, aligned to the principal system of
extensional fractures affecting the PAT Formation (Stendardi et al., 2023). The hole had previously been
identified as a karst morphology by local speleological associations (Lucci and Rossi, 2011). It is located at an
altitude of 721 m asl, 166 m higher than the spring, at a planar linear distance of 313 m (Fig. 1b). Uranine
was injected by pouring in 1.5 L at a solution of 33 g/L. In order to ensure the effective migration of the
tracer through the unsaturated portion of the aquifer, estimated to be thicker than 120 m at the injection
point, the solution was simultaneously introduced with 8000 L of water from a tanker truck. The truck was
positioned 470 meters from the injection point at an altitude 42 m higher. A series of connected hoses
facilitated the gravity-driven transport of water to the injection site through a wooded area hardly
accessible by vehicles. Precipitation amounted to 13.6 mm on the day before the injection, and to 1.8 mm
on the day of the injection.

The arrival of the tracer was monitored at Nadia Spring for 41 days after injection through the automatic
groundwater sampling described in Section 3.3. From each of the 500 mL ISCO samples collected during the
tracer monitoring period, a 100 mL nontransparent HDPE bottle was filled to determine Uranine
concentration. Bottles were kept in darkness and stored at -2 to -8 °C until analysis. Additionally, charcoal
bags were installed at the spring to detect Uranine arrival. Three bags remained in place for 71 days after
injection, while another six were replaced at intervals ranging from 15 to 36 days, allowing for an 8 to 21-
day overlap between consecutive bags. Following retrieval, the bags were air-dried in darkness and
subsequently packed in individual plastic bags to avoid cross-contamination. The analysis of Uranine in
water samples and charcoal bags was conducted in the laboratories of the Institute of Applied Geosciences
at KIT (Karlsruher Institut fiir Technologie, Germany). Water samples were measured at an alkaline pH to
increase the fluorescence yield. The analysis was performed using a fluorescence spectrometer LS55 by
Perkin Elmer with the synchronous scan method. The desired wavelength range is traversed synchronously
with a constant wavelength difference between excitation wavelength and emission wavelength. The

advantage of this method is the formation of clearly identifiable peaks for each fluorescent dye. The device
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allows to measure at two different voltages (650 V and 900 V) in order to set an optimum measurement
range, with a limit of detection of 0.005 pg/L. At first, all samples were measured with a voltage of 900 V.
When the tracer concentration was too high (out of range for this voltage), the voltage was set to 650 V. For
sample preparation of the charcoal bags, 0.5 g £ 0.1 g of charcoal were weighted and filled in a centrifuge
tube. Subsequently 5 ml of eluent (50% NaOH and 50% 2-propanol (> 99.8% purity, Carl Roth GmbH,
Germany)) were added and mixed for 4 hours at 60 rpm under dark conditions. The supernatant was then
measured as described above for water samples. Charcoal samples were categorized as either “positive” or
“negative” based on Uranine detection, while those showing uncertain (very weak) fluorescence peaks were

labeled as “likely positive”.

4 Results

4.1 Geomorphological and structural analysis

The geomorphological survey confirmed that the entire western sector of the study area is affected by a
deep-seated gravitational deformation (DSGD) located on the steep slope above Nadia Spring (Fig. 2). This
specific landform likely results from the lateral spreading of the cohesive and tectonically fractured units
with strong mechanical contrast, such as ED units, over the underlying ductile terrains of the Ligurian
Domain (Mariani and Zerboni, 2020; Pasuto and Soldati, 2013; Pasuto et al., 2022). At the margin of the N
slab, failure surfaces are produced evolving into complex landslide movements with toppled and slipped
masses of PAT Formation (M. Asinello area in Fig. 2). The field analysis in the area of the DSGD has revealed
the presence of two main gravitational morpho-structure types that fall within two major groups: 1)
topographic anomalies, such as scarps and counter-slope scarps, and 2) trenches. In particular, the
gravitational trenches are up to 500 m long and 110 m wide and usually oriented parallel to the slope strike.
These structures are preferentially developed along inherited discontinuities of the PAT Formation oriented
NNW-SSE. The trenches fill deposit consists of silts, clayey silts and fine sands of few meters thickness.

The field structural survey allowed the collection of over 600 observations of bedding, faults, and

fractures/veins. The data show that bedding dips moderately to slightly eastward, northward, or southward,
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whereas faults and fractures/veins exhibit more variable orientations (Fig. 3a). The statistical analysis
performed on the 160 fault data shows a dominant strike approximately oriented ENE-WSW (Gaussian
curve n°1in Fig. 3b), with a central value that deviates by approximately 12°. Orientation represented by
the Gaussian curve n°5 can also be included in this set. These structures have an anti-Apennine orientation,
parallel to the VLSS system. Based on field observations, the ENE-WSW-striking faults are characterised by
mature damage zones, in which interconnected shears creates an articulated fracturing network along the
fault strike. Some of these faults show significant offsets juxtaposing the PAT Formation with other less
permeable formations (see sections in Fig. 1c). A second main strike is oriented WNW-ESE (Gaussian curves
n°2 in Fig. 3b), with a central value that deviates by about 10° from the preferred direction. A third main
strike is oriented NNW-SSE (Gaussian curve n°3 in Fig. 3b), with a central value that deviates only 5° from
the preferred direction. Structures pertaining to curves n°2 and 3 align with the Apennine orientation.
These faults and fractures generally show single open surface and limited (or absent) damage zone. Finally,
two subordinate strikes can be extracted from the statistical analysis, both oriented approximately NNE-
SSW (Gaussians n°4 and n°6 in Fig. 3b).

The optic and acoustic televiewer borehole logs performed nearby the N slab revealed fractures with
decimetric apertures as deep as 61 to 71 m below ground surface (bgs), featuring irregular surfaces (see
SM) most likely resulting from the chemical dissolution of the calcareous matrix of the Pantano arenites.
The orientations of the open fractures align with the Apennine WNW-ESE and NNW-SSE directions

identified for deformation structures in the N slab at the filed scale (i.e. Gaussians n° 2 and 3 in Fig. 3b).
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386  Figure 2: main geomorphological elements characterizing the N slab in the vicinity of Nadia Spring. See
387  Figure 1 for the map location and the complete geological legend.

388

b total data: 160 )

a  bedding fractures/veins

n°=261 '

389 ’ = 0

390  Figure 3: structural data: (a) stereographic projections (Schmidt net, lower hemisphere) of the main

391  structural elements observed in the N slab during field surveys; (b) Rose diagrams (Daisy 3 version 5.40;
392  Salvini et al., 1999) reporting the strike values of faults mapped in the study area. The red field (named 1)
393 represents the dominant trend, while the purple field (named 6) is the least representative.

394

395 4.2 Spring hydrographs

396  The spring hydrograph of the hydrologic year 2020-21 shows a rising limb since December 2020 (start of

397  monitoring) reaching a discharge peak of 64 L/s at the beginning of March 2021 (Fig. 4). This is followed by a
17



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

depletion limb down to a minimum of 42 L/s at the end of October 2021. The average yearly discharge is 54
L/s. The typical rising limb of the winter-spring recharge season is almost missing in the following year 2021-
22. As a result, discharge variability along the year is limited compared to the preceding year, with
maximum, minimum and average values of 48, 39, and 42 L/s, respectively. The available dataset for the
year 2022-23 is limited to the first four months, from November 2022 to March 2023. Within this limited
timespan, the average, minimum and maximum values are of 40, 38 and 43 L/s, respectively. It is worth
noting that for the second consecutive year no evidence of a clear rising limb was registered during the
recharge season.

Noticeable differences between the two complete yearly time series of 2020-21 and 2021-22 are observed
in the maximum discharge values and yearly averages, showing a decrease of 16 and 12 L/s from 2020-21 to
2021-22, respectively. The difference is less pronounced (3 L/s) for minimum discharge values. The distinct
discharge patterns observed in 2020-21 (higher flow) and 2021-22 (lower flow) are in line with the
precipitation and air temperature trend of those two years (see SM), which suggest reduced aquifer
recharge in 2021-22. The later year is also known to have been affected by a severe drought in the
investigated region (ARPAE, 2023).

The hydrographs of the four hydrologic years from 1914 to 1918 show overall higher discharge values
compared to the two more recent hydrographs of 2020-22 (Fig. 5a). The average discharge of the period
1914-18 is 92 L/s, which is almost twice the average value of 2020-22 (48 L/s). Moreover, the hydrographs
from the past century show higher variability throughout the year, with peak discharge reaching up to 140
L/s and minimum values going down to 63 L/s. The differential between minimum and maximum discharge
within a hydrologic year averaged 81 L/s at the beginning of the last century, but reduced to 16 L/s in the
more recent years. In the years 1915-16 and 1917-18, the winter-spring rising limb is less evident on the
hydrograph compared to 1914-15 and 1916-17. This is in line with the precipitation trend monitored
through those years, which appears to work as an effective recharge indicator during the time-span covered

by the historical discharge monitoring (see SM).
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423 On all available hydrographs, a recession curve was identified starting in the 8 or 9™ month of the

424 hydrologic year (Fig. 5a). Despite a good fit between the recession curves and the exponential model of
425 Maillet, with an R? always higher than 95%, the recession coefficient (a) shows slight albeit systematic
426 differences among the years. The past century recorded higher values ranging between 3.2e-3 and 2.2e-3
427 day?, while recent years showed lower values ranging between 1.6e-3 and 1.3e-3 day™. A direct linear

428  relationship was found between a and the spring discharge at the beginning of the recession curve (Fig. 5b).
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429
430  Figure 4: hydrograph of the total discharge of Nadia Spring (including uptake and overflow) from December
431 2020 to March 2023. The hydrological years are indicated by red dashed lines. Daily precipitation from the

432  Riola di Labante meteo-station is included for comparison. The typical Northern Apennines recharge season
433  jsshaded in grey.

434
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Figure 5: yearly hydrograph analysis: (a) historical (1914-18) and recent (2020-22) yearly hydrographs of
Nadia Spring. The x-axis represents months since the start of the hydrological years, with the first month
varying between September and November based on the year. Historical hydrographs are based on monthly
measurements, and since the precise monitoring date is unknown, discharge values were plotted on the 15%
of each month. The exponential Maillet models used to fit the recession limb of the six hydrographs are
represented with dashed lines; (b) linear relationship between the recession coefficient a and the spring

discharge at the beginning of the recession season.

4.3 Major ions and water stable isotopes
The major ion composition of spring water is similar through the different sampling years and seasons,
showing a dominant Ca-Mg-HCOs hydrochemical facies (Fig. 6a), that is common to other springs in the

Northern Apennines area, as reported by Hajek et al. (2021).

20



448

449

450

451

452

453

454

455

456

457

The stable isotope composition of the four spring water samples shows a narrow range between -10.1 and -
9.8 %o for 880, and between -65.6 and -63.6 %o for 82H (Fig. 6b). In contrast, rainwater collected in the
spring recharge area exhibits much higher variability with values ranging from -12.4 to -3.5 %o for 680, and
from -84.4 to -19.8 %o for 8*H. The most depleted rain samples were collected during the winter months
(February 2021 and January 2022) whereas the more enriched samples correspond to June and September
2021. All the samples align along the Northern-Italy Local Meteoric Water Line (Giustini et al., 2016) with
spring water being closer to the winter rain end-member. Together with the low variability in spring water
isotopes for the period February 2021 to January 2022, this suggests a well-mixed water reservoir with

higher contributions of recharge from winter precipitation.
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Figure 6: groundwater chemistry: (a) Schoeller diagram illustrating the major ion composition of spring
water on a seasonal scale from 2011 to 2021; (b) seasonal water stable isotope composition of spring and
precipitation samples collected between 2021 and 2022. The Northern-Italy Local Meteoric Water Line

(NMWL) is represented by a dashed grey line.

4.4 Recharge-discharge time lag

The analyzed time lags between recharge events and discharge indicators, ranging from 0 to 90 days, were
divided into three main intervals considering the predefined R? thresholds of 0.3 and 0.6 (Fig. 7a): (1) strong
correlation with Q (R*> 0.6) within the first 0 to 15 days of time lag, observed only during the high-flow
period of 2020-21, indicating the arrival of newly infiltrated water through preferential flow paths; (Il) weak
correlations (0.6 > R?> 0.3) with Q and EC between 15 and 65 days of time lag, suggesting the arrival of
newly infiltrated water through diffuse flow paths of varying lengths. Notably, a strong correlation with pH
emerges at a 35-day time lag, exhibiting a 20-day delay compared to EC. This observation implies that some
acidification reactions may take place as direct recharge from precipitation moves through the extensive
unsaturated zone. Indeed, previous literature has noted that a significant portion of the CO, found in
groundwater originates from biological processes in the soil (Hartmann et al., 2014). It may then require
several weeks for these reactions to cause a noticeable decrease in pH in spring water; (Ill) weak correlation
with Q and an absence of correlation with EC and pH (R? < 0.3) from 55 to 90 days of time lag, indicating
that the most delayed increases in discharge are likely induced by pressure transfer within the reservoir. It is
important to note that the variability of EC and pH during the monitoring period was limited. EC ranges
from 408 to 640 uS/cm with an average of 572 uS/cm and a standard deviation of 37 uS/cm, while pH varies
between 7.7 and 8.4 with an average of 7.9 and a standard deviation of 0.2. This overall stability is
consistent with the observations on the chemical and isotopic composition of spring water (see Section 4.3).
In this context, even slight variations of the parameters may be useful to discriminate among different

processes affecting the groundwater flow system.
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Six precipitation events occurred during the TCC monitoring (Fig. 7b). Each of them induced an appreciable
dilution on spring water, with variable time lags in the range of 16 to 34 days from the recharge event to the

start of the dilution signal.
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Figure 7: Time lag analyses: (a) linear correlations between recharge and discharge indicators at increasing
time lags. Dashed black lines indicate the different correlation thresholds. Grey bars denote partial overlaps
between the three intervals identified by the analysis; (b) identification of time lags between precipitation

events and decreases in TCC below the average of the monitoring period (5.8 meq/L). The dashed black line

indicates a deviation of 0 from the average. Progressive numbers identify the main precipitation events and
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the associated dilution effect on spring water. The time lags for each event are summarized in the lower

right corner.

4.5 Artificial tracer test

The water samples occasionally exhibit peaks in Uranine concentration during the 41 days of sampling,
ranging from 0.01 to 1.12 pg/L (Fig. 8). The earliest detections occurred 1 to 4 days following injection, with
a peak value of 0.28 pg/L. Tracer arrival in this early interval was likely influenced by the relevant volume of
water introduced during the tracer injection. Nevertheless, the result demonstrates the existence of rapid
flowpaths between the injection point and the spring, with a maximum velocity of Uranine transfer in the
range of 78 to 313 m/d (considering a planar distance of 313 m from injection to detection).

The two highest concentration peaks were observed between February 21 and 23™ (42 to 44 days post-
injection), with values of 0.5 and 1.1 pg/L, respectively. The primary recharge event preceding these peaks
took place between January 21t and 25™, with a total amount of precipitation of 41 mm (i.e. >25 mmin 5
days). The time lag between the recharge event and the two peaks is 27 to 33 days. The tracer transfer
velocity associated with these peaks is between 12 and 9 m/d.

Throughout the tracer monitoring period, the spring discharge remained relatively stable, ranging from a
minimum of 37.9 L/s to a maximum of 43.1 L/s, with an average of 39.8 L/s (see Fig. 4). Based on daily flow
rates and detected tracer concentrations, it was estimated that about 4.5 g of tracer were recovered,
accounting for approximately 9% of the total injected mass of 50 g. Of the 4.5 g recovered, 2.8 g reached
the spring outlet in correspondence of the two main peaks of February 21 and 23™. The small mass of
tracer recovered in the first 41 days after injection can likely be explained assuming that some tracer have
remained in the unsaturated zone and has been flushed out by subsequent meteoric events after the
monitoring period ended.

The evidence provided by charcoal bags largely align with water samples, confirming the arrival of Uranine
between January 25" and February 14", and suggesting a probable occurrence between February 2" and

March 7%, which coincides with the period of observation of the major peaks in water samples. However,
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the negative result between February 14" and March 22™ appears inconsistent with the tracer detection in
water samples. This discrepancy could be attributed to possible tracer desorption or biological degradation,
which were previously hypothesized as reasons for decreased tracer concentration in charcoal that remains
in water for an extended amount of time (Aley, 2019). The bag's total residence time was 36 days, extending
up to 24 days after the arrival of the last recorded Uranine peaks. Eventually, the three bags left in place
throughout the entire monitoring period (not shown in Fig. 8) were affected by significant background

noise, which hindered the possible detection of Uranine trace on the charcoal.
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Figure 8: main results from the artificial tracer test. The concentration of Uranine measured in water
samples are represented along with the information provided by charcoal bags. Concentrations below the
Limit of Detection (LOD = 0.005) are represented as 0 for graphical purposes. The graph covers the tracer
monitoring period from January 10 (day of injection) to March 22™ (collection of the last charcoal bag).

Daily precipitation data from the Riola di Labante meteo-station are included for comparison.

5 Discussion
5.1 Factors enhancing the Nadia Spring yield
The hydrological response of Nadia Spring resembles that of many springs in the Northern Apennines that

exhibit a rising discharge during winter and spring, followed by a declining discharge in summer and fall.
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The magnitude of the Nadia Spring rising limb in each hydrological year depends on the amount of recharge
during that year, with higher discharge peaks in years of greater recharge. This discharge response is typical
of Northern Apennines springs due to their short groundwater flow paths, which make them responsive to
local recharge patterns (Gargini et al., 2014). However, Nadia Spring stands out with a unique base flow
contribution of approximately 40 L/s at the end of the decreasing limb when most other Northern Apennine
springs approach zero flow, leading to drinking water supply issues (Cervi et al., 2018).

A crucial factor that explains the increased yield of Nadia Spring is the presence of a significant groundwater
reservoir that supplies the spring. This is supported by the notably low Maillet recession coefficient a,
averaging 2.4e-3 d! over the monitored years. In contrast, the dominant a values in the Northern
Apennines region are typically one order of magnitude higher (Gargini et al., 2008), indicating smaller
reservoirs (Tallaksen, 1995). Nadia Spring is situated at the lowest topographic elevation along the edge of
the N slab, corresponding to the bottom elevation of the PAT Formation (see Fig. 1c). As a result, it serves as
the most natural discharge point of the slab. Moreover, unlike the typical Northern Apennine setting where
a large number diffuse outlets are associated with one groundwater reservoir (Gargini et al., 2008), in this
case, several factors have led to the concentration of drainage from the N slab into one primary discharge
point which is Nadia Spring. These factors are discussed in more detail in subsections 5.1.1 to 5.1.3 and

include structural pattern of faults and fractures, the presence of slope instabilities, and karst dissolution.

5.1.1 Structural pattern

The anti-Apennine striking faults, aligned with the VLSS, are the most recurrent features in the area based
on field data analysis. The primary and most continuous lineaments in the N slab follow this direction (Fig.
1b). These main structures likely constrain groundwater flow, as supported by the following observations:
(1) some of the NE-SW structures create significant offsets, restricting the lateral continuity of the PAT
aquifer (Fig. 1c); (2) Balocchi (2014) reported the presence of cataclasites on the major Anti-Apennine

lineaments of the N slab (Fig. 1b), assigning them the role of flow barrier (Caine et al., 1996).
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Apennine-oriented structures come second in terms of prevalence in the area. These are generally cut and
displaced by the anti-Apennine-oriented faults (as visible in Fig. 3b and previously noted by Balocchi (2014).
These structures, with their two primary strikes NNW-SSE and WNW-ESE, effectively "unlock" the rock mass
within NE-SW “channels” delimited by anti-Apennine structures. Presumably, the Apennine striking
structures serve as planes of weakness that enhance the rock mass's permeability, based on the following
lines of evidence (discussed more in detail in the subsequent sections): (1) the development of a DSGS
along Apennine-oriented planes of weakness (see Section 5.1.2); (2) the observation of karst dissolution
along deep-seated Apennine-oriented structures in the borehole near the N slab (see Section 5.1.3).
Additionally, the wide fracture chosen as injection points for the tracer experiment (see Section 3.5) also
exhibit an Apennine strike (NNW-SSE), further confirming the presence of enlarged structures in that
orientation. Finally, during the excavation of the drainage tunnel for spring uptake, which is oriented along
the anti-Apennine direction, Vecchi (1920) reported groundwater inrush from fractures perpendicular to the
tunnel's alignment, indicating an Apennine orientation.

As a result, the Apennine-oriented structures plausibly form the primary network for groundwater flow,
facilitating the circulation of groundwater throughout the saturated part of the N slab. This circulation
predominantly aligns with the anti-Apennine-oriented structures, which mostly act as no-flow boundaries.

Groundwater is consequently conveyed from the northeastern sector of the N slab toward Nadia Spring.

5.1.2 Slope instabilities

The relaxation of stresses caused by the DSGS (classified as lateral spreading) along the edge of the N slab
results in the formation of features like trenches and scarps/counter-scarps. These features can locally
enhance the permeability of the unsaturated zone, allowing for concentrated recharge in the vicinity of the
spring. Furthermore, it is highly probable that a localized drop in groundwater levels is associated with the
observed increase in permeability in the DSGS area. This may lead to additional drainage from the

surrounding regions toward the spring area. It is important to note that the morpho-structures related to
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lateral spreading align with Apennine-oriented faults and fractures (Fig. 2), which likely played a significant

role in initiating and shaping the instability processes.

5.1.3 Rock dissolution

The chemical composition of groundwater suggests a significant interaction with a carbonate matrix,
pointing to the likelihood of karst dissolution (Wijayanti and Dalmadi, 2021). This dissolution process could
primarily impact either the calcitic cement/matrix of the calcarenite rock mass of PAT, or the
limestone/dolostone clasts within the skeleton (the occurrence of non-negligible Mg content in the
groundwater suggests the presence of dolomite in these clasts). Furthermore, there have been previous
observations of travertine deposits at various spring outlets within the same aquifer lithology, as
documented by Cantonati et al. (2016). This supports the hypothesis of an enrichment of CaCOs in the
water during underground flow. Additionally, the discovery of wide discontinuities with apertures of up to
20 cm, identified at depths of 61 and 71 m bgs through televiewer borehole logging, provides further
evidence of karst dissolution within the studied lithology. The borehole observations suggest that
dissolution is primarily occurring along preexisting Apennine-oriented fractures. Karst dissolution is likely to
increase the overall permeability of the aquifer and promote the development of preferential groundwater

flow paths within the rock mass, as discussed further in Section 5.2.

5.2 Evidence of dual porosity in the N slab

The inferred occurrence of karst dissolution within the N slab is expected to trigger the development of a
hierarchical groundwater flow system over time, which eventually results in a more focused drainage of
groundwater towards a limited number of larger discharge points (Hartmann et al., 2014; Worthington and
Ford, 2009).

The findings from the analysis of recharge-discharge time lags suggest the existence of a dual porosity
system connecting the recharge area to Nadia Spring. This system consists of both fast-flow conduits and a

diffuse fracture network. An additional contribution from matrix porosity, often observed in relatively young
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carbonate systems (Kresic and Stevanovic, 2010), cannot be definitively ruled out. However, information on
matrix porosity in the investigated calcarenitic lithology of PAT is currently unavailable and should be the
focus of further investigation efforts.

In the fast-flow system, which comprises enlarged fractures, newly infiltrated water is rapidly drained
towards the spring (within 15 days after major recharge events, i.e. > 25 mm in 5 days). However, it is worth
noting that these preferential flow contributions are likely minor (less than 10%), as indicated by results
from the artificial tracer test. The fast-flow system appears to be active primarily during periods of high-flow
hydrological conditions (monitoring year 2020-21), suggesting that the conduits become active when
hydraulic head stands higher. Gradually, a signal from a more diffuse system becomes predominant during
lower-flow conditions, resulting in variable time lags (between 15 and 65 days) for newly infiltrated water to
reach the discharge outlet in response to major precipitation events. Over longer timescales (starting from
55 days of time lag), this same diffuse system appears to convey water stored in the reservoir through
pressure transfer. Cationic composition data (TCC) during low-flow conditions support the estimated
response times for newly infiltrated water through the diffuse drainage system following major precipitation
events, with time lags ranging between 16 and 34 days.

Artificial tracing results also aligns with these response times, showing initial tracer arrival within a few days
after injection, most likely due to due to activation of fast-flow circuits because of the large volume of water
injected during the experiment. The later, more concentrated tracer arrival is consistent with the previously
inferred transfer times of newly infiltrated water through the diffuse drainage system (between 27 and 33
days of time lag). Notably, the tracer transfer velocity associated with the diffuse drainage system (ranging
from 12 to 9 m/d) falls within the range of values obtained experimentally by Vincenzi et al. (2014) for
turbiditic sandstone aquifers characterized by diffuse groundwater flow networks (2 to 20 m/d). Conversely,
the higher transfer velocity linked with fast-flow circuits (ranging from 313 to 78 m/d) more closely
resembles the values observed by the same authors in a marly calcareous turbiditic aquifer affected by karst
dissolution (94 m/d). These observations corroborate the hypothesis of a dual porosity system comprised of

fast flowpaths associated with a diffuse fracture network.
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The analysis of recent and historical hydrographs emphasizes once again the occurrence of a dual porosity
system. The spring's recessive response observed over the past century (from 1914 to 2022) indicates
progressively slower flow of recharge water as the discharge at the start of the recession limb decreases. In
particular, the historical hydrographs are characterized by higher recession coefficients indicating faster
flows between the recharge area and the spring, with larger flow variability observed throughout the
hydrological year between the recharge and the recession seasons. This response is plausibly related with
the existence of fast flow-paths connecting the recharge area to the spring, facilitating the transfer of newly
infiltrated water as well as rapid responses to pressure changes. In more recent years (2020-2022
hydrographs), lower recession coefficients were observed in conjunction with reduced flow variability
throughout the year. This is most likely attributable to groundwater flow occurring through slower circuits

with a diffuse character.

5.3 Resilience to climate change

From various angles, Nadia Spring exhibits remarkable stability and an inertia towards the year-to-year
fluctuations in recharge factors. From a hydrological perspective, the minimum spring discharge values
remain consistently stable throughout the recent years being apparently unaffected by annual variations in
recharge. For instance, when comparing the hydrographs of 2020-21 and 2021-22, the latter shows only a
minor decrease in the minimum annual discharge, even in the face of an exceptional drought during the
recharge season. This implies that reductions in recharge primarily affect the peak phases of the yearly
hydrograph but leave the minimum discharge almost unimpacted. This suggests significant resilience of the
spring to individual dry years, ensuring it continues to provide an ecosystem service with a sufficient flow
rate even in critical summer seasons.

From a geochemical perspective, the groundwater composition (i.e. major ions and stable isotopes) remains
highly stable across seasons or even years, indicating a well-mixed aquifer reservoir supplying the spring.
This is in contrast to heterogeneous media like real karst aquifers, which exhibit a strong hydrochemical

variability over time (Sanchez et al., 2015). Thus, the observed chemical consistency further supports the
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hypothesis of a substantial contribution from a diffuse drainage system in recent years, as previously
discussed in Section 5.2. Water isotopes additionally suggest that most recharge occurs during the winter-
spring period when the combination of higher precipitation and lower temperature maximize the water's
capacity to penetrate the unsaturated thickness of the system (Thornthwaite and Mather, 1957).

The rare opportunity to examine century-old hydrographs of the spring has allowed for notable
observations regarding its interdecadal resilience in the face of discharge reductions caused by century-
scale climate change. The significant decline in Nadia Spring's discharge since the early 21° century, a trend
also observed in other Mediterranean regions and attributed to documented reductions in recharge season
precipitation and snow-related parameters (e.g., Dragoni and Sukhija, 2008; Fiorillo et al., 2021), suggests a
limited resilience of the spring to long-term recharge variations. However, the observed relationship
between the initial discharge during the recession and the recession coefficient (Fig. 5b) indicates an
increasing laminar capacity of the aquifer over time (i.e. decrease of discharge variability along one single
year and increased stability of the minimum discharge values over different years). This change should be
linked to the previously inferred transition in recent years towards a more diffuse drainage system. This
diffuse system is most likely located at lower altitude in the reservoir, so that the more dynamic fast-
flowpaths are activated only when the hydraulic head in the aquifer is higher. As a result, future decreases
in spring discharge due to reduced recharge may be less severe compared to the past, potentially enhancing

the interdecadal spring's resilience to climate change.

6. Conclusions

A strategic spring resource in the Northern Apennines was explored due to its unique characteristics
regarding discharge magnitude and consistency. This study employed an unprecedented combination of
traditional geological and hydrogeological field investigations, continuous monitoring of recharge- and
discharge-related indicators, an artificial tracer experiment, and an analysis of spring hydrographs dating

back a century. These methods enabled us to unravel the factors contributing to the spring’s distinctive
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features. The investigative approach presented here can serve as a valuable model for similar
hydrogeological settings when studying and assessing local strategic groundwater discharge points.

In the case of Nadia Spring, several factors influence the spring's response to recharge fluctuations. These
include an extended groundwater reservoir supplying the spring, a complex network of fractures that
constrain groundwater flow toward highly transmissive channels, a slab structure that triggers slope
instability along its margins, and a high carbonate content in the rock mass favoring karst dissolution. This,
in turn, facilitates active aquifer recharge in the occurrence of abundant precipitations during the winter-
spring season and hierarchizes groundwater flow towards one main outlet. All these conditions favor an
increased yield for the spring, as well as resilience to variations in recharge on an inter-annual scale. On the
other hand, over several decades or centuries, the spring’s discharge appears significantly affected by
reduced recharge due to climate change. These long-term effects are particularly evident in terms of
decreased peak discharge. Nevertheless, the capacity of the aquifer reservoir to store recharge water acts
as a buffer mitigating the risk of an excessive decrease in spring discharge during future drought conditions.
The hydrodynamics of the spring indicate the presence of a dual porosity, characteristic of variably karstified
systems, whereas karst dissolution is not commonly observed in arenitic aquifers. However, as hydraulic
head and spring discharge decrease over time due to climate change-related discharge reductions, a
significant portion of the fast-flow preferential system seems to deactivate gradually, possibly because of its
higher elevation within the aquifer, which is gradually depleting. The primary spring discharge contribution
today appears to originate from a diffuse drainage system, which likely constitutes the deeper portion of the
aquifer. The dual porosity structure would then explain the different response observed in the spring one
century ago compared to today.

A critical element that has allowed us to understand the spring's discharge response and draw conclusions
about its resilience is the combination of a long-term monitoring of hydrological (including uptake and
overflow) and hydrochemical parameters. Century-long spring discharge monitoring is a rare find in the
existing literature and, in cases where it is available, as in the instance of Nadia Spring, it allows unveiling

the significant impacts of climate change on discharge. Another crucial aspect has been the continuous
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715 monitoring of spring discharge and chemistry during an exceptionally dry period spanning from 2021 to
716 2023. Such monitoring has emphasized the resilience of discharge in severely dry years, attributed to the
717 drainage capacity of the diffuse fracture system. This effect might have gone unnoticed during less dry
718  periods. Continuing the spring monitoring in the future will be essential to identify flow patterns under
719 more variable atmospheric conditions, including variable discharge patterns over the hydrologic year.

720 In the future, it would be also beneficial to monitor additional strands of evidence, such as eco-

721 hydrogeological indicators like endemic invertebrates or plant species, and the dendrochronology of trees
722  situated at increasing distances from the spring. These could offer valuable insights into the long-term
723 persistence of spring discharge and enhance our understanding of the spring's ecological significance.
724  Relatively large springs like Nadia often hold substantial ecosystem value. Understanding how discharge
725 responds to climatic variations is a crucial step for managing and leveraging the ecosystem services

726  provided by the spring, both in natural and economic terms.

727  While showing the importance of continuous spring discharge monitoring over time, this study also sheds
728 light on a more general issue: while hydrologic monitoring networks for precipitation and surface water
729  fluxes are well structured and operating in many areas of the world, a strong enhancement of such network
730 s needed for springs in order to cope with the challenges of climate change, both in terms of water

731 resources management and ecological preservation/valorization of the spring environment.
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decline in discharge over the past century due to long-term climate change, it is becoming more resilient
over interdecadal timescales due to transition to a diffuse drainage system that mitigates the impact of
reduced recharge. The availability of a century-long spring discharge monitoring was a crucial piece of
information for understanding the spring's discharge response and drawing conclusions about its long-term
resilience to recharge fluctuations. Continuing long-term monitoring and research in the future will be
essential to validate and expand upon these findingsin the context of changing climatic conditions. This
research serves as a model for assessing strategic groundwater discharge points in geological settings

similar to the Northern Apennines.

Keywords

spring discharge, recharge decrease, resilience, fractured aquifer, Northern Apennines

1 Introduction

Groundwater is a primary source of freshwater and provides essential ecosystem services by supporting
ecological and environmental flows, as well as sustaining Groundwater Dependent Ecosystems (GDEs;
Cantonati et al., 2020; Stevens et al., 2022). Moreover, it plays a pivotal part in meeting societal needs,
serving as a fundamental supply for drinking, agricultural and industrial purposes (Abderrahman, 2005; Tsur,
1990). Groundwater is progressively gaining significance as a strategic asset during periods of drought, as it
boasts substantial reserves within suitable geological settings (Gronwall and Oduro-Kwarteng, 2018; Kruse
and Eslamian, 2017) and appears to withstand the impacts of climate change better than surface water
(Liesch and Wunsch, 2019; Taylor et al., 2013).

Groundwater exploitation predominantly occurs through well extraction or through the uptake of natural
springs discharge. The latter approach is prevalent in mountainous regions, where springs generally offer
high-quality, gravity-fed water due to minimal anthropogenic impacts on the groundwater system compared
to urbanized/industrialized lowland or coastal areas (Nicholson et al., 2018; Simsek et al., 2008). However,

the anticipated decrease of discharge, stemming from reduced recharge due to global warming and
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alterations in seasonal patterns of solid and liquid precipitation (Amanambu et al., 2020; Atawneh et al.,
2021; Caloiero et al., 2018; Dore, 2005; Kundzewicz and Doli, 2009; Riedel and Weber, 2020; Tambe et al.,
2012; Weissinger et al., 2016), can yield supply-related challenges in these regions. As such, it becomes
essential to identify springs resilient to recharge decrease.

Resilience is defined in recent hydrogeological literature as “the ability of the system to maintain
groundwater reserves in spite of major disturbances” (Sharma and Sharma, 2006), or as “the adaptive
capacity of a system to a change generated by external pressures while maintaining certain vital functions”
(Herrera-Franco et al., 2020). The discharge resilience to drought-induced recharge decrease is the capacity
of a spring system to sustain its flow during periods of low recharge by releasing groundwater stored during
intermittent periods of higher recharge, while avoiding irreversible depletion of the spring reservoir.

The resilience of a hydrogeological system can be studied by examining both how the groundwater
responds to specific stresses and the characteristics of the geological medium that affect resilience
(Cuthbert et al., 2019; de la Hera-Portillo et al., 2020). Most previous studies on groundwater resilience
have focused on trend analyses of aquifer recharge, groundwater storage, hydraulic heads, and discharge,
while relatively few studies have considered different aquifer characteristics such as lithology and
permeability, saturated thickness and transmissivity, or geometrical properties of the fracture network
(Zeydalinejad, 2023).

When examining groundwater resilience to climate-related stresses, both long-term (decadal) climate
change trends, and short-term (less than one year) stresses must be taken into account (MacDonald et al.,
2011). Some authors have focused on analyzing the millennium-scale resilience of discharge, e.g. the fossil
aquifers recharged during the last glaciation that now represent vast groundwater reservoirs no longer
being replenished or with a direct recharge lower than 5 mm/yr (Ram et al., 2020; Sultan et al., 2019).
However, the acceleration of water crises in the first glimpse of this millenium demands an analysis on
shorter timescales, spanning centuries or decades, tied to resource management challenges. Yet,
monitoring data are often unavailable for such time-spans, as already highlighted by Liesch and Wunsch

(2019) regarding hydraulic heads. Research that investigates the effects of recharge changes on spring
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discharge using extensive historical datasets is rare and often restricted to large karst aquifers (e.g., Fiorillo
et al., 2021). Indeed, these aquifers have long been of interest due to their socio-economic relevance
related to high water yields (Ford and Williams, 2007; Kresic and Stevanovic, 2010) unfortunately associated
to a high vulnerability to climate changes and pollution (Butscher and Huggenberger, 2009; Campanale et
al., 2022; Kacaroglu, 1999; Mimi and Assi, 2009).

Other types of aquifers, such as those in fractured sedimentary or hard-rock strata, are less studied
compared to karst, having a lower permeability and a limited storage capacity (Lachassagne, 2008;
Lachassagne et al., 2011; Mézquita Gonzalez et al., 2021). In mountainous regions dominated by these
aquifers, springs are generally highly vulnerable to discharge decrease during drought periods due to a
limited extension of the associated groundwater flow systems with constrained underground pathways and
rapid loading and unloading. An example is the Northern Apennines belt (Italy), where the supply of
drinking water derives from numerous low-yield springs fed by sedimentary fractured aquifers that renew
stored groundwater almost completely every hydrological year (Cervi et al., 2018; Gargini et al., 2008;
Petronici et al., 2019; Segadelli et al., 2021). In this setting, identifying strategic resources with peculiar
resilience to recharge decreases becomes crucial to manage recurring water shortage crises. Indeed, these
crises often lead to conflicts between the demand for drinking water, which may necessitate supplementary
supply measures such as water tankers, and the preservation of GDEs (e.g., Cantonati et al., 2016).

Here, we investigated Nadia Spring (Emilia Romagna Region, Northern Apennines), which stands out as a
peculiarly substantial resource compared to other springs within the same context. Through a
comprehensive array of analyses—including geological, hydrogeological, geochemical, isotopic, and tracer
tests—tour study pursues several objectives: (1) unraveling the connection between recharge dynamics and
discharge patterns across various time scales; (2) assessing the resilience of the spring discharge in response
to past and anticipated recharge fluctuations; and (3) demonstrating the potential of integrated
multidisciplinary analyses to identify recharge-discharge dynamics associated with spring resilience. To our
knowledge, such an extensive set of analyses has not been previously employed in investigating strategic

spring resources. Therefore, this study serves as a paradigm, offering insights into the definition of key
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evaluation tools and indicators for assessing spring resilience amid declining recharge in analogous

geological settings.

2 Geological and hydrogeological setting

Nadia Spring is situated in the Emilia Romagna Region (Italy) at an elevation of 555 m above sea level (asl)
(44°19'09"N; 10°58'14"E), nearby the morphologic divide of the Northern Apennines belt between the
valleys of the Reno and Panaro Rivers (Fig.1a). The Northern Apennines are a Neogene fold-thrust belt that
formed from the continental collision between Adria micro-plate (part of African plate) and the Eurasia
plate beginning ~35 Ma (Boccaletti et al., 2011; Carminati and Doglioni, 2012; Vai and Martini, 2001). The
sector of the chain between the Reno and Panaro Rivers is affected by km-long fault systems with both
Apennine (NW-SE) and anti-Apennine (SW-NE) trends (Balocchi, 2014; Stendardi et al., 2023). The main
feature of the area is a complex NE-SW-trending fault zone, approximately 25-30 km long, named the Val
Lavino Structural System (VLSS) (Fig. 1a). The faults of the VLSS are mainly oriented N30°-40° (Capitani,
1997), and they display left-lateral strike-slip kinematics with evidence of a transpressive component. These
faults involve and deform all the structural-stratigraphic array of units of the Northern Apennines, including
the Epiligurian Domain (ED), a wedge-top basin formed atop an accretionary wedge progressively evolving
into a fold-and-thrust belt (Conti et al., 2020). The ED consists mainly of large sandstone-dominated slabs or
plates averaging between 5-30 km? and deposited on top of allochtonous Ligurian and Subligurian nappe
units made of clay-rich lithotypes (Cibin et al., 2001).

Nadia Spring discharges at the western edge of an ED slab, referred to as “N slab”, which covers an area of
25.6 km? (Fig.1b) with topographic elevation between 576 and 916 m asl (average elevation of 768 m asl).
The N slab is tabular and gently monoclinalic (Fig. 1c), with bedding dipping between 10° and 40° to the
east. Both anti-Apennine and Apennine strike faults affected the slab, showing strike-slip (left- and right-
lateral, respectively) and subordinate normal kinematics. Balocchi (2014) interprets these faults as resulting

from a "simple left shear" mechanism that induced an anticlockwise rotation of the structures.



130 Subsequently, during a post-orogenic extensional event, these structures would have been reactivated as
131 normal faults, forming structural highs and depressions resulting in a blocky pattern of the N slab.

132 The main aquifer of the N slab is the Pantano Formation (PAT), primarily composed of medium- to fine-
133 grained calcareous sands deposited in a shallow marine environment between the upper Burdigalian and
134 lower Langhian (Lower to Middle Miocene; Amorosi, 1997; Amorosi and Spadafora, 1995). PAT outcrops
135  extensively over a 300 km? area in the Apennine reliefs southwest of Bologna and Reggio Emilia,

136  representing one of the most productive groundwater reservoirs in the Northern Apennines and hosts

137  several major springs in the region (Petronici et al., 2019). Unpublished borehole hydraulic filed tests

138  performed by the authors in the PAT aquifer lithology few km far from the N-slab, indicate an aquifer

139  transmissivity in the range of 0.001 and 0.004 m?/s and a specific yield of 3.4%. The average groundwater
140 saturated thickness of PAT in the N slab is approximately 190 m. Within the slab, various groundwater flow
141 systems transfer direct recharge from precipitation to several discharge outlets, some of which are totally or
142 partially up-taken by the local water supply company. Nadia Spring stands as the largest discharge point in
143 the slab, with an average discharge not lower than 40 L/s in the low-flow season, corresponding to IV class
144  following Meinzer (1923). Meinzer classes ranging from V to VIl characterize the other springs of the slab,
145  corresponding to the most common classes in the Northern Apennines belt (Gargini et al., 2008).

146  The typical pattern of springs discharge in the sub-mediterranean area of the Northern Apennines is

147  characterized by a peak during the spring season, following a rainy and snowy period from November to
148  April (recharge season). An absolute discharge low is usually registered at the end of the hot and dry

149  summer period of July-September (recession season) (Cervi et al., 2015; Gargini et al., 2008; Segadelli et al.,
150  2021; Segadelli et al., 2017). However, increasingly frequent and intense droughts have occurred in the
151  study area since the start of the XXI century, with a cycle of approximately five years (Pefia-Angulo et al.,
152 2022; Rakovec et al., 2022; Riedel and Weber, 2020). The most recent droughts were in years 2017 and
153 2022 when a significant decrease in precipitation was registered during the recharge season in association
154  to a substantial increase of average annual temperature (ARPAE, 2018, 2023). These droughts caused

155 significant reduction of aquifer recharge that reflected in turn on a discharge decrease in many Northern



156  Apennines springs, especially during the summer recession season, when the drinking water reaches a peak

157 due to seasonal tourism.
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Figure 1: map of the research area: (a) geological setting of the Northern Apennines sector between the
Panaro and the Reno rivers, with indication of the meteorological station of Riola di Labante; (b) geological
setting of the N slab. The tracer injection point and the rain sampler for water isotopes are marked on the
map. Black lines represent the traces of AA and BB geological cross sections, while the location of Fig. 2 is

indicated by a dashed black line;(c) AA and BB geological cross sections of the N slab.

3 Methods

3.1 Structural and geomorphological investigations

A geomorphological and structural field survey, integrated with publicly available aerial photographs
(https://geoportale.regione.emilia-romagna.it/approfondimenti/database-topografico-regionale), was
carried out in the N slab to identify and analyze those geological elements that may control the
stratigraphic-structural setting of the N-slab and, consequently, the hydrogeological response of Nadia
Spring. The survey focused on structures affecting the ED domain, which more effectively register brittle
deformation. The observed structural elements were divided in stratigraphic bedding, faults, and
fractures/veins. The fault data were statistically analyzed to obtain their main orientations. Moreover,
continuous cores were drilled approximately 7 km south from Nadia Spring within the same aquifer
lithology as the N slab, as part of a separate research endeavor. Using acoustic and optical televiewer logs
conducted along the uncased boreholes, it was possible to observe the distribution and size of open

fractures. Details on coring and televiewer logging are in the Supplementary Material (SM).

3.2 Spring discharge

3.2.1 Discharge monitoring

Nadia Spring is tapped through a slanting drainage tunnel 75 m long built between 1917 and 1920 (Vecchi,
1920). The tunnel has a concrete lining with openings on the walls allowing direct drainage of groundwater
from the fracture’s network of the aquifer. Part of the spring discharge is withdrawn by the local aqueduct

company through a pumping system, which lifts water to main distribution tanks located at higher altitudes.
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The remaining discharge overflows in an open ditch outside the tunnel entrance that conveys water to a
nearby stream. The flow rate withdrawn by the aqueduct is continuously monitored since 2017 through an
electromagnetic flowmeter installed on the discharge pipe of the pumping system. The pumping flow rate
varies every few hours, typically ranging from 20 to 50 L/s depending on the water demand from the
aqueduct network. When the pumping rate is decreased, any excess discharge is released into the overflow
ditch. The overflow discharge was monitored between December 2020 and March 2023. In detail, a
pressure transducer (Hobo Onset water level data logger, U20L-04 model) was installed in the ditch to
measure the water stage every 15 minutes. The relatively short 15-minute monitoring frequency was
chosen since possible short-term responses of spring discharge to recharge events were unknown prior to
this study and needed verification. An additional transducer placed outside of the water was used for
atmospheric pressure compensation. Due to malfunctioning of the transducers, two significant registration
gaps occurred from March 26™ to April 3™ 2021, and from May 29 to June 19*" 2022. To establish a rating
curve for the channel, eight flow rate measurements were performed in various discharge conditions using
an Acoustic Doppler Velocimeter (Flowtracker, SonTek/YSI Inc).

Due to random asynchronies between the two datasets, the sum of the withdrawn and overflow discharges
was eventually calculated on daily averages and the resulting daily sums were further smoothed using a 5-

day moving average in order to avoid false peaks..

3.2.2 Historical discharge data

Monthly monitoring of spring discharge was performed between January 1915 and October 1918, before
the excavation of the tapping tunnel, through a thin plate contracted weir installed in a natural streambed
originating at the spring outlet (Vecchi, 1920). The monthly amount of rainfall was monitored during the
same time span at a meteorological station named “Montese” (920 m asl). This was the active station
closest to the study area during the time-span covered by the historical monitoring. The historical data are

shown in the SM.
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This historical dataset of spring discharge, exceptionally rare in the global literature due to its century-long
time span, allowed a unique comparison between the contemporary (2020-2022) and historical (1914-
1918) spring hydrographs. The comparison focused on the spring's hydrodynamic response throughout

each hydrologic year and on the evolution of discharge variability from past to present.

3.2.3 Recession analysis
The hydrologic recession of a spring refers to the final stage of the depletion limb of the hydrograph where
discharge is solely contributed by groundwater from the aquifer with no perturbation induced by active
direct recharge or fast-flow from the surface. This stage provides valuable information about a combination
of intrinsic aquifer features, encompassing transmissive capacity (i.e. hydraulic conductivity) and storage
capacity (i.e. storativity and size of the reservoir) (e.g. Azeez et al., 2015; Tague and Grant, 2004). The
recession curves of the monitored hydrologic years 2020-21, 2021-22 and of the historic ones 1914-15,
1915-16, 1916-17, 1917-18 were analyzed using the Maillet model (Maillet, 1905) which represents a linear
approximation of the nonlinear quadratic spring reservoir depletion model proposed by Boussinesq (1904).
According to Maillet, the relationship between groundwater discharge and time follows the exponential
decay of Eqg. (1) in the absence of external influences, such as active recharge from precipitation,
groundwater abstraction, or evapotranspiration affecting the saturated zone:
(1) Qt=Qoe™
where Q; and Qo are the flow rates (L3/T) at time t (T) and at the beginning of the base-flow recession,
respectively, and a is a constant (T™!) representing storage lag-time. o is known as the “Maillet recession
coefficient” and it is related to the time required to halve the recession discharge (tos) as shown in Eq. 2:
(2) a=-[(In0.5)/tos]
From a mathematical perspective, Eq. (1) has been described as the most convenient model for analyzing
spring recession in different geological settings, including karst (Cerino Abdin et al., 2021; Dewandel et al.,
2003; Medici et al., 2023). Despite its simplicity, Eq. (1) has previously been shown to accurately represent

the recession response of most Northern Apennines springs (Gargini et al., 2008; Segadelli et al., 2021).
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For the six hydrographs analyzed in this study, the recession curve was selected as the final linear segment
of the depletion limb on a semi-log plot (i.e. Log Q VS time), resulting in varying starting times and durations

among different years.

3.3 Hydrochemistry and water isotopes

High-frequency automatic groundwater sampling was performed between January 2022 and February 2023
using a programmable ISCO series 3700 sampler. A total of 384 samples were collected every 12 or 24 hours
in 500 mL polypropylene bottles. The collection was interrupted for a total of 57 days distributed along the
sampling period due to temporary malfunctioning of the sampler. Specific electrical conductivity (EC,
compensated at 20°C) and pH were measured in each sample with a HACH-HQ30D probe. 38 samples were
selected within the period from January 19t 2022 to November 23™ 2022, for the analysis of major cations
(Na*, K*, Ca?*, Mg?*). The samples were selected following a regular time step of approximately 7 days.
Cations were analyzed by ICP-OES (Inductively Coupled Plasma — Optical Emission Spectroscopy) using an
Agilent series 5800. The analysis was performed on filtered (0.45 um) and acidified aliquots at the
laboratory of the "Centro Ricerche Energia, Ambiente, Mare" located in Marina di Ravenna.

Seven additional groundwater samplings were performed at Nadia Spring in June and November 2011, May
and September 2014, May and August 2017, May and October 2021, for the analysis of major cations and
anions. The first six samples were collected and analyzed in the Laboratories of Regional Environmental
Protection Agency (ARPAE) following standardized procedures. The last two samples were collected for this
study by filling a 250 mL bottle stored at 4 °C until analysis. The analysis was conducted in Laboratory of the
GruppoHERA water company following the standard methods EPA 300.1 1997 and APAT-CNR-IRSA 29/2003
(sections 2010, 2090, 3010, 3020).

Four samplings were performed in February, June, September 2021, and January 2022 for stable water
isotope analysis (6'80 and 3H). Samples were taken in 250 mL PET bottles from Nadia Spring and from a
rain sampler installed in the recharge area of the spring at an elevation of 752 m asl, for cumulated monthly

rainfall collection (Fig. 1b). The analysis was performed using a laser-based isotope analyser (Picarro L2140-
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i) at the University of Natural Resources and Life Sciences, Vienna, Austria. Each sample was measured up to
nine times and referenced using internal standards. These standards (deionized Baltic sea water (—6.31%o
for 680 and -45.8%. for 82H) and tap water (-11.16%o for 5§80 and -75.6%. for §%H)) are twice a year
calibrated against international standards. The isotope ratios were given in the 6 notation in %o relative to

the Vienna-Standard Mean Ocean Water (V-SMOW).

3.4 Analysis of the recharge-discharge time lag

A number of discharge indicators, namely spring discharge (Q), EC, pH, total concentration of major cations
(TCC), were exploited to investigate the time lag between the main recharge inputs (represented by the
main precipitation events) and the consequent discharge output at the spring. The values of the indicators
were derived from the monitoring described in Sections 3.2.1 and 3.3. TCC represents the sum of cation
concentrations (meq/L) and is considered a proxy of groundwater salinity. As such, it is expected to be
inversely correlated to the degree of dilution induced by the arrival of newly infiltrated water from
precipitation. Daily precipitation data were acquired from a meteorological station managed by the Regional
Agency for Prevention, Environment and Energy (ARPAE), namely “Riola di Labante” (Fig. 1a). The station
was selected as the most representative of the Nadia Spring recharge basin based on its location and
altitude (623 m asl).

The analysis was conducted separately on two monitoring periods characterized by different hydrological
regimes (as suggested by the results of Section 4.2): (1) the hydrologic year 2020-21 (data available from
December 2020 to October 2021), characterized by higher spring discharges; (2) the hydrologic years 2021-
2022 and 2022-2023 (data from November 2021 to March 2023), characterized by lower discharges. The
two periods will be identified hereafter as “high-flow period” and “low-flow period”, respectively. The
monitoring of Q covers both the high-flow and low-flow periods whereas EC, pH and TCC are only available
for the low-flow period.

The cumulative precipitation over 5 days was tentatively correlated, by means of bi-variate analysis, with

the average values of Q, EC and pH in the same 5 days. Cumulative precipitations lower than 25 mm were
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eliminated from the dataset since it was proven, through an iterative trial and error series of correlation
with different threshold values, that these would not have significant effects on spring discharge. Due to a
low number of snowfall events during the 2020-23 monitoring period, it was not possible to perform a
separate analysis on the effect of liquid versus solid precipitation (see further details in the SM). The
discharge indicators were progressively shifted forward in time from 0 to 90 days, using a five-day
increment. The five-day increment was chosen in order to smooth the roughness and intrinsic measuring
uncertainties associated to the daily acquisition. For each time lag increment, the degree of linear
correlation between recharge and discharge indicators was quantified by the coefficient of determination R?
(see the correlation graphs in the SM). Two R? thresholds will be used to describe the time-lag analysis,
corresponding to 0.6 and 0.3. These thresholds serve a primarily qualitative purpose, supporting the
categorization of correlations into three groups: strong correlations (R?> 0.6), weaker correlations (0.6 < R?<
0.3), and the absence of correlation (R, < 0.3). When analyzing the correlation between precipitation and Q,
a R?> 0.6 suggests a clear association between these variables, likely reflecting the occurrence of
preferential flow paths, such as open fractures or conduits, connecting the recharge area to the discharge
point. As the correlation weakens, it might indicate a shift towards a more diffuse drainage network,
resulting in a less defined signal of spring discharge in response to recharge events. Conversely, when
examining EC or pH, a strong or weak inverse correlation with precipitation would indicate the arrival of
newly infiltrated water. An absence of correlation, on the other hand, suggests that a discharge increase at
the spring is driven by pressure transfer from the recharge area to the discharge point, i.e., increase of the
hydraulic head in the recharge area with a subsequent increase of the hydraulic gradient in the aquifer.
During the timespan covered by TCC analysis, a comparison was performed between dilution events, i.e.,
variations of the parameter compared to its averaged value along the monitoring interval and five-day

cumulative precipitation greater than 25 mm, in order to search for identifiable recharge-dilution time lags.

3.5 Artificial tracer test
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On January 10t 2023, a tracer test was performed involving the injection of 50 g of Uranine into a hole
corresponding to an enlarged vertical fracture oriented NW-SE, aligned to the principal system of
extensional fractures affecting the PAT Formation (Stendardi et al., 2023). The hole had previously been
identified as a karst morphology by local speleological associations (Lucci and Rossi, 2011). It is located at an
altitude of 721 m asl, 166 m higher than the spring, at a planar linear distance of 313 m (Fig. 1b). Uranine
was injected by pouring in 1.5 L at a solution of 33 g/L. In order to ensure the effective migration of the
tracer through the unsaturated portion of the aquifer, estimated to be thicker than 120 m at the injection
point, the solution was simultaneously introduced with 8000 L of water from a tanker truck. The truck was
positioned 470 meters from the injection point at an altitude 42 m higher. A series of connected hoses
facilitated the gravity-driven transport of water to the injection site through a wooded area hardly
accessible by vehicles. Precipitation amounted to 13.6 mm on the day before the injection, and to 1.8 mm
on the day of the injection.

The arrival of the tracer was monitored at Nadia Spring for 41 days after injection through the automatic
groundwater sampling described in Section 3.3. From each of the 500 mL ISCO samples collected during the
tracer monitoring period, a 100 mL nontransparent HDPE bottle was filled to determine Uranine
concentration. Bottles were kept in darkness and stored at -2 to -8 °C until analysis. Additionally, charcoal
bags were installed at the spring to detect Uranine arrival. Three bags remained in place for 71 days after
injection, while another six were replaced at intervals ranging from 15 to 36 days, allowing for an 8 to 21-
day overlap between consecutive bags. Following retrieval, the bags were air-dried in darkness and
subsequently packed in individual plastic bags to avoid cross-contamination. The analysis of Uranine in
water samples and charcoal bags was conducted in the laboratories of the Institute of Applied Geosciences
at KIT (Karlsruher Institut fiir Technologie, Germany). Water samples were measured at an alkaline pH to
increase the fluorescence yield. The analysis was performed using a fluorescence spectrometer LS55 by
Perkin Elmer with the synchronous scan method. The desired wavelength range is traversed synchronously
with a constant wavelength difference between excitation wavelength and emission wavelength. The

advantage of this method is the formation of clearly identifiable peaks for each fluorescent dye. The device
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allows to measure at two different voltages (650 V and 900 V) in order to set an optimum measurement
range, with a limit of detection of 0.005 pg/L. At first, all samples were measured with a voltage of 900 V.
When the tracer concentration was too high (out of range for this voltage), the voltage was set to 650 V. For
sample preparation of the charcoal bags, 0.5 g £ 0.1 g of charcoal were weighted and filled in a centrifuge
tube. Subsequently 5 ml of eluent (50% NaOH and 50% 2-propanol (> 99.8% purity, Carl Roth GmbH,
Germany)) were added and mixed for 4 hours at 60 rpm under dark conditions. The supernatant was then
measured as described above for water samples. Charcoal samples were categorized as either “positive” or
“negative” based on Uranine detection, while those showing uncertain (very weak) fluorescence peaks were

labeled as “likely positive”.

4 Results

4.1 Geomorphological and structural analysis

The geomorphological survey confirmed that the entire western sector of the study area is affected by a
deep-seated gravitational deformation (DSGD) located on the steep slope above Nadia Spring (Fig. 2). This
specific landform likely results from the lateral spreading of the cohesive and tectonically fractured units
with strong mechanical contrast, such as ED units, over the underlying ductile terrains of the Ligurian
Domain (Mariani and Zerboni, 2020; Pasuto and Soldati, 2013; Pasuto et al., 2022). At the margin of the N
slab, failure surfaces are produced evolving into complex landslide movements with toppled and slipped
masses of PAT Formation (M. Asinello area in Fig. 2). The field analysis in the area of the DSGD has revealed
the presence of two main gravitational morpho-structure types that fall within two major groups: 1)
topographic anomalies, such as scarps and counter-slope scarps, and 2) trenches. In particular, the
gravitational trenches are up to 500 m long and 110 m wide and usually oriented parallel to the slope strike.
These structures are preferentially developed along inherited discontinuities of the PAT Formation oriented
NNW-SSE. The trenches fill deposit consists of silts, clayey silts and fine sands of few meters thickness.

The field structural survey allowed the collection of over 600 observations of bedding, faults, and

fractures/veins. The data show that bedding dips moderately to slightly eastward, northward, or southward,
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whereas faults and fractures/veins exhibit more variable orientations (Fig. 3a). The statistical analysis
performed on the 160 fault data shows a dominant strike approximately oriented ENE-WSW (Gaussian
curve n°1in Fig. 3b), with a central value that deviates by approximately 12°. Orientation represented by
the Gaussian curve n°5 can also be included in this set. These structures have an anti-Apennine orientation,
parallel to the VLSS system. Based on field observations, the ENE-WSW-striking faults are characterised by
mature damage zones, in which interconnected shears creates an articulated fracturing network along the
fault strike. Some of these faults show significant offsets juxtaposing the PAT Formation with other less
permeable formations (see sections in Fig. 1c). A second main strike is oriented WNW-ESE (Gaussian curves
n°2 in Fig. 3b), with a central value that deviates by about 10° from the preferred direction. A third main
strike is oriented NNW-SSE (Gaussian curve n°3 in Fig. 3b), with a central value that deviates only 5° from
the preferred direction. Structures pertaining to curves n°2 and 3 align with the Apennine orientation.
These faults and fractures generally show single open surface and limited (or absent) damage zone. Finally,
two subordinate strikes can be extracted from the statistical analysis, both oriented approximately NNE-
SSW (Gaussians n°4 and n°6 in Fig. 3b).

The optic and acoustic televiewer borehole logs performed nearby the N slab revealed fractures with
decimetric apertures as deep as 61 to 71 m below ground surface (bgs), featuring irregular surfaces (see
SM) most likely resulting from the chemical dissolution of the calcareous matrix of the Pantano arenites.
The orientations of the open fractures align with the Apennine WNW-ESE and NNW-SSE directions

identified for deformation structures in the N slab at the filed scale (i.e. Gaussians n° 2 and 3 in Fig. 3b).
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386  Figure 2: main geomorphological elements characterizing the N slab in the vicinity of Nadia Spring. See
387  Figure 1 for the map location and the complete geological legend.

388

b total data: 160 )

a  bedding fractures/veins

n°=261 '

389 ’ = 0

390  Figure 3: structural data: (a) stereographic projections (Schmidt net, lower hemisphere) of the main

391  structural elements observed in the N slab during field surveys; (b) Rose diagrams (Daisy 3 version 5.40;
392  Salvini et al., 1999) reporting the strike values of faults mapped in the study area. The red field (named 1)
393 represents the dominant trend, while the purple field (named 6) is the least representative.

394

395 4.2 Spring hydrographs

396  The spring hydrograph of the hydrologic year 2020-21 shows a rising limb since December 2020 (start of

397  monitoring) reaching a discharge peak of 64 L/s at the beginning of March 2021 (Fig. 4). This is followed by a
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depletion limb down to a minimum of 42 L/s at the end of October 2021. The average yearly discharge is 54
L/s. The typical rising limb of the winter-spring recharge season is almost missing in the following year 2021-
22. As a result, discharge variability along the year is limited compared to the preceding year, with
maximum, minimum and average values of 48, 39, and 42 L/s, respectively. The available dataset for the
year 2022-23 is limited to the first four months, from November 2022 to March 2023. Within this limited
timespan, the average, minimum and maximum values are of 40, 38 and 43 L/s, respectively. It is worth
noting that for the second consecutive year no evidence of a clear rising limb was registered during the
recharge season.

Noticeable differences between the two complete yearly time series of 2020-21 and 2021-22 are observed
in the maximum discharge values and yearly averages, showing a decrease of 16 and 12 L/s from 2020-21 to
2021-22, respectively. The difference is less pronounced (3 L/s) for minimum discharge values. The distinct
discharge patterns observed in 2020-21 (higher flow) and 2021-22 (lower flow) are in line with the
precipitation and air temperature trend of those two years (see SM), which suggest reduced aquifer
recharge in 2021-22. The later year is also known to have been affected by a severe drought in the
investigated region (ARPAE, 2023).

The hydrographs of the four hydrologic years from 1914 to 1918 show overall higher discharge values
compared to the two more recent hydrographs of 2020-22 (Fig. 5a). The average discharge of the period
1914-18 is 92 L/s, which is almost twice the average value of 2020-22 (48 L/s). Moreover, the hydrographs
from the past century show higher variability throughout the year, with peak discharge reaching up to 140
L/s and minimum values going down to 63 L/s. The differential between minimum and maximum discharge
within a hydrologic year averaged 81 L/s at the beginning of the last century, but reduced to 16 L/s in the
more recent years. In the years 1915-16 and 1917-18, the winter-spring rising limb is less evident on the
hydrograph compared to 1914-15 and 1916-17. This is in line with the precipitation trend monitored
through those years, which appears to work as an effective recharge indicator during the time-span covered

by the historical discharge monitoring (see SM).
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423 On all available hydrographs, a recession curve was identified starting in the 8 or 9™ month of the

424 hydrologic year (Fig. 5a). Despite a good fit between the recession curves and the exponential model of
425 Maillet, with an R? always higher than 95%, the recession coefficient (a) shows slight albeit systematic
426 differences among the years. The past century recorded higher values ranging between 3.2e-3 and 2.2e-3
427 day?, while recent years showed lower values ranging between 1.6e-3 and 1.3e-3 day™. A direct linear

428  relationship was found between a and the spring discharge at the beginning of the recession curve (Fig. 5b).
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429
430  Figure 4: hydrograph of the total discharge of Nadia Spring (including uptake and overflow) from December
431 2020 to March 2023. The hydrological years are indicated by red dashed lines. Daily precipitation from the

432  Riola di Labante meteo-station is included for comparison. The typical Northern Apennines recharge season
433  jsshaded in grey.

434
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Figure 5: yearly hydrograph analysis: (a) historical (1914-18) and recent (2020-22) yearly hydrographs of
Nadia Spring. The x-axis represents months since the start of the hydrological years, with the first month
varying between September and November based on the year. Historical hydrographs are based on monthly
measurements, and since the precise monitoring date is unknown, discharge values were plotted on the 15%
of each month. The exponential Maillet models used to fit the recession limb of the six hydrographs are
represented with dashed lines; (b) linear relationship between the recession coefficient a and the spring

discharge at the beginning of the recession season.

4.3 Major ions and water stable isotopes
The major ion composition of spring water is similar through the different sampling years and seasons,
showing a dominant Ca-Mg-HCOs hydrochemical facies (Fig. 6a), that is common to other springs in the

Northern Apennines area, as reported by Hajek et al. (2021).
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The stable isotope composition of the four spring water samples shows a narrow range between -10.1 and -
9.8 %o for 880, and between -65.6 and -63.6 %o for 82H (Fig. 6b). In contrast, rainwater collected in the
spring recharge area exhibits much higher variability with values ranging from -12.4 to -3.5 %o for 680, and
from -84.4 to -19.8 %o for 8*H. The most depleted rain samples were collected during the winter months
(February 2021 and January 2022) whereas the more enriched samples correspond to June and September
2021. All the samples align along the Northern-Italy Local Meteoric Water Line (Giustini et al., 2016) with
spring water being closer to the winter rain end-member. Together with the low variability in spring water
isotopes for the period February 2021 to January 2022, this suggests a well-mixed water reservoir with

higher contributions of recharge from winter precipitation.
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Figure 6: groundwater chemistry: (a) Schoeller diagram illustrating the major ion composition of spring
water on a seasonal scale from 2011 to 2021; (b) seasonal water stable isotope composition of spring and
precipitation samples collected between 2021 and 2022. The Northern-Italy Local Meteoric Water Line

(NMWL) is represented by a dashed grey line.

4.4 Recharge-discharge time lag

The analyzed time lags between recharge events and discharge indicators, ranging from 0 to 90 days, were
divided into three main intervals considering the predefined R? thresholds of 0.3 and 0.6 (Fig. 7a): (1) strong
correlation with Q (R*> 0.6) within the first 0 to 15 days of time lag, observed only during the high-flow
period of 2020-21, indicating the arrival of newly infiltrated water through preferential flow paths; (Il) weak
correlations (0.6 > R?> 0.3) with Q and EC between 15 and 65 days of time lag, suggesting the arrival of
newly infiltrated water through diffuse flow paths of varying lengths. Notably, a strong correlation with pH
emerges at a 35-day time lag, exhibiting a 20-day delay compared to EC. This observation implies that some
acidification reactions may take place as direct recharge from precipitation moves through the extensive
unsaturated zone. Indeed, previous literature has noted that a significant portion of the CO, found in
groundwater originates from biological processes in the soil (Hartmann et al., 2014). It may then require
several weeks for these reactions to cause a noticeable decrease in pH in spring water; (Ill) weak correlation
with Q and an absence of correlation with EC and pH (R? < 0.3) from 55 to 90 days of time lag, indicating
that the most delayed increases in discharge are likely induced by pressure transfer within the reservoir. It is
important to note that the variability of EC and pH during the monitoring period was limited. EC ranges
from 408 to 640 uS/cm with an average of 572 uS/cm and a standard deviation of 37 uS/cm, while pH varies
between 7.7 and 8.4 with an average of 7.9 and a standard deviation of 0.2. This overall stability is
consistent with the observations on the chemical and isotopic composition of spring water (see Section 4.3).
In this context, even slight variations of the parameters may be useful to discriminate among different

processes affecting the groundwater flow system.
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Six precipitation events occurred during the TCC monitoring (Fig. 7b). Each of them induced an appreciable
dilution on spring water, with variable time lags in the range of 16 to 34 days from the recharge event to the

start of the dilution signal.
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Figure 7: Time lag analyses: (a) linear correlations between recharge and discharge indicators at increasing
time lags. Dashed black lines indicate the different correlation thresholds. Grey bars denote partial overlaps
between the three intervals identified by the analysis; (b) identification of time lags between precipitation

events and decreases in TCC below the average of the monitoring period (5.8 meq/L). The dashed black line

indicates a deviation of 0 from the average. Progressive numbers identify the main precipitation events and
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the associated dilution effect on spring water. The time lags for each event are summarized in the lower

right corner.

4.5 Artificial tracer test

The water samples occasionally exhibit peaks in Uranine concentration during the 41 days of sampling,
ranging from 0.01 to 1.12 pg/L (Fig. 8). The earliest detections occurred 1 to 4 days following injection, with
a peak value of 0.28 pg/L. Tracer arrival in this early interval was likely influenced by the relevant volume of
water introduced during the tracer injection. Nevertheless, the result demonstrates the existence of rapid
flowpaths between the injection point and the spring, with a maximum velocity of Uranine transfer in the
range of 78 to 313 m/d (considering a planar distance of 313 m from injection to detection).

The two highest concentration peaks were observed between February 21 and 23™ (42 to 44 days post-
injection), with values of 0.5 and 1.1 pg/L, respectively. The primary recharge event preceding these peaks
took place between January 21t and 25™, with a total amount of precipitation of 41 mm (i.e. >25 mmin 5
days). The time lag between the recharge event and the two peaks is 27 to 33 days. The tracer transfer
velocity associated with these peaks is between 12 and 9 m/d.

Throughout the tracer monitoring period, the spring discharge remained relatively stable, ranging from a
minimum of 37.9 L/s to a maximum of 43.1 L/s, with an average of 39.8 L/s (see Fig. 4). Based on daily flow
rates and detected tracer concentrations, it was estimated that about 4.5 g of tracer were recovered,
accounting for approximately 9% of the total injected mass of 50 g. Of the 4.5 g recovered, 2.8 g reached
the spring outlet in correspondence of the two main peaks of February 21 and 23™. The small mass of
tracer recovered in the first 41 days after injection can likely be explained assuming that some tracer have
remained in the unsaturated zone and has been flushed out by subsequent meteoric events after the
monitoring period ended.

The evidence provided by charcoal bags largely align with water samples, confirming the arrival of Uranine
between January 25" and February 14", and suggesting a probable occurrence between February 2" and

March 7%, which coincides with the period of observation of the major peaks in water samples. However,
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the negative result between February 14" and March 22™ appears inconsistent with the tracer detection in
water samples. This discrepancy could be attributed to possible tracer desorption or biological degradation,
which were previously hypothesized as reasons for decreased tracer concentration in charcoal that remains
in water for an extended amount of time (Aley, 2019). The bag's total residence time was 36 days, extending
up to 24 days after the arrival of the last recorded Uranine peaks. Eventually, the three bags left in place
throughout the entire monitoring period (not shown in Fig. 8) were affected by significant background

noise, which hindered the possible detection of Uranine trace on the charcoal.

| BN precipitation —e— Uranine  ®  Uranine < LOD
12 - . - - . 0
I T |
1 5
0.8 10
5
= =]
= 06 15 =
= £
= o £
0.4 20
-]
0.2 25
e @ P o ° * 00
0 oo 9 @m0 00° 9° osooseeee " ossseeesees’> C ¢ Co 30
charcoal bags:
| positive likely positive negative|
on [13] o on [13] m [12] [13] (23] o [12] [a2] o on (23]
o o o~ o o o~ o o o~ o~ o o~ o~ o o~
R e s R e e ) . T e e T e ) T
= = = = = g & o o i < < @ < <
[=] w [=] ) [=] =t a =t (=2} =t - [f=] - [¥=] -
— — o~ ('] (4] — — o~ — — o~

Figure 8: main results from the artificial tracer test. The concentration of Uranine measured in water
samples are represented along with the information provided by charcoal bags. Concentrations below the
Limit of Detection (LOD = 0.005) are represented as 0 for graphical purposes. The graph covers the tracer
monitoring period from January 10 (day of injection) to March 22™ (collection of the last charcoal bag).

Daily precipitation data from the Riola di Labante meteo-station are included for comparison.

5 Discussion
5.1 Factors enhancing the Nadia Spring yield
The hydrological response of Nadia Spring resembles that of many springs in the Northern Apennines that

exhibit a rising discharge during winter and spring, followed by a declining discharge in summer and fall.
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The magnitude of the Nadia Spring rising limb in each hydrological year depends on the amount of recharge
during that year, with higher discharge peaks in years of greater recharge. This discharge response is typical
of Northern Apennines springs due to their short groundwater flow paths, which make them responsive to
local recharge patterns (Gargini et al., 2014). However, Nadia Spring stands out with a unique base flow
contribution of approximately 40 L/s at the end of the decreasing limb when most other Northern Apennine
springs approach zero flow, leading to drinking water supply issues (Cervi et al., 2018).

A crucial factor that explains the increased yield of Nadia Spring is the presence of a significant groundwater
reservoir that supplies the spring. This is supported by the notably low Maillet recession coefficient a,
averaging 2.4e-3 d! over the monitored years. In contrast, the dominant a values in the Northern
Apennines region are typically one order of magnitude higher (Gargini et al., 2008), indicating smaller
reservoirs (Tallaksen, 1995). Nadia Spring is situated at the lowest topographic elevation along the edge of
the N slab, corresponding to the bottom elevation of the PAT Formation (see Fig. 1c). As a result, it serves as
the most natural discharge point of the slab. Moreover, unlike the typical Northern Apennine setting where
a large number diffuse outlets are associated with one groundwater reservoir (Gargini et al., 2008), in this
case, several factors have led to the concentration of drainage from the N slab into one primary discharge
point which is Nadia Spring. These factors are discussed in more detail in subsections 5.1.1 to 5.1.3 and

include structural pattern of faults and fractures, the presence of slope instabilities, and karst dissolution.

5.1.1 Structural pattern

The anti-Apennine striking faults, aligned with the VLSS, are the most recurrent features in the area based
on field data analysis. The primary and most continuous lineaments in the N slab follow this direction (Fig.
1b). These main structures likely constrain groundwater flow, as supported by the following observations:
(1) some of the NE-SW structures create significant offsets, restricting the lateral continuity of the PAT
aquifer (Fig. 1c); (2) Balocchi (2014) reported the presence of cataclasites on the major Anti-Apennine

lineaments of the N slab (Fig. 1b), assigning them the role of flow barrier (Caine et al., 1996).
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Apennine-oriented structures come second in terms of prevalence in the area. These are generally cut and
displaced by the anti-Apennine-oriented faults (as visible in Fig. 3b and previously noted by Balocchi (2014).
These structures, with their two primary strikes NNW-SSE and WNW-ESE, effectively "unlock" the rock mass
within NE-SW “channels” delimited by anti-Apennine structures. Presumably, the Apennine striking
structures serve as planes of weakness that enhance the rock mass's permeability, based on the following
lines of evidence (discussed more in detail in the subsequent sections): (1) the development of a DSGS
along Apennine-oriented planes of weakness (see Section 5.1.2); (2) the observation of karst dissolution
along deep-seated Apennine-oriented structures in the borehole near the N slab (see Section 5.1.3).
Additionally, the wide fracture chosen as injection points for the tracer experiment (see Section 3.5) also
exhibit an Apennine strike (NNW-SSE), further confirming the presence of enlarged structures in that
orientation. Finally, during the excavation of the drainage tunnel for spring uptake, which is oriented along
the anti-Apennine direction, Vecchi (1920) reported groundwater inrush from fractures perpendicular to the
tunnel's alignment, indicating an Apennine orientation.

As a result, the Apennine-oriented structures plausibly form the primary network for groundwater flow,
facilitating the circulation of groundwater throughout the saturated part of the N slab. This circulation
predominantly aligns with the anti-Apennine-oriented structures, which mostly act as no-flow boundaries.

Groundwater is consequently conveyed from the northeastern sector of the N slab toward Nadia Spring.

5.1.2 Slope instabilities

The relaxation of stresses caused by the DSGS (classified as lateral spreading) along the edge of the N slab
results in the formation of features like trenches and scarps/counter-scarps. These features can locally
enhance the permeability of the unsaturated zone, allowing for concentrated recharge in the vicinity of the
spring. Furthermore, it is highly probable that a localized drop in groundwater levels is associated with the
observed increase in permeability in the DSGS area. This may lead to additional drainage from the

surrounding regions toward the spring area. It is important to note that the morpho-structures related to
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lateral spreading align with Apennine-oriented faults and fractures (Fig. 2), which likely played a significant

role in initiating and shaping the instability processes.

5.1.3 Rock dissolution

The chemical composition of groundwater suggests a significant interaction with a carbonate matrix,
pointing to the likelihood of karst dissolution (Wijayanti and Dalmadi, 2021). This dissolution process could
primarily impact either the calcitic cement/matrix of the calcarenite rock mass of PAT, or the
limestone/dolostone clasts within the skeleton (the occurrence of non-negligible Mg content in the
groundwater suggests the presence of dolomite in these clasts). Furthermore, there have been previous
observations of travertine deposits at various spring outlets within the same aquifer lithology, as
documented by Cantonati et al. (2016). This supports the hypothesis of an enrichment of CaCOs in the
water during underground flow. Additionally, the discovery of wide discontinuities with apertures of up to
20 cm, identified at depths of 61 and 71 m bgs through televiewer borehole logging, provides further
evidence of karst dissolution within the studied lithology. The borehole observations suggest that
dissolution is primarily occurring along preexisting Apennine-oriented fractures. Karst dissolution is likely to
increase the overall permeability of the aquifer and promote the development of preferential groundwater

flow paths within the rock mass, as discussed further in Section 5.2.

5.2 Evidence of dual porosity in the N slab

The inferred occurrence of karst dissolution within the N slab is expected to trigger the development of a
hierarchical groundwater flow system over time, which eventually results in a more focused drainage of
groundwater towards a limited number of larger discharge points (Hartmann et al., 2014; Worthington and
Ford, 2009).

The findings from the analysis of recharge-discharge time lags suggest the existence of a dual porosity
system connecting the recharge area to Nadia Spring. This system consists of both fast-flow conduits and a

diffuse fracture network. An additional contribution from matrix porosity, often observed in relatively young
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carbonate systems (Kresic and Stevanovic, 2010), cannot be definitively ruled out. However, information on
matrix porosity in the investigated calcarenitic lithology of PAT is currently unavailable and should be the
focus of further investigation efforts.

In the fast-flow system, which comprises enlarged fractures, newly infiltrated water is rapidly drained
towards the spring (within 15 days after major recharge events, i.e. > 25 mm in 5 days). However, it is worth
noting that these preferential flow contributions are likely minor (less than 10%), as indicated by results
from the artificial tracer test. The fast-flow system appears to be active primarily during periods of high-flow
hydrological conditions (monitoring year 2020-21), suggesting that the conduits become active when
hydraulic head stands higher. Gradually, a signal from a more diffuse system becomes predominant during
lower-flow conditions, resulting in variable time lags (between 15 and 65 days) for newly infiltrated water to
reach the discharge outlet in response to major precipitation events. Over longer timescales (starting from
55 days of time lag), this same diffuse system appears to convey water stored in the reservoir through
pressure transfer. Cationic composition data (TCC) during low-flow conditions support the estimated
response times for newly infiltrated water through the diffuse drainage system following major precipitation
events, with time lags ranging between 16 and 34 days.

Artificial tracing results also aligns with these response times, showing initial tracer arrival within a few days
after injection, most likely due to due to activation of fast-flow circuits because of the large volume of water
injected during the experiment. The later, more concentrated tracer arrival is consistent with the previously
inferred transfer times of newly infiltrated water through the diffuse drainage system (between 27 and 33
days of time lag). Notably, the tracer transfer velocity associated with the diffuse drainage system (ranging
from 12 to 9 m/d) falls within the range of values obtained experimentally by Vincenzi et al. (2014) for
turbiditic sandstone aquifers characterized by diffuse groundwater flow networks (2 to 20 m/d). Conversely,
the higher transfer velocity linked with fast-flow circuits (ranging from 313 to 78 m/d) more closely
resembles the values observed by the same authors in a marly calcareous turbiditic aquifer affected by karst
dissolution (94 m/d). These observations corroborate the hypothesis of a dual porosity system comprised of

fast flowpaths associated with a diffuse fracture network.
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The analysis of recent and historical hydrographs emphasizes once again the occurrence of a dual porosity
system. The spring's recessive response observed over the past century (from 1914 to 2022) indicates
progressively slower flow of recharge water as the discharge at the start of the recession limb decreases. In
particular, the historical hydrographs are characterized by higher recession coefficients indicating faster
flows between the recharge area and the spring, with larger flow variability observed throughout the
hydrological year between the recharge and the recession seasons. This response is plausibly related with
the existence of fast flow-paths connecting the recharge area to the spring, facilitating the transfer of newly
infiltrated water as well as rapid responses to pressure changes. In more recent years (2020-2022
hydrographs), lower recession coefficients were observed in conjunction with reduced flow variability
throughout the year. This is most likely attributable to groundwater flow occurring through slower circuits

with a diffuse character.

5.3 Resilience to climate change

From various angles, Nadia Spring exhibits remarkable stability and an inertia towards the year-to-year
fluctuations in recharge factors. From a hydrological perspective, the minimum spring discharge values
remain consistently stable throughout the recent years being apparently unaffected by annual variations in
recharge. For instance, when comparing the hydrographs of 2020-21 and 2021-22, the latter shows only a
minor decrease in the minimum annual discharge, even in the face of an exceptional drought during the
recharge season. This implies that reductions in recharge primarily affect the peak phases of the yearly
hydrograph but leave the minimum discharge almost unimpacted. This suggests significant resilience of the
spring to individual dry years, ensuring it continues to provide an ecosystem service with a sufficient flow
rate even in critical summer seasons.

From a geochemical perspective, the groundwater composition (i.e. major ions and stable isotopes) remains
highly stable across seasons or even years, indicating a well-mixed aquifer reservoir supplying the spring.
This is in contrast to heterogeneous media like real karst aquifers, which exhibit a strong hydrochemical

variability over time (Sanchez et al., 2015). Thus, the observed chemical consistency further supports the
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hypothesis of a substantial contribution from a diffuse drainage system in recent years, as previously
discussed in Section 5.2. Water isotopes additionally suggest that most recharge occurs during the winter-
spring period when the combination of higher precipitation and lower temperature maximize the water's
capacity to penetrate the unsaturated thickness of the system (Thornthwaite and Mather, 1957).

The rare opportunity to examine century-old hydrographs of the spring has allowed for notable
observations regarding its interdecadal resilience in the face of discharge reductions caused by century-
scale climate change. The significant decline in Nadia Spring's discharge since the early 21° century, a trend
also observed in other Mediterranean regions and attributed to documented reductions in recharge season
precipitation and snow-related parameters (e.g., Dragoni and Sukhija, 2008; Fiorillo et al., 2021), suggests a
limited resilience of the spring to long-term recharge variations. However, the observed relationship
between the initial discharge during the recession and the recession coefficient (Fig. 5b) indicates an
increasing laminar capacity of the aquifer over time (i.e. decrease of discharge variability along one single
year and increased stability of the minimum discharge values over different years). This change should be
linked to the previously inferred transition in recent years towards a more diffuse drainage system. This
diffuse system is most likely located at lower altitude in the reservoir, so that the more dynamic fast-
flowpaths are activated only when the hydraulic head in the aquifer is higher. As a result, future decreases
in spring discharge due to reduced recharge may be less severe compared to the past, potentially enhancing

the interdecadal spring's resilience to climate change.

6. Conclusions

A strategic spring resource in the Northern Apennines was explored due to its unique characteristics
regarding discharge magnitude and consistency. This study employed an unprecedented combination of
traditional geological and hydrogeological field investigations, continuous monitoring of recharge- and
discharge-related indicators, an artificial tracer experiment, and an analysis of spring hydrographs dating

back a century. These methods enabled us to unravel the factors contributing to the spring’s distinctive
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features. The investigative approach presented here can serve as a valuable model for similar
hydrogeological settings when studying and assessing local strategic groundwater discharge points.

In the case of Nadia Spring, several factors influence the spring's response to recharge fluctuations. These
include an extended groundwater reservoir supplying the spring, a complex network of fractures that
constrain groundwater flow toward highly transmissive channels, a slab structure that triggers slope
instability along its margins, and a high carbonate content in the rock mass favoring karst dissolution. This,
in turn, facilitates active aquifer recharge in the occurrence of abundant precipitations during the winter-
spring season and hierarchizes groundwater flow towards one main outlet. All these conditions favor an
increased yield for the spring, as well as resilience to variations in recharge on an inter-annual scale. On the
other hand, over several decades or centuries, the spring’s discharge appears significantly affected by
reduced recharge due to climate change. These long-term effects are particularly evident in terms of
decreased peak discharge. Nevertheless, the capacity of the aquifer reservoir to store recharge water acts
as a buffer mitigating the risk of an excessive decrease in spring discharge during future drought conditions.
The hydrodynamics of the spring indicate the presence of a dual porosity, characteristic of variably karstified
systems, whereas karst dissolution is not commonly observed in arenitic aquifers. However, as hydraulic
head and spring discharge decrease over time due to climate change-related discharge reductions, a
significant portion of the fast-flow preferential system seems to deactivate gradually, possibly because of its
higher elevation within the aquifer, which is gradually depleting. The primary spring discharge contribution
today appears to originate from a diffuse drainage system, which likely constitutes the deeper portion of the
aquifer. The dual porosity structure would then explain the different response observed in the spring one
century ago compared to today.

A critical element that has allowed us to understand the spring's discharge response and draw conclusions
about its resilience is the combination of a long-term monitoring of hydrological (including uptake and
overflow) and hydrochemical parameters. Century-long spring discharge monitoring is a rare find in the
existing literature and, in cases where it is available, as in the instance of Nadia Spring, it allows unveiling

the significant impacts of climate change on discharge. Another crucial aspect has been the continuous
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715 monitoring of spring discharge and chemistry during an exceptionally dry period spanning from 2021 to
716 2023. Such monitoring has emphasized the resilience of discharge in severely dry years, attributed to the
717 drainage capacity of the diffuse fracture system. This effect might have gone unnoticed during less dry
718  periods. Continuing the spring monitoring in the future will be essential to identify flow patterns under
719 more variable atmospheric conditions, including variable discharge patterns over the hydrologic year.

720 In the future, it would be also beneficial to monitor additional strands of evidence, such as eco-

721 hydrogeological indicators like endemic invertebrates or plant species, and the dendrochronology of trees
722  situated at increasing distances from the spring. These could offer valuable insights into the long-term
723 persistence of spring discharge and enhance our understanding of the spring's ecological significance.
724  Relatively large springs like Nadia often hold substantial ecosystem value. Understanding how discharge
725 responds to climatic variations is a crucial step for managing and leveraging the ecosystem services

726  provided by the spring, both in natural and economic terms.

727  While showing the importance of continuous spring discharge monitoring over time, this study also sheds
728 light on a more general issue: while hydrologic monitoring networks for precipitation and surface water
729  fluxes are well structured and operating in many areas of the world, a strong enhancement of such network
730 s needed for springs in order to cope with the challenges of climate change, both in terms of water

731 resources management and ecological preservation/valorization of the spring environment.
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