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Mountain springs are essential freshwater resources for both communities and ecosystems, but they are
increasingly threatened by climate variability and human pressure. This study investigates the vulnerability and
recharge dynamics of two springs (LAR and CAN) in the Cansiglio Massif karst system (NE Italy). The novelty of
this work lies in applying an integrated hydrogeological, hydrogeochemical, isotopic, and vulnerability-based
framework to two springs in the foothills of a main karst system, showing how multiple complementary tech-
niques can support the definition of recharge areas and protection zones even for small sources that remain
essential for local water-supply management. Monitoring (September 2018 to September 2021) shows that
recharge likely originates from the Mt. Pizzoc area and follows structurally and topographically controlled
pathways toward the springs. Results reveal a dual recharge regime: rapid infiltration through fractured and
karstified carbonates and coarse slope deposits, and slower, laterally redistributed flow where marly-silty-clayey
layers hinder vertical percolation. A simplified water budget constrained the minimum and net recharge areas,
while isotope-elevation relationships estimated mean recharge elevations of about 732-879 m a.s.l. for LAR and
617-767 m a.s.l. for CAN. Hydrological patterns and vulnerability indicators show that CAN responds much
faster and is far more vulnerable (VESPA V = 14-38.7; MDHT 1-4 days) than LAR (VESPA V = 0.36-0.77; MDHT
9-22 days). By combining multiple approaches, this integrated framework offers practical support for identifying
protection priorities, especially in shallow and highly responsive mountain spring catchments.
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1. Introduction contamination (Viviroli et al., 2007; Amanzio et al., 2015; Parise et al.,
2015; Obolewski et al., 2016; Liu et al., 2018; Somers and McKenzie,
2020; Stevanovic, 2019; Lo Russo et al., 2021; Lorenzi et al., 2024; Calli

et al., 2025). Their vulnerability is further increased by climate-change

Mountain aquifers are among the most valuable water resources in
Northern Italy, supporting ecological balance and the well-being and

resilience of local communities. Owing to their generally high water
quality, mountain springs provide a primary freshwater source (Viviroli
et al., 2007; Parise and Sammarco, 2015; Obolewski et al., 2016; Liu
et al., 2018; Somers and McKenzie, 2020) and an important resource for
downstream users. They sustain multiple sectors, including agriculture
and livestock farming, hydropower production, artificial snowmaking,
and industrial activities (Lucianetti et al., 2020). Despite their impor-
tance, mountain catchments are sensitive ecosystems that are vulnerable
to anthropogenic pressures (e.g., deforestation, land-use changes, soil
sealing, contamination). Because many springs are fed by shallow
groundwater flow circuits, they are particularly susceptible to
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impacts, including shifts in precipitation patterns (Wu et al., 2020;
Notarnicola, 2020), which can reduce recharge and affect spring
discharge (Cisneros et al., 2014).

In recent decades, hydrological challenges have intensified in the
mountainous regions of Italy (Alps and Apennines). Studies report
spring drying, reduced discharge during dry periods, and the transition
of previously perennial springs into seasonal ones (e.g., Fiorillo and
Guadagno, 2012; Fiorillo et al., 2015a; Fiorillo et al., 2015b; Fiorillo and
Pagnozzi, 2015; Forestieri et al., 2018; Padulano et al., 2019; Fiorillo
et al., 2021; Gizzi et al., 2022; Azimi et al., 2023). Climate models
indicate that the Mediterranean region will experience increasingly
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intense and frequent droughts (Padulano et al., 2021), potentially
affecting both the availability and quality of mountain spring water.
Accurately quantifying and characterizing mountain groundwater is
therefore essential for current and future management and for assessing
climate-change impacts on water resources (Leone et al., 2020; Celik
et al., 2024). The combined use of vulnerability indices and analytical
models is increasingly applied to support decision-making and spring-
protection frameworks (Foster et al., 2013; Javadi et al., 2019). A key
initial step is to investigate geochemical characteristics, understand
hydrological regimes, and delineate protection areas. Pochon et al.
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(2008) proposed methods for defining protected areas based on spring
vulnerability, while Civita (2008) introduced the MDHT (annual
maximum discharge half-time) derived from spring hydrographs.
Galleani et al. (2011) developed the VESPA (Vulnerability Estimator for
Spring Protection Areas) index using discharge, electrical conductivity,
and temperature measured at the spring site; VESPA has since been
applied to assess vulnerability and delineate protection zones for
mountain springs in Northern Italy (Galleani et al., 2011; Banzato et al.,
2017; Torresan et al., 2020).

The mountainous region of Northeastern Italy (Fig. 1a), including the
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Fig. 1. Maps of the study area: a) geographical framework across NE Italy; b) zoom to the southern corner of the Cansiglio plateau (Cansiglio-Cavallo massif)
showing the terrain relief from digital elevation model (EEA, 2016), the extension of the Karst area (Filippini et al., 2018), the location of the main springs (S1 =
Molinetto; S2 = Santissima; S3 = Gorgazzo; S4 = Meschio), the location of the springs investigated in this study, rain-gauge stations and automatic weather stations
(AWSs); c) further zoom on the study area showing simplified land-cover classes generated using European Union's Copernicus Land Monitoring Service information
CORINE Land Cover 2018 (vector) (EEA, 2020, see SI section 1 for details); d) simplification of the Mesozoic-Tertiary succession of the study area from the geological
map of the province of Treviso, sections 064130 Fregona-Mezzavilla and 064140 Coltura (modified from Bondesan et al., 2013). For security and regulatory reasons
related to drinking-water supply infrastructure, the map reports generalized hydrogeological features and inferred protection areas rather than exact georeferenced
locations of aqueduct facilities or intake structures.
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Prealps, belongs to the Alpine system and, more specifically, to the
Southern Alps, characterized by complex tectonics and diverse geolog-
ical formations (e.g., Caputo et al., 2010). The interplay of lithologies,
structure, topography, and climate has produced widespread karst fea-
tures (Cucchi and Finocchiaro, 2017; Xanke et al., 2024), e.g. on Mt.
Canin and in the Cansiglio-Cavallo Massif located in the Forealps (Carnic
Prealps). This major karst area hosts a substantial aquifer and numerous
springs that sustain local communities (Vincenzi et al., 2011; Filippini
et al., 2018). Despite abundant rainfall in the region (Toreti et al., 2009),
surface waters are scarce because sinkholes and swallow holes promote
rapid infiltration, concentrating discharge along massif slopes. While the
main spring recharge areas have been investigated (e.g., Filippini et al.,
2018), many smaller springs on the southwestern slope remain less
understood, motivating hydrogeological characterization to support
sustainable management and long-term protection.

Previous investigations in the Cansiglio-Cavallo Massif have sub-
stantially improved the understanding of the main karst aquifer, espe-
cially investigating the three basal springs feeding the Livenza River,
through tracer tests, hydrological monitoring, hydrochemistry, and
isotopic analyses. These studies demonstrated the role of the Cansiglio
Plateau as a major recharge area and highlighted the structural control
exerted by faults and lithological contrasts on groundwater flow. How-
ever, the connection between the main recharge area and the major
springs is not yet fully understood. Under this view, karst aquifers are
intrinsically difficult to characterize because of their high heterogeneity
and anisotropy. Rapid infiltration and preferential flow through com-
plex conduit networks often decouple surface and groundwater catch-
ments, making recharge-discharge relationships highly uncertain and
difficult to quantify (Fiorillo et al., 2022). Also, the complexity of epi-
karst (Milanovic, 2025) may affect water infiltration. In addition, most
studies on mountain spring systems focus on large and regionally
important springs, whereas minor springs supplying small communities
or even a limited number of households are much less frequently
investigated. From a regulatory and water-management perspective,
however, these small sources cannot be considered marginal (Parise and
Sammarco, 2015; Parise et al., 2015): water utilities must guarantee safe
drinking water independently of the number of users supplied, while
also improving aqueduct infrastructure, optimizing management, and
assessing whether the source is adequately protected from potential
pollutants.

The present study investigates the hydrogeological and geochemical
functioning of two small springs on the southern slopes of the Cansiglio-
Cavallo Massif, overlooking the Po Plain (Fig. 1a—d), with three main
objectives: (i) delineate the potential groundwater recharge areas
feeding the springs, (ii) assess their intrinsic vulnerability to contami-
nation, and (iii) define spring safeguard (protection) areas to support
management of these resources. The springs are representative of many
small mountain supplies that require monitoring and protection because
they contribute to local distribution networks. However, robust ap-
proaches for vulnerability assessment at this scale remain debated, as
does the hydrogeological setting of such springs, particularly whether
they are hydraulically connected to the broader Cansiglio karst system
or instead drain small, independent basins.

To address these issues, hydrogeological (discharge measured with
high temporal resolution) and hydrogeochemical variables (field
physico-chemical parameters and major-ion concentrations with
pseudo-monthly resolution) were monitored together with the oxygen
and hydrogen isotopic composition (§'20 and §2H) of both spring water
and local precipitation. Finally, the VESPA index was applied to quantify
vulnerability and delineate safeguard zones, integrating hydrological,
chemical, and isotopic evidence to interpret the processes controlling
spring-water quality and to inform effective spring-protection measures.

The original contribution of this study lies in the integrated assess-
ment of two previously uncharacterized minor springs with discharges
ranging from a few to hundreds of L s™!, developed through a joint
perspective involving researchers, environmental technicians, and the
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Water Utility. Unlike previous studies focused mainly on the major basal
karst springs of the Cansiglio system, this work addresses small moun-
tain springs located along the slope, where recharge may involve both
debris-covered sectors and fractured or Kkarstified bedrock. By
combining high-frequency discharge, temperature, and electrical-
conductivity monitoring with major-ion chemistry, stable water iso-
topes, simplified water-budget estimates, and VESPA/MDHT vulnera-
bility metrics, the study constrains effective recharge elevations and
areas, identifies contrasting flow regimes, and evaluates how large the
protection area should be to safeguard the aquifer. In this way, the
manuscript advances previous work by linking spring-outlet vulnera-
bility indicators with recharge-area reconstruction and by providing a
practical framework for protecting small but operationally important
drinking-water sources in complex mountain hydrogeological settings.

2. Materials and methods
2.1. Study area

The Cansiglio-Cavallo Massif is composed predominantly of sedi-
mentary carbonate rocks ranging from the Triassic to the Late Creta-
ceous, overlain by terrigenous units up to Miocene and related to the
Alpine orogeny (Cancian et al., 1985). The area encompasses the Prealps
sector and the western margin of the Friulian Platform, where multiple
depositional environments are represented and anticline structures
commonly expose carbonate rocks in their cores. The region initially
developed as a shallow-marine platform bordered to the west by a steep
escarpment that connected the platform to the deep-sea Belluno Basin.
From the Jurassic to the end of the Late Cretaceous, an extensive
orogenic reef system formed along this margin. Subsequent platform
subsidence during the latest Cretaceous led to an eastward retreat of the
escarpment and a transition to deep-marine conditions, promoting the
accumulation of terrigenous deposits, including Scaglia Rossa limestone
(Upper Cretaceous—Eocene). In the Late Miocene, the Neo-Alpine phase
of the Alpine orogeny uplifted and exposed the area, shaping the
present-day geomorphology and hydrological framework.

The area is characterized by two large basins of karstic origin, the
Piancavallo and the Pian del Cansiglio (Fig. 1b). This latter is a limestone
and relatively flat, polje-like depression at about 1000 m a.s.l., bounded
by higher ridges generally reaching 1300-1500 m a.s.l. along its western
to southeastern margins. These include Mt. Pizzoc (1565 m a.s.l.),
located about 2 km north of LAR, while the higher Mt. Cavallo massif
(2251 m a.s.l.) is located to the northeast. The Cansiglio-Cavallo area
hosts one of the most important karst aquifers in northern Italy (Cucchi
and Finocchiaro, 2017; Filippini et al., 2018) but its hydrogeology is still
poorly known (Vincenzi et al., 2011); the watershed covers an area of
~53 km? Despite abundant precipitation, surface drainage on the
massif is almost absent because of the presence of well-developed
epigean and hypogean karst landforms, including numerous dolines,
sinkholes, shafts, and mainly vertical karst cavities (Castiglioni, 1964;
Grillo, 2007; Vincenzi et al., 2011) that rapidly convey meteoric
recharge underground, allowing the system to function as an endorheic
basin with an articulated network of underground canalization, the
hypogean extent of which is relatively unknown. More than 250 known
caves have been discovered in the area, mostly with a predominantly
vertical development (deep shafts), few of which are deeper than 100 m,
such as Bus de la Genziana (depth of 587 m and a development of 8 km,
(Cancian and Ghetti, 1989; Riva, 2000), Bus de la Lum (185 m), and
Abisso del Col della Rizza (800 m below topographic surface) (Grillo,
2007; Grillo et al., 2011; Vincenzi et al., 2011). Although many caves
have been explored, major underground rivers have not been directly
identified, so the internal drainage pathways remain only partly known
(Grillo, 2007; Vincenzi et al., 2011).

Surface water is mainly found at the foothills of the massif: to the
Northwest, in the Lapisina Valley, where some lakes (Morto, Restello)
and the Meschio Creek are located (Fig. 1b), the latter being largely fed
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and regulated by hydropower plants; at the southern and southeastern
base of the massif, where the Livenza River originates; and to the West,
where small springs emerging along the hilly ridges feed minor creeks.
The Livenza is fed by three major springs (Molinetto, Santissima and
Gorgazzo, Fig. 1b) with a mean discharge of about 8-11 m® s7!
(Vincenzi et al., 2011; Filippini et al., 2018) at elevations of 20-50 m
above sea level (m a.s.l.) (Meneghel et al. 1986). These springs are
aligned along a ~5 km resurgence front controlled by the Cane-
va-Maniago fault, where Mesozoic limestones are juxtaposed against
less permeable Tertiary molasse (Filippini et al., 2018).

Numerous studies have been completed in the area. Geodetic mea-
surements (Grillo et al., 2011; Grillo et al., 2018; Devoti et al., 2015)
generally showed that meteoric recharge in the Cansiglio-Cavallo massif
is routed through the karst system towards the southwestern Friulian
Plain. More recently, Pintori et al. (2021) indicated that the
Cansiglio-Cavallo karst system is part of a highly permeable,
fault-controlled aquifer network in which groundwater-storage changes
can rapidly focus pressure into fractures, producing transient horizontal
deformation and stress perturbations that may influence local seis-
micity. Hydrogeological surveys of precipitation, cave waters and the
main Livenza springs by Grillo (2007) showed a shallow karst network
of directly draining conduits and channels; in Bus de la Genziana, iso-
topic evidence further revealed a complex hydrological circuit in which
water from higher elevations feeds the deeper cave levels and mixes with
the main flow. Water monitoring in Bus de la Genziana cave (Grillo and
Braitenberg, 2016) shows that rainfall rapidly triggers cave flooding
within hours, confirming highly conductive underground circuits, but
the cave water represents only a small fraction of spring discharge and
comes from multiple directions, indicating a direct, multi-drainage karst
system. Vincenzi et al. (2011) performed a first fluorescent tracer test
and detected a connection between an 800 m-deep cave (Abisso Col de la
Rizza) in the Cansiglio plateau with two major springs (Molinetto and
Santissima) while no connection was demonstrated for another cave
(Bus de la Genziana) (Fig. 1b). A work by Filippini et al. (2018), sup-
ported by isotopic monitoring of springs and precipitation, further
constrains the origin of the three major springs draining the karst aquifer
and feeding the Livenza River. These springs have distinct recharge
areas; they behave as partly independent drainage systems during low
flow, while high-flow conditions produce more similar geochemical
signatures across all springs.

While the major karst springs feeding the Livenza River have been
extensively studied, this work focuses on two minor springs located on
the southwestern slope of the Cansiglio-Cavallo massif. Laron (LAR)
spring emerges at 522 m a.s.l. from fractures in a bench of slightly marly
bioclastic limestone (Monte Baldo Formation), whereas Canchero (CAN)
spring issues diffusely from carbonate slope debris at 397 m a.s.l. Both
springs, together with others not considered in this study, emerge along
the slope of the massif at elevations significantly higher than the main
basal springs (Santissima, Molinetto, and Gorgazzo). Springs on this
southwestern slope have not previously been investigated; conse-
quently, their possible hydraulic connection to the main karst system of
the Cansiglio Plateau remains unknown.

The area is characterized by a humid temperate climate, influenced
by both the Adriatic Sea and the Alpine barrier. Precipitation is
moderately distributed throughout the year, with typical minima in
winter and summer and maxima in late spring (May) and late autumn
(November). Orographic effects enhance rainfall in mountainous and
pre-alpine areas, while lower precipitation totals occur over the plains.
Mean annual precipitation for 2000-2024 was ~2160 mm yr! at the
plateau (range 1175-3217 mm yr~!) and ~1470 mm yr ™! at the bottom
of the massif toward the Po Plain edge (range 738-2312 mm yr!). Mean
temperatures show warm summers and cool winters, with increasing
continentality toward inland and elevated areas.
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2.2. Flow data collection

Continuous hydrological data were collected from September 2018
to September 2021 in both springs using OTT HydroMet Orpheus mini
(Germany) multi-parameter CTDs (Conductivity, Temperature, Depth)
sensors with integrated data loggers. These devices collected data at
12-min intervals: water temperature (°C), water level (expressed as bar
in LAR and in m at CAN) with a vented pressure cell recording hydro-
static pressure of the water column and automatically compensating for
atmospheric pressure, and specific electrical conductivity (EC, expressed
as uS em ™! at 20 °G) with a 4-electrode graphite cell.

At LAR, the probe was installed inside a perforated tube placed in a
natural pool formed by the spring, approximately 2 m upstream of the
concrete spillway leading to sedimentation and loading tanks (Fig. S1).
The pool is about 70 cm deep, and the probe was positioned a few
centimeters above the bottom. A dry period at the LAR spring lacked
manual measurements, so zero-discharge pressure (Py ~ 0.0697 bar)
was indirectly estimated from pressure-water head relations. Py was
then subtracted from all pressure data to obtain corrected values (P*)
used to define the discharge curve. Details of this conversion are pro-
vided in SI Section S2.

At CAN, the probe was installed in the loading tank within a perfo-
rated support tube, positioned a few centimeters above the bottom and
approximately 40 cm far from the supply pipe (Fig. S2). During the
monitoring period at CAN, the probe recorded abrupt drops in water
level, likely due to hydraulic operations carried out by the managing
authority for regular maintenance and/or to compensate for insufficient
withdrawals from the LAR spring. These operations involved increasing
the opening of the supply pipe valves beyond normal conditions,
resulting in enhanced water extraction and a consequent decrease in the
tank water level. As these measurements were affected by operational
disturbances, the corresponding water-level data were excluded from
the analysis.

At LAR, the relationship between sensor-recorded water level and
discharge was established using two methods: (i) direct discharge
measurements at medium to high flows using either a Seba Hydrometrie
GmbH & Co. (Germany) M1 propeller current meter or an OTT (Ger-
many) MFpro electromagnetic flow meter over the concrete weir; or (ii)
the volumetric method at low flows by measuring the time required to
fill a 10 L container (average of 3 measurements). At CAN, where the
spring intake configuration prevented total direct discharge measure-
ments across the entire flow range, total discharge was calculated as the
sum of the flow measured by the flow meter installed on the intake
pipeline and the overflow across the thick concrete weir (measured
using the same setup described for LAR).

2.3. Spring and precipitation water sampling

Spring water samples for chemical, physical, and isotopic analyses
were collected monthly at LAR and CAN between July 2019 and
September 2021. Two aliquots were collected: one for chemical analyses
and one for isotopic analyses. Meteoric water samples were collected
monthly using rain gauges designed to prevent evaporation, following
IAEA/GNIP recommendations (IAEA, 2014). Rain gauges were installed
at two different elevations: Vittorio Veneto (VIT; 172 m a.s.l.) and Pian
Cansiglio Le Rotte (CLR; 1065 m a.s.l.) (Fig. 1). All collected samples
were stored refrigerated in 50 mL HDPE bottles with airtight caps until
analysis to prevent degradation and fractionation.

2.4. Water isotope and chemical analyses

Hydrochemical and isotopic investigations provide useful informa-
tion for groundwater protection and delineating recharge areas of karst
aquifers (e.g., Petitta et al., 2022; Lorenzi et al., 2024; Petitta et al.,
2026). Spring water was analysed for major physicochemical parame-
ters and dissolved constituents, including alkalinity (expressed as mg
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L! CaCO3), electrical conductivity (uS cm ! at 20 °C), hardness (French
degrees, where 1 °fH corresponds to 10 mg L™} of calcium carbonate),
pH, and the concentrations (mg L) of bicarbonate (HCO3), fluoride
(F7), chloride (C17), bromide (Br), nitrate (NO3), nitrite (NO3), phos-
phate (PO3"), sulphate (SO%), sodium (Nat), magnesium (Mg?"), po-
tassium (KM, calcium (Ca2+), and silica (SiO2), were analysed at
VERITAS certified laboratories following standard methods (details re-
ported in Table S1). Spring and precipitation waters were analysed for
the isotopic composition (580, §2H) by primarily adopting the well-
established CO,-Hy/water equilibration method adapted from Epstein
and Mayeda (1953) with an automatic equilibration device (Finnigan
MAT HDO 1086, United States) coupled to an isotope ratio mass spec-
trometers (IRMS; Thermo-Fisher Delta Plus Advantage, United States).
Approximately 5% of samples were analysed by cavity ring-down
spectroscopy (CRDS) using a PICARRO (United States) L2130-i
analyzer equipped with a V1102-i vaporizer and an HTC PAL auto-
sampler (CTC Analytics, Switzerland). To minimize between-sample
memory effects in CRDS measurements (Penna et al.,, 2012), each
sample was injected eight times and results were filtered by excluding
values outside the mean + one standard deviation. Analytical precision
was < 40.05%o for '80 and < +0.7%. for 5°H using IRMS, and <
+0.10%o for 580 and < +0.5%o for 6°H using CRDS. Consistency be-
tween the IRMS and CRDS methods was routinely verified through pe-
riodic cross-checks of results and regular monitoring of instrument
performance. Routine inter-laboratory tests were conducted to ensure
interoperability and to produce a consistent dataset (Masiol et al., 2021).
Isotopic results are reported in standard delta (5) notation in per mil (%o)
relative to the VSMOW international standard.

Deuterium excess (d-excess = §°H — 8~6180; Dansgaard, 1964)
complements § values by providing information on evaporation condi-
tions at precipitation sources, mainly relative humidity, sea surface
temperature, and partly wind speed (Kendall et al., 2014; Pfahl and
Sodemann, 2014). Positive d-excess values result from kinetic fraction-
ation during evaporation, when isotopic equilibrium between liquid and
vapor is not fully achieved.

2.5. Weather data

Hourly meteorological data, including precipitation (mm), air tem-
perature at 2 m above ground level (°C), maximum relative humidity
(%), and minimum relative humidity (%), representative of the rain-
gauge sampling sites, were obtained from two automatic weather sta-
tions (AWSs) managed by ARPAV: Vittorio Veneto (VIT; 123 m a.s.l.)
and Cansiglio Tramedere (TRA; 1022 m a.s.l.). TRA was used as the
reference station for the climate of CLR. Both TRA and CLR are located
on the Cansiglio plateau, at a similar elevation and about 2.3 km apart.

2.6. VESPA index

To preserve water quality, it is necessary to assess the vulnerability
level of an aquifer and the springs it feeds (Banzato et al., 2017). In
Europe, several methods have been proposed and applied to assess
aquifer vulnerability, including DRASTIC (Aller et al., 1987), SINTACS
(Civita and De Maio, 1997), and GOD (Foster, 1987). Their application
requires hydrostratigraphic information that is often unavailable in
mountainous areas (Banzato et al., 2017). These methods require
numerous data, such as water-table depth, effective infiltration, char-
acteristics of the unsaturated zone, soil type, aquifer lithology, aquifer
hydraulic conductivity, and surface slope. Other methods have been
proposed based exclusively on discharge monitoring data and a few
physico-chemical parameters measured at springs. Among these, the
MDHT (Civita, 2008) and the VESPA index (Galleani et al., 2011) can be
applied to springs with continuous monitoring of water level, temper-
ature, and conductivity.

The VESPA index is based on the concurrent analysis of spring
discharge, temperature, and specific electrical conductivity time series
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derived from continuous monitoring. Its application requires data
collected over at least one complete hydrological year, with an hourly or
bi-hourly sampling frequency, to adequately capture both baseline
conditions and rapid system responses. Such high-resolution monitoring
is essential to properly represent short-lived but hydrologically signifi-
cant flood events, whose effects might otherwise be underestimated or
missed, thereby improving the reliability and reducing uncertainties in
vulnerability assessment (Galleani et al., 2011). The index is defined as
multiplying 3 values: c(p), the correlation factor calculated between
discharge and electrical conductivity over a one-year period; f, tem-
perature variability factor; and v, the discharge factor. Beyond defining
spring vulnerability (low to very high), the VESPA index also identifies
system behaviour (dominant conduits, piston flow, or dispersive circu-
lation) and drainage effectiveness based on the correlation coefficient p
(Galleani et al., 2011). Details of the method are provided in SI Section
S3.

2.7. Definition of the recharge area and safeguard zones

Following vulnerability assessment, additional hydrogeological in-
vestigations are often required to delineate spring protection areas,
especially when index-based or simplified approaches are used.
Emphasis should be placed on the homogeneity of the aquifer and the
identification of preferential infiltration zones in the catchment area.
Vulnerability mapping methods are suitable for outlining protection
areas in heterogeneous environments supplying highly vulnerable
springs, particularly when preferential infiltration zones are identified
in the catchment area. The delineation of specific spring protection areas
may vary according to the local regulatory framework. Italian legislation
requires regions (e.g. Veneto Region) to identify safeguard areas, which
are divided into (i) absolute protection zones and (ii) respect zones,
further divided into restricted and enlarged subzones, as well as addi-
tional protection zones within water basins and groundwater recharge
areas. The identification and formal approval of protection areas involve
both technical and administrative steps, including hydrogeological in-
vestigations and consultation with relevant stakeholders (water utility
companies, “Consigli di Bacino”, municipalities, Provinces, local health
and local environmental authorities). Following approval by the
regional council, municipalities are in charge to enforce the restrictions.

The absolute protection zone encompasses the area immediately
surrounding water intakes or abstractions and must be strictly safe-
guarded, with land use limited exclusively to intake works and essential
service infrastructure, in order to prevent any direct contamination risk.
Surrounding this core area, the respect (buffer) zone extends over a
wider portion of the territory and is subject to land-use restrictions
specifically designed to preserve both the quality and the quantity of the
water resource. Within the respect zone, all activities that could intro-
duce pollutants or alter recharge processes (e.g., the discharge of sludge
or treated wastewater, storage or use of fertilizers and pesticides, con-
struction of cemeteries, waste management operations, storage of haz-
ardous substances, and livestock grazing or housing) are prohibited or
restricted, thereby ensuring long-term protection of the captured water.

3. Results and discussion
3.1. Flow rates and discharge regimes

During the sampling campaign, the yearly precipitation was ~2600
mm y~! at TRA (~21% higher than the 2000-2024 average) and ~1525
mm y’1 at VIT (+4%). The higher averaged (TRA + VIT) monthly
precipitation was recorded in November 2019 (584 mm) and April 2019
(540 mm).

The reconstruction of flow rates (Q) was determined by regressing
hourly-averaged CTD pressure data over the manual flow readings.
Since the relationship between the dependent and independent vari-
ables is not known a priori, several curves were tested to find the optimal
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fit, including linear, polynomials, quadratic, exponential and spline).
For LAR, pressure values ranged from 0.069 to 0.086 bar, with two
modes at 0.074 and 0.078 bar. The 16 in-situ manual discharge mea-
surements covered the full range of observed pressures, including both
low and high values (Fig. S3a). This homogeneous distribution ensures
that the regression is constrained by data across the entire pressure
domain, resulting in a robust reconstruction that is representative of the
full range of operating conditions. A 2nd order polynomial was chosen
for better fit the data (3-fold cross-validated root mean squared error
(cv-RMSE) = 2.4 L s™1; RZ = 0.98; Fig. S3b). The polynomial regression
was further run for the assessment of the prediction uncertainty by also
accounting for the uncertainties in the relative measurement in the
dependent variable (in-situ flow measurements) and the uncertainty
associated to the independent variable (CTD pressure), propagated
through the local derivative of the fitted polynomial. Details are re-
ported in Section S4.

For CAN, after discarding values below 0.42 m due to pressure drops
recorded during service operations, water levels ranged from 0.42 to
0.69 m and exhibited a pseudo-lognormal distribution peaking at
approximately 0.45 m (Fig. S5a). In-situ manual discharge measure-
ments covered a water level range of ~0.40-0.60 m, i.e. overlapping
with most (~96.5%) of the continuous records. However, no field
measurements were collected at the highest water levels (~4.5% of total
records), and thus at the highest discharges. Although this could
represent a limitation for discharge reconstruction due to the lack of
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direct constraints at high levels, the relationship between manual and
automatic data at high values shows a very strong linear relation (R? >
0.99), supporting the assumption of linear behaviour. Consequently,
discharge reconstruction was improved using a piecewise regression,
with a quadratic fit at low water levels and a linear fit at high water
levels. The optimal breakpoint, determined by minimizing cross-
validated RMSE and Mean Absolute Error (MAE), was set at 0.49 m.
The final model is shown in Fig. S5b, and discharge values below the
minimum manually measured flow (0.42 m) were set equal to that
minimum. Prediction uncertainty was estimated similarly to LAR (water
level as independent variable) but for predictions beyond the calibration
range, an additional conservative uncertainty term increasing with the
distance from the calibration domain was further included to account for
the reduced reliability of extrapolation (Section S4 and Fig. S6).

An initial assessment of spring behaviour was carried out by
comparing water temperature (T, expressed as °C) and electrical con-
ductivity (EC, pS ecm™! at 20 °C) measured during the monitoring
campaign with the corresponding hydrographs (Figs. 2-3(a-c)). Two
data gaps were identified at LAR due to probe malfunctions: one be-
tween July and August 2019 and another lasting approximately 20 days
in September 2021. Moreover, temperature and conductivity measure-
ments collected during a dry period (12 days between October and
November 2019) were excluded from the statistical analysis, as water
stagnation may have affected data reliability. For CAN, six periods of
missing discharge data were identified, resulting from abrupt water-
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Fig. 2. Time series of hydrometeorological and hydrochemical variables collected at LAR. (a) Hourly-averaged spring discharge (Q, L s~

1y and daily cumulative

precipitation (mm d!) recorded at the TRA weather station; the 7-day moving-average discharge is also shown. (b) Mean hourly spring-water temperature and air
temperature at 2 m above ground level measured at the TRA (light green) and VIT (dark green) AWSs, with LOESS-smoothed trends superimposed. (c) Electrical

conductivity (EC, pS cm !

at 20 °C) measured continuously in situ (grey line) and on discrete samples analysed in the laboratory (yellow symbols). (d) Anion

concentrations, (e) cation concentrations, and (f) pH together with carbonate and silica concentrations (symbols); panels (d-f) include the EC record in the back-
ground for reference. (g) Isotopic composition (880, 5%H and deuterium excess); the LOESS-smoothed air temperature at TRA is shown in the background. (For
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Fig. 3. Time series of hydrometeorological and hydrochemical variables collected at CAN. (a) Hourly-averaged spring discharge (Q, L s!) and daily cumulative
precipitation (mm d!) recorded at the TRA weather station; the 7-day moving-average discharge is also shown. (b) Mean hourly spring-water temperature and air
temperature at 2 m above ground level measured at the TRA (light green) and VIT (dark green) AWSs, with LOESS-smoothed trends superimposed. (c) Electrical

conductivity (EC, uS cm !

at 20 °C) measured continuously in situ (grey line) and on discrete samples analysed in the laboratory (yellow symbols). (d) Anion

concentrations, (e) cation concentrations, and (f) pH together with carbonate and silica concentrations (symbols); panels (d-f) include the EC record in the back-
ground for reference. (g) Isotopic composition (5'%0, 5°H and deuterium excess); the LOESS-smoothed air temperature at TRA is shown in the background. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

level drops recorded after hydraulic operations conducted by the water
supplier.

The statistical distribution of discharge, water temperature, and
electrical conductivity is illustrated in the violin plots of Fig. S7. LAR
exhibited a discharge of (average + st.dev.) 9 + 6.1 L ™1, ranging from
0 L s~! to a maximum of 30.2 L s~! recorded on 24 April 2019 (corre-
sponding to one of the rainiest months during the monitoring
campaign); the assessed uncertainty varied from 0.4 L s~ at zero
discharge to 2.8 L st (~9%) at maximum recorded discharge. CAN
showed higher discharge, with a value of (mean + st.dev.) 17.7 + 23.8
Ls7! and a peak of 118 L s™* on 21 December 2019; the assessed un-
certainty varied from 0.7 L s™! (~20%) at minimum discharge to 10.5 L
s7! (~11%) at maximum recorded discharge. Both springs are consid-
ered as highly variable by calculating the Meinzer’s variability per-
centage from discharge data (Meinzer, 1923) as ((Qmax-Qmin)/Qmean)*
100 with values of 338 and 651, respectively. Water temperature at LAR
remained relatively stable throughout the monitoring period, with an
average of 11.2 °C and a narrow range between 10.8 °C and 11.6 °C.
CAN exhibited greater temperature variability, with a 10.7-13.7 °C
range and an average of 11.6 °C. A similar pattern was observed for EC:
LAR showed limited variability (mean 303 pS cm ™}, range 233-332 S
cm 1), whereas CAN exhibited wider fluctuations, ranging from 246 to
415 pS em !, with a mean value of 307 pS cm™!. The higher variability
in water temperature observed at CAN is likely linked to the shallow
nature of the aquifer, which is more sensitive to atmospheric

temperature fluctuations. Under this view, as shown in Fig. 3b, spring
water temperature at CAN appears to follow the seasonal trend of air
temperature, with an estimated time lag of approximately two months.

Increases in discharge at the LAR spring are often associated with
decreases in both temperature and EC, indicating a rapid contribution of
newly infiltrated water (Fig. 2a—c). This recharge water, having had
limited residence time within the aquifer, is colder and less mineralized,
effectively replacing resident groundwater. In contrast, discharge peaks
at CAN are typically associated with an initial increase in temperature
and EC, followed by a subsequent decrease (Fig. 3a—c). This pattern is
characteristic of a piston-flow mechanism, commonly observed in
interconnected karst systems or debris aquifers, where recharge-induced
pressure mobilizes more mineralized resident water before newly infil-
trated water reaches the outlet. However, CAN cannot be classified as a
typical karst spring, as it emerges from superficial debris deposits on a
slope. The post-precipitation increase in temperature and EC may
therefore also reflect the rapid drainage of pore water stored within the
debris. In this setting, the large water-rock contact surface enhances
dissolution and mineralization processes, causing the water trapped
between grains to become more mineralized before being displaced and
flushed out by infiltrating water. Furthermore, water temperature at
CAN follows a seasonal trend similar to air temperature, with an esti-
mated lag of approximately two months, suggesting a shallow and
rapidly responding recharge system.

Hydrograph analysis provides initial insight into the characteristics
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of the two springs (Fiorillo, 2014), as spring responses to recharge are
controlled by recharge area size, rainfall intensity, and aquifer storage
and transmissivity. Both LAR and CAN show pronounced discharge
peaks following major precipitation events (Figs. 2-3(a)) but differ
markedly in their recession behaviour. LAR displays a gentler recession,
indicating a deeper aquifer system with greater storage and longer
residence times. In contrast, CAN exhibits a steep recession, reflecting
rapid drainage of a shallow system. This contrast is particularly evident
in January-February 2021 (Fig. S8): CAN shows a clear piston-flow
response during the rising limb, while LAR is dominated by replace-
ment flow, with decreases in temperature and conductivity at peak
discharge. These patterns suggest a short, shallow flow path for CAN,
consistent with its higher temperature variability and mean tempera-
ture, and a deeper, more buffered system for LAR, as also indicated by its
very low temperature variability (<1 °C).

Similar conclusions can be drawn from the analysis of the temporal
relationship between precipitation and spring discharge using cross-
correlation analysis (CCF). Precipitation was evaluated at an hourly
scale using AWS data for the period in which continuous hydrological
records were available from the CTD sensors. The results show a mod-
erate correlation (r ~ 0.6) between precipitation measured at the foot-
hill station (VIT) and on the mountain plateau (TRA) at lag = 0,
indicating that rainfall is broadly synchronous across the study area
(Fig. S9). Cross-correlation between hourly precipitation at TRA and
spring discharge highlights distinct response times for the two springs
(Fig. S10). LAR shows a broad plateau of low positive correlations (r >
0.14), with a maximum at lag —87 h (r = 0.16), suggesting a delayed and
distributed response, with peak discharge occurring approximately 24 h
to 10 days after rainfall. In contrast, CAN exhibits a sharp maximum
correlation (r ~ 0.4) at lag —24 h, indicating a much faster hydrological
response.

3.2. Chemical composition

The first water sample was collected at the start of the monitoring
period, followed by monthly sampling from May 2019 to September
2021. Figs. 2 and 3(d-f) summarize the main hydrogeochemical vari-
ables, while Fig. S7 illustrates their statistical distributions and Fig. S11
presents the corresponding Schoeller diagrams. Overall, LAR shows
slightly higher Mg?" concentrations than CAN, whereas Ca?" is lower
(Figs. 2-3(d)). Magnesium concentrations varied from 2.3 to 9.1 mg Lt
at CAN (mean 6.3 mg L’l) and from 2.7 to 10.1 mg L1 at LAR (mean
7.2 mg L™Y). At LAR, Ca?* concentrations ranged from 50.4 to 65.9 mg
L~! (mean 59.3 mg L), while at CAN they span 59.7-84.9 mg L ™! with
an average of 67.6 mg L1 As a result, total hardness, mostly controlled
by Ca%* and Mg?™, is slightly higher at CAN (average 19.3 °fH) than at
LAR (average 17.7 °fH). Sodium concentrations are low at both springs,
ranging from 1.1 to 3.1 mg L' at LAR (mean: 1.8 mg L™!) and from 1.0
to 5.1 mg L' at CAN (mean: 2.4 mg L’l). Potassium concentrations are
similarly low, with values between 0.2 and 0.74 mg L ™! (mean: 0.43 mg
L71) at LAR and between 0.28 and 0.90 mg L' (mean: 0.42 mg L) at
CAN. Among the major anions, bicarbonate ranges from 151 to 223 mg
L7! at LAR (mean: 183 mg L™!) and from 162 to 248 mg L' at CAN
(mean: 200 mg L™Y). Chloride and fluoride display limited variability
and similar concentrations at both sites. Sulphate concentrations are
generally low at LAR (4.1-10.7 mg L™1) but more variable at CAN
(6.0-37.4 mg L™1), with the highest value recorded in a single sample in
October 2020.

The two springs show comparable pH values (mean: 7.73 at CAN and
7.75 at LAR), although CAN exhibits a wider range (7.5-8.26) compared
to LAR (7.58-7.94). Alkalinity is slightly higher at CAN (mean: 169 mg
L~! as CaCO3) than at LAR (159 mg L~! as CaCO3), consistent with the
higher calcium concentrations observed at this spring. Piper diagrams
(Fig. S12) indicate that both springs belong to a calcium-bicarbonate
hydrochemical facies, confirming that groundwater feeding the springs
circulates mainly within carbonate lithologies. The clustering of samples
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in the Ca-HCO sector and their limited temporal dispersion suggest a
relatively stable geochemical signature over the monitoring period,
despite seasonal hydrological variability.

3.3. Isotopic composition of precipitation

Additional samples for isotopic analysis were collected in November
2019 and June 2021, resulting in higher data density during these pe-
riods compared to the chemical dataset. Table S2 and Fig. S13 sum-
marize the results of isotopic analyses of precipitation collected at the
CLR and VIT stations. At the CLR rain gauge, 520 values range from
—14.14%0 (January 2021) to —2.74%o (June 2019) with an average of
—8.31%o, while §°H values vary between —104.13%o (January 2021) and
—15.98%0 (June 2019), average —54.01%.. Deuterium excess (d;
average: 12.47%o) spans from 5.90%o to 18.02%o, measured in June 2019
and November 2019, respectively. At the VIT station, 580 values
(average: —6.30%0) range from —9.05%o (January 2021) to —0.04%o
(June 2019), and §°H values (average: —41.25%0) from —64.67%o
(November 2020) to —0.80%0 (June 2019). Deuterium excess values
show a wider variability, with a minimum of —0.50%o in June 2019 and
a maximum of 23.62%. in November 2019 (average: 9.12%o). These
values are consistent with previously published data for the study area
and, more broadly, for northeastern Italy (Longinelli and Selmo, 2003;
Giustini et al., 2016; Masiol et al., 2021). Precipitation collected in
Cansiglio (1033 m a.s.l., approx. 1 km from CLR) during 2007-2010
(Masiol et al.,, 2021), recorded mean values of —8.79%o (range:
—15.34%0 to —4.20%o) for 5180, —58.32% (range: —118.3%o to —23.9%o)
for 62H, and 12.01%o (range: 4.39%o to 16.98%o) for d-excess. The data
highlights a pronounced seasonal variability, with less negative delta
values in June-July and more negative values in December-February
(Fig. S14). Lower delta values, generally observed during colder periods
and at the higher-altitude site (CLR), reflect the well-established positive
relationship between the isotopic composition of precipitation and air
temperature, which is particularly evident at mid to high latitudes.

The 5'%0 and 5%H values measured in precipitation collected at CLR
and VIT were used to define the Local Meteoric Water Line (LMWL).
Fig. S15 presents both the overall LMWL and its seasonal subdivision,
derived from a continuous two-year dataset spanning September 2019 to
August 2021. The isotopic composition of precipitation observed in this
study resulted in a slope of 7.8 (95% confidence intervals (c.i.)
computed by equi-tailed two-sided nonparametric confidence intervals
over 1000 repetitions: 4.91-11.13) and an intercept of 7.53 (c.i.
7.11-7.94), which in agreement with values reported in the literature
for northern Italy (slope = 8.04, intercept = 11.47; Giustini et al. 2016)
and for NE Italy (slope = 7.8, intercept = 8.87; Masiol et al., 2021),
indicating comparable moisture sources and atmospheric processes and
supporting the regional representativeness of the isotopic dataset.

3.4. Isotopic composition of springs

The isotopic values of the two springs show very limited temporal
variability, with mean values falling between the average isotopic
compositions of precipitation collected at CLR and VIT. At LAR, §'%0
values range from —8.19%o to —7.42%0 (average: —7.65%o), while 5%H
values vary between —54.19%o and —46.98%o (average: —49.07%o), both
extremes recorded in May 2021 and September 2020, respectively
(Table S2 and Fig. S13). Deuterium excess spans from 10.47%c to
13.06%o (average: 12.10%o).

At CAN, 8'%0 values range from —7.89%. to —6.70%o (average:
—7.48%0), and 5°H values from —52.24%c to —42.85%0 (average:
—48.03%0) (Table S2 and Fig. S13). Deuterium excess values varied
between 10.43%o to 12.92%o. Fig. 4 shows the 5§80 and &2H relation-
ships for all the rain samples and the springs separately (not only 2-year
dataset, as previously reported for LMWL of precipitation data). The
regression lines are well aligned, indicating negligible secondary evap-
oration in waters discharging at the springs. The angular coefficient and
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Fig. 4. 5'®0 - 5°H relationships obtained using separately the isotopic values of the rain gauges and springs (all data used);the slope — intercept coefficient re-
lationships and their 95th confidence intervals (all data used) are shown in Fig. S16.

intercept of the different lines are also compared along with their con-
fidence intervals (Fig. S16). Results show that CAN is more closely
aligned with CLR precipitation than with VIT, while the LAR spring
aligns exclusively with CLR. This suggests that recharge to both springs
is predominantly controlled by precipitation conditions representative
of the CLR area.

Fig. 5 shows the temporal evolution of 5'%0, 8%H, and d-excess
measured in spring waters and precipitation. In contrast to the clear
seasonal variability observed in precipitation, which is controlled by
both seasonal and altitudinal effects, the isotopic composition of the
springs remains remarkably stable over time. This limited variability
suggests efficient mixing of recharge waters within the aquifer and a
significant buffering effect associated with groundwater storage and
residence time, which dampens short-term isotopic signals from indi-
vidual precipitation events. Despite this overall stability, some
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differences between the two springs are evident. Several samples
(notably November 2019, May 2020, and August 2021) show more
depleted §'°0 and 5%H values at LAR compared to CAN, likely reflecting
the higher elevation of the LAR recharge area. A pronounced isotopic
depletion observed in both springs during May—June 2021 is plausibly
linked to the melting of a substantial winter snowpack (approximately
50 cm), indicating episodic transmission of seasonally distinctive
recharge signals through the aquifer.

Filippini et al. (2018) reported 580 values ranging from approxi-
mately —9.9%o to —8.5%0 and 52H values from approximately —64%o to
—54%o for the three major basal springs (Santissima, Molinetto, and
Gorgazzo; Fig. 1b) of the Cansiglio-Monte Cavallo karst aquifer system
during 2015 (Santissima exhibited the more negative values). These
values are consistently more depleted than those measured at the LAR
and CAN springs. Given that no significant long-term trends in the
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isotopic composition of precipitation have been detected in the area
(Masiol et al., 2021), this difference is explained by a higher mean
recharge elevation for the three major springs. Consequently, the iso-
topic evidence suggests that LAR and CAN are not directly connected to
the main regional karst flow system. Nevertheless, a partial hydraulic
connection through overflow from higher carbonate domains or fault-
controlled pathways cannot be excluded based on the available data.

3.5. Spring vulnerability

The VESPA index was calculated using hourly data collected by CTD
probes over the entire monitoring period for both springs (Table 1); its
uncertainty was also quantified by propagating measurement un-
certainties (temperature, EC) and prediction + measurement uncer-
tainty (discharge). Although continuous measurements for a complete
hydrological year were not available due to data gaps, the proportion of
missing data at LAR did not exceed 10% and did not persist for more
than two consecutive months. This supports the reliability of the results
and is consistent with Banzato et al. (2017), who reported that up to
10-20% missing data are acceptable, if gaps do not extend beyond 2-3
consecutive months. At CAN spring, a higher proportion of missing data
was recorded, particularly for discharge, as values below ~3 L s~ were
excluded due to hydraulic management operations. Nevertheless,
missing data for temperature and EC remained below 10%, whereas
discharge exhibited approximately 35% missing data, with the longest
continuous gap lasting about three months. Since data gaps may intro-
duce a systematic bias into the statistics used to estimate the three fac-
tors (B, 7, p) and, consequently, the vulnerability index, the robustness of
these estimates was further assessed under different gap-filling scenarios
(still including prediction and measurement uncertainties; Table 1).
Specifically, the calculations were repeated 1000 times using randomly
selected subsets containing 80% (4/5) of the original observations. This
resampling procedure simulates the effect of a further 20% reduction in
data availability, corresponding to the maximum threshold recom-
mended by Banzato et al. (2017) while keeping the total datasets longer
than 19 months. The resulting distributions of the estimated parameters
were then used to derive uncertainty ranges for the three factors as well
as for the V index.

LAR yielded V in the 0.36-0.77 range (medium vulnerability; 0.1 <
V < 1), whereas CAN 22.9-45.7 (very high vulnerability; V > 10). The
coefficient p was used to identify the dominant hydrodynamic behaviour
as classified by Galleani et al. (2011) (Section S2), suggesting that
groundwater flow is predominantly controlled by replacement processes
(p = —0.33 [-0.4 to —0.26] at LAR and —0.59 [-0.71 to —0.49] at
CAN). This classification is consistent with the discharge-temperature-
EC behaviour previously described for LAR; however, at CAN, which
also has a high value of vulnerability V, it contrasts with event-scale
discharge-temperature-EC observations that might suggest a piston-
flow component (Fig. S8).

This apparent contradiction arises because the two analyses char-
acterize groundwater dynamics at different temporal scales and

Table 1

Results of the calculation of VESPA index for the two springs. Details of the
method are reported in SectionS2 (B = temperature variability factor; y =
discharge factor; p = correlation coefficient between discharge and electrical
conductivity calculated over a one-year period; V = VESPA index). LAR and CAN
are computed over the entire dataset, while CAN* reports the minimum and
maximum values of the factors and V assessed under different gap-filling
scenarios.

p 4 [ v
LAR 0.51 3.37 -0.33 0.56

[0.36;0.65] [3.07;3.73] [-0.4;—0.26] [0.36;0.77]
CAN 911 6.51 —0.59 35.2

[6.53;11.68] [5.75;6.92] [-0.68;—0.51] [22.9;45.7]
CAN*  [4.08;11.68] [5.57;7.19] [-0.71;—0.49] [14;38.7]
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therefore provide complementary information. The event-scale chemo-
graph captures the short-term response of the spring to individual
recharge events, whereas the VESPA index, and particularly p, is
computed over the entire monitoring period and provides an integrated
description of the dominant hydrogeological behaviour at multi-
seasonal timescales (more than 19 months of observations for CAN).
In this study, the complementarity between the event-scale chemograph
response and the annual-scale VESPA classification becomes clearer
when the associated uncertainties are considered. Although the corre-
lation coefficient classifies the springs as predominantly replacement-
dominated on an annual basis, the corresponding correlation factors, ¢
(p), fall within the range 0.26-0.4 and 0.49-0.71 for LAR and CAN,
respectively (Table 1), which slightly overlap the interval associated
with piston-flow behaviour (Type B) reported by Galleani et al. (2011).
Although not conclusive, this overlap is consistent with the event-scale
observations and supports the interpretation of a mixed hydrodynamic
response rather than a single flow mechanism.

The vulnerability class derived with the MDHT approach (Civita,
2008) was estimated from daily-mean discharge data by selecting
three recession events (one per monitoring year) in which discharge
decreased monotonically, i.e., without superimposed recharge pulses
(hence, these events did not necessarily coincide with the annual
maximum discharge peaks). MDHT values at LAR (15-21 days; 9-22
days also accounting for the discharge uncertainty) classify the spring
under the high and medium vulnerability, whereas CAN exhibits
consistently short MDHT values (2-3 days; 1-4 days also accounting for
the discharge uncertainty), corresponding to very high vulnerability.
Taken together, both methods indicate higher vulnerability and faster
hydrological response at CAN relative to LAR, while LAR displays a more
attenuated response consistent with longer circulation pathways.

3.6. Catchment areas and average recharge elevations

The potential recharge area was delineated using a multi-evidence
approach that combined a Digital Elevation Model (DEM) with local
geological mapping and targeted field observations of the texture and
structure of rock and soil outcrops upstream of the springs. The potential
recharge zone is therefore inferred to extend from the summit area of Mt.
Pizzoc downslope toward the spring locations (Fig. lc-d; Fig. S17),
following the main topographic gradients and structurally controlled
pathways. For LAR, the strictly topographic catchment area is limited to
0.016 km? along a portion of the hogback, whereas the potential
recharge area extends to ~1.18 km?. For CAN, a further 0.31 km? is
estimated downslope to the LAR area, resulting in a total area of 1.49
km? (Fig. S17).

From a lithostratigraphic perspective, the area includes several for-
mations characterized by composition and textural properties, which
can be broadly grouped into three main categories (Fig. 1d): (i) layered
cherty limestones, (ii) massive limestones, and (iii) marls-clays-
sandstone-conglomerates. The area, hypothetically interpreted as the
recharge watershed of the springs, is characterized by two main litho-
logical groups and by unconsolidated debris. At the higher elevation, on
the upper slope, crop out marly limestone (Scaglia Rossa) and reef-slope
grainstone (Calcare di Fadalto). In the lower part of the mountain flank,
at the footwall of the high angle-fault (Fig. 1d), several steeply tilted
formations are exposed, ranging from deep sea sediments to the syn-
orogenic molassic units, including glauconitic sandstone, bioclastic
sandstone, thick marl and clay layers, and subordinate conglomerate
outcrops. Morphologically, the slope has a fairly uniform gradient and is
largely covered by locally cemented talus debris, while at the lower
elevation hogback hills runs parallel to the mountain flank.

From a hydrogeological perspective, the molassic sequence behaves
predominantly as an aquiclude, except for a few more permeable layers,
whereas the reef grainstone constitutes a karst aquifer. These two groups
are separated by a probably high-angle fault dipping eastward. The talus
cover consists mainly of gravel-sized clasts derived from the cliffs by
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gravitational processes or redeposited by debris-flow events; locally, the
debris is cemented and contains large voids between the clasts (high
porosity).

In addition to orography and lithology, spatial precipitation gradi-
ents further constrain effective recharge areas. Thus, rainfall and
discharge data can therefore be used to further refine the delineation of
recharge zones (e.g., Custodio and Jodar, 2016) and to better constrain
hydrogeological connections with discharging springs, particularly in
mountainous carbonate settings where recharge is predominantly
diffuse. Higher precipitation at the upper AWS (+69% in TRA with
respect to VIT) is expected to enhance recharge in high-elevation sectors
where infiltration conditions are favourable. In addition, the Montaner
fault line (~900 m a.s.l.; Fig. 1d) may increase fracturing within flysch
units and promote hydraulic connectivity with circulating waters in or
from platform carbonates.

A simple quantitative closure supports the interpretation that the
LAR spring cannot be sustained by its strictly topographic catchment
alone. Therefore, the extent of the recharge area for LAR was estimated
using simplified hydrological budgets (Kreye et al., 1996). The mean
discharge (~8.9 L s™!) corresponds to an annual volume of approxi-
mately 2.8:10° m® y’l. Assuming a representative annual precipitation
of 2600 mm y! and, as a first-order limiting case, negligible evapo-
transpiration, runoff, and interannual storage change, the minimum
area required to sustain this discharge is ~0.11 km?2. This value falls
within the range estimated from the annual water-balance calculations
(0.08-0.12 km?). By contrast, the strictly topographic catchment of LAR
(~0.016 km?) would provide ~1.3 L s™! under the same precipitation
assumption and is therefore far too small to explain the observed
discharge. Specifically, precipitation measured at TRA was further
compared with spring discharge over the entire monitoring period or
distinct hydrologic years (Table S3). Incomplete discharge records
restrict the analysis to two complete annual periods, indicating a
possible recharge area ranging from 0.08 km? (October 2019 to
September 2020) to 0.124 km? (October 2020 to September 2021),
compared with a strictly topographic catchment of only about 0.016
km? (Fig. S17). These values should be considered minimum estimates
of the recharge area, as they assume null runoff and null evapotranspi-
ration (Kreye et al., 1996). When net precipitation is recalculated by
accounting for potential evapotranspiration losses (estimated using the
method by Hargreaves, 1994) while still assuming negligible runoff, the
inferred (net) recharge area increases to 0.110 to 0.169 km? (Table S3).
Although larger than the strictly topographic catchment, this area re-
mains approximately one order of magnitude smaller than the overall
potential catchment area (Fig. 1c,d). This discrepancy indicates that LAR
receives recharge from areas extending beyond the local surface
watershed, through laterally redistributed flow paths controlled by slope
deposits, lithological contrasts, and structural discontinuities. Thus, the
water-balance estimate does not contradict the conceptual model but
rather supports the need to distinguish between the small topographic
catchment, the minimum effective recharge area, and the broader po-
tential hydrogeological contributing area.

The isotopic composition of water in precipitation can further refine
the estimation of recharge areas, as it is strongly influenced by elevation
through the so-called altitude effect. This temperature-dependent pro-
cess results from the combined action of (i) enhanced equilibrium
fractionation associated with adiabatic cooling during air-mass uplift
and (ii) progressive depletion of heavy isotopes driven by Rayleigh
distillation as condensation proceeds under decreasing temperatures (e.
g., Gat, 2010). Based on the complete dataset, the unweighted average
vertical isotopic gradients calculated between the CLR and VIT stations
for all single monthly records are —0.23%o 5'80%0/100 m (range: —0.57
to 0.07%0/100 m) and —1.5%o §%H%0/100 m (range: —4.6 to 1.3%0/100
m). Steeper gradients are generally observed in winter (—0.36%o 520
%0/100 m; —2.9%0 5°H%0/100 m), while shallower gradients occur in
summer (—0.19%o 5'0%0/100 m; —1%o 5°H%0/100 m). However,
amount-weighted average vertical isotopic gradients are possible only in
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the August 2019-July 2020 period due to data gap (Dec 2020) with a
slightly lower value: —0.19%o &'80,%0/100 m; —1.3%0 5°Hp%0/100 m.
These values are fully consistent with those previously reported for NE
Italy (e.g., —0.19 8'80%0/100 m in Longinelli and Selmo (2003); —0.22
8'80%0/100 in Giustini et al. (2016), and —0.17 §'80,%0/100 m in
Masiol et al. (2021)). The close agreement with regional gradients
supports the representativeness of the dataset and confirms that eleva-
tion exerts a primary control on the isotopic signature of precipitation in
the study area, providing a robust framework for interpreting recharge
elevations and groundwater flow paths feeding the investigated springs.

Recharge elevations were therefore estimated using the isotopic
altitude gradient derived from amount-weighted mean 5'%0 values of
precipitation and the mean isotopic composition of spring waters over
one hydrological year (August 2019-July 2020; only the first hydro-
logical year is used because the second year has a data gap in Dec 2020).
The procedure also accounted for the analytical precision of the isotopic
measurements for both precipitation and spring water, uncertainty in
precipitation amount collected with rain gauges, and the variability of
spring-water isotopic values over the hydrological year to estimate 95%
confidence intervals by nonparametric bootstrap (1000 replicates with
replacement). Applying the altitude-5'80 relationship to annual mean
spring-water 5'%0 yielded mean recharge elevations of 822 m a.s.. [c.i.
range 732-879] for LAR and 700 m a.s.l. [c.i. range 617-767] for CAN
(Fig. S17a;b). Clipping the overall recharge area by these elevation
ranges and the lateral extension of the catchment areas yielded surfaces
of 0.2 and 0.3 km? for LAR and CAN, respectively. The distributions of
the estimated mean recharge elevations of the springs are statistically
different, as indicated by a nonparametric Mann-Whitney U test (p <
0.05). Discharge-weighted spring 5!0 estimates produced consistent
results within the c.i. boundaries (803 and 714 m a.s.l., respectively).

The same calculations were repeated using the individual isotopic
measurements from the two springs in order to assess the temporal
variability of recharge-area estimates while keeping the annual altitude-
5180 relationship. The results (Fig. S18) indicate that the potential
recharge areas for LAR were located at higher elevations in Septem-
ber—November 2019 than during the rest of the hydrological year. CAN
shows a similar seasonal pattern, although an anomalous value was
recorded in early November 2019, indicating a recharge area at very low
elevation, within the spring elevation range when the associated un-
certainty is considered. In any case, this value has limited influence on
the annual recharge-area estimate, and its interpretation remains
unclear.

These elevation ranges largely fall within debris-covered slope sec-
tors upslope of the springs Fig. S17). Under this view, contributions from
the upper carbonate plateau (e.g., Calcare di Fadalto above 1000 m a.s.
1) remain plausible as overflow above the Montaner fault zone. Given its
position into the inferred mean recharge zone for LAR, it is likely that
the Montaner fault forms an aquiclude barrier, although it can be hy-
pothesized that aquifer water may overflow into the debris and the more
permeable layers into the molassic sequence. This interpretation, which
considerably narrows the recharge area of LAR, is also supported by the
previous simplified hydrological budget estimation (Table S3), which
for LAR identifies a recharge area of only 0.08-0.124 km? (minimum) or
0.110-0.169 km? (net).

Results provide no evidence that the two springs are directly hy-
draulically connected to the regional Cansiglio karst system and suggest
that, if such a connection exists, its contribution is likely negligible
compared with that of local groundwater flow systems. This interpre-
tation is consistent with a simple water-balance analysis for the Cansi-
glio Plateau based on the data of Filippini et al. (2018). Assuming
negligible surface runoff and evapotranspiration, sustaining the average
discharge (7.7 m® s™1) of the two main Livenza springs draining the
plateau (S1 and S2; Fig. 1b) would require a minimum recharge area of
approximately 136 km?, far exceeding the ~53 km? extent of the Can-
siglio Plateau sensu stricto. This indicates that the regional karst aquifer
is recharged by a substantially larger area than the plateau alone,
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making it unlikely that the relatively small, locally recharged LAR and
CAN springs belong to the same regional groundwater flow system.

Overall, the combined isotope, hydrogeochemical, and vulnerability
evidence suggests contrasting flow systems feeding the two springs. The
isotope-derived mean recharge elevations place CAN at a lower effective
recharge altitude than LAR, consistent with a recharge domain more
focused on nearby slope sectors and a comparatively shallow circulation
pattern, whereas LAR integrates recharge from higher elevations and/or
longer pathways. This conceptual separation is further supported by
response indicators: CAN shows markedly faster system dynamics (e.g.,
high VESPA and short MDHT, shorter lags between precipitation events
and discharge peaks), compatible with rapid infiltration and short
residence times, while LAR exhibits a more attenuated response
consistent with deeper and longer circulation pathways.

The VESPA index generally supports this interpretation, although its
diagnostic value should be considered with caution. At CAN, the nega-
tive correlation coefficient (—1 < p < —0.2) between discharge and
electrical conductivity (Table 1) is indicative of a replacement-
dominated (Type A; Galleani et al., 2011) response. However, the
distinct, short-lived simultaneous increase in EC and water temperature
observed at the onset of several recharge events (Fig. S8) suggests that
the initial response includes a piston-flow component, whereby resident
groundwater is displaced by newly infiltrating recharge water. This
apparent discrepancy likely reflects the coexistence of multiple flow
mechanisms during storm events and highlights a limitation of the
VESPA index, which is based solely on the discharge-EC relationship and
does not account for the concurrent evolution of water temperature or
other hydrochemical tracers. This limitation may be particularly rele-
vant in shallow aquifers mantled by glacial till and slope debris, where
temporary storage and delayed release of infiltrating water can generate
more complex chemograph responses than those typically observed in
well-developed karst systems.

From a hydrogeochemical point of view, both springs fall within a
Ca-HCO3 facies, confirming dominant circulation in carbonate-rich
rocks. However, the stronger and more stable carbonate signature
(higher Ca®* concentrations and hardness) observed at CAN is consis-
tent with relatively direct recharge through debris-covered slope de-
posits rather than through fractured or karstified carbonate pathways.
Under this view, the unconsolidated material likely provides a large
reactive surface area, while humic acids produced by organic matter
decomposition may lower pH and thereby enhance calcium carbonate
dissolution. In contrast, the relatively greater variability observed at
LAR is coherent with a more heterogeneous recharge setting and
structurally guided flow paths that may intersect alternating carbonate
and marly/flysch intervals, promoting mixing and longer water-rock
interaction. Overall, these lines of evidence support a dual recharge
regime in the massif, combining rapid preferential infiltration in
permeable carbonate domains with slower, laterally redistributed flow
where fine-grained units restrict vertical percolation.

3.7. Delineation of the protection and respect zones

Several measures can be adopted to preserve mountain springs (e.g.,
Viviroli et al., 2011; Papadaki, 2021), including protecting spring-side
vegetation, regulating land-use practices to prevent pollution and soil
degradation, and implementing sustainable water management to avoid
overexploitation. In Veneto, regional legislation (DGR 1621/2019 of the
Veneto Region) recommends defining a safeguard zone for springs by
applying one of the established methods for assessing spring vulnera-
bility, such as the VESPA index, with protection areas scaled to the de-
gree of vulnerability.

In this study, the derived vulnerability levels allow for the delinea-
tion of the legally prescribed absolute protection zone (immediately
surrounding the intake, with land use restricted to intake facilities and
essential service infrastructure, in Italian ZTA, “zona di tutela assoluta™)
and the respect zone (a wider buffer subject to land-use restrictions
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aimed at preserving water quality and quantity, in Italian ZTR, “zona di
rispetto”). There is however a discrepancy between the regulation and
the scientific methods approved by the regulation itself for delineating
ZTAs. According to the regulatory criterion, the ZTA is defined as a
circular area with a radius of 10 m around the intake point. By contrast,
the scientific methods approved within the same regulatory framework
define the ZTA as a rectangular area extending at least 10 m upstream of
the intake point, with lateral extensions on each side equal to three-
quarters of the upstream distance. Downstream, the extension varies
according to the vulnerability class: 10 m for elevated vulnerability, 5 m
for high to medium vulnerability, and 2 m for low vulnerability.

Given this discrepancy, and considering the hydrogeological ratio-
nale, this study adopts the approved scientific methods for ZTA delin-
eation, while the regulatory criterion is applied preferentially at the
decision-making stage where required. This way, for LAR (moderately
vulnerable) the absolute protection zone extends 20 m upstream
(exceeding the minimum proposed upstream distance by a factor of
two), 5 m downstream, and 15 m laterally, whereas for CAN (very high
vulnerability) the absolute protection zone widens to 40 m upstream
(exceeding by a factor of four), 10 m downstream, and 30 m laterally
(Fig. $19).

LAR requires a ZTR extending 400 m upstream expanding with a 30°
angle on both sides, these dimensions create a polygon of ~0.081 km?
that is similar to the minimum recharge area calculated by the water
budget (Fig. S19). CAN instead requires that the ZTR must encompass
the entire spring drainage basin. Within this regulatory framework, the
safeguard zones coincide with the recharge area only for CAN, because
the high-vulnerability class triggers a basin-wide respect zone, while for
LAR the delineation based on regional regulations does not necessarily
capture the full recharge area. This points out that vulnerability indices
provide a theoretical protection requirement, but that spatial allocation
must be grounded in a recharge-area hypothesis derived from hydro-
logical and hydrogeological evidence. This coupling becomes especially
important for springs sustained by intermediate circuits, where outlet-
based indices alone may be insufficient to define adequate protection
areas (Javadi et al., 2019). The same logic might apply to longer-circuit
systems such as LAR, where contributing areas might extend well
beyond the outlet surroundings. Thus, delineation should be supported
by integrated reconstruction of recharge through geomorphological/
cartographic analysis and geo-hydrogeological mapping, complemented
where appropriate by environmental tracers, for example combining
water isotope-based recharge-elevation constraints with hydro-
geochemical characterization to refine recharge sources, flow paths, and
contributing areas.

In this perspective, it is important to emphasize that the delineation
of protection areas requires an appropriate balance among monitoring
efforts, the integration of existing knowledge, and more detailed
hydrogeological and geochemical/isotopic investigations. Moreover,
whenever there is uncertainty about the robustness of the method used
to define the extent of the recharge area, any planned land-use inter-
vention upslope of the spring, including outside the protection zones,
should be preceded by a more targeted and intensive monitoring and
investigation program aimed at better constraining the recharge area,
rather than simply providing baseline environmental monitoring.

Finally, a decision-support flowchart is proposed to guide the se-
lection of the most appropriate approach for delineating spring protec-
tion zones in comparable hydrogeological settings (Fig. 6). Rather than
relying solely on vulnerability-based methods, the framework uses the
spring outlet setting together with local geological and hydrological
conditions as the primary criteria for selecting defensible protection
strategies. In this way, it supports both effective spring management and
long-term groundwater quality protection. The workflow first distin-
guishes between springs issuing from debris deposits and springs
directly connected to bedrock aquifers. For debris-controlled systems,
the first step is to assess whether the upstream debris body alone can
store enough water to sustain the observed discharge. If the debris cover
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Fig. 6. Decision-support flowchart for selecting the most appropriate approach to delineate spring protection zones in different hydrogeological settings.

is sufficient, a precautionary approach based on hydro-parameter
monitoring and local surface assessment is recommended; this assess-
ment may be extended to the watershed scale where allochthonous
runoff could contribute to recharge. If debris storage is insufficient, the
spring is assumed to also receive input from dispersive river segments, or
the underlying bedrock. In such cases, as well as for springs emerging
directly from rock, the framework then evaluates the likelihood of a
karst connection. Where karst conditions are likely, recharge-area
quantification is combined with vulnerability assessment and moni-
toring. In non-karst settings, protection-zone delineation relies mainly
on geological characterization and hydrological monitoring. In the case
of LAR and CAN, both types of spring outlets are present, with
groundwater emerging directly from the bedrock and from the overlying
debris deposits. In addition, the topographic watershed alone is too
small to account for the observed spring discharge, making it necessary
to extend the recharge area to the debris-covered upper slopes. These
findings highlight the need to redefine the protection zones by consid-
ering not only vulnerability classes but also hydrogeological and iso-
topic evidence. A step-by-step application of the flowchart to LAR and
CAN is provided in Section S5. Overall, the flowchart provides a prac-
tical and transferable conceptual tool for selecting suitable methods to
define defensible spring safeguard zones.

4. Conclusions

This study combined high-frequency monitoring of two springs
(temperature, electrical conductivity, water level and, indirectly,
discharge) collected with automatic devices with major-ion chemistry
and stable water isotopes collected on monthly basis to characterize
recharge areas and intrinsic vulnerability of two mountain springs (LAR
and CAN) on the southern slope of the Cansiglio-Cavallo Massif. These
springs are representative of many small mountain water supplies that
require systematic monitoring and targeted protection, as they provide a
key contribution to local distribution networks.

The hydrochemical facies of both springs is Ca-HCOs, indicating
dominant circulation in carbonate lithologies and a generally stable
geochemical imprint over the monitoring period. Isotope evidence
provides independent constraints on effective recharge conditions.

13

Using an amount-weighted isotope-elevation relationship (August
2019-July 2020), mean recharge elevations were estimated at
~732-879 m a.s.l. for LAR and ~617-767 m a.s.l. for CAN, with
consistent discharge-weighted estimates. Hydrodynamic indicators
reveal markedly different system behaviours. CAN shows a fast response
to precipitation and rapid drainage, reflected by very high vulnerability
metrics (VESPA V in the 14-38.7 range) and short annual maximum
discharge half-time (1-4 days), consistent with shallow circulation and
short residence times. LAR exhibits a more buffered regime (VESPA V in
the 0.36-0.77; half-life 9-22 days), indicating greater storage and longer
circulation pathways. These contrasting responses highlight that springs
hosted in the same massif can be sustained by substantially different
flow systems, with implications for protection and management. These
values, together with the mapped lithological heterogeneity and reces-
sion behaviours, support a conceptual model in which: (i) recharge of
CAN is dominated by debris-covered slope sectors, with possible con-
tributions from higher-elevation carbonate domains and structural
pathways, while (ii) LAR is consistent with a more heterogeneous
recharge setting and structurally controlled flow paths that likely tra-
verse alternating carbonate and marly/flysch intervals, thereby
enhancing mixing and prolonging water-rock interaction. More
broadly, this study contributes to refining the conceptual hydro-
geological model of the Cansiglio-Cavallo karst system. Results suggest
that the LAR and CAN springs are fed by local groundwater flow systems
rather than by the regional karst aquifer, providing new insights into the
functioning of one of the major Mediterranean karst aquifers, high-
lighting the hydrogeological complexity of the massif and the need for
protection strategies tailored to individual flow systems rather than
assuming a single, regionally connected aquifer.

From a management perspective, the results show that outlet-based
vulnerability indices are essential for ranking springs and identifying
those that require stringent protection. However, they should be
coupled with hydrological and hydrogeological analyses when trans-
lating vulnerability “classes” into spatial protection boundaries. In the
present case, the legally defined protection zones overlap the recharge
area only for the highly vulnerable CAN spring (where the respect zone
extends to the entire catchment), whereas for LAR the same approach
does not automatically encompass the inferred recharge area.
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More broadly, this work shows the value of combining multiple
complementary approaches, rather than relying on a single method, to
define defensible spring protection strategies. On this basis, a decision-
support flowchart was developed to guide the selection of the most
appropriate approach for delineating spring protection zones in similar
hydrogeological settings. The framework first distinguishes between
springs controlled by debris deposits and those connected to bedrock
aquifers, then uses debris storage capacity, possible external recharge
contributions, and the likelihood of karst connections to identify the
most suitable combination of monitoring, geological characterization,
recharge-area quantification, and vulnerability assessment. In this
sense, the flowchart translates the main findings of this study into a
practical and transferable tool for spring management and long-term
groundwater protection.

Also, vulnerability must also be considered pollutant-specific. Rapid
transfer from the surface to the aquifer and spring is especially critical
for microbiological contaminants, which may decay over time, and for
preparedness in the event of accidental spills. By contrast, persistent
pollutants entering the aquifer may not degrade, may be released over
longer periods, and may be affected by spring hydrodynamics that
remain only partly constrained.
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