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Abstract

The response of alpine aquifer systems to changing climatic conditions is dependent on the specific geographical and geo-
logical context. Consequently, understanding fluctuations in hydrogeological balances at the scale of spring catchments has
become increasingly crucial for anticipating future scenarios related to water availability. This study focuses on Promise
Spring in the Aosta Valley region (NW Italy) between October 2011 and July 2024 and employs innovative methodologies,
including Fourier transform analysis, to characterize spring hydrograph signals and their relationships with atmospheric
temperature, snow depth, and rainfall data. In addition, isotopic analyses of water samples were conducted to gain a bet-
ter understanding of the origin of the water that feeds the spring. The analysis of the hydrodynamic behavior of the spring
revealed a clear correlation between the environmental variables and their temporal variations. The main discharge peaks
were associated with the completion of the snowmelt process between April and May, indicating that snowmelt was one of
the primary water sources that fed the spring. Recent increases in discharge and the temporal shift of the recession curve
minima toward the autumn and winter months are attributable to altered meteorological conditions that have modified snow
accumulation regimes at higher altitudes in the catchment area. Isotopic analyses revealed that the Promise Spring exhibited
an isotopic composition that is indicative of the absence of glacial paleowater contributions and implies a primarily meteoric
origin derived from snowmelt and precipitation.
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Introduction 2024). In addition, complementary decreases in precipitation
have resulted in droughts, which have been responsible for

Mountain hydrology and hydrogeology in the European Alps ~ reduced snow cover in winter and shorter snow seasons in

have undergone significant changes over the last few decades
due to climate change, land use changes, and altered water
consumption patterns and policies. In particular, climate
change has influenced the characteristics of droughts and
floods, evapotranspiration, snow—rainfall ratios, and snow
seasonality, and has resulted in new rainfall patterns asso-
ciated with rising average air temperatures (Carroll et al.
2019; Crepaldi et al. 2015; de Palézieux and Loew 2019;
Donnelly et al. 2017; Jédar et al. 2020; Kim and Villar-
ini 2023; Mondani et al. 2022; Newlands et al. 2015; Rie-
del and Weber 2020; Xanke and Liesch 2022; Xanke et al.
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spring (Wu et al. 2018; Wu et al. 2020). The response of the
alpine environmental systems to the aforementioned condi-
tions has resulted in a reduction in groundwater circulation
due to decreased rainfall and snow thickness across the dif-
ferent hydrometeorological seasons (Dey et al. 2020; Mo
et al. 2019; Szwed 2019). Consequently, gaining a deeper
understanding of fluctuations in hydrological balances is
increasingly important for predicting future scenarios related
to water availability (Duratorre et al. 2020; Wang et al. 2023;
Zuecco et al. 2019).

Over the last few decades, several different authors have
analyzed meteorological data in an attempt to describe the
relationship between changes in weather conditions and
water availability in the Aosta Valley region. Gizzi et al.
(2022) reported that not all of the springs investigated in the
Aosta Valley springs appear to be affected by reductions in
solid and liquid precipitation inputs, despite precipitation
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data from the selected meteorological stations revealing an
overall decreasing trend in annual rainfall (mm) and a slight
increase in rainfall intensity (mm/day) due to the reduction
in rainfall events (i.e., number of rainy days). Furthermore,
Orusa et al. (2021) explored the effects of short-term climate
change effects on phenological metrics and the evapotran-
spiration of the rangelands and broad-leaved forests of the
Aosta Valley using remotely sensed data; they found that,
like many other alpine regions, the Aosta Valley is currently
suffering from significant temperature increases as a result
of climate change, which has driven significant changes in
the growing seasons of the rangelands.

In the context of the Italian Alps, increases in air tem-
perature are strongly influenced by altitude. Indeed, higher
altitudes were found to be more sensitive to rising tem-
peratures, leading to the reduced persistence of snowpacks.
Consequently, these regions are among the most severely
and rapidly affected ecosystems due to being susceptible
to changes in temperature and precipitation patterns at all
scales (Stockli and Vidale 2004).

Satellite observations recorded by Cabina di Regia dei
Ghiacciai Valdostani (2022) revealed a 24 km? reduction in
glacial surface area in the Aosta Valley since 1999. Addi-
tionally, the temporary snow resource, which plays a critical
role in feeding water bodies, has decreased by 23% over the
last 20 years. Indeed, snow and ice are the main controls
on the hydrological cycle, and their variations can affect
the entire geosystem, including rocks, soils, vegetation, and
river discharges and especially seasonal runoff (Colucci
and Guglielmin 2019; Corte et al. 2024; Thibert et al. 2018;
Vergnano et al. 2023; Zemp et al. 2015). In particular, the
melting of glaciers and permafrost is currently compensating
for water scarcity by providing relevant volumes of water
every year.

Determining the contribution of permanent cryosphere
melting in the context of altered spring discharge volumes
is essential to gain a medium-term understanding of water
balance alterations in alpine regions. Numerous methodolo-
gies have been developed over the last few decades to obtain
hydrogeological information about recharging systems in
mountain springs. Hydrographs represent the final output
from the various processes that govern the transformation
of precipitation and other water inputs in the drainage area.
Consequently, spring recession curves were analyzed to
determine the hydrological properties of aquifers as well as
to quantitatively estimate the evolution of water resources
over time (Cerino Abdin 2021; Kresic and Bonacci 2010;
Lo Russo et al. 2014, 2021). In this study, Promise Spring,
located in the Aosta Valley (NW Italy), was selected as a
case study. This site is well-suited to the context of climate
change impacts on water resources, as recent studies have
reported increases in both maximum and minimum discharge
values over multi-year time series data (Gizzi et al. 2022).
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This behavior cannot be immediately explained within the
framework of changing climate conditions and requires
innovative methodologies to obtain a more detailed charac-
terization of the inputs that feed the aquifer. Here, a Fourier
transform analysis of the spring hydrograph signal was used
to characterize the main signal harmonics and relate them
to other environmental variables (Balugani and Antonellini
2011; Neto et al. 2016; Rahi and Halihan 2013; Soldrzano-
Rivas et al. 2021). Specifically, the spring hydrograph, rain-
fall, snow depth, and temperature signals were decomposed;
their spectrograms were analyzed to identify the physical
relationships between these parameters. This approach was
previously employed by some authors to understand changes
in groundwater response due to cryosphere melting (Mag-
nusson et al. 2014; Pasquini et al. 2008; Xie et al. 2006):
however, the application of Fourier transform analysis to
a time series of physical variables in order to identify the
long-term harmonic components of these variables has been
relatively limited.

The results obtained were further combined with iso-
topic analyses performed on water samples according to the
V-SMOW standard. Measurements of oxygen-18 (5'%0) and
deuterium (8*H) have proven to be crucial for understanding
flow paths in both surface water and groundwater, highlight-
ing their broad applicability (Chizhova et al. 2022; Craig
1961a, b; Santillan-Quiroga et al. 2023; Thakur et al. 2020;
Yu et al. 2021). In addition, the altitude of rainfall or snow-
fall deposition was assessed using empirical relationships
available in the literature (Bortolami et al. 1979; Giustini
et al. 2016; Mazor 2004; Novel et al. 1995). The synthesis
of results from these two independent analysis techniques
has provided further insights into the nature and origin of
the water inputs that feed Promise Spring. Consequently,
the results presented in this research extend beyond sim-
ple discharge trend evaluations and instead offer a deeper
understanding of the spring’s variability in both short- and
long-term scenarios.

Materials and methods
Study area

The Aosta Valley region is geographically located in the
northwestern part of the Italian Peninsula. It is characterized
by a typical alpine climate, with cold winters and cool sum-
mers. Monthly rainfall peaks in spring and autumn, with the
lowest values recorded in summer and winter. The highest
mean monthly precipitation is approximately 140 mm, while
the minimum mean precipitation is approximately 30 mm
(Mercalli et al. 2003).

Approximately 30% of the Aosta Valley region is 2500 m
above sea level (a.s.l.), with glaciers covering around 4.8%
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of the region (representing a glacial surface area of approxi-
mately 120 km?) (Cabina di Regia dei Ghiacciai Valdostani
2022). The Rutor Glacier is one of the largest glaciers in the
region: its altitude ranges from around 2550 m a.s.l., where
its ice body forms two main tongues, to around 3400 m a.s.1.,
near Testa del Rutor (max. 3486 m a.s.1.) (Corte et al. 2024,
Vergnano et al. 2023). The Rutor Glacier faces northwest
and has a specific conformation that minimizes the risk of
ice block failures and snow avalanches. Meltwater from ice
and snow flows into the main drainage channel, known as
the Rutor Torrent, which passes through the municipality of
La Thuile and flows toward the Dora Baltea River (Fig. 1).

Promise Spring is located downstream of the Rutor Gla-
cier at an elevation of 1580 m a.s.l., near the municipal-
ity of La Thuile, and lies on the right bank of the Rutor
Torrent (Gizzi et al. 2022). The aquifer complex that feeds
Promise Spring is embedded within layers of conglomerates
and metapelites that alternate with schists and micaceous
sandstones. These rock layers have dip angles of 35-39°
with a dip direction of 105-115°N (E-SE). The spring’s
outflow emerges through the drainage gallery system of an
abandoned underground mines (Morgex-La Thuile Com-
plex). Groundwater also flows through a complex network
of fractures generated by rock-laying surfaces and a regional
vertical fault that runs beneath the glacier (Figs. 2 and 3).
In addition, a vertical fault crosses the Rutor Torrent and
extends uphill toward the spring. This fault creates a hydro-
geological boundary that confines the aquifer between the
Rutor Torrent and the fault. The Promise Spring is situated
in a topographic saddle on the slope, where the piezometric
level reaches the drainage gallery that channels groundwater
towards the surface (Gizzi et al. 2022). The average tem-
perature of the spring water is about 10 °C; the spring water
is not derived from rapid infiltration and instead undergoes
modest underground groundwater circulation before reach-
ing the outlet.

Figure 1 shows the location of the Villaret weather station
(1488 m a.s.l.). This station collects data on air temperature,
snow depth, and rainfall, and is close to also where the Rutor
Torrent is sampled (2130 m a.s.l.); the sampling point is
located immediately above the Rutor Falls, where samples
were collected for isotopic analysis.

Time series analysis

The cause-and-effect relationships in the temporal evolu-
tion of the spring’s hydrogeological system were assessed
through the analysis of several variables between October
2011 and July 2024. The mean daily values of the air tem-
perature (7,;,), snow depth (SD), and rainfall (RF) were
obtained from the Villaret weather station (managed by the
Aosta Valley Autonomous Region Environmental Protection

Agency) over this period. Precipitation was measured using

a tipping-bucket rain gauge, which lacks a heating system
and was thus unable to precisely differentiate between rain
and snowfall. The discharge (Q) was monitored at Promise
Spring using multi-probes (Corr-Tek Idrometria). The hydro-
metric level was measured with an hourly frequency and a
mm-level resolution. These measurements were converted
into discharge values using Eq. (1).

Q =0.385 - h}b+/2g (1)

This equation was applied to a Bélanger rectangular weir,
where A, represents the hydraulic head and b represents the
width.

Hydrographs represent the result of several processes that
mediate the transformation of precipitation and other water
inputs in the drainage area into a single output. Hydrographs
are constructed based on discharge values measured over a
hydrogeological year, and their shape is dependent on the size
of the drainage area and the intensity of precipitation (Kresic
and Bonacci 2010).

The Promise Spring hydrograph represents the main out-
flow of the aforementioned hydrogeological system and offers
a series of observations associated with the characteristics
and behavior of the aquifer. Consequently, the evolution of
the water resources within the rock mass can be quantitatively
described in terms of annual average variations using a regres-
sion line equation (Cerino Abdin 2021).

Snowmelt evaluation

The hydrological input was obtained by estimating the volume
of liquid water that recharges the aquifer. To achieve this, the
contribution of snowpack melting must be converted into an
equivalent volume of liquid water released into the environ-
ment based on the relevant meteorological conditions. The
snow water equivalent (SWE) index (2) accounts for factors
such as snowpack compaction and metamorphism, both of
which increase the density of fresh snow, thereby providing an
equivalent measurement in terms of liquid water (DeWalle and
Rango 2008). This study assumed an average density of 100
kg/m?; however, it should be noted that densities during melt-
ing can sometimes reach values of 400-600 kg/m>. Indeed,
the ablation process is primarily influenced by air tempera-
tures that exceed 0 °C; other factors include solar radiation,
relative humidity, and air pressure (Longoni et al. 2022). The
daily SWE for the Villaret weather station was reconstructed
by converting solid precipitation inputs into water equivalents
as winter transitions into spring.

Snow density (:T% )
SWE = - Snow depth (SD)(cm) = 0.1 - SD (cm)

Water density (% )
@)
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Promise Spring

Rutor sampling point

Meteorological station

Elevation (m asl)
= Hydrography

= Country border
D Rutor Watershed
|:] Promise Watershed

Fig.1 Overview of the study area. a Location of Promise Spring in Falls sampling point. Basemap: Google satellite web map service
the Aosta Valley region. b Detailed map of the Rutor Torrent water- QuickMapServices plugin; orthophoto Aosta Valley Autonomous
shed, including the location of the Villaret (La Thuile municipality) Region Geoportale (b). Edited in QGIS v. 3.34.11 (a, b)

weather station, the Promise Spring catchment area, and the Rutor
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Fig.2 The Promise Spring
watershed, as indicated by the
red line. Surface runoff was
reconstructed using SAGA GIS
software v. 9.5.1 from the DTM
model available on Aosta Valley
Autonomous Region Geopor-
tale. Basemap: orthophoto from
the Aosta Valley Autonomous
Region Geoportale

PROMISE SPRING

LEGEND
Promise Spring
Promise Watershed
Rutor Torrent
Surface runoff

Elevation (m asl)

Fig.3 Geological context of the
Promise watershed. It should be
noted that the selected spring
drains only a portion of the sur-
face runoff due to fractures in
the rock mass as well as several
stratigraphical discontinui-

ties that affect the outcropping
formations. Surface runoff that
is not intercepted flows directly
into the Rutor Torrent without
feeding the aquifer. Basemap:
Geological Map scale 1:100000
available on Aosta Valley
Autonomous Region Geoportale

(#F¥PRO

MISE SPRING

LEGEND
[ ) Promise Spring
| |:] Promise Watershed
= Rutor Torrent
—— Fault

——  Elevation (m asl) Schists and micaceous sandstones

1A ” o

— e - .

Fourier transform and harmonic analysis

The Fourier transform is a fundamental technique for ana-
lyzing the frequency content of signals. It is based on Fou-
rier’s Theorem, which states that any periodic function x(¢)
with a period 7 (or analogously a fundamental frequency
Q, =2z /7) can be decomposed into an infinite series of
sine and cosine functions according to Eq. (3). Coefficients

Colluvial and debris cover
Alluvial deposits

Glacial deposits

Conglomerates and metapelites

ay, by and b, are given by Eqgs. (4), (5), and (6) respectively
(Leis 2011).

xX(t) = ag+ ) (a,c0os kQyt + by sinkQ1) 3)
k=1
ay = / x(1)de 4)
0

@ Springer
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a, = Z/ x(t) cos kQt dt Q)
TJ o
2 [T
b, = ;/ x() sin kQt dt (6)
0

The Fourier transform does not strictly require the sig-
nal to have a periodic structure for processing. Specifi-
cally, the discrete-time Fourier transform requires a signal
x(¢) that is sampled at time instants ¢ = nT, where n is an
integer and T is the temporal distance recorded between
two consecutive samples. In contrast, the continuous Fou-
rier transform (7) is based on the conversion from the con-
tinuous time domain into its frequency counterpart X(€2)
(where Q is the true frequency in radians per second).
This allows the statement to be rewritten as Eq. (8) and
introduces the frequency w = QT (expressed in radians/
sample) (Leis 2011).

X(Q) = / " x(H)e ™ dt @)
+o0
X@Q = ) xme ™ ®)

The final step is represented by the discrete Fourier
transform (DFT) (9), which converts a sampled time
domain into a sampled frequency domain. The frequency
of the k™ sinusoid w, is expressed as (27k)/N, where N
is the number of acquired samples (Leis 2011). Since the
computational cost of the DFT is relatively high, the fast
Fourier transform (FFT) algorithm was developed and is
currently preferable when calculating the transform using
numerical software (Brigham and Morrow 1967).

N-1

X(k) = ) x(mye " ©)

n=0

The data were resampled to mean daily values (i.e., a
sampling frequency of one measurement per day) to elimi-
nate the occurrence of small hourly probe spikes that could
affect the quality of the signal. Furthermore, a threshold

frequency corresponding to 1 year (1/365 = 0.00274) was
implemented in the amplitude spectrogram: lower fre-
quency values should describe long-term effects, while
the highest frequency values should define the spring’s
behavior over a single hydrogeological year.

The time series of the examined variables was recon-
structed using harmonic series analysis. In this technique,
the input is the frequency spectrogram obtained with the
FFT. Indeed, the mathematical expression of the Fourier
series (Eq. 3) (Schmidt et al. 2008) should be able to distin-
guish and allow for the reconstruction of both the long- and
short-term components in the original signals through a dis-
crete summation of the harmonics.

Isotopic analyses

Water is characterized by the presence of several isotopic
compounds, with the two most relevant isotopes being oxy-
gen-18 (6'%0) and deuterium (8°H). The isotopic composi-
tion of the samples was determined by mass spectrometry
and expressed in per mil deviations from the Vienna Stand-
ard Mean Ocean Water (V-SMOW) (Mazor 2004). Isotopic
analyses were performed at the ISO4 Laboratory (Depart-
ment of Earth Sciences, University of Turin) using wave-
length-scanned cavity ring-down spectroscopy (WS-CRDS).
Two samples were collected on 8 July 2024: the former was
taken from Promise Spring, while the latter was collected
from the Rutor Falls, which are fed by glacial meltwater
(see Fig. 1). The obtained results were compared with local
meteoric water lines (LMWL), which serve as a useful tool
for tracing the origin and movements of groundwater in spe-
cific geological contexts. Indeed, in cases when the isotopic
values are aligned with some lines in the §?H-8'%0 diagram,
the relevance of secondary processes (e.g., evaporation prior
to infiltration in the rock fractures) can be considered neg-
ligible, reflecting the composition of precipitation (Mazor
2004). Equations (10)—(14) were utilized for this purpose
(Table 1).

The isotopic composition of groundwater can also be asso-
ciated with other physical effects, such as altitudinal effects:
as clouds ascend, the residual precipitation becomes isotopi-
cally lighter (Leontiadis et al. 1983; Mazor 2004; Payne and
Yurtsever 1974). An altitudinal gradient for the northwestern

Table 1 Local meteoric water lines (LMWLs) examined using the isotopic values from the Promise Spring and Rutor Falls sites

LMWL Formula Equation number Citation

Global meteoric line PH=8-8%0+10 (10) (Craig 1961a)
Northern hemisphere, continental H=8.1+1)8"%0+11+1) (11) (Dansgaard 1964)
Mediterranean or Middle East PH=8-880+22 (12) (Gat 1971)

Maritime Alps (April 1976)
Maritime Alps (October 1976)

§%H = (8.0 + 0.1)8'80 + (12.1 + 1.3) (13)
§2H = (7.9 + 0.2)8'80 + (13.4 + 2.6) (14)

(Bortolami et al. 1979)
(Bortolami et al. 1979)

@ Springer
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sector of the Aosta Valley was estimated using Eq. (15) based
on 8'%0 content (Giustini et al. 2016; Novel et al. 1995). Bor-
tolami et al. (1979) used a different approach to develop an
analytical model that estimated the recharge altitude / from
isotopic hydrology in the Corsaglia Valley basin (Maritime
Alps). Both of these equations map the 830 content to eleva-
tion and were developed in April 1976 (16) and October 1976
(17), respectively. Their combination yields an average annual
gradient expressed by Eq. (18); a further relation for the deu-
terium content is provided by Eq. (19). Both isotopic gradient
and empirical equation methods were tested in this study, and
their reliability in the context of the selected site is explored
in the discussion section.

880 %0 = —(3.17£0.08) - 1072 - h — (7.85 £ 0.14)  (17)
880 %o = —(3.12+£0.10) - 107 - h — (8.03 £ 0.13)  (18)
8’H %0 = —(24.9 +0.8) - 107 - h — (51.1 £ 0.6) (19)

Results

Times series data for snow depth (SD), rainfall (RF), air
temperature (7,;.), and discharge (Q) in Promise Spring
are illustrated in Fig. 4. Snow accumulation has decreased

880 _ —0.23% (15) considerably since 2018, with depths no longer exceeding
100 m 100 cm and currently stabilizing below 50 cm, with com-
plete melt occurring by the end of April. The SWE index
880 %o = —(3.10 £ 0.14) - 107 - h — (824 £ 0.18)  (16) was evaluated by assuming a snow density of 100 kg/m3
(Eq. 2); these values are presented on the y-axis of Fig. 4a
Fig_4 Tlme Series Ofadaily a) T T T T T T T T T T T T T T T T T T T T T
snow depth (SD), b daily 100 |
rainfall (RF), and ¢ daily mean T E
air temperature (7;,) data from S f,/
Villaret weather station. d Daily 22 so0F -
average discharge values meas- o
ured in Promise Spring
0 1 1 1 L 1 | 1 | Il 1 1 1 1 L Il 1 1 1 1 Il 1 1 Il 1 1 1
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Table 2 Maximum and

L ; Hydrogeological year Annual minimum values Annual maximum values

minimum discharge values

measured at Promise Date Discharge (I/s) Date Discharge (I/s)

Spring over the last few

hydrogeological years 2013-2014 Mar 7, 2014 1.15 Apr 20, 2014 8.57
2014-2015 Mar 9, 2015 0.89 May 9, 2015 45.54
2015-2016 Feb 1, 2016 0.59 Apr 25,2016 7.15
2016-2017 Mar 1, 2017 1.67 Apr 19, 2017 10.97
2017-2018 Jan 23, 2018 1.12 May 3, 2018 57.30
2018-2019 Mar 21, 2019 2.65 Jun 7, 2019 8.00
2019-2020 Oct 19, 2019 2.06 May 19, 2020 57.60
2020-2021 Feb 19, 2021 5.37 Jun 4, 2021 13.56
2021-2022 Dec 25, 2021 4.30 May 18, 2022 10.30
2022-2023 Dec 22, 2022 4.26 Jun 1, 2023 14.25
2023-2024 Oct 29, 2023 541 Apr 19, 2024 63.20

alongside snow depth. The reduction in snowpack appears  fractured supply network of the aquifer (Fig. 4b). The mean
to have altered the aquifer inflow pattern, resulting in higher ~ daily air temperatures (Fig. 4c) fluctuate between a mini-
volumes of liquid precipitation that directly infiltrate into the ~ mum of — 10 °C in January and a maximum of 20 °C in July.

Fig.5 Fourier transform and a) 6 T T T T
harmonic series analysis per- =
formed on daily mean discharge 24 =
data from Promise Spring. a 3
Amplitude—frequency spectro- = 5 i
gram; b Fundamental frequency E
indicating the mean value of the " . | J |
; ) 0 i et b ‘
signal; ¢ Long-term component 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
of the signal (corresponding to Frequency (cycles/day)
frequencies lower than 0.027)
and its trend line; d Short-term b) T T T T T T T T T T T T T T T T T
component of the signal (corre- 6.5 y=+59 |
sponding to frequencies greater 5 6
than 0.027) and its trend line 3
o551 i
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Fig.6 Fourier transform a) -~ T T T T T T
. . . ~
and harmonic series analysis 5 g
performed on daily mean air < o
temperature data from the % 5L -
Villaret weather station. a =
Amplitude—frequency spectro- E
gram; b Fundamental frequency nr ‘ - ‘ | | | | ]
¢ 0 P T btols i el o L .
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Finally, Fig. 4d shows that significant flood peaks regularly
occur around late April and early May. The minimum and
maximum flow values over a single hydrogeological year
(i.e., between October 1 and September 30) are summarized
in Table 2. Both values have increased noticeably in recent
years, with the minimum flows now occurring in late autumn
rather than the final weeks of winter.

Figure 5 presents the analysis of the discharge values
using FFT and reconstructed through the Fourier harmonic
series described in Eq. (3): the resolution of the x-axis of the
spectrogram in Fig. 5a is limited to a maximum frequency of
0.1, although in reality, it extends to the sampling frequency
of one sample per day. The mean discharge value at the fun-
damental frequency is 5.87 I/s (Fig. 5b), while the long-term
components exhibit an increasing trend that raises the dis-
charge value to as high as 10 I/s (Fig. 5c). However, the main
contributors to the flood peaks are short-term effects that
can exceed 40 I/s: these trend lines remain almost constant

o3 A L

across the entirety of the temporal dataset (Fig. 5d). Similar
results were observed in the air temperatures recorded at
the Villaret weather station (Fig. 6). In this case, however,
the spectrogram clearly shows a single 0.00274 frequency
peak (Fig. 6a). The mean temperature of 6.2 °C (Fig. 6b)
was accompanied by an increasing trend in the long-term
component that contributed nearly 2 °C (Fig. 6¢), while the
short-term component exhibited a consistent cyclic pattern
over a 1-year period (Fig. 6d). The snow depth spectrogram
exhibited two relevant peaks (Fig. 7a); the first peak cor-
responds to the standard 0.00274 value while the second
peak exhibited a six-month periodicity (0.00548). Although
a fundamental frequency of 11.7 cm was detected (Fig. 7b),
the decreasing trend in the long-term component (Fig. 7¢)
was more relevant relative to the consistent short-term
component (Fig. 7d). Finally, the rainfall spectrogram did
not exhibit any prominent frequencies (Fig. 8a), other than
a mean value of 2.3 mm (Fig. 8b). This observation was

@ Springer



Hydrogeology Journal

Fig.7 Fourier transform
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validated by Fig. 8c and d, in which the trend lines did not
provide any information about relevant temporal variations
in rainfall events.

Results of isotopic analysis performed on samples from
Promise Spring and Rutor Falls are reported in Table 3.
These values were compared to the LMWL to assess the
influence of secondary processes on rainfall infiltration into
the rock mass (Fig. 9 and Table 4). The 5'%0 content also
allows for the identification of the difference in altitude in
the recharge areas of the two sites (Eq. 15), which was found
to be 465 m. The estimated recharge altitudes are listed in
Table 5; these were calculated by inverting Eqgs. (16)—(19).

Discussion
The time series spring discharge data reported in Fig. 4

can be used to obtain useful information about the hydro-
dynamic behavior of Promise Spring and the evolution of
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its environmental variables, such as snow depth, rainfall,
and air temperature. The main peaks in the spring discharge
are attributable to the transfer of pressure induced by snow-
melt: this phenomenon extends until the completion of this
process between April and May, consistent with the results
presented in Gizzi et al. (2022). In contrast, there was a
clear correlation between rainfall and discharge volumes in
autumn with a temporal lag of six hours; this was due to the
liquid input rapidly recharging the aquifer without generat-
ing a prolonged pressure wave (Gizzi et al. 2023). Further-
more, starting from the 2018-2019 hydrological year, there
was a clear increase in the discharge associated with the
minimum recession values, in some cases exhibiting values
that were considerably greater than 1 1/s (see Table 2). This
was accompanied by a temporal shift toward the autumn
and winter months. This appears to be a consequence of
changes in meteorological conditions resulting in modified
snow accumulation patterns at higher altitudes within the
Promise basin.
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The results of the harmonic analyses support the con-
clusions presented in the previous paragraph: the long-term
components reconstructed from the amplitude spectro-
gram in Fig. 7c illustrate a decline in snow depth values
recorded by the nivometer placed at the Villaret weather
station. Simultaneously, the increasing trend in the long-
term component of the atmospheric temperature (Fig. 6¢)
hindered snowfall in the Promise watershed. This resulted
in an additional supply of liquid water to the fractured net-
work of the Promise aquifer in October and November. The

Table 3 Isotopic composition of the samples collected from Promise
Spring and Rutor Falls

Sample 880 (%0) Uncertainty &°H (%0) Uncer-
8180 (%0) tainty
&?H (%o)
Promise Spring  —13.44 +0.2 -96.17 +1
1580 m a.s.l
Rutor Falls —14.51 +0.2 —100.83  +1
2130 ma.s.l

S

S &

W T o i i O O O o e g
harmonic analysis of the rainfall data revealed additional
insights (Fig. 8): as previously described in (Gizzi et al.
2022), unlike the increasing trends observed in the minimum
air temperature and spring discharge values, there were no
significant changes in precipitation trends (Fig. 8c). Indeed,
the change in rainfall conditions had a relatively small effect
on the hydrodynamic alterations at the Promise site. This is
because the moderating factor is closely related to snowfall
accumulation (which is dependent on air temperature) rather
than the volume of liquid precipitation. It should be noted,
however, that the intensity and temporal distribution varies
greatly in this region.

An isotopic analysis of the Rutor Falls samples links its
waters back to its namesake glacier. This conclusion is sup-
ported by the general assumption that the Rutor Torrent is
directly fed by glacial meltwater; however, further support
can be found in research conducted in the Mont Blanc area
(Novel et al. 1995), where the isotopic content of glacier
samples shows a similar average 5'®0 value of — 14.62 %o
relative to the V-SMOW standard. In contrast, the Promise
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Fig.9 Comparison between the local meteoric water lines (Mazor 2004) and the isotopic content in samples collected from Promise Spring and

Rutor Falls

Table 4 Euclidean norm of the
measured isotopic composition
with respect to various local
meteorological water lines

(LMWLs)

Sample Global meteoric line Northern Mediterranean Maritime Maritime Alps
hemisphere or Middle East Alps (April (October 1976)
continental 1976)

Promise Spring 0.1674 %o 0.2076 %o 1.3210 %o 0.0930 %o 0.4262 %o

Rutor Torrent  0.6512 %o 0.6985 %o 0.8372 %o 0.3907 %o 0.0501 %o

Spring samples were characterized by a higher isotopic con-
tent, indicating the absence of glacial inputs into the spring’s
feeding basin and a closer connection between the §'30 and
8°H content and the LMWL defined in the Maritime Alps
in April 1976 (Bortolami et al. 1979) (Fig. 9). Indeed, the
outflow of Promise Spring likely originates from snowmelt
or rainfall. This mechanism can be considered analogous
to that of the Corsaglia Valley, where no glacial masses are
present within the watershed. Furthermore, the similarity in
isotopic content between Promise Spring and precipitation
confirms the absence of secondary processes that would alter
the nature and origin of its waters. Conversely, there were no
correlations between the isotopic content of the Rutor Falls

sample and the October Meteoric Line defined by Bortolami
et al. (1979) (Fig. 9) due to its glacial origin.

The altitude of the recharge areas was estimated using
Egs. (16)—(19). These values fall within the defined catch-
ment area of the Promise Spring but are not consistent with
the actual altitude of existing snow deposits. A more reli-
able result was obtained using the regional isotopic gradient
(Eq. 15): by approximating the recharge area of the fractured
Promise aquifer to be between 2500 and 3000 m a.s.l., the
465-m altitude difference obtained from this analysis sup-
ports the hypothesis that the waters feeding the Rutor Falls
originate from the namesake glacier.

Table 5 Estimated altitude of the recharge areas for Promise Spring and the Rutor Torrent according to Egs. (16)—(19)

Equation (16)

Equation (17) Equation (18) Equation (19)

Sample Equation (15)

Promise Spring recharge altitude (m) - 1677
Rutor Torrent recharge altitude (m) - 2022
Elevation difference (m) 465 345

1763 1734 1810
2101 2077 1997
338 343 187
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Conclusions

The response of alpine aquifer systems to changing climatic
conditions is dependent on the specific geographical and
geological context of the system. Consequently, understand-
ing fluctuations in hydrogeological balances at the scale of
spring catchments has become increasingly important for
predicting future scenarios related to water availability.

The harmonic and isotopic analyses conducted in this
study have proven to be essential tools for understanding
the recharge dynamics of the Promise Spring aquifer sys-
tem. The hydrodynamic behavior of the spring revealed
a clear correlation between environmental variables and
their temporal variations. The main discharge peaks were
associated with the completion of the snowmelt process
between April and May, indicating that snowmelt was
one of the primary water sources that fed the spring. Fur-
thermore, since the 2018-2019 hydrological year, altered
meteorological conditions have modified snow accumu-
lation regimes at higher altitudes in the catchment area,
resulting in an increase in discharge and the temporal
shift of the recession curve minima towards the autumn
and winter months. Harmonic analyses further confirmed
the influence of temperature changes on the hydrological
behavior of the spring. Specifically, the long-term time
series analysis revealed a decline in snow depth associated
with an increase in atmospheric temperature. These con-
ditions have reduced snow accumulation in the recharge
area of Promise Spring, leading to an increased supply
of liquid water that feeds the fractured network of the
Promise aquifer during the autumn and winter months.
In future research, the analysis of datasets to accurately
investigate the decade response of this site under climate
change effects would be a valuable perspective.

Isotopic analyses helped determine the origin of the feed-
ing waters at the Promise Spring and Rutor Falls sampling
points. The results revealed that Rutor Falls is directly fed
by glacial meltwater, whereas the Promise Spring sample
exhibited isotopic contents that indicate the absence of gla-
cial contributions and instead imply a more meteoric origin,
derived from snowmelt and precipitation.

The methodological approach employed in this study,
which integrates harmonic and isotopic analyses, has
been shown to be a useful tool for understanding spring
behavior. This approach allows for a more complete and
detailed view of the aquifer system, which is essential for
the sustainable management of water resources, especially
in settings where natural resources are sensitive to climate
change. If applied to springs used for drinking water, this
methodology could have significant social implications.
Indeed, knowing the precise origin and nature of spring

water and the recharge dynamics of the spring system
allows for the improved management of water resources.
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