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Abstract
Aquifer recharge by the snowpack is relevant to be assessed to evaluate groundwater availability in mountainous karst regions. 
The recharge due to snowpack in the Gran Sasso aquifer has previously been estimated through an empirical approach using 
elevation gradients. To validate and quantify the coverage and persistence of the snowpack over time through an objective 
method, satellite images have been analysed. The Campo Imperatore plain, the endorheic basin acting as a preferential 
recharge area of the aquifer, plays an important role, both for the snow cover and also for the infiltration and recharge 
of springs. The identification of recharge areas has been validated by the stable isotope approach with the assessment of 
computed isotope recharge elevation based on the values and oscillations of the δ18O isotope recorded at the springs. The 
main findings confirm the high infiltration rate of Campo Imperatore plain and its direct influence on snow contribution to 
aquifer recharge. The extension of snow coverage out of this plain has a minor influence to recharge, highlighting that the 
main drivers for infiltration rate are fractured networks and karstic forms more than snow coverage on carbonate outcrops.
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Introduction

Karst aquifers are valuable groundwater resources that pro-
vide fresh water to approximately 25% of the human popula-
tion (Ford and Williams 2007; Chen 2017). They are com-
plex systems of heterogeneous nature and are fundamental 
in the water supply of European countries and those of the 

Mediterranean area, where outcrops of carbonate rocks are 
very common. In detail, the karst rocks are widespread in 
the Mediterranean area and constitute 21.6% of the Euro-
pean land surface (Goldscheider et al. 2008). The impor-
tance of monitoring available water resources and updating 
the aquifer recharge is mainly due to the ongoing impact of 
climate change on these resources and the increase in human 
abstraction. These two factors are modifying groundwater 
resource availability. Although groundwater has always 
shown excellent resilience in adapting to climate change, 
its careful assessment is required. This is relevant for karst 
aquifers which are particularly susceptible to climate change 
impacts (Taylor and Greene 2008). This work aims to vali-
date the amount and the distribution of recharge over the 
Gran Sasso aquifer for the 2019–2022 period. In detail, the 
contribution of snowmelt has been investigated, because the 
rate and timing of snowpack distribution have substantial 
consequences on aquifer recharge patterns, which in turn 
affect groundwater availability throughout the year (Earman 
et al. 2006). Despite its relevance (Colombo et al. 2022), 
direct measurement and modelling of snowpack effects on 
aquifer recharge remain challenging due to the inherent limi-
tations of monitoring. Starting from the snow contribution to 
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infiltration calculated by Lorenzi et al. (2022), the obtained 
results have been compared with Sentinel-2 satellite images 
for the winter semester (November to April). In this respect, 
the endorheic basin of Campo Imperatore plain (with an alti-
tude of 1500–1900 m asl) plays a primary role, acting as a 
preferential zone for infiltration. The plain has therefore been 
taken into account both for the amount of snow coverage, 
given its proximity to the highest peaks, but also for being 
a preferential recharge zone for the aquifer. In fact, many of 
the main springs may have been fed by not only rainfall but 
also by snow melt coming from the Campo Imperatore plain 
(Lorenzi et al. 2022; Scozzafava and Tallini 2001; Amoruso 
et al. 2014), with an estimation of about 75% of precipitation 
feeding the aquifer by infiltration. In this scenario, stable 
water isotopes are useful to understand and delineate the 
catchment area of the main springs (Barbieri et al. 2005; 
Sappa et al. 2018; Rusjan et al. 2019; Iacurto et al. 2021). 
Monitoring changes in stable isotopes over time and space 
can provide a better understanding of aquifer recharge and 
spring discharge links, which are critical to the study of 
groundwater hydrodynamics (Barbieri et al. 2005).

The stable isotopes such as δ2H and δ18O, acting as con-
servative tracers (Calligaris et al. 2018; Iacurto et al. 2021), 
play a key role in the karstic aquifer. In fact, the isotopic 
concentration of the rainwater impacting the soil is strictly 
linked to the falling altitude (Giustini et al. 2016). The δ18O 
and δ2H stable isotopes have been largely used to determine 
groundwater recharge areas, with their elevations, and water 
flow paths (González-Trinidad et al. 2017; Sappa et al. 2018; 
Wachniew 2015; Arellano et al. 2020; Vespasiano et al. 
2015). Applying the use of stable isotopes for calculating the 
mean recharge elevation is still a basic tool, with particular 
reference to mountainous aquifers where recharge areas are 
distributed in a wide elevation range (Petitta et al. 2022). 
The mean elevation of the recharge area calculated by iso-
tope values of spring water is also representative (Jasechko 
et al. 2017; Jódar et al. 2021). The major constraint is the 
knowledge of an average isotopic value of the discharge 
water, which has been mixed along the flowpath, collecting 
different inputs from different recharge zones and recharge 
episodes (Longinelli and Selmo 2003; Minissale and Vaselli 
2011; Giustini et al. 2016). Nevertheless, in fractured car-
bonate aquifers where fast flow in karst conduits is limited, 
as happens in central Italy, and flow is mainly governed 
by the fracture network, stable isotopes frequently show 
steady values with time (Petitta et al. 2015, 2018; Tallini 
et al. 2014), reducing the seasonal effect of recharge on the 
groundwater discharge. Within this framework, the aim of 
the present work is to validate the preliminary assessment 
of snow on recharge carried out by Lorenzi et al. (2022) 
through satellite images, as well as to verify through isotopic 
data how and in which measure spring recharge is influenced 
by the endorheic basin of Campo Imperatore plain.

Hydrogeological setting

The Gran Sasso aquifer is defined as a calcareous-karstic 
system about 1034  km2 wide and it can be considered one 
of the most representative karst aquifers of the central-
southern Apennines. Its relevance is due to:

 I. The conspicuous amount of water resources deeply 
exploited for different purposes,

 II. The interaction of human infrastructures with the 
surface and the groundwater,

 III. The need to provide the enhancement and protec-
tion of natural resources in protected areas (National 
Park) (Adinolfi Falcone et al. 2008).

The Gran Sasso aquifer, characterised by Meso-Ceno-
zoic carbonate units, is bounded by terrigenous units rep-
resented by Miocene flysch (regional aquiclude) along 
its northern side and Quaternary continental deposits 
(regional aquitard) along its southern side (Amoruso 
et al. 2014). A single basal regional-wide groundwater 
table with a hydraulic gradient of 5–20‰ characterizes the 
flowpath (Tallini et al. 2013; Celico et al. 2005). The Gran 
Sasso karst aquifer (Fig. 1) feeds springs located at its 
boundaries, characterised by a total discharge that ranges 
between 18 and 25  m3/s, corresponding to a net infiltration 
recently recalculated in about 600 mm/y (Lorenzi et al. 
2022). Groundwater moves vertically, through the unsatu-
rated zone having a thickness of about 1000 m (Petitta 
and Tallini 2002). At the massif core, the endorheic basin 
of Campo Imperatore acts as a preferential recharge area, 
fed by rainfall and snow melt. This basin, having tectonic-
glacial-karstic origins, is 75  km2 wide and has an eleva-
tion that ranges from 1500 to 1900 m asl. The preferential 
directions of groundwater flow are locally conditioned by 
the main tectonic discontinuities and are constrained by 
the altitude of the hydrogeological limits. The discharge 
includes also a highway tunnel drainage tapped for drink-
ing purposes on both sides. Most of the groundwater is 
directed towards the sectors where the permeability limits 
are located at lower altitudes.

The aquifer recharge for the period 2000–2020 was 
computed in Lorenzi et al. (2022), considering the rainfall, 
snow and temperature data of four pluviometric gauges 
(P1–P4 in Fig. 1) and evaluating the gradients by a linear 
correlation between altitude and precipitation/temperature 
data. The gradients were then applied from the selected 
gauges, identifying rainfall and temperature distribution 
values over the entire aquifer for the 2000–2020 period. 
In Fig. 2 the monthly rainfall (P1, P2), temperature (P3) 
and snow (P4) data are shown, while Fig. 3 summarizes 
the rainfall (A, B) and temperature (C) gradients adopted.
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Fig. 1  Simplified hydro-
geological setting of the Gran 
Sasso aquifer. A Aquitard 
(continental detrital units of 
intramontane basins, Quater-
nary), B aquiclude (terrigenous 
turbidites, Mio-Pliocene), C 
aquifer (calcareous sequences, 
Meso-Cenozoic), D low perme-
ability bedrock (dolomite, upper 
Triassic), E main thrust, F 
main extensional fault, P(1–4) 
selected climatic gauges (P1 
and P2 have been considered 
as reference gauges for rainfall, 
P3 for temperature and P4 for 
snow), S(1–14) main springs, 
G streambed spring, H regional 
groundwater flow path, I high-
way tunnel drainage (modified 
from Tallini et al. 2013)

Fig. 2  Rainfall, temperature and snow monthly data for 2000–2020 
period of the four gauges (P1–P4 in Fig.  1), representative of the 
aquifer recharge. The Campotosto and Assergi gauges (respectively, 
P1 and P2 in Fig. 1) have been considered as reference data for rain-

fall. The Castel del Monte gauge (P3) has been selected as reference 
point for temperature. The Campo Imperatore gauge (P4) has been 
considered for snow coverage
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The amount of aquifer recharge evaluated in Lorenzi et al. 
2022 is 606 mm/y (equivalent to 16.7  m3/s for the whole 
aquifer), using the Turc method, 558 mm/y (equivalent to 
15.3  m3/s) using the Thornthwaite method and 594 mm/y 
(equivalent to 16.2  m3/s) using the APLIS method (Andreo 
et al. 2008). The average contribution of snow was estimated 
in 3.2  m3/s. The aquifer is characterized by an average effec-
tive infiltration rate of 51.6% of total precipitation but an 
infiltration rate of 76.7% has been assessed by the APLIS 

method for the preferential recharge area of the Campo 
Imperatore basin (Lorenzi et al. 2022). In Fig. 4 the Box-
plot of the average monthly rainfall recharge calculated by 
the Thornthwaite method (A) and the Boxplot of the average 
monthly snow recharge (B) of the time period considered 
(2000–2020) are shown.

Methods

In the study area, the snow melt contribution to recharge 
appears to be significant (about 20%), and heavily depend-
ent on the snow coverage distribution with space (elevation) 
and its persistence with time (Lorenzi et al. 2022). The role 
of high-elevation areas in aquifer recharge becomes even 
more important considering the influence of snow melt-
ing in endorheic basins. The contribution of snow in the 
2000–2020 period, calculated by Lorenzi et al. 2022, has 
been obtained by creating a correlation line between alti-
tude and snow values of the period 1960–1990 (referring 
to Fazzini and Bisci 1999). The derived monthly gradient 
for each considered month has been applied to the snow 
monthly data recorded at the Campo Imperatore gauge (P4 
in Fig. 1) to compute the recharge fraction due to snow melt. 
The snowfall has been converted into equivalent mm of rain 
(1 cm of snow = 1 mm of rain).

By this way, a snow coverage function of the elevation 
has been obtained for each month of the winter semester 
(since November to April), extrapolating a related snow 
thickness increase with elevation. Since the snow covering 
and so the snow contribution to the aquifer recharge appears 
to be strongly related to the elevation, the results of Lorenzi 
et al. 2022 require a validation, to be obtained through the 
Sentinel-2 satellite images, offering the real snow coverage 
of the studied aquifer.

The Gran Sasso aquifer daily images have been down-
loaded by Esa Sentinel Data Access with a resolution of 
10 m (Fig. 5A) and imported into the ArcGis software, where 
the areas with snow cover have been separated by different 
colours from those without snow. Images from November 
2018 to April 2022 have been examined (Fig. 5B). Some 
gaps were caused by the lack of useful satellite images but 
also by satellite images with cloud cover that did not allow 
for identification of the snow cover limit.

To understand how the preferential infiltration zone 
(Campo Imperatore plain) can supply the main springs of 
the aquifer, Computed Isotopic Recharge Elevation (CIRE) 
has been calculated by the δ18O data. The δ18O values refer 
to isotopic analyses of samples collected between 2020 
and 2022. The monitoring network (Fig. 6) includes 13 
main springs and 7 representative monitoring points of the 
groundwater collected inside the motorway tunnel.

Fig. 3  The calculated altitude gradients of both rainfall and tempera-
ture. The gradients were then applied to identify rainfall distribution 
values over the entire aquifer for each year (2000–2020). The com-
puted annual rainfall gradients are 42  mm/100  m for the northern 
slope (A) and 30  mm/100  m for the southern slope (B), while the 
temperature gradient is −0.59 °C/100 m (C)
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All the samples have been collected directly from each 
spring outlet/monitoring points and stored in cool boxes 
at 4  °C until reaching the isotopes laboratory. Isotopic 

composition is expressed in part per mil accordingly to the 
usual δ notation, with respect to the V-SMOW (Vienna 
Standard Mean Ocean Water). Analysis has been performed 

Fig. 4  A Boxplot of the average monthly recharge due to rainfall during the 2000–2020 period calculated by the Thornthwaite method, B Box-
plot of the average monthly snow recharge during the 2000–2020 period. The whiskers plot indicates the IQR (interquartile range) factor

Fig. 5  A Example of an image from ESA Sentinel Data Access with snow coverage in light blue (left panel) related to 18th December 2020, B 
Image elaborated on ArcGis software (right panel) with inferred snow coverage in blue
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in the IT2E Isotope Tracer Technologies Europe Srl. Labo-
ratory in Milan (Italy) using a mass spectrometer Finnigan 
Delta Plusmass equilibrated at 25 °C as described by Epstein 
and Mayeda (1953) for oxygen. The analytical precision is 
about ± 0.1‰ for δ18O and ± 1‰ for δ2H (Petitta et al. 2022).

Applying the altitude isotope gradient for Gran Sasso 
aquifer of − 0.24 ‰/100 m (Barbieri et al. 2005) on the iso-
tope values recorded from 2020 to 2022, the CIRE of each 
spring has been assessed. Specifically, the following equa-
tion from Barbieri et al. (2005) has been adopted:  δ18O = 
− 0.0024h - 6.35.

Results and discussion

To evaluate the snow cover extension in  km2 and the low-
est snow elevation, it is helpful to consider the hypsometric 
curve (Fig. 7).

Table 1 shows the dates of acquisition of the satellite 
images, the corresponding snow cover area in  km2 and 
its lowest elevation for each considered image. Moreover, 
the lowest snow elevation data calculated by Lorenzi et al. 
(2022) is reported. Some images have not been accounted 
for, in particular the 2019–20 winter and data from Novem-
ber of the considered years except 2020. This is due to the 
absence of images or in some other cases to the low quality 
due to the presence of clouds.

Obviously, an increase in the extension of snow coverage 
corresponds with a lower value of the altitude where the 
snow is detected. It is also worthy of note that November 
and April are months with limited snow coverage, respect 
with December, January, February and March.

A comparison of the lowest snow elevations has been 
carried out between the data derived by Sentinel-2 images 
and the previous evaluation (Lorenzi et al. 2022). However, 
the snow cover and also the lowest snow elevation have been 
based on the days on which satellite images are available, 
while the previous assessment was made on monthly basis. 
The results show (Table 1) that the lowest snow elevation 
calculated by both methods only partially overlaps. An influ-
encing parameter seems to be the extension of the snow 
cover. This is schematically explained in Fig. 8. The blue 
line shows the trend of the lowest snow elevation calculated 
by the gradient (Lorenzi et al. 2022). When the area covered 
by snow is lower than 140  km2 the results of the lowest 
snow elevation previously calculated (Lorenzi et al. 2022) 
approximately match with the real satellite data (green dots 
in Fig. 8). For this case, the lowest snow elevation calculated 
by both methods shows a discrepancy lower than 200 m, 

frequently lower than 100 m. Exceeding this threshold, in 
particular when the snow cover area is between 140 and 
220  km2 it has been noted an overestimation of the low-
est snow elevation calculated by the use of gradient, with 
respect to the altitude calculated by satellite images, (grey 
dotted line in Fig. 8). Only in few cases (when the area cov-
ered by snow is wider than 220  km2) the lowest snow eleva-
tion calculated with the gradient is underestimated respect 
with the satellite images (see orange dotted line in Fig. 8).

The two thresholds of the extension of the snow cover 
correspond to 140  km2 and 220  km2 and they can be corre-
lated to the surface area of the Campo Imperatore plain (75 
 km2) and its altitude range (1500–1900 m asl). In fact, the 
threshold of 140  km2 of snow cover is reached summing the 
extension of the Campo Imperatore plain (75  km2) and the 
outcrops located at an altitude higher than 1900 m asl (65 
 km2) on the whole aquifer.

The threshold of 220  km2 corresponds to the total 
recharge area of the aquifer located between the altitudes 
of 2900 m and 1500 m asl, the minimum elevation of the 
Campo Imperatore plain. Consequently, Campo Imperatore 
plain and its altitude range have a considerable impact on 
the snow recharge of the aquifer and the limits of the snow 
cover. When the snow coverage remains under the threshold 
of 140  km2, only the zones higher than 1900 m asl and part 
of the Campo Imperatore plain are covered by snow. When 
the snow coverage enlarges towards 220  km2, it includes in 
addition the areas located at an altitude ranging between 
1900 and 1500 m asl out of the Campo Imperatore plain. In 
the case of snow coverage larger than 220  km2, also zones of 
the aquifer located at lower elevations are covered by snow.

Consequently, monthly gradients have been re-computed 
to be used when the snow cover area results to be wider than 
140  km2, splitting the area between 140 and 220  km2 and 
the area wider than 220  km2. When the snow cover area is 
lower than 140  km2, the monthly gradients calculated by 
Lorenzi et al. (2022) have been used. Data have initially been 
analysed on a monthly basis. Afterwards, the monthly snow 
thicknesses (cm) recorded by the Campo Imperatore snow 
meter gauge on those specific days, its altitude (2139 m 
asl, slightly above the Campo Imperatore plain) and the 
lowest snow elevation calculated from real data have been 
considered to find out updated monthly gradients. During 
the observation period, the available satellite images corre-
sponding to snow cover area between 140 and 220  km2 are 
3 for December, 2 for February and 2 for March, while the 
satellite images with a snow cover area wider than 220  km2 
are 2 for January and 1 for April. No occurrence of snow 
coverage > 140  km2 has been recorded for November, the 
starting winter month with limited snowfall.

Through this method, an average snow cover extension 
and an average lowest snow elevation have been calculated 
and a new gradient for each considered month has been 

Fig. 6  Location of isotope monitoring points. In red, the 1900 m asl 
contour and in green 1500 m asl contour have been highlighted. The 
area of the Campo Imperatore basin is shown in yellow

◂
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Fig. 7  Hypsometric curve of the 
considered area. The red line 
corresponds to the mean eleva-
tion value. The points where the 
altitude values of 1500 m and 
1900 m asl intersect the hypso-
metric curve have been marked 
with black dots

Table 1  The dates when Sentinel-2 images are available

Date Snow cover 
visible

Snow cover 
extension

[km2]

Lowest snow elevation
calculated by Lorenzi et 

al., 2022 [m]

Lowest snow elevation
from satellite images 

[m]
15/11/2018 No

27/12/2018 Yes 211 300 1475

26/01/2019 Yes 410 1331 970

20/02/2019 Yes 139 1515 1650

22/03/2019 Yes 108 1443 1500

01/04/2019 Yes 94 1315 1550

07/11/2019 No

15/12/2019 No

15/01/2020 No

20/02/2020 Yes 135 1364 1500

15/03/2020 No

25/04/2020 Yes 29 2150 2100

11/11/2020 Yes 11 2152 2150

16/12/2020 Yes 181 300 1500

15/01/2021 No

24/02/2021 Yes 190 636 1500

26/03/2021 Yes 204 300 1550

25/04/2021 No

15/11/2021 No

31/12/2021 Yes 157 300 1450

15/01/2022 Yes 310 1756 950

09/02/2022 Yes 171 1167 1550

26/03/2022 Yes 160 839 1500

05/04/2022 Yes 227 1713 1300

The presence or absence of cloud cover is also shown. The values of the extent of snow cover and the lowest snow elevation calculated from sat-
ellite images and Lorenzi et al. (2022), are included. The lowest snow elevation is highlighted in blue as calculated by Lorenzi et al. (2022). The 
days when the lowest snow elevations from satellite images match with the lowest snow elevation calculated by gradient (snow cover lower than 
140  km2) are highlighted in green. The lowest snow elevations that do not match (snow cover between 140 and 220  km2) are highlighted in grey. 
The lowest values of the snow elevation that do not match (snow cover larger than 220  km2) are highlighted in orange
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computed (Fig. 9). For each considered month, the gradient 
used by Lorenzi et al. (2022) (in blue dotted line), the newly 
calculated gradient (in grey or orange dotted line) are shown 
in Fig. 9. The new applied gradients are: 10.7 cm/100 m for 
December, 6.5 cm/100 m for January, 10.6 cm/100 m for 
February, 9.6 cm/100 m for March and 3.3 cm/100 m for 
April. For the lowest snow elevation data of each considered 
month calculated with the new gradients, see Table 1.

Applying the modified monthly average gradients to the 
real snow data recorded at the Campo Imperatore snow 
meter gauge, the contribution of snow to the water recharge 
has been re-evaluated using the same methodology of Lor-
enzi et al. 2022, to assess possible changes respect with pre-
vious evaluations. In detail, the total recharge in the years 
2019 and 2020 results to be negligibly decreased by only 0.1 
 m3/s. In this case, for the whole aquifer the snow coverage 
seems not to have a significant influence on aquifer recharge: 
in fact, snow coverage does not extend over 140  km2, except 
in one case (Table 1). Conversely, 2021 and 2022 are charac-
terised by persistent snow cover wider than 140  km2 within 
considered months and therefore the snow recharge values 
have been re-calculated. As a result, 2021 is characterised 
by a lower snow recharge respect with to previous estima-
tions with a shortage of 2.2  m3/s (from 3.4 to 1.2  m3/s), 
while 2022 is characterised by a lowering of 2  m3/s (from 
3.5  m3/s to the value of only 1.5  m3/s calculated by satellite 
images). From these results, it can be assessed that the con-
tribution of snowfall to aquifer recharge has a relevant role 
mainly inside Campo Imperatore plain (snow coverage < 140 
 km2 and larger but at higher altitudes), while the snowfall 

exceeding this area at lower elevations (> 220  km2) has a 
limited impact on aquifer recharge, to be revaluated as lower 
than previously calculated. This finding reinforces the role 
of fracture networks and karst features in aquifer recharge, 
limiting the impact of slopes and rock outcrop areas at least 
for snow recharge. Taking into account the key role of the 
Campo Imperatore plain on the aquifer recharge due to snow 
cover, stable isotope data from springs have been used to 
verify how much spring discharge is affected by preferential 
infiltration from Campo Imperatore. In Table 2, the stable 
isotope results of δ18O of springs sampled in 2020–2022 and 
the CIRE calculated by equation from Barbieri et al. (2005) 
are listed. In Fig. 10 the data from Table 2 are reported. In 
particular, the figure shows the CIRE values (green, blue 
and red dots) calculated by an equation from Barbieri et al. 
(2005) (black line).

Box plots in Fig. 11 resume the CIRE elevation of each 
spring of the Gran Sasso aquifer, considering the isotopic 
data since 2020–2022. The red dotted lines indicate the alti-
tude range of the Campo Imperatore plain (1500–1900 m 
asl), while the whiskers plot indicates the IQR (interquartile 
range) factor.

The spr ings located on the nor thern slope 
(S1–S2–S4–S5–S6, Fig. 1) show similar and steady values 
of δ18O (average − 10.5‰) and are characterised by a CIRE 
ranging from 1600 to 1900 m asl, clearly corresponding to 
recharge coming from the same elevations of Campo Imper-
atore endorheic basin. Consequently, it can be inferred that 
these springs can receive a significant contribution from the 
Campo Imperatore recharge area.

Fig. 8  Representative scheme of the trend of the lowest snow eleva-
tion in relation to snow cover in  km2 respect with the gradient cal-
culated in Lorenzi et  al. (2022) (blue line). In green dots, the low-
est snow elevations from satellite images (snow coverage lower than 
140  km2). In grey dotted line, the trend of the lowest snow elevation 

evaluated from satellite images adopted to describe the conditions 
when the snow coverage is between 140 and 220  km2. In  orange dot-
ted line, the trend of the lowest snow elevation evaluated from satel-
lite images adopted to describe the conditions when the snow cover-
age is wider than 220  km2
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The sole spring on the northern side characterised by an 
isotopic recharge elevation having larger variability is the 
Ruzzo spring (S4), ranging from 1546 to 1850 m asl. This 
anomaly can be linked to the high variability of the spring’s 
flow rate, characterised by flow having some runoff compo-
nent and rapid circuits (Petaccia and Rusi 2008). Anyway, 
its larger variability remains included in the recharge altitude 
range of the Campo Imperatore plain.

The springs located in the southeastern area (S7A, S7B, 
S9, S14) also appear to be at least partially fed by water from 
the Campo Imperatore plain, showing lower CIRE respect 

with the northern ones, but their values are still at the lower 
boundary of the Campo Imperatore altitude. These springs 
represent the ultimate drainage of the regional water table, 
with considerable and constant flow rates over time. Moreo-
ver, S9, Capo Pescara spring, is characterised by a different 
origin of the recharge, coming from both the two aquifers 
of Gran Sasso and Sirente mountains (Lorenzi et al. 2022; 
Scozzafava and Tallini 2001; Petitta and Tallini 2002).

The springs on the L’Aquila side, although located at the 
same altitude (650 m asl), show different values of CIRE: 
S11 and S12 are characterised by a CIRE between 1700 

Fig. 9  New monthly gradients adopted to assess the real snow cover 
extension. In blue: the monthly gradient calculated by Lorenzi et al. 
(2022). In grey, the new monthly gradient obtained from Sentinel-2 
images when the snow cover area is between 140 and 220  km2. In 

orange the new monthly gradient obtained from Sentinel-2 images 
when the snow cover area is wider than 220  km2. The graphs speci-
fied the years when the gradient has been used. The dots indicate the 
real values measured in P4 (see Fig. 1 for location)
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and 1900 m asl, while S13A and S13B are characterised by 
a lower isotopic elevation, between 1100 and 1300 m asl. 
From these data can be inferred that the recharge of S11 and 
S12 can be attributed to the Campo Imperatore basin too, 
considering they have evidence of fast-circulating ground-
water directly connected to the aquifer core (Petitta and Tal-
lini 2002). The S13A and S13B springs, on the other hand, 
are probably fed by recharge coming from the carbonate 
ridges having lower elevation, with the possible influence of 
the deposits of the L’Aquila plain (Petitta and Tallini 2002), 
resulting in a lower CIRE.

The monitoring points inside the motorway tunnel (S3, 
S10, S15A-E) are the most depleted in δ18O of the entire 
Gran Sasso aquifer (average δ18O = − 11.1 ‰) and con-
sequently they have a very high isotopic recharge eleva-
tion, mainly above 2000 m. The S3 monitoring point is the 

only one showing large isotopic value variability, ranging 
from δ18O value of -9.7 ‰ (corresponds to CIRE value 
of 1384 m asl) to − 11.3 ‰ (corresponds to CIRE value 
of 2072 m asl). On the basis of local hydrogeological and 
hydrochemical settings (Barbieri et al. 2005; Petitta and 
Tallini 2002; Tallini et al. 2013), the CIRE results sug-
gest that groundwater directly crosses the unsaturated zone 
(approximately 1000 m thick), reaching highway tunnels 
(aquifer core) coming prevalently from the elevations 
higher than Campo Imperatore plain. The possibility of a 
secondary contribution from the preferential recharge zone 
of the aquifer cannot be excluded.

To sum up, most of the CIRE attributed to the main 
springs of the Gran Sasso aquifer are compatible with the 
significant recharge contribution from Campo Imperatore 
basin, confirming its primary role in the aquifer recharge, 

Table 2  Isotopic values of 
δ18O of the main springs of 
the aquifer and the IE (Isotopic 
Elevation) calculated by using 
the CIRE equation (Computed 
Isotopes Recharge Elevation) 
from Barbieri et al., 2005

ID refers to Fig. 3

ID 2020 2021 2022 2020 2021 2022

δ18O I.E δ18O I.E δ18O I.E δ18O I.E Δ18O I.E δ18O I.E

S1 − 10.8 1850 − 10.1 1546 − 10.4 1671 S9 − 10.1 1546
− 10.4 1671 S10 − 11.0 1939 − 11.1 1982
− 10.4 1671 − 11.4 2113
− 10.7 1792 S11 − 11.0 1939 − 10.6 1776 − 10.8 1850

S2 − 10.6 1776 − 10.2 1608 − 10.3 1626 − 10.8 1850 − 10.7 1792
− 10.3 1626 − 10.6 1776
− 10.6 1776 − 11.0 1939
− 10.7 1792 S12 − 10.6 1776 − 10.6 1776 − 10.6 1776

S3 − 11.3 2072 − 10.8 1850 − 10.8 1850 − 10.7 1792 − 10.6 1776
− 11.1 1982 − 10.9 1901 − 10.8 1850
− 10.3 1626 − 11.0 1939
− 9.7 1384 S13A − 9.1 1159 − 9.2 1185 − 9.2 1185

S4 − 10.1 1546 − 10.3 1626 − 9.3 1223 − 8.9 1062
− 10.8 1850 − 10.3 1626

S5 − 10.7 1792 − 10.2 1608 − 10.2 1608 − 9.6 1346
− 10.2 1608 − 10.3 1626 S13B − 9.6 1346 − 9.4 1285 − 9.3 1223
− 10.5 1725 − 9.3 1223 − 9.4 1285
− 10.6 1776 − 10.5 1725
− 10.3 1626 − 9.7 1384

S6 − 10.8 1850 − 10.5 1725 − 10.5 1725 S14 − 10.7 1792
− 10.5 1725 − 10.5 1725
− 10.6 1776 S15A − 11.2 2017 − 11.7 2215
− 10.8 1850

S7A − 10.4 1671 − 10.2 1608 S15B − 11.2 2017 − 11.3 2072
− 10.3 1626 − 11.5 2162
− 10.4 1671 S15C − 11.1 1982 − 11.2 2017
− 10.6 1776 − 11.3 2072

S7B − 10.2 1608 − 9.9 1460 S15D − 11.1 1982 − 11.2 2017
− 10.0 1509 − 11.4 2108
− 10.5 1725 S15E − 11.0 1939 − 11.0 1939
− 10.2 1608 − 11.4 2108
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supporting the previous estimation in over 75% of precipi-
tation values feeding infiltration from this endorheic basin.

Figure 12 shows a conceptual hydrogeological scheme 
summarising the results of updated snow recharge evalu-
ations and isotopic recharge values. The hydrogeological 
section is carried out in the NE–SW direction, connecting 
the S3 and S11 springs. The figure summarises the aim of 
the work, from the assessment of snow quantity and its dis-
tribution to the verification through isotopic data of how 
the contribution of snow recharge can influence the springs 
located at the aquifer boundaries.

Conclusion

Snow cover contribution to the water budget in mountainous 
karst areas is frequently significant for aquifer recharge, but 
the relationships with its extension and karst preferential 
infiltration zones is still not clear. By considering the snow 
cover through satellite images over the period 2019–2022, 
it has been observed that the snow cover extension does 
not always coincide with its calculation based on altitude 

Fig. 10  Correlation between elevation and CIRE values calculated 
for the 2020–2022 period based on the CIRE equation from Barbieri 
et al. (2005) (black line)

Fig. 11  Box plot of the CIRE elevation of each isotope monitoring point of the Gran Sasso aquifer. Red dotted lines indicate the altitude range of 
Campo Imperatore plain (1500–1900 m asl). The whiskers plot indicates the IQR factor (interquartile range). Spring ID refers to Fig. 6
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gradient data (Lorenzi et al. 2022). In detail, a strong cor-
respondence between the snow cover extension on Campo 
Imperatore plain and snow recharge contribution has been 
reinforced by the comparison with satellite images.

Based on the recorded data, new monthly gradients have 
been calculated, to be applied during months when the 
snow cover is larger than 140  km2 and specially when it 
is larger than 220  km2, involving areas out of the main 
recharge plain, at lower elevations. Results for 2019–22 
confirmed the significant role of the aquifer recharge 

by the snow covering Campo Imperatore plain. In fact, 
recharge from snow in 2019–20, when the snow cover-
age did not exceed the plain boundaries, has been con-
firmed in about 15% of the total aquifer recharge, as pre-
viously assessed. Conversely, in both winter semesters 
of 2021–22, the snow coverage frequently exceeded the 
plain limits, but the recalculated recharge shows how the 
infiltration from snow located out of Campo Imperatore 
is very limited, leading to an updated evaluation of snow 
recharge lower than the one previously assessed (up to 

Fig. 12  Hydrogeological scheme of the three different scenarios 
of the snow coverage in relation to the lowest snow elevation. The 
highway tunnel is shown in yellow. The lines with arrows indicate the 
snow recharge contribution to groundwater flow, according to the iso-
tope evaluation. The average δ18O values of the S3, S4, S10 and S11 
springs are included. a When the snow coverage is under the thresh-
old of 140  km2, only the zones higher than 1900 m asl and part of the 
Campo Imperatore plain are covered by snow. b When the snow cov-
erage is between 140 and 220  km2, it includes in addition the areas 

located at an altitude ranging between 1900 and 1500  m asl out of 
the Campo Imperatore plain. c In case of snow coverage larger than 
220  km2, also zones of the aquifer located at lower elevations are cov-
ered by the snow. On the right, the corresponding maps of the aquifer 
with the related snow coverage extension (in light blue) are shown. 
The small tables highlight in yellow the months in the studied period 
corresponding to a, b or c conditions. In grey, the months with sat-
ellite images available for evaluation; in white months without valid 
satellite images



 Environmental Earth Sciences (2023) 82:206

1 3

206 Page 14 of 15

− 60%). This finding reinforces the role of karst features in 
aquifer recharge from snow, possibly driven by snow melt, 
and consequently it limits the significance of wide snow 
coverage periods to the infiltration process.

The stable isotope data collected in this study have been 
used to validate the significant role of Campo Imperatore in 
the aquifer recharge. In particular, it has been observed how 
the CIRE of the main springs frequently confirmed a recharge 
directly coming from the Campo Imperatore plain. This finding 
confirmed, at least for fractured carbonate aquifers, that the dis-
tribution of recharge is correlated with altitude and karst land-
scape occurrence. The Campo Imperatore plain, specifically in 
this case, is therefore the fundamental site to calculate the snow 
cover and in particular its contribution to aquifer recharge. In 
future scenarios influenced by climate change effects, the accu-
rate knowledge of recharge due to snow cover, both in terms of 
preferential infiltration areas and extension, is a primary goal 
for ensuring a reliable renewable water resource evaluation.
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