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Abstract: Water resources management is one of the most important challenges worldwide because
water represents a vital resource for sustaining life and the environment. With the aim of sustainable
groundwater management, the identification of aquifer recharge areas is a useful tool for water
resources protection. In a well-developed karst aquifer, environmental isotopes provide support for
identifying aquifer recharge areas, residence time and interconnections between aquifer systems.
This study deals with the use of environmental isotopes to identify the main recharge area of a karst
aquifer in the Upper Valley of Aniene River (Central Italy). The analysis of 18O/16O and 2H/H values
and their spatial distribution make it possible to trace back groundwater recharge areas based on
average isotope elevations. The Inverse Hydrogeological Balance Method was used to validate
spring recharge elevations obtained by the use of stable isotopes. Areas impacted by direct and
rapid rainfall recharge into the study area were delineated, showing groundwater flowpaths from
the boundaries to the core of the aquifer. The results of this study demonstrate the contribution that
spatial and temporal isotope changes can provide to the identification of groundwater flowpaths in a
karst basin, taking into account the hydrogeological setting.
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1. Introduction

Karst aquifer protection is the most important environmental factor for water sustainable
management worldwide, as groundwater coming from karst aquifers is a key source of freshwater for
human supply.

Due to the impacts of climate change and the increase of anthropogenic activities, groundwater
exploitation in karst aquifers requires special strategies to prevent their quality and quantity depletion
and to support water resources management [1,2]. Karst aquifers are characterized by spatial and
temporal complexity of karst flowpaths, caused by high heterogeneity of the rock matrix, large voids,
and high flow velocities [3]. Water flow velocities into a well-developed karst system are extremely
fast and contaminants can quickly reach the saturated zone, making these hydrogeological systems
particularly vulnerable to contamination. This system may receive localized inputs from sinking surface
streams and as storm runoff through sinkholes, dolines and karst features in general. For this reason,
in a karst setting, the identification of these fast recharge areas is an important tool in order to protect
groundwater resources [4].

In hydrogeological studies of karst aquifers, the application of tracers can be considered as an
advanced method that allows for an integrative investigation, with the aim of effective management of
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water resources [5]. Environmental and artificial tracers are used more and more often in hydrogeology
to investigate groundwater flow paths. In particular, they are applied to trace water flows inside the
hydrological cycle from infiltration, influenced by chemical and isotopic precipitations, to discharge
due to water–rock interactions and geochemical processes [6–12]. At present, there are more than
1000 known isotopes of about 92 chemical elements. Most of these isotopes are either stable or
unstable [5]. Naturally, occurring stable isotopes of water have been used extensively in hydrological
investigations over the past few decades [13–15]. In particular, the traditional stable isotope ratios
of hydrogen and oxygen (2H/H and 18O/16O) are recognizable tracers that are related to the water
cycle and have been widely used in hydrology and water resources for decades [16]. These isotopes
are often applied in hydrogeological investigations to study precipitation, groundwater recharge,
groundwater-surface water interactions, delineation of flow systems and quantification of mass-balance
relationships [13]. The spatial and temporal variations of stable hydrogen and oxygen isotopes in
precipitations are affected by moisture sources, elevation, temperature, rainfall amount, latitude,
and distance from oceans [17,18]. The seasonal cycles of stable isotope tracers in water can be used
to characterize the mean transit time of catchments, which is the average travel time for water
parcels to enter as precipitation and leave as streamflow within catchments, but recent studies
have shown that most of these calculations have errors of several hundred percent because of
aggregation bias [18,19]. Spatial and temporal variations in stable isotopes of rainfalls are related
to the isotopic fractionation process, accompanying evaporation from the ocean and condensation
during the atmospheric transport of water vapor [20,21]. Other factors that influence the water isotopic
content, several of which are closely related to temperature, include the following: atmospheric
moisture, rainfall amount, latitude, elevation, continental and seasonal effects [17,20–22]. In hydrology,
fractionation of δ18O and δ2H is driven by kinetic processes during evaporation and condensation [20].
During the evaporation process of oceanic water, a sequence of isotope fractionations involves
variations in the precipitation isotopic composition, which are reflected in continental meteoric water.
Since this fractionation process is based on the equilibrium of the isotope ratios between the vapor and
liquid states of water, a specific relationship represents the distributions of isotope values of oxygen
and hydrogen in rainfall [5,13]. Light variations of isotopic concentrations are usually measured
by mass spectrometry. In general, isotopic abundance ratios are expressed as parts per million of
their deviations, as given by (Vienna Standard Mean Ocean Water, VSMOW) Equation (1):

δ =

(
Rsample − RSMOW

)
RSMOW

× 103 (1)

where R = 2H/H for hydrogen and 18O/16O for oxygen, the ratio of the heavy to light isotope [23],
due to the significant geographical and temporal variations in the isotopic composition of
precipitation [20,24], and RSMOW is the isotopic ratio of the standard (Standard Mean Ocean Water).

The application of stable isotope ratios of hydrogen and oxygen of groundwater can provide
information about springs recharge elevation, only in terms of relative values. Only the comparison
between the oxygen and hydrogen isotopic compositions of precipitation and groundwater allows the
evaluation of recharge elevation values and consequently the identification of aquifer recharge areas.
Thus, in this paper, a combined approach has been applied, based on the application of the Inverse
Hydrogeological Balance Method [25] and the natural occurring of stable isotope ratios of oxygen and
hydrogen, to identify the boundaries of the main infiltration areas of a karst aquifer in Central Italy.

2. Geological and Hydrogeological Setting

The Simbruini Mountains karst aquifer is located in southern Latium Region (Central Italy),
60 km southeast of Rome and 65 km inland from the Tyrrhenian Sea, in the Upper Valley of the
Aniene River, within the Simbruini Mountains Regional Park. Karst springs are numerous along
the first part of the Aniene and are the most important water resources in the southeast part of the
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Latium Region, supplying drinking water to the city of Rome. In this study, nine springs feeding
the Simbrivio water supply system (Table 1) in the Simbruini Mountains karst aquifer, based on
data availability, were examined. The hydrogeological basin of these karst springs, of about 15 km2,
is shown in Figure 1.

Table 1. Sampling location of the study area.

Sample Codes Spring Lng (m) Lat (m) Elevation (m a.s.l.)

GW1 Cardellina Alta 4,645,069 355,391 1057
GW2 Cardellina Media 4,644,978 355,274 989
GW3 Cardellina Bassa 4,644,703 355,176 939
GW4 Cesa degli Angeli 4,644,606 355,359 940
GW5 Cornetto 4,645,520 352,959 945
GW6 Carpinetto 4,646,065 353,431 960
GW7 Pantano Alta 4,645,896 354,187 952
GW8 Pantano Bassa 4,645,547 354,012 901
GW9 Pantano Presa 4,645,714 353,999 830
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The lithological sequence outcropping in the Upper Valley of the Aniene River includes the
North-West part of the Lower-Middle Miocene Latium-Abruzzi Carbonate Platform [26–29].

The stratigraphic succession of dolomite, dolomitic limestone and limestone is distributed
homogeneously from North to South and from East to West in the study area [30]. The Triassic series
outcrops among Filettino, Aniene River Springs and Faito Plateau. Dolomite is the dominant lithofacies,
characterized by white and grey crystalline dolomite, with some breccia levels. Over this
geological formation, limestones and dolomites, of Upper Cretaceous age are present, and their
immersion is concordant with the Triassic dolomite [29,30]. In fact, the Aniene basin is composed
almost entirely of bare Mesozoic, highly fractured, karstified carbonate rocks of the central Apennine
range [31]. This area is mostly made of highly permeable Cretaceous carbonate rocks, deeply fractured
and mostly soluble. The base of the stratigraphic series is made of Upper Cretaceous carbonates,
represented by the alternation of granular limestone and dolomites layers (Figure 1).
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Above these ones lie Quaternary fluvial and alluvial deposits, conglomerate, Miocene clay,
and shale [31,32]. The carbonate deposits that form the structure of the hills are typically monoclinal
with immersion of the strata to the N-NE and inclinations of approximately 40–45◦ [32,33]. Due to
chemical weathering, a distinctive surface and underground karst formations are developed in this area
at small and large scales. The surface karst activity has led to the formation of a typical karst landscape
with rutted fields, sinkholes and red soils, while the underground activity has given rise to cavities,
ponor and cave systems [29,30]. The karst surface is very permeable and enables the rapid infiltration
of rainfall into the underground system, where the carbonate dissolution makes cavities [29,30].
Dissolution conduits strongly influence groundwater flow and evolve into complex networks,
often crossing several kilometers throughout the limestone matrix [34–36]. The basin is characterized
by both point and diffuse recharge. Recharge to the groundwater system is primarily dispersed
over the basin from precipitation and secondarily concentrated at sinkholes and losing streams.
The spring discharge responds immediately to increases in precipitation, especially after heavy rainfalls
(from October to April).

3. Materials and Methods

Groundwater samples were collected during the wet season (June 1997) and the dry season
(October 2002) to investigate seasonal variations. Eighteen water samples, coming from nine karst
springs across the study area, were analyzed by the Isotope Geochemistry Laboratory of the University
of Parma (Italy) using the IRMS (Isotope-ratio mass spectrometry) continuous flow-equilibration
method with CO2 for δ18O and H2 for δ2H.

The results (Table 2) are expressed as per million deviations from the internationally accepted
standard VSMOW (Vienna Standard Mean Ocean Water) according to Equation (1) [14]. The analytical
error is ±0.2hfor δ18O and ±1hfor δ2H.

Table 2. Isotope composition of spring water samples collected in October 2002 and in June 1997.

Sample Codes June 1997 October 2002

δ18O
(hVSMOW)

δ2H
(hVSMOW)

dexcess
(h)

δ18O
(hVSMOW)

δ2H
(hVSMOW)

dexcess
(h)

GW1 −8.4 −57 10.6 −8.7 −50 19.2
GW2 −9.0 −63 9.1 −8.7 −53 17.2
GW3 −8.6 −59 9.4 −8.8 −52 18.7
GW4 −9.1 −62 10.8 −9.1 −52 20.7
GW5 −8.2 −56 9.5 −8.4 −48 19.5
GW6 −9.1 −62 10.9 −8.7 −50 20.0
GW7 −8.6 −60 9.4 −8.8 −52 19.1
GW8 −8.6 −60 8.9 −8.9 −50 19.7
GW9 −8.7 −60 9.2 −8.8 −51 20.9

4. Results and Discussions

4.1. Oxygen and Hydrogen Isotope Composition

Groundwater samples from June 1997 have δ18O contents within a range from a minimum of
−8.2h VSMOW (GW5) and a maximum of −9.11h VSMOW (GW6), and with an average of −8.70h
VSMOW. For 2H, the average value is −59.82h VSMOW with a maximum of −62.55h VSMOW
(GW2) and a minimum of −56.10h VSMOW (GW5) (Table 2). In the October 2002 samples, the δ18O
values vary from −9.12h VSMOW (GW4) to −8.38h VSMOW (GW5) with an average of −8.78h
VSMOW, and δ2H values range from −52.71h VSMOW (GW2) to −47.55h. VSMOW (GW5) (Table 2).
These changes, as mentioned above, are controlled by hydrological parameters, including temperature,
precipitation, altitude, latitude and seasonal effects [16,17,20–22]. A seasonal oscillation of stable
isotope ratios is often observed as a result of temperature [5].
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To study the overall stable isotopic characteristics of the spring samples, the isotope concentration
values for June 1997 and October 2002 were plotted, together with the Global Meteoric Water Line
(GMWL) [17,23], the Mediterranean Meteoric Water Line (MMWL) [35] and the Central Italy Meteoric
Water Line (CIMWL) [37] (Figure 2).
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(GLMM): Global Meteoric Water Line [38], (MLML): Mediterranean Meteoric Water Line [39], (CILML):
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Groundwater samples of June 1997 are located along the Global Meteoric Water Line (GMWL)
of Gourcy (2005) (δ2Hh= 8.14 (±0.02) * δ18Oh+ 10.9(±0.2); R = 0.98), indicating that rainfall is the
primary source of groundwater. The plot of δ2H values versus δ18O for spring samples of October 2002
more close to the (MMWL) (δ2Hh= 8δ18Oh+ 22) [38], showing more δ18O enrichment in comparison
with δ2H and suggesting input from local rainfall coming from the Mediterranean Sea. The regression
lines of the samples have different slopes, which are mainly related to local evaporation effect [24].
This difference applies to samples collected in two different seasons, June and October. In the wet
season (2002 samples), the hydrogen and oxygen isotopes showed a depleted composition compared
those of the dry season (1997 samples). The amplitude of these isotopic variations is directly related
to the changing of the seasonal temperature. The distribution of hydrogen and oxygen isotopic
composition in groundwater samples of Figure 2 provides an initial understanding of the origin of
groundwater in the study area. The examination of the relationship 2H/18O shows that the measured
values of June 1997 and October 2002 samples align with Equations (2) and (3), respectively.

δ 2H%0 = 6.95 δ 18O%0 + 0.64 (R = 0.898) (2)

δ 2H%0 = 5.93 δ 18O%0 + 1.30 (R = 0.564) (3)

Several processes are responsible for the deviation of water samples from the local meteoric
water line. Evaporation from surface bodies is a nonequlibrium process that enriches residual water
bodies such that the δ2H/δ18O slope is less than 8, and is often between 3 and 6 [13]. The slope is
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a function of humidity, salt concentration, and other factors [21]. In both, the slope is as low (<8)
as that determined by the GMWL, with the equation defined by Craig (1961)—δ2Hh= 8δ18Oh+
10—indicating a meteoric groundwater origin. Therefore, it appears that this slope shows that waters
are affected by a slight phenomenon of evaporation before infiltration [16,23]. The 2002 evaporation
line (3) has a slope of 5.93, which is less than the GMWL slope of 8.17 [17], less than the CILML gradient
of 7.047 [37] and also less than the 1997 evaporation line (2) gradient of 6.95.

The 2H excess value is a function of several factors, such as the temperature, humidity, and the
isotopic characteristics of the environment water vapor and the evaporating water. The value
of d may differ significantly from area to area and over geologic time. The d-excess factor has
been shown to be a diagnostic tool for measuring the contribution of evaporated moisture to the
downwind atmosphere. High d-excess values generally indicate that more evaporated moisture has
been added to the atmosphere [40,41], and low values are associated with samples fractionated by
evaporation. Previous studies have shown that the western part of the Mediterranean basin has a
d-excess of +14h, whereas the eastern part shows an excess of +22h(Eastern Mediterranean) [42],
and this variation reflects a mixture between the Mediterranean and the Atlantic air masses [43,44].
These high values are probably related to strong isotopic kinetics occurring in the summer during
the evaporation process above the Mediterranean Sea, and due to the low relative humidity of the
atmosphere. Groundwater samples in the study area present d-excess values in the range of +8.93
to 10.88hin June 1997 and of +17.21 to +20.90hin October 2002, with an average of 9.78 to 19.46h,
respectively (Table 2). These values include the range from 10, for global precipitation, to 22, for the
eastern Mediterranean area, indicating the significance of the Mediterranean as a moisture source for
Italy [15,44]. Most of the spring samples with high deuterium excess values (October 2002) suggest
that the precipitation in the groundwater comes from the Mediterranean sector. On the contrary,
groundwater sampled in June 1997 shows low d-excess values (ranging from 8.93 to 10.88h).
Based on that isotopic diagram of Figure 3, the first meaningful assessments were made regarding
which springs were fed from the highest elevation areas and which ones from the lowest ones.
First, GW4 water samples are the poorest in heavy isotopes, suggesting that Cesa degli Angeli
spring has a higher infiltration elevation than all the other ones (Figure 2). The plot of δ2H values
versus δ18O for water samples from the Pantano group (GW7, GW8 and GW9) shows a similar
isotopic composition, suggesting the same recharge area. The same approach can be applied to GW1,
GW2 and GW3 springs, whose isotopic values are depicted as a group. Lastly, water samples coming
from Carpinetto spring (GW6) show different isotopic behavior referring to the sampling season.
As a matter of fact, samples collected in June seem to be depleted in heavy isotopes of hydrogen,
while this fact is not clear in ones taken in October. These different behaviors could be related to the
different flow paths of groundwater coming out from Carpinetto spring. The GW6 sample collected
in June was infiltrated in winter. During that season, the air masses come from the Atlantic reservoir.
On the other hand, the sample collected in October is rich in heavy isotopes, because it is groundwater,
infiltrated in summer, with a short residence time. GW5 water samples show the heaviest content
in heavy isotopes in both seasons, highlighting that the Cornetto spring is indeed fed at a lower
elevation than all the other ones. However, it is impossible to define the groundwater infiltration
elevations based on the sample positions on the isotopic diagram without having precipitation markers
as a reference.

To better identify the above-mentioned recharge periods, average monthly precipitation for the
twenty-year period 1951–1999 was calculated for the Vallepietra pluviometric station. The evolution of
the rainfalls and the outflow diagram of the Carpinetto spring (GW6) is reported in Figure 3. The other
springs analyzed in this study show similar behavior.

Based on fifty-year rainfall data, Figure 3 shows that the maximum and the minimum precipitation
average values occur in November/December and in August, respectively. The evolution of the outflow
diagram of the Carpinetto spring (GW6), as compared to the monthly average rainfall, shows a delay
between the maximum precipitations, reached in November/December, and the maximum flow



Geosciences 2018, 8, 351 7 of 15

coming from GW6 in May. In general, not only for GW6, as represented in Figure 3, with regard to
the hydrological regimes of the springs under study, there is an average delay of about six months
between the meteoric inflow and the discharge of the springs.Geosciences 2018, 8, x FOR PEER REVIEW  7 of 15 

 

 

Figure 3. Monthly average rainfall and Carpinetto spring (GW6), average rate. 

Based on fifty-year rainfall data, Figure 3 shows that the maximum and the minimum 

precipitation average values occur in November/December and in August, respectively. The 

evolution of the outflow diagram of the Carpinetto spring (GW6), as compared to the monthly 

average rainfall, shows a delay between the maximum precipitations, reached in 

November/December, and the maximum flow coming from GW6 in May. In general, not only for 

GW6, as represented in Figure 3, with regard to the hydrological regimes of the springs under study, 

there is an average delay of about six months between the meteoric inflow and the discharge of the 

springs. 

Spring water samples collected in June refer to the main recharge period of the year (November 

and December), when rainfalls drop from clouds coming from the Atlantic, and are therefore 

considerably less rich in heavy isotopes. On the contrary, samples collected in October refer to waters 

infiltrated during summer months, when rainfall comes from clouds formed in the Mediterranean 

basin. These considerations have been useful in supposing, with acceptable reliability, that the aquifer 

residence time is about six months. 

4.2. Spring Recharge Area Identification Using Isotope Analysis 

The isotopic composition of groundwater in relation to elevation is an indicator for locating the 

groundwater recharge area [44]. In a given groundwater basin, groundwater sources may be 

fingerprinted using isotopes, like 2H and 18O, which depend on infiltration altitude of rainfalls. 

Higher altitude will have precipitation that is depleted in 2H and 18O. If the recharge source end 

members at different altitudes can be identified, it is possible to partition the amount of recharge to 

groundwater sampled from springs or in lowland areas accordingly [13]. As a matter of fact, fissured-

karstic aquifers receive the recharge from the surrounding higher elevated areas. The high altitude 

contributes to more depletion in heavy isotopes in rainwater, and the joints and fractures of these 

aquifers supply good paths for transporting this infiltrated rainwater to the lower area. The 

distribution of the isotopic composition shows that, in mountain areas, heavy isotopes are more 

depleted than in the plain area [13]. At the highest elevations, where the average temperatures are 

lower, meteoric precipitation is characterized by depletion in heavy isotopes. For δ18O the depletion 

varies from −0.15 to −0.5‰ for each 100 m increase in elevation, with a corresponding decrease in δ2H 

oscillating between −1 and −4‰. The altitude effect is used in hydrogeological studies because it 

allows one to determine which recharge zones are located at higher or lower altitudes. As a result, 

due to the fact that isotopic tracers are conservative, the spring water that is supplied at higher 

elevations will be low in heavy isotopes, whereas an enrichment in heavy isotopes will be found in 

Figure 3. Monthly average rainfall and Carpinetto spring (GW6), average rate.

Spring water samples collected in June refer to the main recharge period of the year (November
and December), when rainfalls drop from clouds coming from the Atlantic, and are therefore
considerably less rich in heavy isotopes. On the contrary, samples collected in October refer to waters
infiltrated during summer months, when rainfall comes from clouds formed in the Mediterranean
basin. These considerations have been useful in supposing, with acceptable reliability, that the aquifer
residence time is about six months.

4.2. Spring Recharge Area Identification Using Isotope Analysis

The isotopic composition of groundwater in relation to elevation is an indicator for locating
the groundwater recharge area [44]. In a given groundwater basin, groundwater sources may be
fingerprinted using isotopes, like 2H and 18O, which depend on infiltration altitude of rainfalls.
Higher altitude will have precipitation that is depleted in 2H and 18O. If the recharge source end
members at different altitudes can be identified, it is possible to partition the amount of recharge
to groundwater sampled from springs or in lowland areas accordingly [13]. As a matter of fact,
fissured-karstic aquifers receive the recharge from the surrounding higher elevated areas. The high
altitude contributes to more depletion in heavy isotopes in rainwater, and the joints and fractures
of these aquifers supply good paths for transporting this infiltrated rainwater to the lower area.
The distribution of the isotopic composition shows that, in mountain areas, heavy isotopes are more
depleted than in the plain area [13]. At the highest elevations, where the average temperatures
are lower, meteoric precipitation is characterized by depletion in heavy isotopes. For δ18O the
depletion varies from −0.15 to −0.5hfor each 100 m increase in elevation, with a corresponding
decrease in δ2H oscillating between −1 and −4h. The altitude effect is used in hydrogeological
studies because it allows one to determine which recharge zones are located at higher or lower
altitudes. As a result, due to the fact that isotopic tracers are conservative, the spring water that
is supplied at higher elevations will be low in heavy isotopes, whereas an enrichment in heavy
isotopes will be found in water that, once infiltrated into the aquifer, supplies the springs located
at lower altitude. Many studies on this topic have emphasized that the value assumed by the
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gradient of isotopic content varies according to meteoclimatic characteristics [36]. The altitude effect
is linked to the relation between rainfall isotope composition and elevation in meters. In this study,
the average values of vertical isotopic gradient measured in Italy of about −0.15h/100 m elevation for
δ18O [37] and −1.2h/100 m elevation for δ2H have been used. Vertical isotopic gradient evaluation,
however, requires information about precipitation hydrogen and oxygen isotopic composition and
their sampling altitudes. In this study, as the isotopic content of rainfall at specific elevations were
not available, with the aim of calculating the mean recharge elevation of spring water samples,
we applied two different methods to verify the reliability of the results obtained.

4.2.1. Center of Mass Method

The center of mass method is a concept of weighted average, used in solids mechanics. The center
of mass is the point in an object or system of objects at which the whole mass may be considered as
concentrated. The distribution of mass is balanced around the center of mass and the average of the
weighted position coordinates of the distributed mass defines its coordinates.

In this study, the center of mass was considered to be a statistical and virtual point of
the basin, where the whole infiltration of rainfall occurs. The Inverse Hydrogeological Balance
Water Method [1] was used to evaluate the distribution of the average annual active recharge
(i.e., the effective infiltration) within a GIS environment, discretizing the basin into Finite Squared
Elements (FSE). Using this method, it can be possible to identify the center of mass of the basin,
which defines to the hydrogeological characteristics of the basin. To apply the vertical isotopic
gradients of oxygen and hydrogen, previously described, the procedure described below was chosen.

Water stable isotopes are conservative tracers of groundwater, related to rainfall’s isotopic
composition before infiltration. With the aim of identifying the recharge areas of karst springs
under study [20], the GW1 spring was chosen, which has the highest outcropping elevation in the
hydrogeological basin (1057 m a.s.l.), and is reasonably closer than the others, in its groundwater
isotopic content, to the rainfall value [13]. Thus, for GW1 spring, based on Equation (4), the average
infiltration elevation was calculated, weighted according to the effective infiltration values obtained by
the application of the Inverse Hydrogeological Balance Water Method (Figure 4):

zaverage =
∑n

i=1 zi·Ii

Itot
, (4)

where zi is the average elevation of the ith FSE, Ii is the effective infiltration for the ith FSE, n is the
number of FSE into which the hydrogeological basin was previously discretized, and Itot is effective
infiltration calculated for the whole basin. The mean recharge elevation of any spring was calculated
by the application of the vertical isotopic gradient, for 18O as for 2H, using the 2002 isotope values of
δ18O (–8.67) and δ2H (–50.14) from the GW1 (Cardellina Alta) sample, which was the closest to the
recharge area in the basin (Table 3), as the end member.

Identified recharge elevations for each spring sample are presented in Table 4. The recharge
elevation values obtained by the application of the vertical isotopic gradients of δ18O (−0.15h/100 m)
and δ2H (−1.2h/100 m) [37] are very similar, which is an indication of the accuracy of the
relations used. The calculated average recharge elevation for the springs was 1431 m a.s.l., showing a
gradual decrease with increasing recharge elevation.
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Table 3. Center of Mass Method—Average elevation of Cardellina Alta Spring (GW1).

Sample Codes Spring Average Elevation
(m a.s.l.)

δ18O
(hVSMOW)

δ2H
(hVSMOW)

GW1 Cardellina Alta 1400 −8.67 −50.14

Table 4. Recharge elevation obtained by the application of the Center of Mass Method.

Sample Codes
Recharge Elevation

(m a.s.l.)
δ18O (hVSMOW)

Recharge Elevation
(m a.s.l.)

δ2H (hVSMOW)

Average Recharge Elevation
(m a.s.l.)

GW1 1400 1400 1400
GW2 1423 1503 1463
GW3 1448 1469 1459
GW4 1545 1484 1515
GW5 1306 1296 1301
GW6 1423 1391 1407
GW7 1455 1457 1456
GW8 1448 1428 1438
GW9 1474 1406 1440

4.2.2. The Arithmetic Average Method

To verify the reliability of the results obtained by the Center of Mass Method, the Arithmetic
Average Method was applied to identify the recharge areas of the karst aquifer (Equation (5)).

AAM =
∑n

i=1 hi·
ha

(5)
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where hi is the elevation of the ith FSE located at higher elevations than GW1 spring, and ha is the
average elevation of all FSEs located at higher elevations than GW1 spring. For the calculation of
average recharge elevation of spring water samples, we used, all the same, the 2002 isotope values of
δ18O (–8.67) and δ2H (–50.14) with reference to the end member sample GW1, whose recharge elevation
topographically does not exceed 1412 m a.s.l. (Table 5). The identified spring recharge elevations are
presented in Table 6. The calculated average recharge elevation for the springs is 1443 m a.s.l.

Table 5. Arithmetic Average Method—Average elevation of Cardellina Alta Spring (GW1).

Sample Codes Spring Average Elevation
(m a.s.l.)

δ18O
(h VSMOW)

δ2H
(h VSMOW)

GW1 Cardellina Alta 1412 −8.67 −50.14

Table 6. Recharge elevation obtained by the application of the Arithmetic Average Method.

Sample Codes
Recharge Elevation

(m a.s.l.)
δ18O (h VSMOW)

Recharge Elevation
(m a.s.l.)

δ2H (h VSMOW)

Average Recharge Elevation
(m a.s.l.)

GW1 1412 1412 1412
GW2 1435 1515 1475
GW3 1460 1481 1471
GW4 1557 1496 1527
GW5 1318 1308 1313
GW6 1435 1403 1419
GW7 1467 1469 1468
GW8 1460 1440 1450
GW9 1486 1418 1452

4.2.3. Comparison of Recharge Area Identification Methods

Figures 5 and 6 show the distribution of δ18O and δ2H values of groundwater samples with
respect to recharge elevation obtained by the application of the Center of Mass and Arithmetic
Average methods.Geosciences 2018, 8, x FOR PEER REVIEW  11 of 15 
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Figure 6. δ2H values of spring samples plotted against recharge elevations (October 2002).

The average recharge elevations calculated for the springs show a gradual decrease with increasing
recharge elevation. The recharge elevation values obtained by the application of both methods are
very similar, and they indicate the accuracy of the relations used.

The obtained recharge elevation values appear to be congruent with the elevations of the
hydrogeological basin. With the aim of better verifying the accuracy, the spring recharge elevations
were compared with the results of the application of the Inverse Hydrogeological Balance Method,
reported in Figure 4. For this reason, the basin has been divided into six elevation classes of 200 m each,
and the effective infiltration percentage in each class was calculated (Figure 7).Geosciences 2018, 8, x FOR PEER REVIEW  12 of 15 
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In the study area, the highest recharge percentage was obtained for the elevation class from 1300
to 1500 m a.s.l. (Figure 7), corresponding very well to the results of the isotopic analysis carried out for
the basin. This result is due to the presence of the karst cretaceous limestone outcropping. In a karst
framework such as this hydrogeological basin, the presence of highly fractured rocks and, most of all,
the specific permeability conditions due to the local karst development processes make the infiltration
high and widespread, as confirmed by the general isotopic depletion of groundwater sampled.

The springs’ average recharge elevations, obtained by the application of the Center of Mass
Method (1431 m a.s.l.) and the Arithmetic Average Method (1443 m a.s.l.) fall within the class for
which the infiltration percentage is highest according to the Inverse Hydrogeological Balance Method
(Figure 7). The recharge elevations, obtained for the hydrogeological basin using the two methods
described above, are very similar. There is a 1% difference between the values obtained in the two cases.

5. Conclusions

This paper deals with the identification of aquifer recharge areas in a karst basin in Central Italy
(Figure 8) using the stable isotope ratios of hydrogen and oxygen combined with the application of the
Inverse Hydrogeological Balance Method.Geosciences 2018, 8, x FOR PEER REVIEW  13 of 15 
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For the Cardellina springs group (GW1, GW2 and GW3), the results show an infiltration area
located in the southeast part of the basin at an average elevation of about 1450 m a.s.l. in the Upper
Cretaceous carbonates. In contrast, the Cesa degli Angeli spring (GW4) has a higher infiltration
elevation than all of the others. This second infiltration area is located in Upper Cretaceous limestone
at an elevation of about 1520 m a.s.l. The recharge area of Cornetto (GW5) and Carpinetto (GW6)
are located in the northeast part of the basin, at an average elevation of about 1300 and 1400 m a.s.l.,
respectively. The Pantano springs (GW7, GW8 and GW9) are fed by rainfall, which infiltrates in the
western slope of the Assalone Mt, at an elevation of about 1450 m a.s.l. The groundwater isotopic
composition of Pantano springs (GW7, GW8 and GW9) is very similar, and as a result, their recharge
elevations are very close to one another, highlighting the same infiltration area at an average elevation
of about 1450 m a.s.l. in the permeable fractured outcropping of limestone and dolomite.
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