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Abstract: Several prior studies investigated the use of stable isotopes of water in hydrogeological
applications, most on a local scale and often involving the isotopic gradient (evaluated by exploiting
the so-called altitude effect), calculated on the basis of rainwater isotopes. A few times, this gradient
has been obtained using the stable isotopic contents of low-yield springs in a limited time series.
Despite the fact that this method has been recognized by the hydrogeological community, marked
differences have been observed with respect to the mean stable isotopes content of groundwater
and rainwater. The present investigation compares the stable isotopic signatures of 23 low-yield
springs discharging along two transects from the Tyrrhenian sea to the Po Plain of Italy, evaluates
the different isotopic gradients and assesses their distribution in relation to some climatic and
topographic conditions. Stable isotopes of water show that groundwater in the study area is recharged
by precipitation and that the precipitation regime in the eastern portion of the study area is strongly
controlled by a shadow effect caused by the Alps chain on the air masses from central Europe.
Stable isotopes (in particular the δ18O and deuterium excess (d-excess) contents together with the
obtained isotopic gradients) allow us to identify in the study area an opposite oriented orographic
effect and a different provenance of the air masses. When the windward slope is located on the
Tyrrhenian side, the precipitation shows a predominant oceanic origin; when the windward slope
moves to the Adriatic side, the precipitation is characterized by a continental origin. The main
results of this study confirm the usefulness of low-yield springs and the need for a highly detailed
survey-scale hydrological investigation in the mountainous context.

Keywords: stable water isotopes; northern Apennines; mountainous aquifers; isotopic gradient;
groundwater

1. Introduction

Over the last few decades, several studies involving stable isotopes of water have been performed
worldwide, many with the principal aim of investigating the factors involved in the precipitation
formation process [1–5]. In mountainous areas, precipitation (in the form of rain and snow) is the input
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into hydrological processes occurring at the soil surface (i.e., evapotranspiration, runoff and infiltration).
In this context, isotopic fractionation seems to be a key factor in understanding of hydrological processes
connected to the entire hydrological cycle with a particular focus on precipitations. Indeed, the so-called
isotopic effects are all related to the distribution of the contents and changes of the composition of
stable isotopes all over the world and at different times of the year. In hydrological investigations,
fractionation is one of the most important properties of isotopes, and the isotopic composition of
water vapor is modified during evaporation, freezing, condensation, and melting due to isotopic
fractionation [6–8]. Usually, the Global Meteoric Water Line (GMWL) is used to depict the relationship
between the δ2H and δ18O content in precipitations on a global scale [9,10].

In regional or hillslope-scale studies, a local meteoric water line (LMWL) is typically plotted,
using data from local sampling stations. The isotopic composition of rainfall is affected by the so-called
isotopic effects [11]. These are mainly dependent on the temperature of cloud formation and are
followed by isotopic fractionation. The seasonal effect is the fluctuation of isotopic content related
to temperature change and it represents an important tool for investigating the hydrodynamic of
aquifers [12]. The altitude effect (i.e., isotopic depletion with increasing elevation) is likely the most
important property in hydrogeological studies; with this property, in fact, the recharge areas of springs
and aquifers can be identified in both local and regional groundwater systems [13–15]. The continental
effect is the depletion of isotopic values moving from the coast to inland areas; this is a crucial issue
in large continental areas, but reduced effects may be observed in small regions. Moreover, latitude
greatly affects isotopic values. Dansgaard identified the so-called amount effect: a depletion in isotopic
values occurring with great amounts of rainfall, resulting in a lower isotopic content than expected [16].
The overall effect creates correlations between isotopic variations and the hydrological cycle on a global
or regional scale.

However, changes in isotopic content can also affect water during infiltration in different
soils [17–19]. Soils, rocks, and vegetation can indeed act as selective filters for rain water, smoothing
the seasonal variation of the input precipitation or choosing which precipitation events infiltrate and
recharge the groundwater, especially in areas characterised by preferential zones of infiltration [20].

Further modifications of the isotopic content can occur at the soil surface during different
hydrological processes such as evaporation, evapotranspiration, sublimation and refreezing from
the snowpack, and runoff. These processes can strongly modify the former isotopic composition of
precipitations collected in the gauges and, ultimately, isotopic recharge in the aquifer (i.e., infiltration
water) can be significantly different from the isotopic signature of precipitation [2]. For instance,
evaporation and transpiration, which may occur before and during infiltration, can cause more
depleted values than expected [21]. As a consequence, the general assumption that the average isotopic
signature of infiltration waters is very similar to the weighted mean of rainfall is not valid in all situations.
Hence, isotopic gradient based on rainfall data can be unsuitable for use in hydrogeological studies
and lead to significant errors in evaluating the average recharge altitude of groundwater systems.

The evaluation of the recharge areas of aquifers mainly involves the altitude effect and is based
upon the following: (a) the long-term sampling of precipitations, (b) the calculation of the isotopic
gradient, and (c) in a few cases, the use of little springs as natural pluviometers [22–25]. Some authors
have reported isotopic altitude gradients that are valid for Italy [26] or for selected areas [2,20,25,27–32].
A recent study indexed δ18O data collected by several authors along the entire Italian peninsula,
thus updating a previous similar work [4,26].

The above-mentioned studies mainly focused on precipitations and represent the bases for further
calculation of recharge areas of groundwater. In most cases, the isotopic gradients were obtained
by starting from rain gauges datasets, and thus, their further comparison with groundwater did not
take into account possible hydrological processes occurring at the soil surface (and the consequent
isotopic changes in infiltrative water). In some cases, the isotopic gradients were obtained from springs,
thus taking into account hydrological processes occurring at the soil surface, but the area involved in
the abovementioned studies was relatively small (between 25 and 100 km2) [22,25,32].
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In light of this framework, in the present study we examine the isotopic signatures of local
low-yield springs discharging from the northern Italian Apennines. These springs are roughly aligned
along two 130-km-long hypothetical transects, which connect the Ligurian sea to the Po Plain (Figure 1).
The patterns of the isotopic signatures and their altitudes were investigated on each main slope in
order to verify the benefit of obtaining an isotopic gradient from groundwater. Few studies [23,33]
have already highlighted a marked discrepancy between isotopic values in precipitations and those
in groundwater (with groundwater characterized by slightly lower δ18O values) that cannot be fully
explained by weighting with rainfall alone. For this reason, in the studied springs, there are further
processes that lead to isotopic differentiation between precipitation and groundwater that are not
only due to evapotranspiration, which usually changes the isotopic signature by inducing more
enriched values.

Given our purpose of testing the suitability of isotopic values from selected springs rather than
from pluviometers in order to estimate isotopic gradients in mountainous areas, 23 springs distributed
along two transects and showing similar features (i.e., similarities among the aquifers they drain,
with small basin of recharge and a relatively high rate of renewal) were analyzed over the last decade.
Isotopic gradients were evaluated in each zone of the transects, as these zones are characterized by
different exposures from the coast of the Ligurian sea to the Po Plain.

As such, the aim of this paper is to test the suitability of isotopic values from selected springs
rather than pluviometers to estimate isotopic gradients in mountainous areas. Only the low-yield
springs were considered in this study.

Figure 1. (A) Study area. (B) Simplified geological scheme and section (trace is represented by the
black line), from [34], modified.

2. Climatic, Geological and Hydrogeological Setting of the Study Area

The study area is located in northern Italy and it extends over the Apennines range between
the Ligurian coastline and the cities of Reggio Emilia and Modena, which are located on the western
boundary of the Po Plain. The area encompasses around 2600 km2, and it extends for 83 km in the
SW-NE direction and 32 km in the SE-NW direction and includes two main mountain ranges, the Apuan
Alps and the Tuscany Emilian Apennines (Figure 2).
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Figure 2. Location of the study area, indicating the altitudinal transects and the studied springs
(see Table 1 for definition of the springs number). ES: eastern side spring; EA: eastern side Adriatic
spring; WSN: western side spring (Northern transect); WSS: western side spring (Southern transect).

These two mountain complexes are parallel to one each other and are oriented SE-NW. They are
separate by a graben in which the Serchio River flows. A simplified altimetry profile of the area, in the
SW-NE direction, can be described as follow: starting from the Ligurian Tuscan coastline (0 m a.s.l.),
the elevation gently increases (mean slope 3%), reaching 200 m a.s.l. at Carrara city. Then, it abruptly
increases (mean slope 20%) up to the Mt. Pisanino, reaching 1945 m a.s.l., at the top of the Apuan Alps
range. From here, the elevation rapidly decreases (mean slope 13%) until it reaches 500 m a.s.l. at
Piazza del Serchio. Then, the elevation again increases (mean slope 12%) up to Mt. Prato (2053 m a.s.l.),
which is located on the Apennines range. Eastward, the elevation gently decreases (mean slope 5%),
reaching 102 m a.s.l. at Scandiano, from which a lower slope (mean slope <1%) develops up to the
cities of Reggio Emilia and Modena (about 50 m a.s.l.).

The area is crossed by valleys oriented about SE-NW and SW-NE on the Tuscany side and
SW-NE on the Emilian side. The main rivers are the Serchio River and its tributaries, in the Tuscany
side, and Secchia River and its tributaries on the Emilian side. The main reliefs in the area are the
Mt. Pisanino (1945 m a.s.l.) and Piana della Croce (1858 m a.s.l.) on the Apuan Alps, the Alpe di
Succiso (2017 m a.s.l.), Cima Belfiore (1810 m a.s.l.), and Mt. Prato (2053 m a.s.l.), which are located
on the Apennines range, along the Tuscan-Emilian boundary, and Mt. Ventasso (1727 m a.s.l.),
Mt. Cusna (2120 m a.s.l.), Mt. Modino (1414 m a.s.l.), Mt. Cantiere (1617 m a.s.l.), Pietra di Bismantova
(1041 m a.s.l.), and Mt. Valestra (935 m a.s.l.), which are located on the Emilian side of the Apennines.

The amount of annual rainfall is correlated with the altitude and it is also affected by the local
morphology and the distance from the sea. In the Po Plain and in the Tuscany coastal plain, the rainfall
is around 700 and 1000 mm per year, respectively. In the Apuan Alps range the yearly rainfall is around
2500 mm in average [35], and in the zones close to the major ranges, rainfall reaches over 3000 mm per
year [36]. Along the main Emilian reliefs, it is between 1600 and 2200 mm per year [37]. Generally,
the autumn and spring seasons are characterized by wet conditions. The winter and early spring
seasons are characterized by snowfall events, which are frequent at the highest mountain peaks of the
Apennines but are more exceptional in the Apuan Alps. The summer season is characterized by rain
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showers in the mountain areas and by prolonged dry periods in the plains. The distribution of the
mean annual temperature is inversely correlated with altitude, and subsequently, it depends on the
local morphology, slope aspect, and the distance from the sea. The main annual temperature is around
14 ◦C near the coastline and around 5 ◦C at the highest mountain peaks. The origin of precipitations in
the study area depends on the season and the position with respect to the Apennines range [38,39].
In winter, the contribution of continental air (from the north) is dominant with a small supply from the
Adriatic Sea (from the east); in summer and the intermediate seasons, precipitations come from the
Tyrrhenian sea and often reach as far as the central part of the Apennines range.

From a geological point of view, the northern Apennines are a fold-and-thrust mountain belt
generated by the closure of the Liguria-Piemonte Ocean basin and the subsequent collision of the
Adria and European continental plates [34,40]. As a consequence of the polyphasic evolution of the
accretionary wedge, this part of the northern Apennines is made up of the metamorphic sequence
of the Apuan Alps (phyllites, metavolcanics, and metamorphic carbonatic rocks) and of several
tectono-stratigraphic units of marine sedimentary rocks, many of which are turbidite sequences
(flysch rock masses) and clayey chaotic deposits (clayshales, marls). The Apuan Alps range is
a metamorphic core complex outcropping in a tectonic window of the northern Apennines cover
nappe, which was overthrusted during the Apennines’ orogeny [41]. The several tectono-stratigraphic
units of marine sedimentary rocks are known as follows: the Apuan Alps unit; Tuscan Nappe;
Ligurian units; sub-Ligurian unit; Sestola Vidiciatico unit and Epiligurian units (Figure 1). All the units,
and consequently, all the different geological formations that compose them, are crossed by high and
low angle faults and thrusts [42]. Moreover, the geology of the area is characterized by the presence of
quaternary deposits. Along the slope, large landslides and scree slopes outcrop. Moraine deposits
outcrop only around the highest reliefs. At the bottom of the valleys, alluvial deposits extend, such as
alluvial fans, palustrine deposits, and gravel deposits.

The hydrogeological setting of the northern Apennines is dominated by medium-low to low
permeability units (clay or marly geological formations), which in many cases are considered as to be
aquitard or aquicludes [43–45]. The exceptions are the main aquifers of the region, which are hosted
within the metamorphic dolostones and limestones of the Apuan Alps (“Grezzoni” and “Carrara
Marbles” Fms.). The latter are drained by more than 80 springs with flow rates ranging from 10 to
1600 L/s on average [12,46]. Other remarkable aquifer systems include gypsum rock masses in the
Emilian Apennines [47] and the limestone and cherty limestone of the Tuscan Nappe [45]. In any
case, such aquifers are uncommon, because most of the springs are fed by shallow and unconfined
aquifers hosted within highly tectonized and fractured flysch rock masses and sandstones [48,49],
especially if affected by deep gravitational mass movements [50]. There, a rather high permeability
value is obtained due to the presence of closely spaced rock joints that are gradually opening towards
the surface due to a reduction of the pressure load (Figure 3a). As a result, shallow groundwater
develops and feeds a huge number of low-yield springs where the local groundwater tables cross the
land surfaces. These springs are poorly mineralized and their mean annual discharges range between
less than 1 L/s and tens L/s [43,46,49], showing remarkable variation during the year. In fact, flow rates
closely follow the rainfall distribution during the year, with the maximum in spring (April–May) and
the minimum flow rates in summer to the beginning of autumn (September–October). It is worth
noting that all the low-yield springs almost completely renew their water every year from autumn to
spring (i.e., the recharge period). They usually show a continuous decrease of discharge from spring to
autumn—the so-called recession (or depletion) period [51]. During the recession period, flow-rates are
fed only by the groundwater, as infiltration does not occur within the unsaturated zone, being that
evapotranspiration processes are active (Figure 3b). Lastly, there are a few rare examples of deep,
highly mineralized springs and thermal springs in the area, which are located in zones characterized
by peculiar geological structures such as tectonic windows and regional thrusts [45,52].
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Figure 3. Simplified sketch of a low-yield spring discharging from the fractured zone of a flysch rock
mass. (a) Recharge period (from winter to spring); (b) recession period (from the end of summer to the
beginning of autumn). The arrows indicated by the spring are directly proportional to the discharge.

3. Methods

Considering the aims of this study, the 23 springs that were sampled were selected based on the
following two criteria: (a) springs recharged by small and easily inferable basins, thus enabling us to
estimate the average altitude of recharge, and (b) springs fed by shallow groundwater, likely representing
water infiltrated over the last few years (1–5 years). Springs that fulfil both of these prerequisites can
be defined as low-yield springs, in which a complete renewal of water takes place quickly [24].

The 23 selected springs are located along two transects (Figure 2) that start in the Ligurian
coastline, cross the northern Apennines (at around at 1600 m a.s.l.), and gently decrease into the Po
Plain (70 m a.s.l.). These two transects are represented by topographic and isotopic profiles, where the
isotopic values are the arithmetic means of δ18O of springs collected during the recession period.
Before crossing the main reliefs of the northern Apennines, both transects intersect the Apuan Alps
(at about 1400 m a.s.l.), but only the southern transect crosses the large and depressed NW-SE valley
through which the Serchio River flows. The total length of each transect is about 130 km. In addition,
a few other springs are located in the vicinity of the transects and were used to estimate the isotopic
gradients. We selected these two different transects to better understand any possible influence caused
by the Serchio valley, which, within a relatively short distance (about 40 km), produces the two main
ranges near the Ligurian sea (Figure 2), thus making possible the overlapping of different effects
(mainly the altitude, continental and shadow effects) of isotopic fractionation.

This part of the Apennines is characterized by the widespread presence of perennial springs,
whose discharges closely follow the inter-annual rainfall pattern, and which show a low average
discharge, ranging between 0.5 and 2 L/s. Most of the selected springs drain groundwater flowing
in pervasive networks of fractures within sandstones, small and not karstified carbonate bodies and
flysches. Some of the springs are fed by slope deposits mainly lying above poor permeable bedrocks.
As a result, most of the groundwater stored within the aquifers is renewed almost completely every
hydrological year or over just a few years, and most of the springs reach the low-flow period at the end
of summer or at the beginning of autumn.

The sampling of the springs was conducted during different seasons and years (from 2001 to 2016),
especially in the recession period, when the precipitations did not have a big impact on the system
since it did contribute little or nothing to the groundwater recharge. As shown in Figure 3, in this
period only groundwater feeds the springs, as evapotranspiration processes are predominant rather
than infiltration, and therefore, the isotopic value measured in this period can be considered to be
an average of the entire seasonal recharge that occurs during the wet season. Samples were collected
in Polyethylene bottles and then stored in the laboratory at 4 ◦C. Isotopic analyses were performed via
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mass spectrometry at the Stable Isotopes Laboratory of the National Research Council (CNR-Pisa, Italy).
The δ18O value was determined through the analysis of gaseous CO2, previously equilibrated with
water at 25 ◦C with the use of a Finnigan MAT52. The mass-spectrometric measurement of the 18O/16O
ratio requires correction because a fractionation between CO2 and H2O occurred [53]. It is widely
accepted that all the isotopic results are expressed as permil based on the international measurement
standard, the Vienna Standard Mean Ocean Water (V-SMOW) [6,9].

The analytical precision of the δ18O%� values was better than 0.1%�. The δ2H value was measured
with a Europa Scientific GEO 20-20 by reducing the water to elemental hydrogen using magnesium
instead of zinc. Because the totality of water was reduced, and all the hydrogen was converted to
hydrogen gas, the isotopic fractionation did not occur, and a correction of the mass-spectrometric
measurement was not necessary. The analytical precision of the δ2H measurements was 1.5%�.
The isotopic ratios of CO2 and H2 were measured by dual inlet mass spectrometer [54].

Starting from the δ18O and δ2H values, the deuterium-excess (d-excess; [16]) was calculated for
each sample as follows:

d-excess (%�) = δ2H − 8 δ18O (1)

Corresponding uncertainty on the d-excess was assessed as ±1.7%�. All the data are reported in
the Supplementary Materials.

4. Results

The results of the δ18O-δ2H analyses are reported in Table 1. For most springs, the isotopic
signature is the mean value, calculated based on different numbers of samples. Four springs (namely:
Cadoniche, Borra, Fugazzolo, and La Fontanina) were sampled only once during the recession period
and analyzed only with respect to the δ18O parameter. With reference to the altitude profile of the
northern Apennines of Italy, both the northern and southern isotopic transects (see continuous and
dashed black lines in Figure 2) were built starting from the abovementioned mean values of δ18O,
in order to present the isotopic signature evolution along the transects (Figure 4). The springs belonging
to the northern transect showed δ18O contents ranging between −9.4%� and −5.7%� and δ2H contents
ranging between −65%� and −36%� (Figure 4a, δ2H values are not shown as being characterized by the
same pattern as the δ 18O content). The corresponding deuterium excess (d-excess) varies between
9.4%� and 15%�.

The southern transect was characterized by δ18O values ranging between −10.1%� and −6.6%� and
δ2H contents ranging between −67%� and −41%� (Figure 4b, as in the case of the northern transect, δ2H
values are not shown as being characterized by the same pattern as the δ 18O content). The d-excess
varied between 9.2%� and 14.9%�. The isotopic contents did not continuously decrease with the altitude,
as the most negative values characterize the springs from the eastern sides of both the northern and
southern transects. The d-excess ranges of the two groups (northern and southern transects) were
practically the same.

Figure 5 presents the box-plots of all the isotopic data collected in this study. Isotopes from the
low-yield springs were divided into four groups, namely WSS (western side springs of the southern
transect), WSN (western side springs of the northern transect), ES (eastern side springs), and EA
(eastern side Adriatic spring). By looking the δ18O and δ2H data, it is evident that WSN, ES, and
EA groups showed a more attenuation of the isotopic signatures when compared with the WSS
data (see box limits representing the 25th and 75th percentiles). The mean values of δ18O and δ2H
from the ES (−9.5%� and −65%�, respectively) and EA (−9.4%� and −63%�) low-yield springs were
slightly more negative than those from the WSN (−6.4%� and −39%�) and WSS (−7.8%� and −53%�)
low-yield springs. Unlike the δ18O and δ2H values, d-excess data become more scattered in the WSN,
ES, and EA groups. Once again, the lowest mean values characterized the ES and EA low-yield
springs, at +11%� and +12%�, respectively. The box-plot diagram shows the types of springs grouped
congruently, demonstrating that there was lower isotopic content in the eastern springs compared
with the western springs.
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Table 1. Isotopic contents and main properties of the selected springs.

No. on Map Name of the
Spring

Number
of Values

Emerging
Altitude

Mean Altitude of
the Watershed

Oxygen-18
(Low Flow Value) +/−

Deuterium
(Low Flow Value) +/− d-excess

1 km 14.6 8 475 700 −6.58 0.16 −40.6 12.04

2 km 29.2 7 600 800 −7.54 0.05 −47.4 0.23 12.92

3 km 32.6 6 425 800 −7.71 0.09 −49.5 0.6 12.18

4 km 35.4 8 370 400 −6.67 0.11 −44.2 0.5 9.16

5 S. francesco 9 490 510 −6.65 0.05 −41.4 0.3 11.8

6 La fredda 9 1540 1650 −8.89 0.13 −56.2 0.3 14.92

7 Imbrancamento 14 1350 1480 −8.69 0.26 −55.3 0.7 14.22

8 Fontana fredda 17 150 300 −5.7 0.06 −36.2 0.7 9.4

9 Maestà 10 800 810 −6.32 0.29 −35.6 0.5 14.96

10 Acqua sparta 10 1275 1350 −6.93 0.23 −43.3 0.4 12.14

11 Secchia springs 2 1500 1700 −8.57 0.11 −56.4 0.2 12.16

12 Cadoniche 1 1325 1350 −9.37

13 Collagna 7 850 960 −8.37 0.13 −53.7 1.6 13.26

14 Mt Cantiere 8 1170 1450 −9.85 0.08 −65.6 0.8 13.2

15 Venano 7 1180 1280 −10.15 0.1 −67.07 1.5 14.13

16 Borra 1 900 1100 −9.71

17 Fugazzolo 1 1017 1000 −8.9

18 Berceto 13 825 880 −8.37 0.21 −53.3 0.3 13.66

19 Montecagno 22 1050 1100 −9.10 0.05 −62.96 0.3 9.84

20 Bismantova 14 800 920 −9.24 0.38 −61.9 0.6 12.02

21 M. di Puianello 2 350 375 −9.00 0.18 −60.2 0.4 11.8

22 Lusino 7 325 440 −9.26 0.11 −64.7 0.5 9.38

23 La fontanina 1 650 725 −9.9 0.12
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Figure 4. Altitudinal and isotopic profiles concerning the southern (b) and northern (a) transects
(trace sections are reported in Figure 2): the dashed line is the isotopic profile; the solid line is the
topographic profile. Orange crosses represent the isotopic values of springs not included in the transects
(see Figure 2). The y-scale is exaggerated by 2.

We plotted δ18O versus δ2H (shown in Figure 6), and our samples were near to the Global Meteoric
Water Line (GMWL) identified in [10], and close to the local meteoric water line presented in [4] for
northern Italy (Northern Italy Meteoric Water Line, NIMWL). Moreover, in the δ18O versus δ2H plot
samples from springs located on the western side of the study area (the Tyrrhenian side) were aligned
along a local groundwater line having an equation of:

δ2H = 6.9 × δ18O + 5 (r2:0.95). (2)

Similarly, samples from springs located on the eastern side of the study area (the Po Plain side)
were aligned along a local groundwater line having an equation of:

δ2H = 8.7 × δ18O + 19 (r2:0.91) (3)

In the study area four different altitude-δ18O relationships with different isotopic gradients are
calculated (Figure 7). On the western side, the isotopic gradients were very similar in the two transects,
−0.18%�/100 m, in the northern profile, and −0.17%�/100 m, in the southern profile. On the contrary,
on the eastern side, two very different isotopic gradients occurred, considering respectively the springs
of the foothills zones (−0.25%�/100 m) and the springs nearer to the main watershed divide of the
northern Apennines (−0.39%�/100 m).
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Figure 5. Box plot of (a) δ18O, (b) δ2H, and (c) d-excess for all the groundwater samples grouped
into (1) WSS, (2) WSN, (3) ES, (4) EA low-yield springs (see Figure 2 for the location of the springs).
The whiskers represent the 10th and 90th percentiles, the box limits indicate the 25th and 75th percentiles
and the line within the box marks is the mean values.

Figure 6. Plot of deuterium versus oxygen-18 for the investigated springs. The global meteoric water
line [10] and the Northern Italy water line [4] are also reported. EsGL: Eastern side Groundwater Line;
WsGL: Western side Groundwater Line.
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Figure 7. Altitudinal isotopic gradient of the selected springs.

5. Discussion

As anticipated in Section 4 (Figure 5), all the isotopic data from the low-yield springs (in particular
those from the WSN, ES, and EA groups) were poorly scattered, providing evidence that the
groundwater sampled from the recession periods is representative of the mean isotopic recharge.
Moreover, the δ18O patterns profile follows the topography profile and allowed us to identify specific
behavior of these isotopes with respect to the altitude. The eastern side of both the northern and
southern transects (i.e., the ES and EA groups) was in fact characterized by the most depleted δ18O
values. The western side of the northern transect (Figure 4a) showed a progressive decrement of δ
18O from the Tyrrhenian side to the highest reliefs (from −5.7 to −9.4 %�), whereas on the eastern side,
the isotopic values remained almost constant, on −9.3 %�. The low isotopic values found on the eastern
side were the result of the shadow effect caused by the Alps chain on the clouds originating from the
air masses of central Europe [38], which strongly controlled the precipitation regime of this part of the
northern Apennines. On the western side of the southern transect (Figure 4b) δ 18O decreased from
the Tyrrhenian side to the Apuan Alps. There, δ 18O became progressively more enriched with the
decrease of altitude, as a probably result of recharge due to precipitations generated by the air masses
inflow from the Tyrrhenian sea into the Serchio valley [55]. Starting from the Serchio valley δ 18O
values abruptly decreased from −6.7 to −8.9 %� before the main watershed divide, after which the
isotopic signal first approached to −10.0%� and then progressively increased up to −9.0%�. The low
isotopic values found on the eastern side for both the transects (EA group) were the results of the
above-mentioned shadow effect by the Alps chain on the clouds originating from the air masses of
central Europe [38]. The lowest values of δ 18O (−9.9 %�) were recorded in a spring discharging at
about 1100 m a.s.l. However, moving toward the Po Plain, the δ 18O values became more enriched
(−9.0 %�) with the decreasing of the altitude.

The δ 18O δ 2H plot (Figure 6) points out several differences existing between the two datasets
(western side versus eastern side springs): more enriched values were recorded in the springs on the
Tyrrhenian side (the western side). The regression lines (EsGL and WsGL in Figure 6) were similar to
the GMWL, evidencing that these springs were recharged by precipitation having isotopic contents
comparable to the average global isotopic composition and close to the NIMWL for precipitation
in northern Italy. Nevertheless, the slope of the WsGL was lower than that of the EsGL (6.9 and
8.7 respectively) almost overlapping with the GMWL. The difference in the isotopic content between
the two groups had already been observed in the precipitation values obtained by [39] and [55,56].
This means that, in adjacent areas, during winter, the water vapor was mainly of continental origin,
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and the precipitation was characterized by lower isotopic content. In contrast, during summer, the
precipitation chiefly originated from air masses of oceanic provenience and showed higher isotopic
content. According to [56], the origins of precipitation during the hydrologic year create an opposite
oriented orographic effect in the study area, meaning that the windward slope is alternatively located
on the Tyrrhenian side (in summer) and on the Adriatic side (in winter). As already reported in
Section 2, the summer precipitation did not recharge the springs in the transects; this was particularly
true for the WsGL, which was influenced by the leeward slope during the recharge period. The impact
of this orographic effect on the isotopic values in this study was confirmed by the springs’ d-excess
patterns, that was characterized by a decreasing trend (Figure 8) on both the sides, which is consistent
to the increase of isotopic signatures. Moreover, the d-excess was on both the sides in the range 9–15%�,
similar to that observed for an ensemble of springs in a recent study [57] carried on in a catchment of
the Apuan Alps. Such range is much more restricted respect to the wide range (4–22%�) observed in
Apuan rainfalls by the same Authors. Hence, d-excess data (Figure 5), consistently to the conclusions
of such study, suggested the occurrence of rainfall infiltration mainly in the period November–May,
and a negligible recharge of the groundwater systems in the remaining period of the year. It has been
observed, moreover, that lower d-excess in the groundwater can be related to partial evaporation
effects [56].

Figure 8. Plot of the deuterium excess versus oxygen-18 for springs belonging to the western (WSS and
WSN) and eastern side (ES and EA) of the studied area.

Further considerations concerned the isotopic gradients of the two slopes, calculated using the
mean value of the springs’ δ 18O content (Figure 7). As could be expected from the abovementioned
leeward slope affecting the Tyrrhenian side during winter, a higher gradient should characterize the
Adriatic side. The results show that a higher gradient developed in the eastern side relative to the
western side, with values of −0.39 and −0.17 %�/100 m, respectively. In the study area, a few more
noteworthy differences were evidenced. On the eastern side, the foothills of the northern Apennines
were partly affected by Adriatic-contributed precipitation that leads to a slightly lower gradient
(0.25 %�/100 m) than that of the upper reliefs on the same side. The lower gradient was in the range of
those found in [27,29,30] for precipitation from the Adriatic side. On the western side, the gradients
calculated along the two transects (the southern and northern) were similar (−0.17 and −0.18 %�/100 m
respectively) but a shift of about one delta of the δ 18O values was evident (Figure 7).

These results contribute to our understanding of aquifer recharge areas in mountainous zones
characterized by strong variability in precipitation regimes and complex topography. First of all,
altitude isotopic gradients using pluviometers and covering very extended areas should not be utilized
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in detailed hydrogeological studies. This is apparent when comparing the gradients obtained in [4,26],
which were higher on the Tyrrhenian side and in the central part of the transect and more similar in the
vicinity of the Po Plain. Second, a more local scale in these kinds of studies is more advisable with
respect to the isotopic content of the groundwater, as marked differences between valleys and slopes
(often fewer than a few kilometers apart) were observed here.

6. Conclusions

This study demonstrates that stable isotopes of water collected during recession period in
low-yield springs can be useful to obtain altitude gradients for hydrogeological studies in mountainous
areas. We believe that this is an important point given the increasing application of such isotopes
in environmental and engineering studies aimed at determining the recharge areas of springs and
groundwater. The analysis of our dataset, however, allowed us to reach several important conclusions
with respect to the use of water isotopes from springs. Firstly, in this approach springs must be carefully
selected a priori in order to strictly select those with well-known and reduced recharge areas (near the
point where the spring flows), in which an almost complete renewal of groundwater takes place every
year (i.e., low-yield springs). In the northern Apennines of Italy, these springs usually flow out from
fractured rock masses made up of flysch or sandstones, and their discharge patterns closely follow
the local meteoric recharge patterns. In such conditions, the recession period is from late summer to
early autumn and is characterized by the average isotopic content of the antecedent recharge period
occurring during the late autumn, winter, and spring months. As a result, water stable isotopes can
only be obtained from samples collected during this recession period. This method is superior to using
rain gauges to collect samples for subsequent isotopic analysis. In fact, samples from springs are more
suitable for such research than rain data because of the significant influence of evapotranspiration and
infiltration processes on surface soil during the recharge period, which usually results in significant
discrepancies between the isotopic contents of rain gauges and groundwater.

Secondly, it has been demonstrated that in complex areas such as the northern Apennines of Italy,
researchers conducting hydrogeological investigations must be aware that considering a single isotopic
gradient for the whole mountainous chain may result in significant errors in the final assessment of
the mean altitude of recharge of the groundwater. In fact, in the northern Apennines of Italy altitude
gradients of 18O varied from −0.17 %�/100 m (ES) to −0.39 %�/100 m (EAS) depending mainly on the
topographic effect (windward/leeward side with reference to the direction of the air masses) and the
origin (oceanic or continental) of the precipitation in the area. This means that altitude gradients
obtained from stable isotopes of water may differ even in nearby valleys. Thus, based on our results,
we suggest that researchers conducting hydrogeological studies requiring estimates of the recharge
areas of specific groundwater use a “local scale” approach consisting of low-yield springs located in
the same valley (or slope) of the groundwater under investigation.

Future studies, involving both the meteoric waters and groundwater of a few low-yield springs in
the northern Apennines of Italy have already been planned and will begin soon. This research will
allow us to better understand the hydrological processes taking place during the recharge period and
to quantify the mechanisms of evapotranspiration, runoff, and infiltration controlling the isotopic
differentiation between rain gauges and groundwater.
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