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Abstract: The upwelling groundwater flux has been investigated by deep piezometers in a spring area
characterized by alluvial deposits covering a karst substratum in Southern Italy. The piezometers are
of varying depth located in a flat area. They have been monitored for a long period (about 40 years),
and when measured, a good relationship between spring discharge and hydraulic head was observed.
The local upwelling groundwater flux has been deducted by the increasing of the hydraulic head
in depth, which allows the estimation of ascendant hydraulic gradient and groundwater velocity
during the dry and wet seasons. A specific analytical solution has been used to estimate the zone
involved by the ascendant flow, and could also be used in other spring areas. Some physical and
chemical characteristics of spring water have been collected, including the radon (222Rn) activity, to
support the phenomenon of the ascendant flux. The man geological and hydrogeological features
leading to ascendant flux in karst environments is also discussed for some areas of Southern Italy,
where many springs are affected.
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1. Introduction

Springs are among the essential features of the hydrological cycle, as their main characteristics
such as discharge, temperature and chemistry can be measured, giving fundamental knowledge of
groundwater flow.

The location of springs depend on the local topographic and hydrogeological features, and most
of them originate along geological contacts, faults and ground depressions [1,2].

Following the model of regional groundwater flow [3–5] the discharge areas are located in
depressed zones which increases the river discharge by diffused recharge or by springs. In these areas,
the vertical component of the flux can be higher than the horizontal one, and the water flux develops
in a typical ascendant path.

The ascendant flux occurring in the discharge area can lead to the start-up of a river, especially in
the karst mountain areas, where powerful springs are fed by a wide catchment which supports high
discharge for the entire hydrological year. In other cases, rivers increase their discharge when crossing
zones are characterized by ascendant groundwater flow [6].

Karst aquifers, characterized by high transmissivity and generally by capacity to store large
volumes of groundwater [7,8], can allow deep water circulation which leads to the start of the ascendant
flux in the discharge zone.

Although, spring discharge measurements can be easily or directly measured directly at the source
or along a river, the connected ascendant flux is not easily detected, because it needs the knowledge of
the vertical hydraulic gradient to be distinguished from the most common horizontal flow. Without the
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knowledge of the actual path of the spring flow, some hydrologic processes may be poorly understood
which could lead to inappropriate water management, as the delimitation of the protection zones
of springs.

In this study, we focused on the ascendant flux feeding karst springs, measuring the vertical
hydraulic gradient by monitoring deep piezometers. The spring area is located near the village of
Serino, along the Sabato River, Southern Italy, where long monitoring data are available for spring
discharge and piezometers.

A method used to estimate the wideness of the zone involved in the ascendant flux has
been provided, which can be used for other similar spring areas, characterized by ascendant flux.
The estimation is an important tool for delineating the protection zone of springs characterized by
ascendant flux.

To support this hydraulic phenomenon, deducted from the analysis of hydraulic head monitored
into several piezometers and located in the discharge area, specific geochemical measurements have
been carried out by monitoring the radon (222Rn) activity of spring water.

In general, we found that the ascendant flux is a topic not regularly discussed in literature.
The aim of this study is to provide a detailed case history, which applies to other areas of Southern
Italy, and perhaps elsewhere.

2. Materials and Methods

2.1. Ascendant Hydraulic Gradient and Wideness of Influenced Zone

The ascendant flow has been investigated by deep piezometers, where the ascendant hydraulic
gradient has been estimated from measurements of the hydraulic head.

In the discharge area where springs are located, we assume that the piezometer depth can have
a strong control over the hydraulic head measured due to non-hydrostatic conditions, particularly,
under descendant or ascendant groundwater flux [9].

Figure 1a shows the estimation of the vertical hydraulic gradient by the hydraulic head
measurements in wells; here the difference in the hydraulic head measured in two close boreholes is
caused by the vertical (ascendant) flux. This estimation is based on the assumption that no horizontal
component of the flow occurs, and the hydraulic head is lost during the ascendant path of the flow.
The estimated ascendant hydraulic gradient has been considered as an hydraulic model, where
analytical solutions define some geometrical features of the phenomenon, particularly the wideness of
the zone involved by the ascendant flux feeding springs or drainage systems.

In literature, analytical solutions of discharge drained by deep drainage have been provided by
Hooghoudt [10]. Later on, other authors [11,12] improved the analytical procedure of Hooghoudt’s
method. In general, this model assumes steady drainage towards ditches (or tile drains) in homogenous
soil underlain by an impervious layer; it applies the radial flow equation to the region near the
drains and the ellipse equation to the region away from the drains to determine the water table drop
(or head loss) in each region. The water table drops on each region were added to find the total
drop. This method is a useful practice procedure for designing a drainage system, aimed at regulating
the water table of an unconfined aquifer, under a constant steady-state recharge. However, in the
Hooghoudt’s model, a prevalent horizontal flow through the porous media is induced by the drainage
system, and no ascendant flux toward the drainage is considered; moreover, an impervious layer is
fixed below the drainage system.

Other types of analytical solutions have been provided to calculate steady-state inflow into a
circular tunnel [13–16] useful for the design of the tunnel’s drainage systems [17]. In these models, the
discharge drained by the tunnel depends on some geometrical and hydraulic features, such as the depth
of the tunnel, the groundwater level, the tunnel radius and the hydraulic conductivity of the aquifer.
The transient conditions are not considered, as the aim is to obtain the groundwater inflow (volume of
water for unit tunnel length) generated by the introduction of a tunnel in an initial hydrostatic system.
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The inflow converges into the tunnel (thus the flow is ascendant in the inverse zone of the tunnel), and
the differences between inflows at the crown and invert decrease with increasing depth of the tunnel
under the groundwater table. As these models assume initial hydrostatic conditions, they cannot take
into account the ascendant groundwater flow condition.

To estimate the influenced zone of the aquifer by the drainage tunnel, a simple 2D model is
provided under a non-hydrostatic initial condition, where an ascendant hydraulic gradient causes the
upwelling flow. The aim is not to estimate the inflow or the discharge in steady-state conditions, which
would need a more complex approach (which is beyond the scope of this work), but to analyze the role
of ascendant hydraulic gradient on the wideness of zone involved by the ascendant flow, namely the
influenced zone. This aspect plays a fundamental role in delimitating the protection zone of springs
and their tapping systems.

To estimate the width of the influenced zone, with distance R from a drainage tunnel or from a
spring, the analytical solution assumes: (i) constant hydraulic conductivity in all directions; (ii) high
aquifer thickness to guarantee vertical flow lines below a specific depth from the drainage system or
spring; (iii) each flow line follows the direction of “maximum slope”.
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Figure 1. (a) Ascendant flux connected to artesian conditions of karst aquifer covered by alluvial
deposits. Hydraulic head observed in close boreholes with different depths allow to estimate the
ascendant hydraulic gradient, ia; (b) Sketch of estimation of the ascendant hydraulic gradient, ia, and of
the potential hydraulic gradient, iT, in the point P; HP, excess of hydraulic head of the point P respect
to undisturbed water table; D, elevation difference between undisturbed water table and drainage
system; R, width of water table involved by drainage (influenced zone); LP, horizontal distance of P
from drainage; ZP, depth of P from drainage; ZK, depth of the karst substratum.

Under these assumptions, the drainage system induces a potential hydraulic gradient, iT, in each
generic point P of the aquifer (Figure 1b); a generic flow line continues along its vertical ascendant
path for iT < ia, and up to iT = ia. When the condition changes, iT > ia, the flow line diverges from the
vertical and tends to reach the drainage system (or springs). From Figure 1b, the ascendant hydraulic
gradient, ia, and potential hydraulic gradient, iT, are computed as:

ia =
(HP + D + ZP)− (D + ZP)

ZP + D
=

HP
D + ZP

(1)

iT =
(HP + D + ZP)− ZP√

L2
P + Z2

P

=
ia(D + ZP) + D√

L2
P + Z2

P

(2)
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where HP is the excess hydraulic head of the point P with respect to the undisturbed water table; D is
the elevation difference between the undisturbed water table and drainage system; ZP is the depth of
point P with respect to the drainage system; and LP is the distance of point P from the drainage system.

If equations are related to the spring outlet, then the parameters D, ZP and LP have to be replaced
by D’, ZP’ and LP’ (Figure 1b).

2.2. Physical and Chemical Characteristics Measurements

Monthly temperature, electrical conductivity and radon (222Rn) activity measurements have been
carried out in the spring water.

Temperature and electrical conductivity have been detected by multiparameter probe (Horiba
mod.U50), immersing the sensor directly in the spring water outlet.

The measurements of 222Rn activity have been carried out in spring water; water samples were
taken directly into the drainage tunnel of the spring tapping system, from the depth of about 0.5 m
below the level of water surface, using 500 mL glass bottles. Completely filed bottles were tightly
closed when still submerged to prevent the entry of air and the release of radon from it. The samples,
immediately sealed by parafilms, were transported to the laboratory of Hydrogeology of the University
of Sannio for radon activity measurements with a minimum delay from collection time (30’). The 222Rn
activity was performed using AlphaGUARD radon detector (Genitron Instruments GmbH, Germany):
a pulse-counting ionization chamber suitable for alpha spectroscopy. Water samples of 100 mL were
placed in the appropriate system of glass vessels. Detected 222Rn activity levels were analyzed using
the software Data EXPERT (by GENITRON Instruments).

The main interest of 222Rn activity in spring water is its possible connection with groundwater
velocity and, consequently, its variation during the high or low flow conditions of springs.

3. Geological and Hydrogeological Setting

The study area is located in Southern Italy, inland of about 40 km from Naples, on the
north-western boundary of the Picentini Mountains, including the high and middle valley of the
Sabato River. Locally, there are several different geological formation outcrops, forming part of the
Irpinia Apennine chain (Figure 2).

The outcropping sedimentary successions, as described in a recent geological map (ISPRA, 2017),
are grouped into several stratigraphic or tectonic units: (i) Mesozoic platform carbonates of the
Picentini Unit with a high permeability rate; (ii) Meso-Cenozoic deep-basin deposits of the Lagonegro
Unit with a low permeability rate; (iii) upper Tortonian/lower Messinian wedge-top basin clastic
sediments of the Castelvetere Fm. with a low permeability rate; (iv) deposits of Quaternary age with a
medium-high permeability rate.

The tectonic record highlights several main sequences of events, from the carbonate platform
involved in the wedge accretion and north/east-ward overthrust onto the Lagonegro basin deposits
during the lower-middle Miocene [18] to extensional tectonic movements of Plio-Pleistocene, where
the NW-SE left-lateral strike-slip main fault [19], crossing the Sabato River valley was generated.
Subsequently, the extensional movements, especially the Tyrrhenian side of the chain, induced the
creation of the Sabato River graben, filled by fluvio-lacustrine sediments.

These tectonic regimes induced a hydrogeological framework that has dislocated carbonate rocks
in high morphological element (horst) and low morphological element (graben), creating a ground
space between the recharge area and the discharge area.

In this context, the Terminio-Tuoro massif constitutes a wide karst system, feeding several karst
springs (Figure 3).

The entire karst area is estimated to be about 163 km2 and provides a total spring discharged
water volume of 170.5 × 106 m3/year [20]. It is arduous to define each spring catchment, and
probably a unique water table feeds all basal springs. However, more than 500 faults have been locally
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surveyed [21], and some of them are believed to limit the entire Terminio karst massif in four main
sectors [22], each one feeding several basal karst spring groups.Water 2018, 10, x FOR PEER REVIEW  5 of 21 
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Figure 2. Geological sketch of Southern Appennines (from [23], modified).

To achieve the aim of the current study, the lithologies involved in Terminio aquifer were grouped
into three lithological complexes: Alluvial, Flysch and Limestone (Figure 3), characterized by different
type and degree of permeability.
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Figure 3. Terminio massif hydrogeological map (location in Figure 2): (1) cover deposits (Quaternary)
with medium-high permeability (slope breccias and debris, pyroclastic, alluvial and lacustrine
deposits); (2) no-karst terrains with low permeability (argillaceous complex and flysch sequences
of Paleogene–Miocene); (3) karst terrains (calcareous-dolomite series of Jurassic–Miocene); (4) Towns;
(5) main karst springs; (6) elevation points (m a.s.l.); (7) mountain peak; (8) AA’ section line;
(9) S1 monitored well. Dashed rectangle area is detailed in Figure 5.
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In alluvial deposit (Quaternary) slope breccias, debris pyroclastic, alluvial and lacustrine deposits
are embedded. Argillaceous deposits and flysch sequences (Paleogene–Miocene) constitute Flysch
complex bounding the karstified limestone complex (Jurassic–Miocene).

The Serino group is located in the valley of the Sabato River, along the northwestern boundary of
the Picentini massif, and is formed by the Acquaro-Pelosi springs (377–380 m a.s.l.) and the Urciuoli
springs (330 m a.s.l.). These springs are fed by the Terminio massif [24,25] with an overall mean annual
discharge of 2.25 m3/s. Roman aqueducts (first century AD) were supplied by these springs, and the
Urciuoli spring was waste-tapped between 1885 and 1888 by the Serino aqueduct. The actual aqueduct
is composed of a gravity channel followed by a system of pressured conduits that is used to supply
water to the Naples area. Additionally, the Acquaro and Pelosi springs were also re-tapped in 1934 by
the Serino aqueduct.

The Cassano springs group is located along the eastern side of the Terminio karst massif, in the
Calore River basin, and it is formed by the Bagno della Regina, Peschiera, Pollentina and Prete springs
(473–476 m a.s.l.). Also these springs are primarily fed by the Terminio massif [24,26], with an overall
mean annual discharge of 2.65 m3/s [20]. In 1965, these springs were tapped in order to supply the
Puglia region with water, and a gravity tunnel was joined to the Pugliese aqueduct.

Among the springs of the northern side of the Terminio-Tuoro system, the Sorbo Serpico springs
should be mentioned. This spring group involves the Lagno spring (486 m a.s.l. with a mean discharge
of 60 L/s), the Sauceto-Titomanlio spring (462 m a.s.l. with a mean discharge of 120 L/s) and the
Beardo spring (446 m a.s.l. with a mean discharge of 250 L/s). The latter originated after a tunnel
excavation for hydroelectrical purpose.

The Terminio massif can be considered a wide diffuse type karst system, where the karst network
is not well developed or interconnected, and the flow is controlled by small karst fissures and occurs
in the laminar regime. The shape of the spring hydrograph produced by this system is characterized
by very few or only one smoothed peak that occurs after a time lag with regard to the rainy season; the
presence of the pyroclastic mantling deposits limit the runoff and favors a diffuse infiltration [27,28].

The long spring discharge measurements and the relation to climate variable have been analyzed
by Fiorillo and Guadagno [27], and the hydraulic aquifer behavior during droughts has been described
by Fiorillo [28].

The Terminio karst massif is characterized by wide endorheic areas (poljes), which play
an important role in the recharge processes (Figure 3). The origin of these endorheic zones is
connected to tectonic activity during upper Pliocene-Pleistocene, which has caused a general uplift
by direct faults, and a formation of graben zones. During the following continental environment
(Pleistocene-Holocene), karst processes have transformed these zones into endorheic ones, allowing
the complete absorption of runoff [20]. The largest endorheic area is the Piana del Dragone (55.1 km2);
several sinkholes drain this endorheic area, and hydraulic works were carried out to limit the flooding
during the wet period by connecting a drainage system to the Bocca del Dragone sinkhole.

The water table of the saturated zone inside the karst area can be measured in several wells and
piezometers located in the Piana del Dragone, which can be considered as the main recharge zone of
the aquifer. Locally, the water level has a mean of 530 m a.s.l. (period from 2002–2006, Figure 4), and
can be considered as the higher elevation of the basal water table in the Terminio massif; this level is
150 and 55 m higher than the Acquaro-Pelosi and Cassano springs, respectively. On the basis of the
measured data (water level has been measured every three months), the water table level increases
during the recharge phase (autumn and winter) and decreases in late spring/summer.
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Figure 4. Water table level measured every three months in well S1, located in the Piana del Dragone
(Figure 3, well head 686 m a.s.l.).

The Serino Spring Area

Between the villages of S. Lucia and S. Michele di Serino, many springs exist which rapidly
increased the discharge of the Sabato River. After drainage works to tap these springs, only
few resurgence phenomena can be observed along the river, which are negligible during the low
flow season.

In the Urciuoli springs zone (approximately 330 m a.s.l.), there are three drainage tunnels (North,
West and Main channels) that convey the water towards a storage tank. From this point, a gravity
channel, followed by a system of pressured conduits, supply Naples urban area [25].

The Acquaro-Pelosi springs area is located 3 km uphill of Urciuoli springs (Figures 3 and 5), in a
flat area along the Sabato River (370–380 m a.s.l.). Uphill this area, the Sabato River is completely dry,
and it is only after rainy days that the runoff can occur. Before the tapping, numerous spring outlets
existed locally; the construction of tunnels in 1934 has tapped most of these springs, and only a few
spring points discharge after wet periods.
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Figure 5. Aerial view of discharge area of Acquaro-Pelosi springs (dashed rectangle area of Figure 3),
currently tapped by the drainage tunnels, and piezometers location (P1–P12).

The two tunnels are excavated into alluvial deposits, they are 400 m long, and 4 to 7 m deep.
Water is drained through loopholes in the concrete structure of tunnels along their bases and sides.
The tunnels convey water to a storage tank, then toward Urciuoli springs.
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Ten wells are located inside the protected area, around the two drainage tunnels (Figure 5), and
have depths between 30 m and 93 m. They cross the alluvial deposits constituted by sands, gravels and
clays (Figure 6). Inside each well, a piezometer tube has been placed, which is slotted at the bottom
part; this means that the water level measured into the piezometer has to be connected to the hydraulic
head at the bottom part.

The entire water discharged by the Serino springs (mean of 2.25 m3/s) is linked to a deep karst
substratum connected to a recharge area of the Terminio massif. In the Acquaro-Pelosi spring area,
the karst substratum has not been reached by wells, and thus it lies below the deepest piezometer
(>93.40 m).

Following the Geological map of Italy (ISPRA 2017), the karst substratum is believed to lie about
400 m deep in the Sabato Valley, but this depth is considered variable, reaching locally the minimum
in correspondence to springs. In any case, all spring water comes from the upwelling flux inside the
alluvial deposits of the Sabato plain, and these characteristics are further detailed.
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4. Data Analysis

4.1. Hydrological Data and Correlations

Spring discharge measurements have been carried out by automatic hydrometers located along
the hydraulic system of tapping. The discharge is directly measured at the end of the Pelosi and
Acquaro drainage tunnels; the discharge of Urciuoli spring is indirectly obtained from the discharge
measurements carried out downstream.

Figure 7 shows the hydrographs of the Pelosi, Acquaro and Urciuoli springs for the period
1963–2003; the minimum and maximum values occur in spring and autumn-winter seasons,
respectively; during droughts, the spring hydrographs are characterized by a continuous decreasing
trend for the entire hydrological year, as occurred in 2002 [28].

Fiorillo et al. [25] described the long time series of the Serino spring discharge and its relationship
with climate (rainfall and temperature) variables. By cross-correlation analyses, they found strong
dependence of spring discharge cumulative rainfall to be over 150 days, with time-lag of 2 months [25].
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Besides, they focused on the minimum amount of rainfall needed to avoid a groundwater drought,
thereafter, their statistical occurrence was estimated [25].

Piezometer level data considered in this study spanned the period of 1963–2003 as shown in
Figure 7. For the piezometer P1, P2, P3, P7, P8, P9 and P10, data are almost continuous, whereas for
piezometers P4, P5 and P6 data series present many discontinuities. In particular, these discontinuities
occurred during low flow periods when these piezometers are used to tap the water conveyed to the
storage tank.

Besides, the piezometric level can be artesian during the high flow period, as observed in
piezometers P2, P3, P4, P5 and P7; these piezometers are also the deepest.

The P4 and P5 piezometers are also under artesian conditions also during low flow periods except
for a few years of extreme drought (for example 2002). In the shallower piezometers P1, P9 and P10,
the hydraulic head is always below the ground level.

Figure 8 shows in detail the hydraulic head of piezometers during the period 1963–1969, during
which records are available almost continuously. The deepest wells (P2, P3, P4, P5, P7) have a higher
hydraulic head, especially during the high flow period of springs (March–July). During the low flow
period of springs (September–November), these wells present a drop in the hydraulic head, which
decreases below that of the shallowest wells (P1, P10).

As can be deduced from Figure 8, the distribution of the hydraulic head into the alluvial
deposits is not phreatic, as it generally increases in depth. In fact, the deepest piezometers show
a higher hydraulic head than the shallower piezometers, especially during the April–June period.
These characteristics are shown in Figure 9, with data plotted as mean values in the period 1963–1969,
during which a continuous record occurred for all piezometers. The dependence of the hydraulic
head on the piezometer depth is obvious (Figure 9a), as well as the hydraulic head range (Figure 9b).
The piezometer P8, which is drilled mainly in the clayey deposits at the bottom part (Figure 6), is not
shown in Figures 8 and 9.

To assess the aquifer’s transmissivity, permeability and specific yield, a multi-purpose aquifer
test was carried out on pumping well and monitored piezometer (P11 and P12, Figure 5).

The test was carried out at a constant pumping rate of 38.5 L/s, for a duration of 68 h; drawdown
data were processed using the method of Neuman [29], enhanced by Tartakovsky and Neuman [30].
Results are shown in Table 1; the hydraulic conductivity, K = 3 × 10−3 m/s and the effective porosity,
neff = 0.1, are in line with lithostratigraphic and granulometric features.
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Figure 8. Hydraulic head during the period of 1963–1969, characterized by almost continuous records.
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Figure 9. (a) Correlation between well depth and hydraulic head during high (mean of annual
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Table 1. Main granulometry characteristics of soils (Unified Soil Classification System—USCS) and
some hydraulic parameters obtained by pumping test carried out in well P12. Diameter, φ of soil:
gravel, φ > 2 mm; sand, 0.06 mm < φ < 2 mm; silty and clay, φ < 0.06 mm. T, transmissivity; K,
hydraulic conductivity; neff, effective porosity.

Strata Soil Type USCS Thick. m Gravel % Sand % Silt & Clay % T m2/s (2) K m/s (2) neff-
(2)

1 OL 1.0
2 GW (1) 3.1
3 SP 1.3 32 66 2
4 GW (1) 3.3
5 GW 3.3 53 43 4
6 GW (1) 4.5
7 SW 8.5 35 58 7
8 SM 5.0 10 78 12

≈5 × 10−2 ≈3 × 10−3 ≈0.1

Note: (1) Laboratory test missing, classification deducted from analogy with stratum n.5; (2) Results from pumping
test in the well P12 (30 m depth)

4.2. Physical and Chemical Characteristics

The total dissolved solids values are 221 mg/Kg and 201 mg/Kg for Acquaro-Pelosi and Urciuoli
respectively and it results in the poor mineralization of water. The main ions are the calcium
(++Ca, 65 mg/L) and the hydrogen carbonate (−HCO3, 240 mg/L) according to origin of water
for karst aquifer.

A set of monthly temperature and electrical conductivity measurements have been carried out
within the period of March 2015–July 2016, for Acquaro, Pelosi and Urciuoli springs (Figure 10a).
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Figure 10. (a) Temperature and electrical conductivity, period between March 2015–July 2016, for
Acquaro, Pelosi and Urciuoli springs, period between February 2015–July 2016; (b) Radon (222Rn)
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The electrical conductivity appears almost constant for the Pelosi spring, where a value of
350 µS/cm is observed for the entire period. In the Acquaro and Urciuoli springs a range between 450
and 350 µS/cm is recorded in the same period. The temperature shows constant values around 10.5 ◦C
(Acquaro and Pelosi) and 11 ◦C (Urciuoli); while during the recession period (August–November) an
increase of 1–2 degrees is observed.

In the same period (February 2015–July 2016) a monthly 222Radon concentration measurements
were carried out for the Acquaro, Pelosi and Urciuoli springs. Figure 10b shows the results obtained
from 222Rn activity together with the discharge values, where a clear and similar trend can be observed.
A significantly positive linear relationship results from a comparison between spring discharge and
222Rn activity, indicating the strong control of the hydrological cycle on the radon concentration.

5. Results

The correlations of Figure 9 indicate that the hydraulic behavior of the alluvial aquifer is characterized
by an upwelling flux during the high flow period, where the slope of the interpolation line (equation
y = 0.1439x + 366.43, Figure 9a) can be assumed as a first coarse estimation of the hydraulic gradient, ia.
Due to the non-isotropic behavior of the alluvial deposits, this hydraulic gradient has to be assumed as
the mean value of the ascendant flow into alluvial deposits during the high flow period.

During the low flow period, the behavior appears more complicated. Considering the mean of
annual minima (Figure 9a), an ascendant hydraulic gradient can be roughly estimated by the slope
of the interpolation line (equation y = 0.0266x + 368.43; Figure 9a), but the correlation is weaker. In
fact, during the recession period, the hydraulic head of some deep piezometers decreases up to values
lower than shallower piezometers (Figure 8). Thus, during the low flow period, the flux could have a
descendant component into some portions of the alluvial deposits; under such conditions, the alluvial
aquifer can feed the springs (drainage tunnels).

Another main consideration can be done as shown Figure 9b: the hydraulic head range appears
to be clearly dependent on the depth of the well, indicating a wider oscillation of the hydraulic head
into deepest deposits.

To investigate the aquifer behavior and its possible “reverse” behavior (descendant flux), the
difference in hydraulic head between P7 and P1 (P7−P1), and between P2 and P1 (P2−P1) have been
plotted as shown in Figure 11; these piezometers have almost complete records in the period between
1963–2003, and allow for comparison a deep (P7 and P2) and shallow (P1) piezometer. Observing
the difference between P7 and P1 (P7−P1), it seems that the “reverse” period occurs every year since
1987; whereas, observing the difference between P2 and P1 (P2−P1), the “reverse” period would be
limited to the drought of 2002 and to other few and short periods. Figure 11 indicates that the “reverse”
condition would be very limited in time and space, and that probably it is only a misleading result due
to a comparison of the hydraulic head measured into two distinct piezometers, and not along the same
vertical. Observing Figure 10a, the slight temperature increase between August and November could
indicate the possible mixing between deep (ascendant flow) and shallow water of alluvial aquifer, but
the electrical conductivity does not change.
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Figure 11. Hydraulic head difference between piezometers P7 and P1 (P7−P1) and piezometers P2
and P1 (P2−P1); positive and negative value means ascendant and descendant flow, respectively.
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To reduce the ambiguity observed in Figure 11, the ascendant hydraulic gradient has been
estimated by considering two close piezometers, characterized by different depths. For this reason, the
analysis is restricted to piezometer P5 and P6; P4 could replace P5 (it is far from P6 as P5, and has a
depth comparable with P5) providing similar results. The estimated ascendant hydraulic gradient into
alluvial deposits is shown in Figure 12, where it is well-correlated with the discharge. In this case, the
hydraulic gradient is always positive (ascendant flow), and it increases or decreases during the high
flow and low flow periods, respectively. It has to be specified that the actual hydraulic gradient could
be up higher with respect to that computed because of the uncertainty in the hydraulic isolation of the
piezometric tube.
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Figure 12. (a) Acquaro-Pelosi spring discharge and vertical (ascendant) hydraulic gradient, computed
between P5 and P6 (60 m distance from each other; Figure 5); (b) ratio between discharge and hydraulic
gradient (Q/ia).

Plotting the ratio between the spring discharge and hydraulic gradient, Q/ia (Figure 12b),
a constant path can be observed, which is interrupted by a peak during low flow periods. Following
the Darcy law:

Q
ia

= K × A (3)

with K being the hydraulic conductivity, and A the area, the plot of Figure 12b means that during low
flow periods, the area, A, has to increase proportionally to ratio Q/ia, as the hydraulic conductivity, K,
can be considered constant. It has to be specified that the area, A, lies on the horizontal plane in this case,
as the flow lines are vertical under the ascendant hydraulic flow into the aquifer. The area, A, increases
or decreases under low and high ascendant hydraulic gradients, respectively; and to investigate this
behavior, Figure 1b shows the effect of the drainage tunnel on the water table. The natural ascendant
hydraulic flow causes the start-up of springs on the ground level; the drainage tunnel excavation
induces a water table drop; the distance R defines the wideness of the influenced zone of the aquifer.
To estimate the R-value under an ascendant hydraulic gradient condition, Equations (1) and (2) have
been used.
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Figure 13 shows the plot of Equation (2), where the potential hydraulic gradient, iT, depends
on the depth, Z, and distance, L, from the drainage/spring, distinguishing the condition under high
(Figure 13a) and low (Figure 13b) ascendant hydraulic gradient, respectively; the hydraulic gradient
values, ia = 0.15 and ia = 0.026, are the mean of the annual highest and lowest values in the period
1963–1969 (Figure 12a), and are similar to the slope of the interpolation line of Figure 9a.
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Figure 13. Potential hydraulic gradient, iT, induced by drainage system at depth D, computed along
the vertical, Z, with distance L from drainage (Figure 1b): (a) aquifer with natural ascendant hydraulic
gradient, ia = 0.15; (b) aquifer with natural ascendant hydraulic gradient, ia = 0.026. The drainage
toward the tunnel/spring occurs in the field iT > ia; for iT < ia the ascendant flux is not influenced by
the drainage.

As shown in Figure 13, the potential hydraulic gradient, iT, tend to ia when Z increases.
The drainage towards the tunnel/spring occurs for iT > ia; in this case the ascendant flow converges to
the tunnel/spring. In the field iT < ia, the ascendant flow continues its vertical path. The horizontal
line iT = ia is a boundary limit, splitting the zones descripted above; along this line does the condition
L ≡ R occur. In Figure 13a, for Z = 100 m the condition ia = iT occurs when L ≈ 100 m; in Figure 13b,
for Z = 100 m, the same condition occurs when 200 < L < 500 m; these theoretical results are in
accordance with the actual results of Q/i ratio (Figure 12b), where the area, A, has to increase under a
low hydraulic gradient.

Equalizing Equations (1) and (2) by fixing ia = iT, the distance LP will coincide with R, and thus:

LP ≡ R =

√
D
(

1 +
1
ia

)[
D
(

1 +
1
ia

)
+ 2ZP

]
(4)

Figure 14 shows the dependence of the zone influenced by the drainage system (R-value) in the
function of Z, for a different ascendant hydraulic gradient, ia, including the maximum and minimum
observed (0.15 and 0.026). This relationship highlights how the depth, Z, of the ascendant flow lines
control the R-value. As the depth of the karst substratum can be used as the maximum Z value, it
can be estimated by comparing two different scenarios in Equation (4). In particular, as shown in
Figure 12b, the area, A, increases n times from high flow to low flow condition, by the following:

R(ia)min ≈ n × R(ia)max (5)
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and from Equation (4):√
D
(

1 + 1
i(ia)min

)[
D
(

1 + 1
(ia)min

)
+ 2ZP

]
= n ×

√
D
(

1 + 1
i(ia)max

)[
D
(

1 + 1
(ia)max

)
+ 2ZP

]
(6)

the value ZP deducted provides the depth of the karst substratum, ZK ≡ ZP. For n = 2.5, ZK = 353 m.
This value of ZK is compatible with the geological and hydrogeological features of the study area;
the correspondent values of R, are 169 and 422 m in conditions of high flow (ia = 0.15) and low flow
(ia = 0.026) as shown in Figure 14.
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Figure 14. Width of the influenced zone, R, induced by drainage system at depth D, in relation to
depth, Z, and for a different ascendant hydraulic gradient, ia. ZK is the depth of karst substratum.

6. Discussion

The relationship between groundwater and surface water has been discussed by Sophocleous [31],
and by Barthel and Banzhaf [32] at a regional scale. In general, the presence of an ascendant flux
could be very difficult to detect in many hydrogeological contexts. For example, in an alluvial plain
characterized by sand deposits and ascendant water flux with vertical hydraulic gradient ia = 0.01, two
distinct piezometers, close together, but having 10 m depth difference, would measure a hydraulic head
difference of 0.1 m. This hydraulic head difference could be misleading of a prevalently horizontal flow,
and similar considerations can also be provided for other aquifer types, karst included. The possibility
of measuring and quantifying the ascendant hydraulic gradient depends on its magnitude and on the
depth of the piezometers.

In some areas the ascendant flux has been detected due to a deep geological survey. For example,
in the Crni Timok valley, Serbia, geophysical surveys by the spontaneous potential method (SP)
has allowed for the identification of the zone characterized by an ascendant flux in the karstified
limestone buried under alluvial deposits [33]. Besides, in the Duna-Tisza interfluves, Hungary, Szőnyi
and Tóth [34] reconstructed the ascendant flux from deep water and hydrocarbon wells, which is
responsible for severe problems of soil and wetland salinization.

In many karst aquifers of Southern Apennines the water table of the saturated zone is flat, and
it is generally characterized by hydraulic gradient lower than 1% [35]; these conditions favor a deep
water circulation, with flow lines converging to a spring outlet and characterized by vertical path
(Figure 15a). The development of a conduit net into a karst aquifer leads to a hierarchical flow [36],
which controls the water path; the ascendant flux can lead to the formation of subvertical conduits,
and many karst springs are fed by a typical subvertical conduit, as the Vauclusian types. In these cases,
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tectonic shifts between karst terrains and aquiclude favor the formation of the subvertical conduit [37].
Many karst springs of Southern Italy can be associated with the scheme of Figure 15a, as Caposele
spring of Picentini mountains or Boiano springs of Matese massif, where the conduit net (not drawn)
leads the flow lines.Water 2018, 10, x FOR PEER REVIEW  16 of 21 
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The hydrogeological cross-section of Figure 16 shows how the flux from the recharge area is 
forced under the aquiclude of flysch sequences; in the Sabato plain, the presence of springs has been 
explained by a buried karst substratum, covered by thick alluvial deposits. In the alluvial deposits, 
the flux is widespread and circulates in a porous medium; most of the upwelling flux outcrops along 
the Sabato River, located on the shorter and vertical flow line of the upwelling flux, and thus, along 
the buried fault system. 
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this limit has been marked by question marks, and it could be fixed at −130 m below sea level, which 
was the base level during the last glaciation. However, as karstification processes began during the 

Figure 15. Ascendant flux connected to different hydrogeological conditions of the discharge zone
of karst aquifers. (a) flow lines tend to be vertical as consequences of deep groundwater flow and
flat water table; (b) no karst-terrains between the recharge and discharge area favors groundwater
syphoning; (c) the hydraulic head difference, h1, is needed to allow the rising of groundwater through
the porous medium from buried karst substratum.

Many other karst springs emerge from carbonate rock block tectonically joined to a wider
karst area (Figure 15b). The presence of no-karst terrains, which act as aquiclude or aquitard
between the main aquifer and the rock block, favors the development of a deep groundwater flow,
converging toward the rock block, which is interested in ascendant groundwater flux. In Southern
Italy, Capovolturno spring of Meta mountains or Grassano spring of Matese massif is associated with
the scheme of Figure 15b.

In many other cases, the carbonate rock-block is missing in outcropping and lies below the
no-karst terrains (Figure 15c); springs can originate through ascendant fluxes into porous deposits,
and faults allow for crossing the aquiclude/aquitard above the karst aquifer. Serino springs can be
associated with the scheme of Figure 15c, which is common also to other karst springs of Southern
Italy as Cassano springs along the eastern side of Terminio massif (Figure 3).

The hydrogeological cross-section of Figure 16 shows how the flux from the recharge area is
forced under the aquiclude of flysch sequences; in the Sabato plain, the presence of springs has been
explained by a buried karst substratum, covered by thick alluvial deposits. In the alluvial deposits, the
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flux is widespread and circulates in a porous medium; most of the upwelling flux outcrops along the
Sabato River, located on the shorter and vertical flow line of the upwelling flux, and thus, along the
buried fault system.
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Figure 16. Hydrogeological section crossing discharge and recharge area of the Acquaro and Pelosi
springs (section trace in Figure 3). ∆h1 is the variation in the water table level in the phreatic zone
(well S1), which becomes artesian in the Sabato valley. The limit of the karstification/saturated zone is
unknown. R is the width of the influenced zone during high flow period (R = 169 m; Figure 14).

Inside the karst substratum, the limit between karstified and unkarstified terrains is unknown;
this limit has been marked by question marks, and it could be fixed at −130 m below sea level,
which was the base level during the last glaciation. However, as karstification processes began
during the continental exposition of carbonate reliefs, deeper karst levels are lowered by Pliocene and
Quaternary faults.

In the Piana del Dragone, which is the main recharge area of the aquifer (Figure 3), the hydraulic
head varies between 506 m a.s.l and 554 m a.s.l. in the period between 2003–2008 (Figure 4); the
observed range, ∆h1 = 48 m, has been indicated in Figure 16. The hydraulic head in this area controls
the hydraulic head observed in the piezometers of the Serino plain, which have a range up to 8 m
(Figure 9b).

Under drought conditions, a descendant hydraulic gradient could occur in alluvial deposits,
which means (i) a poor hydraulic head into karst substratum connected to a poor recharge and
(ii) a temporary reverse flow into alluvial deposits which recharges the karst aquifer below. However,
the above drought conditions occur rarely, and ascendant hydraulic gradient occurs during the entire
hydrological year and supports the fact that the spring never dries up (except Acquaro spring during
in the year 2002). A minimum and maximum hydraulic gradient (0.026 and 0.15, respectively), as
previously estimated, will now be considered.

Figure 17 shows the hydraulic gradient estimated in depth, extrapolating the hydraulic head
measured in P5 and P6 wells (Figure 12a); the top of the karst substratum can be estimated by
Equation (6), and thus the hydraulic head ranges into karst substratum would be ∆h1 ≈ 40 m.
This value is slightly lower than 48 m found in well S1 located in the recharge zone (Figures 3,
4 and 16), according to water path into karst aquifer, from the recharge zone to karst substratum below
the alluvial deposits. However, as data sets cover different periods, a more specific link between water
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level recorded in the Piana del Dragone (2002–2006) and piezometers of Sabato valley (1963–1969)
could not be allowed.

A relevant consequence of high values of the ascendant hydraulic flow is the spring water quality.
As described, this water is cold (T = 11 ◦C) and it is poorly mineralized (E.C. = 370 µS/cm, 20 ◦C),
but it comes from a deep aquifer, located at 353 m depth below the Sabato River. We expected that
water coming from so deep an aquifer should be more mineralized, as found in other hydrogeological
contexts [34,38,39]. A possible explanation can be found in the high velocity of the ascendant flow into
alluvial deposits directly connected to the high hydraulic gradient.Water 2018, 10, x FOR PEER REVIEW  18 of 21 
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Figure 17. Hydraulic head measured into wells P5 and P6 during high and low flow periods; the
extrapolation in depth allow to estimation of the hydraulic head range, ∆h1, in the karst substratum.

Using the results of a pumping test carried out in the P11 and P12 wells (Figure 5), which provided
a hydraulic conductivity, K = 3 × 10−3 m/sec, a velocity of v = 1.62 m/h (i = 0.150, high flow) and
v = 0.28 m/h (i = 0.026, low flow) can be estimated. Considering an effective porosity of 0.1 of the
alluvial deposits (sand and gravel), the actual velocity is veff ≈ 16.2 m/h (high flow) and veff ≈ 2.8 m/h
(low flow). This means that, during the high flow and low flow, water would need ≈1 day or ≈5 days
to reach the springs from the karst substratum, respectively, and within this short period there is a
better understanding as to why the Serino spring water is poorly mineralized and cold.

The 222Rn activity for Acquaro and Pelosi springs clearly indicate a variation in the concentration
in the monitored period (February 2015–July 2016); in particular, as shown in Figure 10, 222Rn activity
clearly increases as spring discharge increases, and decreases as spring discharge decreases; maximum
and minimum radon activities occur during the high and low flow conditions, respectively.

The high flow condition is sustained by high ascendant hydraulic gradient, under which higher
water velocity and higher radon activity occur. Thus, the high velocity of the upwelling flow allows a
more rapid ascendant water which favors a higher 222Rn activity. During low flow periods, when a
lower ascendant flow occurs, the 222Rn activity decreases as consequence of the longer period it takes
for water to reach the springs.

Moreover, the difference between the time needed to reach the spring from karst substratum
during the high and low flow (≈4 days) coincides with the half-time of the 222Rn (3.8 days), and the
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radon activity measured during the high flow period almost double of that measured during the low
flow period. These results suggest that radon activity of groundwater stored in the saturated zone of
karst aquifer substratum can be considered almost constant during the year, as a consequence of the
long-term equilibrium between its accumulation (from the decay of uranium and radio contained in
the rocks) and its decay (with a half time of 3.8 days). In this case, the faster upwelling of spring water
occurring during high flow periods favor higher radon activity, whereas, the slower upwelling of
spring water occurring during low flow periods favor the radon decay and, thus, its reduced activity
in the spring water.

7. Conclusions

The ascendant water flux which feeds the springs belong to a wide hydraulic phenomenon
involving wide areas and deep portions of aquifers. It is always connected to specific hydrogeological
conditions, coming from tectonic and geomorphologic evolution. In a karst environment, the ascendant
flux can be particularly developed because of the carbonate dissolution along the shorter flow lines,
characterized by the higher hydraulic gradient and forming karst conduits, as well as allowing the
water flux to siphon under no-karst terrains. This phenomenon is still poorly quantified, as deep
hydraulic measurements are generally missing.

The Serino spring area is a useful example of detecting and estimating the ascendant water flux,
thanks to deep piezometers into alluvial deposits which cover a karst substratum and high values
of the ascendant hydraulic gradient. The estimation of the ascendant hydraulic gradient during the
high and low periods has provided an overall view of the phenomenon, allowing us to estimate the
depth of the karst substratum in the Sabato plain and have a deeper knowledge of groundwater
flow. During low flow conditions, a wider area appears to be influenced by the drainage systems
with respect to high flow conditions. These specific characteristics have been quantified by analytical
solutions to find the area being influenced by a drainage system under different geometrical and
hydraulic features.

As a consequence of the ascendant flux, the Serino alluvial plain can be considered outside of the
spring catchment, as it does not contribute in recharging the below karst aquifer. Besides, especially
during the high flow period, the spring water could be exposed to contaminations by perched water in
the alluvial plain, and ascendant flux appears to be a useful and natural condition for preserving deep
groundwater. However, drought conditions reduce the power of the ascendant hydraulic gradient
drastically, and spring discharge can decrease up to nil; thus, drought conditions could favor the
deterioration of water quality.

The ascendant water flux allows deep groundwater to reach the surface and start up a spring,
and thus it is a common condition for thermal springs and other mineralized waters. For the Serino
springs, which are cold and very low mineralized water, it is assumed that the estimated ascendant
velocity is high enough to avoid increases in temperature and mineralization. In particular, the time
needed to reach the spring outlet has been estimated at one (high flow) or a few days (low flow)
from the karst substratum, and this sheds light on the almost constant value of temperature and
electrical conductivity. Under such hydraulic conditions, characterized by a general fast velocity of
the groundwater, the 222Rn activity seems to be a useful indicator of groundwater dynamic; in detail,
during high flow periods, the water is younger with respect to low flow periods, due to a higher
ascendant flow velocity.

The recognized upwelling flux in the Serino plain could lead to a better understanding also of
many karst springs of Apennine, when hydrogeological conditions can be schematized as shown
in Figure 15. Under such hydrogeological conditions, the ascendant water flux has not been fully
recognized. This could lead to a better vulnerability definition and, thus, a more efficient local planning
in order to correctly manage and preserve the quantity and quality of groundwater resources.
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