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Abstract

:

The hilly landscape of the Periadric area in Central Italy is characterized by mainly marly–clayey foredeep basin deposits (Plio–Pleistocene age). These lithotypes are generally considered aquicludes, if compared with the regional limestone aquifers of Apennines. However, a coarsening upward trend characterizes the upper portion of this stratigraphic sequence, with arenaceous deposits and even conglomerates on the top. From a geomorphological viewpoint, the areas with coarser outcrops show a flat shape and sub-vertical slopes, like boundaries. At the base of these scarps, springs can be found at the interface between coarse and fine deposits, whereas these arenaceous bodies are actual aquifers. Until now, the hydrodynamics and hydrochemical features of this kind of aquifer have not been investigated deeply, because they have always been considered a worthy water resource. However, they could play a crucial role in integrated water management, especially to cope with climate changes and drought periods. Considering these, the main purpose of this study was to investigate from a hydrogeological point of view and to assess the groundwater quantity and quality. Five examples throughout the Abruzzo region were considered. For evaluation and comparisons between water resources, the water volume that infiltrates yearly at each squared kilometer of an aquifer (Mm3/y/km2) was applied. This value was calculated through three different approaches to provide a recharge estimation for this kind of aquifer that is as exhaustive and representative as possible. The results allowed us to characterize the hydrogeological model and to quantify the resources between 0.1 and 0.16 Mm3/y/km2, to be suitable for multi–purpose utilization.
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1. Introduction


In recent decades, population growth, industrialization, and urbanization have generated an ever-increasing demand for fresh water [1,2,3]. This has led to a huge transition from small and local water resource exploitation and distribution networks to regional and more integrated systems that bring water from springs and wells over great distances.



Traditionally, areas on the Mediterranean, specifically Central Italy, sourced water from local small springs or wells near villages and towns [4]. Now, water for drinking, irrigation, hydroelectricity production, and manufacturing mainly come from regional karst or alluvial aquifers [5,6,7,8,9,10,11]. As a matter of fact, the regular steady baseflow of springs and rivers is directly connected to the amount of groundwater [12].



The principal aqueducts, which have a capillary pipeline system on the order of hundreds of kilometers, distribute groundwater to both the Tyrrhenian and Adriatic coasts (Figure 1) mainly from the karst aquifers in the Apennine Mountains [13,14,15,16] and to a lesser extent from alluvial aquifers [17,18,19,20,21].



The abovementioned economic transition caused a progressive abandonment of local aquifers located in the terrigenous sandy and gravelly stratigraphic sequence that constitutes the top of important hills in the Periadriatic area. Here, springs and elevated flat plains bounded by steep slopes provided optimal topographical and morphological conditions for the development of towns (Figure 2) that played an important political and commercial role a few centuries ago [22].



Until the middle of the 20th century, these springs were the sole source of freshwater (Figure 3), and local communities used peculiar water-tapping systems consisting of a combination of drainage tunnels and wells located at the interface between permeable and non-permeable geological bodies. Springs’ discharge is rarely over 1 L/s and usually it goes from 0.1 to 0.4 L/s during summer and from 0.3 and 0.9 L/s during winter. These systems are similar to the Persian “Quanats”, as they had similar hydraulic functions (i.e., draining water from subsoil). Different archaeological studies have investigated these water-tapping systems [22,23], pointing out that, besides being able to extract groundwater, they also served as protective barriers against pollution and high temperatures that could cause rapid evaporation.



The geological features of these water bodies have already been investigated in many detailed studies either from a stratigraphic and sedimentological [24,25] or paleoenvironmental point of view and as on-shore and off-shore natural gas reservoirs [26,27]. Nevertheless, the hydrogeological features of these local aquifers are unclear. In fact, no detailed investigation has been conducted on their geometries: groundwater flow, physico-chemical properties, and quantification of stored water volumes and seasonal recharge. Such information would be highly valuable because water from secondary sources like local groundwater could help mitigate water scarcity and the overexploitation of larger water distribution networks, worsened by drought periods caused by climate change [28,29,30,31].



For these reasons, this study’s objective was twofold: to characterize the hydrodynamic and hydrochemical properties of five sample aquifers (Figure 1) and to quantify the “groundwater budget”, the seasonal recharge and total amount stored in the subsoil.



It is worth noting that, except for restricted use for recreational purposes, these wells and springs fell into disuse because of urban development, the spread of water networks, and the loss of surrounding farmland, so the opportunity for a detailed study based on continuous monitoring has been very limited.



In fact, the only available method was manual seasonal monitoring through a field survey of a few accessible wells (usually private) and well-known springs. For this reason, the observational data in this study represent an informative hydrogeological scenario that is often the only one available for aquifer management. Recharge estimation for this kind of aquifer was carried out by calculating the yearly specific recharge (Mm3/y/km2) in the five areas using different methods: (1) a water budget starting from weather data, rainfall, and temperature; (2) water table fluctuation measured seasonally in wells; and (3) a water budget based on spring water discharge.



The paper first explains the methods used, then characterizes the five sites from a geological and hydrogeological point of view; after this, the data are shown in a table and charts, followed by a discussion of the results and conclusions.




2. Materials and Methods


2.1. Study Area


The five study areas are in the hilly Periadriatic region in Central Italy at elevations up to 300 m above sea level (a.s.l.); they are, from north to south, Atri and Silvi (AS), Città Sant’Angelo (CSA), Chieti (CH), Villamagna (VI), and Manoppello (MA) (Figure 1).



These were chosen because of the importance of the old city centers, for the historical and evident aqueducts and for the available literature information about water uses. Geologically speaking, all are characterized by foredeep deposits (Plio-Pleistocene age). The soil is mainly marly-clayey, with a coarsening upward trend in the upper portion where an arenaceous lithology can be found. These deposits are known as the Mutignano Formation [32,33] and three associations can be observed from bottom to top:




	-

	
Marly-clayey (clays and marly-clayey deposits with sandy levels);




	-

	
Sandy-clayey, (sands and clayey sands); and




	-

	
Sandy-gravelly (arenaceous deposits with gravelly levels in the upper portion, Figure 4).









However, above the Mutignano Formation, continental deposits are found, mainly alluvial (sands and gravels) and slope deposits (mix of sands, gravels, and silts).



From now on, sandy-gravel and sandy-clayey will be associated in the “arenaceous complex” because of their similar properties, while the marly-clayey association will be considered as the “clayey complex”.



The geomorphology of the landscape is related to the outcroppings of arenaceous deposits having a flat shape and subvertical slopes as boundaries, which at the base are less steep.



The hydrogeological features of these aquifers are influenced by stratigraphic ones [34]. As a result, an aquifer was found inside the arenaceous complex, while the clay complex is individuated as aquiclude [35]. The hydraulic conductivity of the porous lithotypes (associations) constituting these aquifers, estimated from previous works by a pumping test in similar lithologies [18,19,20,36,37], is marly-clayey, 10−8 < K < 10−6; sandy-clayey, 10−5 < K < 10−3; and sandy-gravelly, ~10−3 m/s, in addition to the highly variable values (10−8 < K < 10−4 m/s) of the continental deposits.



At the interface between the arenaceous and the clayey complexes, springs were found, whose groundwater had often been exploited by complex systems of wells and drainage tunnels (Figure 3).




2.2. Datasets


Different kinds of data were used to characterize the hydrodynamic features of the arenaceous hilly aquifers and to quantify with a certain degree of confidence the groundwater resources of these secondary water bodies. Weather data (i.e., monthly rainfall and temperature) collected at the monitoring stations were considered for estimating the effective infiltration (Table 1).



Seasonal variation in groundwater was assessed by measuring the hydraulic head of wells and spring discharges (Table 2) during both the wet and dry seasons.



Groundwater physico-chemical parameters (temperature, electrical conductivity, pH, and redox potential) were measured in the abovementioned monitoring network for thorough aquifer characterization and to acquire deeper insight into the recharge mechanism.




2.3. Yearly Specific Recharge


As pointed out in the previous section, single aquifers are characterized by different sizes. For this reason, to compare the recharge and the water budget, the yearly specific recharge was considered as a reference recharge unit (i.e., all results were converted to this unit after calculation). This defined the water volume in millions of cubic meters that infiltrates yearly per square kilometer (i.e., Mm3/y/km2) and was calculated through the three different approaches described below, to provide a recharge estimation that was as exhaustive and representative as possible. The extension of the recharging area was calculated based on the outcrop area of the arenaceous complex (n. 3 and 4 in the geological map and cross-section of Figure 5 and Figure 6). In this sense, the vertical variation of the piezometric surface does not involve variations in the extension of the recharge area.



2.3.1. Recharge Estimation from Weather Data


The yearly water budget for aquifer recharge is defined as:


R = IR (P − ETr)



(1)




where  R  is the aquifer recharge,  P  is the total rainfall related to a certain area, and   E  T r    is real evapotranspiration, while    I R    is the infiltration rate, which depends on the actual vertical hydraulic conductivity of aquifers in the recharge areas.



Most of this water budget is based on   E  T r   , which in this study was calculated using two methods: the Turc [38] and the Thornthwaite and Mather [39]. Both provided mean real evapotranspiration values related to a statistically significant period (i.e., over at least 30 years), which can be assumed as representative of the local meteo-climatic condition.



The Turc method allowed for a yearly estimate of the   E  T r    value through the following relation in Equation (2):


  E  T r  =  P     (  0.9 +    P 2     L 2     )       



(2)




where  L  is the evaporative potential of the atmosphere    (  300 + 25 T + 0.05  T 3   )   , and  T  is the mean yearly temperature of air (°C). This is the simpler of the two methods for quantifying evapotranspiration because it does not consider seasonal variation in the total amount of water returned to the atmosphere either to affect air temperature (evaporation), or for plant life and growth (transpiration).



A more accurate estimation is provided by the method proposed by Thornthwaite and Mather [39], which calculates potential evapotranspiration in relation to the ith month   ( E  T  p i   )   through an exponential equation (Equation (3)):


  E  T  p i   = K  [  1.6    (    10  T i   I   )   a   ]   



(3)




where   K =   n o .   o f   d a y l i g h t   h o u r s    1 2    n o .   o f   h o u r s   i n   a   d a y     is a corrective coefficient for the latitude;    T i    is the air temperature related to the ith month (in °C); and   a = 0.49239 + 1792 ·   10   − 5   I − 771 ·   10   − 7    I 2  + 675 ·   10   − 9    I 3    is the exponent of Equation (3), which is based on the yearly heat index   I =   ∑   i = 1   12      (     T i   8   )    1.514      .



Monthly   E  T  p i     values were compared with the residual water content within the shallower portion of the soil, where plant roots influence the water budget, to estimate the monthly evapotranspiration values (  E  T r   ). In this way, the yearly   E  T r    value was estimated while considering the seasonal variability and the actual availability of water in the topsoil.



After calculating the amount of water returning to the atmosphere, the recharge was calculated accordingly to Equation (1). The lithotype of the aquifers under investigation were sandy deposits with a variable amount of fine-sized fraction; thus, the corresponding    I R    values ranged between 0.4 and 0.6 [36].




2.3.2. Recharge Estimation from Water Level Fluctuation


The second method used to quantify the yearly specific recharge was based on water table fluctuation, which is considered to be almost completely dependent of rainfall infiltration. Considering the difference between the hydraulic head measurements related to the dry and wet seasons    (  Δ H  )   , the effective porosity   (  p e  )   of lithotypes forming the aquifers, and the recharge areas    ( A )   , water recharge volumes   (  V  r w   )   were calculated as follows:


   V  r w   = Δ H  p e  A .  



(4)







Taking into account the saturated portions of each aquifer    ( H )    instead of   Δ H  , the total amount of groundwater stored in each season was also estimated, providing a more thorough quantification of the water resource.



The    p e    values used in Equation (4) were estimated through pumping tests performed on four wells in some of the aquifers (Figure 5 and Figure 6). These tests were carried out with very low flow rates (~0.5–1 L/s) and lasted 6–7 h (including both the pumping and recovery phases). From an analytical point of view, the Cooper–Jacob method [40], a simplification of the Theis theory [41], was selected to estimate the pe values (Method 1). This approach allowed calculation of the storativity ( S , unitless) by Equation (5) and data from the pumping phase, which corresponds to the effective porosity for an unconfined aquifer, like those under investigation (i.e.,   S   ≡    p e  )  :


   S =    2    . 25 T t   0     r w    2     



(5)




where    t 0    is the intercept initial time (s) at drawdown equal to zero;    r w    is the well radius (m); and  T  is transmissivity (m2/s) obtained by the following equation:


   T =    0  . 183   Q   C   



(6)




where Q is the constant pumping rate (m3/s), and   C    =    d h   d  (  l o  g  10    t   t 1     )      is a coefficient depending on the hydraulic head variation    (  d h  )   , taking place in the time interval between  t  and    t 1   .



Besides calculating    p e    for yearly specific recharge estimations, hydraulic conductivity values (m/s) were obtained from transmissivity values to provide additional quantitative information about the hydrodynamics of the aquifers.



Tests were carried out in quasi-ideal conditions, as equilibrium during the pumping phase had not been achieved properly; however, the results were reliable because the test data were analyzed by other methods for cross-checking. More specifically,  T  values were also calculated by applying Equations (5) and (6) to the data from the recovery phase (Method 2), and the Theis method to data from both the pumping and recovery phases (Method 3), which give transmissivity values as follows:


   T =    0  . 183   Q     Δ r    · l o  g  10    t   t 1     



(7)




where   Δ r   is the residual drawdown.




2.3.3. Recharge Estimation from Total Discharge


The last approach to estimating the yearly specific recharge related to the five aquifers was based on direct measurement of their total discharge, which is mainly due to the springs that form at the interface between the arenaceous complex and the underlying marly-clayey aquiclude. Given the hydrodynamic features of this kind of aquifer, the water volumes discharging at the boundaries were definitely considered to be the recharge water that infiltrated and then almost completely comes out every year. This quantity of groundwater, if extrapolated over a year (Mm3/y), can be easily converted into a yearly specific recharge by dividing it by the recharge area, which is known with a high level of confidence. However, this method, although hypothetically the most realistic, is affected by a lack of information about the amount of groundwater flowing toward the surface water bodies through the soil or surficial alteration of impervious lithotypes (i.e., the marly-clayey aquitard), or discharging on the surface and then directly evapotraspirating into the atmosphere.






3. Results and Discussion


3.1. Aquifer Characterization


An aquifer characterization was carried out for all five areas; however, only the results for CH and AS will be shown in detail in the text (Figure 5 and Figure 6).



In all areas, the stratification is horizontal, and the arenaceous complex (i.e., the sandy-gravelly and sandy-clayey associations together) is some tens of meters thick, while the clayey one is over 500 m. The alluvial deposits can be found in the valleys where the arenaceous complex was eroded, and local streams and rivers deposited a mix of gravelly, sandy, and silty deposits.



The hydraulic head distribution was reconstructed inside the arenaceous complex using the measurements collected in the wells (Figure 5 and Figure 6). Occasionally, the water table contours can also be found in the clayey complex, because of secondary hydraulic conductivity related to the clay alteration.



As can be seen from the cross-sections in Figure 5 and Figure 6, the arenaceous complex acts as an aquifer, while the clayey complex acts as an aquiclude or sometimes as an aquitard. The maximum thickness of the aquifer in each area varies from a few tens of meters to about 200 m, while the maximum saturated thickness varies from a few to tens of meters. Generally, only the shallower portion of the most permeable complex (i.e., the sandy-gravelly association) was tapped by the historical systems (Figure 3), and today it is exploited by wells in the urban area. This portion of the aquifer is also characterized by the lowest hydraulic gradients. Moving towards the edges of the plateaus and therefore towards the hydraulic boundary between the arenaceous and clayey complexes, the gradients tend to increase due to a considerable decrease in hydraulic conductivity. In general, groundwater moves from higher aquifer portions to lower ones; thus, in all areas, the groundwater flow is divergent. Furthermore, when an underground drainage axis is present, flowlines converge; usually, these drainage axes correspond to surface valleys.



Analyzing the physico-chemical properties of groundwater flowing into these aquifers (Table 3 and Table 4), it appears that the pH values range between 7 and 8 in each studied area and in both summer and winter. This evidence shows the groundwater is slightly alkaline. The electrical conductivity values vary from about 600 to about 1120 µS/cm. Looking at water temperature, the groundwater is generally below 20 °C; thus, the waters can be considered cold [36]. Finally, an oxidizing environment was found by redox potential in all sampling areas.



A comparison of Table 3 and Table 4 shows that the aquifer recharge that take place during the winter and spring has a significant effect, especially on temperature and redox potentials; however, it is quite unclear for electrical conductivity and pH. In fact, the cold oxygenated water infiltrating during winter decreases the groundwater temperature and at the same time increases considerably the redox potential for all the aquifers. The unclear results of the electrical conductivity and pH measurements could be attributed to the fact that these physico-chemical parameters are strongly influenced by a multitude of processes that affect the total salinity and the acidity of groundwater. Moreover, potential human contaminations cannot be excluded [42], independently from season, due to the presence of an aqueduct, sewer, and farming areas where chemical treatments are operated.




3.2. Recharge Estimation from Weather Data


The water budgets in the AS and CH areas were calculated using monthly rainfall and temperature collected at the gauging stations shown in Figure 1 and Table 2.



In both areas, during a warm and dry summer, the average air temperature is about 24 °C and precipitation is in the range 34–41 mm, whereas they are 6 °C and 85–100 mm, respectively, during winter.



For comparison, the water balance for areas AS, CH, and VI was also calculated, based on weather data corresponding to the monitoring period. All the results are shown in Table 5.



According to previous water budget calculations in the same area [17,20,36,43], the estimated outflow is 25–30% of the measured rainfall.



Table 6 and Table 7 show the yearly specific recharge values corresponding to the water budget calculated using both historical and weather data from the monitoring period.



As can be seen from Table 6 and Table 7, the yearly specific recharge for the historical period is quite similar to the one for the monitoring period. However, in the AS area, a difference was seen: the outflow seems to be considerably higher for the monitoring period, which led to a higher yearly specific recharge. This could have been caused by greater precipitation than those observed during the historical period.



As expected, the results show a clear dependance on rainfall. Although the monitoring period is one year or a few, the rainfall and yearly specific recharge are similar (Table 7). In any case, the recharge values are always over 0.1 Mm3/y/km2, independent of the infiltration coefficients used in the calculations.




3.3. Recharge Estimation from Water Level Fluctuation


The water-level seasonal variation method was also considered for areas AS, CH, and VI because only for them a seasonal monitoring of the water table was available. In this case, the yearly specific recharge values were calculated based on storativity estimations (i.e., effective porosity) from pumping tests (Table 8) as explained in the methodology section.



The pumping tests analyzed by Method 1 provided effective porosity values between 5 and 15%. The hydraulic conductivity estimated by all three methods is on the order of 10−4–10−5 m/s, confirming the reliability of the effective porosity values obtained by Method 1. In addition, the hydraulic conductivities are reasonable and consistent as already observed in similar studies on these kinds of deposits, such as the ones in [19,20,36,44]. The slight differences observed in the absolute values of hydraulic conductivities could be attributed to a variable content of silt fraction in the arenaceous deposits.



Hydraulic head measurements of the AS aquifer in the arenaceous complex of the Mutignano Formation were collected from 2012 to 2015 over 32 wells and 12 springs. An unconfined aquifer was identified that has a water table shape that is very similar to the land morphology. Seasonal measurements allowed estimation of an average water table rise of about 1 m during the wet season.



In the arenaceous complex related to area CH, an unconfined aquifer was found that was monitored by 88 wells and 9 springs. Here, underground drainage axes and watersheds match the superficial ones, and even here the water table morphology is very similar to the land surface. The average water table difference between winter and summer was estimated by the two seasonal hydraulic head monitorings to be about 1.1 m.



Like the previous two areas, in VI, an unconfined aquifer inside the Plio-Pleistocenic porous deposits was also identified, this one by monitoring 36 wells and 2 springs. Here, the water table shows an average increase of 1.5 m during the winter.



The hydraulic head distribution for the MA area was assessed considering 22 wells and 2 springs, but unlike other parts of the study area, only for the winter. Furthermore, the aquifer is shallow and unconfined inside the alluvial deposits. To summarize, an unconfined aquifer was found in each region. The ones related to areas AS, CSA, CH, and VI are inside the porous deposits of the Mutignano Formation, while groundwater flowing in MA is inside the alluvial deposits. Water table variations allowed quantification of of the yearly specific recharge considering effective porosity values of 10 and 15% (Table 9). Recharge estimates are always over 0.1 Mm3/y/km2 without any relation to the measured effective porosity.



Of the selected areas, VI showed the highest values because of a higher water table rise during the monitoring period. In fact, the yearly specific recharge calculated here converges with that obtained from weather data even though they had different origins. Such a convergence confirms the accuracy of the calculations and the reliability of the hydrogeological conceptual model.



Considering that the saturated portion of each aquifer is inside the sandy-gravelly association, the total amount of groundwater stored in each season was also estimated to provide a more thorough quantification of the actual water resource. The estimate was performed based on a variable mean saturated thicknesses of ~5 m (see the cross-sections shown in Figure 5 and Figure 6). Table 10 shows the values obtained where it was possible to deduce that the seasonal resources, depending on the ratio between the seasonal fluctuation and the total saturated thickness, vary from 15 to 40% of the total.




3.4. Recharge Estimation from Total Discharge


The third method was applied only to area AS because it was possible to measure a reasonable number of springs in both winter and summer. The volume of water discharged from 9 springs was measured between 2012 and 2015, and the corresponding discharge coefficients were also calculated for both winter and summer (Table 11).



Comparing these yearly specific recharge values with those obtained by the other methods, it is clear that these are quite underestimated. As already mentioned (Section 2.3.3), this evidence can be related to a certain amount of groundwater flowing diffusely toward surface water bodies through the soil or surficial alteration of impervious lithotypes (i.e., the marly-clayey aquitard), or discharging diffusely on the surface and then evapotranspiring directly into the air.



Any downward water migration can be excluded because of the clayey complex, its remarkable thickness, and its lower hydraulic conductivity than arenaceous complex, which makes it a certain aquiclude (Figure 5 and Figure 6).



On the other hand, possible tectonic discontinuities, found out in the area [35,45,46], can be responsible for old water rising, usually saline, and not of downward migration.





4. Conclusions


Since the middle of the last century, water from wells and springs fed by the Plio–Pleistocenic arenaceous aquifer, which constitutes the arenaceous plains of central Adriatic Italy, have been abandoned or at least forgotten because modern aqueducts tap groundwater from larger karst aquifers in the Central Apennines.



In this study, a hydrogeological characterization, never performed before until today, was carried out and a quantification in terms of yearly specific recharge was calculated.



The recharge estimations carried out in the five sampling areas can be extrapolated over similar regions in the hilly Periadriatic area, a 250 × 16 km-wide area from the Po River delta to the Gargano area (Apulia region).



To make the water quantification comparable, the recharge volume that infiltrates yearly at each square kilometer of an aquifer (Mm3/y/km2) was applied and calculated using three different approaches to provide a recharge estimation that was as exhaustive and representative as possible. The results showed a variable recharge ranging between 0.050 and 0.160 Mm3/y/km2 using historical weather data and 0.104 to 0.160 Mm3/y/km2 with weather data in the monitoring periods. The yearly specific recharge values from the weather data tended to be slightly higher than those obtained using the water table seasonal variation method.



Considering the size of each area, this evidence indicates a possible use for civil, agricultural, or recreational purposes. For instance, a 16 km2-wide area shows about 2.2 Mm3/y (140,000 m3/y/km2) of available water stored in the subsoil. During the last century, this quantity could have been used for civil purposes, by roughly 120 people (based on a 50 L/d/inhabitant water demand); today, it is just 20 (based on a 300 L/d/inhabitant request).



It is worth noting that the considered aquifers are located under urban areas and are very vulnerable. For this reason, groundwater could be used for drinking purposes only after a potabilization processes. However, these conditions do not exclude irrigation use. In fact, the water of the previously described 16 km2-wide area could irrigate, for instance, a 5.5 km2-wide field based on a Mediterranean demand of 0.4 Mm3/y/km2, or a 15 km2-wide vineyard based on 0.140 Mm3/y/km2.



If the evaluations made here were extrapolated over the whole Periadriatic area, the amount of water would be at least 50 times more. This means that recreational use could be an option. From an architectural point of view, historical wells and tapping systems have sometimes been restored. An additional option would be to use groundwater to create wet zones or small lakes where wildlife would develop, since ecosystem preservation needs less water than civil or irrigation uses.
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Figure 1. Regional geological framework of the aquifers. (1) Alluvial deposits of the main rivers and (2) of inland intermontane basins; (3) foredeep basin deposits; (4) turbiditic deposits; (5) carbonate deposits; (6) location of the meteorological stations. 
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Figure 2. Examples of historical centers located on the arenaceous plain. At the top, Atri; in the middle, Silvi; at the bottom, Miglianico (see Figure 1 for the locations). 
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Figure 3. Some examples of tapped springs of the study area discharging at the interface between permeable and non-permeable lithotypes located at the border of the historical town of Atri (a–d), Chieti (e), and Pescara (f); (a,e,f) are examples of architectural restoration. 
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Figure 4. Some examples of sandy-gravelly association (Arenaceous complex), like they appear in outcrop; (a): mainly arenaceous, (b) arenaceous with gravel, (c) mainly gravelly. 
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Figure 5. Geological map and cross-sections of the CH area. (1): Recent alluvial and slope deposits (Holocene); (2): Alluvial deposits (Middle Pleistocene-Holocene); (3): Sandy-gravelly deposits (Middle-Upper Pleistocene); (4): Sandy-clayey deposits (Lower Pleistocene); (5): Marly-clayey deposits (Middle-Upper Pliocene); (6): Sampling well; (7): Pumping test well; (8): Spring; (9): Winter water table contour (m a.s.l.); (10): Cross-section trace; (11): Water table (in cross-section); (12): Spring (in cross-section); (13): Urban area. 
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Figure 6. Geological map and cross-sections of the AS area. (1): Recent alluvial and slope deposits (Holocene); (2): Alluvial deposits (Middle Pleistocene-Holocene); (3): Sandy-gravelly deposits (Middle-Upper Pleistocene); (4): Sandy-clayey deposits (Lower Pleistocene); (5): Marly-clayey deposits (Middle-Upper Pliocene); (6): Sampling well; (7): Pumping test well; (8): Spring; (9): Winter water table contour (m a.s.l.); (10): Cross-section trace; (11): Water table (in cross-section); (12): Spring (in cross-section); (13): Urban area. 
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Table 1. Gauging stations (see Figure 1 for locations).
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	Area
	Observation Period
	Gauging Station Name





	AS

CSA
	1930–2004
	Silvi Alta

Atri



	CH

MA
	1900–2003
	Chieti
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Table 2. Monitored wells and springs.
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	Area
	Wells
	Springs
	Monitoring Period





	AS
	32
	12
	2012–2015



	CSA
	21
	1
	2014–2015



	CH
	88
	9
	2005–2015



	VI
	36
	4
	2007



	MA
	22
	2
	2012
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Table 3. Wintery physico-chemical parameters.
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Winter Period




	

	

	
AS

	
CSA

	
CH

	
VI

	
MA






	
Temperature (°C)

	
min

	
11

	
7

	
9

	
16

	
11




	
max

	
16

	
16

	
19

	
21

	
15




	
mean

	
13.7

	
14.2

	
14

	
17.9

	
13.9




	
Electric

conductivity

(µS/cm)

	
min

	
259

	
207

	
232

	
346

	
367




	
max

	
1542

	
2130

	
4870

	
939

	
1260




	
mean

	
827.8

	
1127

	
1075

	
646.7

	
602.3




	
pH

	
min

	
7.1

	
7.4

	
7.3

	

	
7




	
max

	
8.7

	
9.2

	
9.2

	

	
8.7




	
mean

	
7.9

	
8.1

	
7.9

	

	
7.5




	
Redox potential (mV)

	
min

	
158

	
−173

	
−140

	

	




	
max

	
311

	
326

	
225

	

	




	
mean

	
252

	
225.5

	
153
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Table 4. Summery physico-chemical parameters.
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Summer Period




	

	

	
AS

	
CSA

	
CH

	
VI






	
Temperature (°C)

	
min

	
14

	
15

	
16

	
16




	
max

	
24

	
22

	
25

	
22




	
mean

	
17.7

	
17.5

	
18.6

	
18.9




	
Electric

conductivity

(µS/cm)

	
min

	
179

	
243

	
326

	
349




	
max

	
1410

	
1583

	
4180

	
918




	
mean

	
726

	
1020

	
1076

	
654




	
pH

	
min

	
6.9

	
7.3

	
7.4

	




	
max

	
8.5

	
9.7

	
8.2

	




	
mean

	
7.4

	
8

	
7.7

	




	
Redox potential (mV)

	
min

	
27

	
−69

	
−112

	




	
max

	
110

	
281

	
274

	




	
mean

	
74.2

	
196

	
166
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Table 5. Water balance from statistical analysis and from the monitoring period.
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	Area/Gauging Station
	Monitoring Period
	Precipitation (mm)
	Real Evapotranspiration

(mm)
	Potential Evapotranspiration

(mm)
	Outflow

(mm)





	AS/Silvi Alta
	1930–2004
	646
	540
	808
	106



	AS/Atri
	1930–2004
	776
	540
	765
	236



	CH/Chieti
	1900–2003
	850
	579
	817
	271



	AS/Atri
	2012–2015
	884
	609
	838
	275



	CH/Chieti
	2005–2015
	800
	594
	826
	206



	VI/Chieti
	2007
	675
	450
	851
	225
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Table 6. Yearly specific recharge from historical data.
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Area

	
Infiltration Area (km2)

	
Outflow

(mm/y)

	
Discharge

Coefficient

	
Infiltration Volume (Mm3/y)

	
Yearly Specific Recharge (Mm3/y/km2)






	
AS

	
16

	
106

	
0.5

	
0.848

	
0.053




	
0.6

	
1.020

	
0.064




	
CH

	
6

	
236

	
0.5

	
0.708

	
0.118




	
0.6

	
0.805

	
0.142




	
VI

	
2

	
271

	
0.5

	
0.271

	
0.136




	
0.6

	
0.325

	
0.163











[image: Table] 





Table 7. Yearly specific recharge during monitoring period.
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Area

	
Infiltration Area (km2)

	
Outflow

(mm/y)

	
Discharge

Coefficient

	
Infiltration Volume (Mm3/y)

	
Yearly Specific Recharge (Mm3/y/km2)






	
AS

	
16

	
275

	
0.5

	
2.200

	
0.138




	
0.6

	
2.640

	
0.165




	
CH

	
6

	
206

	
0.5

	
0.621

	
0.104




	
0.6

	
0.745

	
0.124




	
VI

	
2

	
225

	
0.5

	
0.202

	
0.101




	
0.6

	
0.242

	
0.121
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Table 8. Conductivity, transmissivity, and storativity obtained from the pumping test.
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Well

	
Time

(h)

	
Saturated Portion Thickness (m)

	
Method

	
Conductivity

(K—m/s)

	
Transmissivity

(T—m2/s)

	
Storativity

(S)






	
AT2

	
6

	
2

	
1

	
2.3∙10−4

	
4.7∙10−4

	
16.9




	
2

	
1.5∙10−3

	
3.0∙10−3

	




	
3

	
2.4∙10−4

	
4.8∙10−4

	




	
AT12

	
5

	
~10

	
1

	
8.3∙10−6

	
8.3∙10−5

	
10.3




	
2

	
1.8∙10−4

	
1.8∙10−3

	




	
3

	
7.6∙10−6

	
7.3∙10−5

	




	
SI6

	
6

	
4

	
1

	
4.5∙10−5

	
1.8∙10−4

	
5.1




	
2

	
2.2∙10−4

	
9.1∙10−4

	




	
3

	
3.2∙10−5

	
1.3∙10−4

	




	
CH87

	
4

	
~7

	
1

	
3.1∙10−4

	
2.2∙10−3

	
--




	
2

	
2.0∙10−5

	
1.4∙10−4

	




	
3

	
1.3∙10−4

	
9.1∙10−4
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Table 9. Water table fluctuation and yearly specific recharge results.
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Area

	
Infiltration Area

(km2)

	
Water Table Fluctuation (m)

	
Effective Porosity (%)

	
Infiltration Volume

(Mm3)

	
Water Table Thickness

(mm)

	
Yearly Specific Recharge (Mm3/y/km2)






	
AS

	
16

	
0.86

	
10

	
1.376

	
86

	
0.086




	
15

	
2.064

	
129

	
0.129




	
CH

	
6

	
1.11

	
10

	
0.666

	
111

	
0.111




	
15

	
0.990

	
165

	
0.165




	
VI

	
2

	
1.50

	
10

	
0.300

	
166

	
0.150




	
15

	
0.450

	
250

	
0.225
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Table 10. Estimation of the water resource for three sample sites considering an average saturated thickness in the sandy-gravel association of the arenaceous complex.
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Area

	
Infiltration Area

(km2)

	
Saturated Thickness (m)

	
Effective Porosity (%)

	
Total Stored Volume (Mm3)

	
Infiltration Volume

from Water Level Fluctuation

(Mm3)






	
AS

	
16

	
6

	
10

	
9.600

	
1.376




	
15

	
14.300

	
2.064




	
CH

	
6

	
5

	
10

	
3.000

	
0.666




	
15

	
4.500

	
0.990




	
VI

	
2

	
4

	
10

	
0.720

	
0.300




	
15

	
1.070

	
0.450
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Table 11. Yearly specific recharge from total discharge.






Table 11. Yearly specific recharge from total discharge.





	
Area

	
Period

	
Spring Water Discharge (L/s)

	
Spring Water Discharge (Mm3/y)

	
Infiltration Area (km2)

	
Infiltration

(mm)

	
Yearly Specific Recharge (Mm3/y/km2)






	
AS

	
Summer

	
3.24

	
0.102

	
16

	
6.5

	
0.006




	
Winter

	
6.48

	
0.204

	
16

	
13

	
0.013
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