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Abstract

:

Rainfall and temperature variability causes changes in groundwater recharge that can also influence groundwater quality by different processes. The aim of this study is the analysis of the hydrogeochemical variations over time due to meteorological variability in two different study areas in Italy: an alluvial aquifer in the Piedmont Po plain and an alluvial-pyroclastic aquifer in the Campanian plain. The examined plains show groundwater with natural quality not satisfying the European drinking water standards, or anthropogenic contamination. The peculiar natural quality is due, in the Campanian plain, to the closeness of volcanic areas, and to the presence of reducing conditions. In Piedmont plain a test site is characterized by a point-source contamination by heavy metals, due to the presence of past industrial activities. In all the examined areas there is a diffuse nitrate contamination. The fluctuations of the ions As, F, Fe, Mn, Cr VI, NO3, and Cl were analyzed and compared, using statistical methods, with the variations over time in precipitation, temperature, and piezometric levels, sometimes significant. Results highlight the importance of the groundwater and meteorological monitoring and the key role of the recharge variation in the hydrogeochemical processes. The linking degree between rainfall/temperature variability and hydrogeochemistry is variable, in function of the typology of chemical species, their origin, and of the aquifer characteristics. The fluctuation of climate variables determines sudden changes in the geochemistry of shallow unconfined aquifers (e.g., in the Piedmont plain), while semiconfined or confined aquifers (e.g., in the Volturno-Regi Lagni plain) react with a greater delay to these variations. Moreover, natural quality is more affected by climatic variations than anthropogenic contamination, which is the result of multiple environmental and anthropic factors.
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1. Introduction


The rainfall and temperature variability can cause changes in surface water and groundwater (GW). Often these changes have been analyzed in light of climate change [1,2]. Potential impacts on surface water have been studied in detail (see a review in [3]), and a lot of studies have focused on the implications of climate warming on GW recharge and discharge, and changes in storage characteristics. [4,5,6,7,8], concluding that the mean GW recharge could globally decrease of more than 10% in the long term.



The authors of [9] considered for Italy four climate change scenarios (from the Fifth Assessment Report of the IPCC [2]) and three different future 20-year time periods (2020–2039, 2040–2059, and 2080–2099) starting from the 20-year average of latest historical values related to the period 1996–2015. They concluded that the reduction of GW resources corresponding to the worst scenario in terms of GHG emissions (RCP8.5) is critical, for Campania region and for Italy, especially for the long-term projection 2080–2099 (42% and 52%, respectively).



Climate change will also modify water demands and water use [6]. Higher water demands will particularly affect areas where mean GW recharge is expected to decrease. In [10] the authors highlighted that GW management technique, variable in function of the climatic variability due to climatic changes, heavily impacts GW chemistry.



Other studies have considered the impact of climate change on GW salinization, particularly in coastal regions [11] and small islands, such as atolls (an overview is reported in [5]). Forecasts in coastal areas highlight a sea level rise of about 0.5–2 m. The main impact of sea level rise on GW is the intrusion of saline water into coastal aquifers, with huge repercussions because a large percentage of the world population lives in these areas [6,12]. Moreover, in arid and semi-arid areas increased evapotranspiration may lead to GW salinization [13].



Additionally, meteorological variability at limited temporal scale can influence GW quantity and quality. However, relatively little is known about how GW levels will respond to the human-induced climate change or climate variability [1,14,15,16]. The authors of [5] observed that the lack of necessary data has made it impossible to determine the magnitude and direction of change GW levels attributable to climate change. In [17] the authors investigated the changes in GW chemistry due to a prolonged drought, that led to a significant decline in the chemical quality (increase in Cl, Mg, and SO4). The authors of [18] performed a study on a shallow aquifer of NW Italy and observed different GW hydrodynamic behaviors, depending on natural factors (such as rainfall), and anthropic causes (mainly the presence of paddy fields). Over time, the GW hydrodynamic behavior generally showed the dependence of the water table level on rainfall variability. Moreover, a higher average monthly piezometric level due to the highest rainfall occurrence in 2009–2017 period was highlighted. The authors of [19] observed that GW systems are spatially heterogeneous and respond in a nonlinear manner to changes in climate forcing. Moreover, aquifers are generally characterized by a relatively slow response to environmental change compared with surface water, because of their large storage capacity [20,21]. Furthermore, multiple environmental change drivers (e.g., land use, land cover, water management, etc.) further complicates any assessment of GW level response to climate change or meteorological variability [5,18,22].



Some authors stated that climate induced changes in GW are relatively small compared with non-climate drivers. This situation depends on the slow response of GW systems and the presence of a temporal lag with respect to climate change or meteorological variability [23,24].



Despite the numerous studies about the impacts of climate change or variability on GW quantity, relatively few studies focused on processes affecting GW quality. In [12] it was stated that no dramatic changes in GW quality due to climate change are expected during the next decades, except for recharge salinity under extreme situations of dryness or coldness. Conversely, in [25] the authors affirmed that climate change can influence the quality of GW. Their study showed that water recharge during an arid period had higher salt concentration and total dissolved solids (TDS), whereas an opposite situation may occur during a wet period. The authors of [26,27] have noted potential implications of climate change and variability for the transport and fate of pesticides and nutrients in GW. Additionally, in [13] it was stated that changes in recharge and discharge are likely to change the vulnerability of aquifers to diffuse pollution. The authors of [28,29] observed that the spatial and temporal variability in rainfall patterns could result in important infiltration events. Consequently, the salt reservoirs in the vadose zone, mainly chloride and nitrate, will likely be flushed into many aquifers leading to increased GW salinization. Similarly, in [1] it was assumed that in areas where rainfall intensity is expected to increase, pollutants (such as pesticides, organic matter, heavy metals) will be increasingly washed from soils to water bodies.



The forecast of heavy precipitation events, where rainfall intensity is expected to increase suggests many consequences. The immediate impact is the prospect of flooding and landslide. Excessive precipitation can also degrade water quality, harming human health and ecosystems. Indeed, stormwater runoff, which often includes pollutants like pesticides, nitrogen, phosphorus, and heavy metals can end up in lakes and streams, damaging aquatic ecosystems and lowering water quality for human uses.



Additionally, GW temperature can reflect climate warming, with a temperature increase in shallow aquifers due to the increasing air temperature [30,31,32,33].



Understanding the impacts of climate change and climate variability on the complex processes influencing the availability and sustainability of GW resources is crucial [25].



As no systematic investigations of the relationship between GW quality and climate change or climate variability have been conducted in Italy up to now, the aim of this study was to analyze the presence of hydrogeochemical variations over time due to meteorological variability. The research was performed in two different hydrogeological environments chosen as test fields: an alluvial unconfined aquifer in the Piedmont Po plain (NW Italy) and an alluvial-pyroclastic aquifer in the Campanian plain (S Italy).



Three test sites were selected in the Piedmont plain. Two sites were chosen because a diffuse nitrate contamination in shallow GW, due to intensive agricultural and livestock activities, is present [34,35,36,37,38,39,40,41]. As chloride in some Piedmont agricultural areas was recognized to have the same behavior as nitrate and it shows high variability during the year [39], chloride was also selected for the analyses. Moreover, a further test site was chosen, that is characterized by a point-source contamination by heavy metals in the shallow aquifer, due to the presence of past industrial activities [42]. More specifically, a point source pollution by chromium VI was highlighted and currently the entire area is subjected to reclamation. Consequently, nitrate, chloride, and chromium VI fluctuations were analyzed and compared with rainfall and piezometric levels.



The study area in Campania is the “Volturno-Regi Lagni” plain, where the trends of the time series of five ions, As, F, Fe, Mn, and NO3, have been observed over almost 20 years and compared with the differences in recharge, sometimes significant due to climate variability. The study area is a large coastal plain, with porous aquifers containing waters high in As and F, due to the closeness of volcanic active areas (Phlegrean Fields and Vesuvius) [43]. Moreover, the presence of reducing environments brings high values of other two ions of natural origin: Fe and Mn [44,45]. Finally, since the 1990s there has been a widespread nitrate contamination, prevalently due to manure spreading and/or sewage leaking [46,47].



The trend analysis procedure was applied to the temporal dataset of available chemical data spatially significative for the considered areas [48]. The Mann–Kendall method [49,50] allowed the evaluation the statistical significance of the trends of the ions and of the climatological data. The cross-correlation was used for demonstrating the concordance between ions, temperature, precipitation, and piezometric levels. All these methods were used in order to clarify the relation between the annual/monthly recharge and the concentration of the chemical compounds in GW, which is the main aim of this paper.




2. Materials and Methods


2.1. Study Areas


The sample area in Piedmont plain (NW Italy) is located in the sector between Turin and Cuneo cities. The hydrogeological setting consists of superimposed complexes represented, from top to bottom, by Alluvial deposits complex (lower Pleistocene–Holocene), ‘‘Villafranchiano’’ transitional complex (late Pliocene–early Pleistocene), and Marine complex (Pliocene) [18,51,52,53,54].



Sedimentary rocks of Terziary Piedmont basin (Eocene–Miocene), generally consisting of clay, silt, limestone, conglomerates, sandstone, and gypsum, border the plain on the eastern side, with a hilly morphology. These rocks have low permeability and permit only a limited GW circulation along fractured zones. Crystalline rocks of the Alps border the plain on the northern and western sides. They are mostly impermeable or slightly permeable by fissuration.



The shallow unconfined aquifer, the object of this paper, is hosted in the Alluvial deposits complex, consisting of coarse gravel and sand of fluvial or fluvio-glacial origin, with subordinate silty-clayey intercalations. This complex has a thickness generally ranging between 20 and 50 m and high hydraulic conductivity (k = 5 × 10−3 – 5 × 10−4 m/s) [54]. It represents an important aquifer in which the water table is directly connected to surface water. The depth to water in the shallow aquifer is very variable: the water table is generally less than 5 m deep in the low plain and near the rivers, whereas it shows depths between 20 and 50 m close to the Alps. Recharge area of the shallow aquifer is located in the entire plain, due to infiltration of rainfall and secondly by surface water in the high plain sectors.



Deeper semi-confined and confined aquifers are present in the underlying fluvial-lacustrine ‘Villafranchiano’ complex and the pliocenic marine sediments. They generally serve as key sources of drinking water in the Piedmont plain, because of the better GW quality compared to the shallow aquifer [42]. Deep aquifers are not the object of this paper.



A more detailed description of the Piedmont plain hydrogeology is reported in a recent study [54].



The Piedmont plain has a strong agricultural vocation, and cereals and legumes represent the main crops. Livestock farming is highly developed in Cuneo area, particularly cows and pigs [39]. The land use in the plain can be identified as the cause of a GW nitrate contamination, especially for the shallow aquifer [34,55]. Industrial areas are mainly located in the surrounding of big cities, especially Turin, that is the third largest economically productive complex in the country.



The analyses of the impacts of meteorological variability on GW quality were conducted in three test sites (Figure 1) in the plain: two test sites (Fossano and Scalenghe) characterized by diffuse nitrate contamination in shallow GW, and a test site (Turin) with a point-source pollution by chromium VI in the shallow aquifer.



The Scalenghe and Fossano test sites are located in the area between Cuneo and Turin, where shallow GW shows locally a high nitrate contamination, due to the intensive agricultural and livestock activities [34,35,36,37,38,39,40,41]. Depth to the water level in the analyzed period is low in the Scalenghe test site (minimum 1.20 m, maximum 5.40 m, and mean 2.6 m) and relatively higher in the Fossano test site (minimum 7.60 m, maximum 11.90 m, and mean 10.2 m).



The Turin test site is an industrial area characterized by past industrial activities, with heavy metals pollution by Chromium VI in the soil and GW. The point-source pollution by chromium VI is under control to avoid its downstream expansion in GW. More specifically, a hydraulic barrier was the first action. Then, a barrier with a series of reagent injection wells was used, to reduce chromium VI in chromium III, and then to cause its precipitation. The next step will be actions for the source of contamination. Before the barrier was put into operation, the plume had an extension of more than 400 m. Currently the total length from the source to the barrier is 180 m, with a maximum width of about 60 m. The shallow aquifer in Turin test site has a thickness of 30 m, and the depth to water level is about 9.56 m (minimum 7.53 m, maximum 10.63 m in the analyzed period).



In the three test sites, the shallow aquifer is composed of gravel and sand, and shows a high hydraulic conductivity (10−3–10−4 m/s) [54].



The average annual cumulative precipitation on the Piedmont Region over the 1957–2009 period shows values higher than 1600 mm/year in the northern part of the region and amounts of less than 720 mm/year in the southeastern sector [56]. The annual rainfall distribution in the Piedmont plain is characterised by two maxima (spring and autumn) and two minima (winter and summer) [57,58]. A recent study in Piedmont plain [18] evaluated the standardized anomalies of cumulative annual rainfall and mean annual GW levels for the 2002–2017 period and allowed to observe a relationship between rainfall and water table level at the yearly scale. Then, a further analysis permitted to observe the presence of a change point in 2008 in more than 80% of the analyzed piezometers. This change point corresponds to passage from a strong lowering to a sudden and considerable rise in the GW level. The 2008 change point was also detected in 88% of the rainfall time series for the Piedmont plain, confirming the strong relationship between rainfall and GW level. Furthermore, the most recent period (2009–2017) is characterized by higher average monthly piezometric levels compared to the previous period of 2002–2008 [18]. The highest rainfall could explain most of the average increase in the piezometric levels.



The Volturno-Regi Lagni plain is the largest GW body of the Campania region (>1000 km2). Stratigrafic and potenziometric studies [44] revealed the presence of two porous aquifers: the shallow aquifer is phreatic, with a maximum thickness of 20 m. The deposits are of alluvial-pyroclastic origin and of silty-sandy granulometry. The permeability is generally low, and this aquifer is not continuous along the plain. The deeper aquifer is much more productive, with a thickness of 60–70 m and a moderate-high degree of permeability. Sediments range from very coarse sand to fine and they are of alluvial, pyroclastic, and marine origin. A tuff (about 50–60 m thick), named Campanian Ignimbrite (39 ky B.P.), separates these two aquifers and confines the main aquifer. Connections between these two aquifers are possible for (i) the low thickness of the tuff near the rivers and channels, (ii) the non-welded condition of the tuff in some parts, (iii) the presence of old open pit quarries in the tuff reaching the main aquifer, (iv) the presence of a multitude of GW wells of different depth, with long well screens causing mixing of GW. Rainfall and underground flow coming from the adjacent carbonate mountains fed the aquifers of the plain; in the southern part, the hills of the Phlegrean Fields contribute in a small amount to the recharge.



The hydrogeochemistry of the GW body is influenced by the closeness of volcanic active areas (Phlegrean Fields and Vesuvius), by the volcanic origin of the sediments and by the GW underflow, from the calcareous adjacent aquifers (Figure 2). GW chemistry gradually becomes more alkaline, from the mountains to the east towards the coast to the west. Fluoride is high everywhere, while arsenic is high in the southern part, close to the Phlegrean Fields [43]. High As is due to water–rock interaction, favored by the presence of steam heated fluids in the Phlegrean Fields GW body that also facilitates the mobility [45]. In some parts of the GW body, prevalently along the Volturno river, there are reducing environments, determining in the aquifer high values of other two ions of natural origin: Fe and Mn [44,45]. These reducing conditions, prevalently attributable to the presence of natural organic matter, such as peats are also testified by low content in sulphate, with respect to the typical hydrochemical facies, low nitrates, and sometimes presence of NH4 [45].



Since the 1990s, a severe contamination by nitrate (more than 50 mg/L) has been recognised in the GW body, also in the main, deeper aquifer for the above-mentioned connections. Nitrate contamination in GW is present everywhere, prevalently due to manure spreading and/or sewage leaking from collectors or septic tanks, as revealed by isotopic studies [46].




2.2. Meteorological and GW Level Data Sets


Rainfall and temperature time series in the Piedmont plain test sites belong to climatic gauges managed by ARPA (Regional Agency for the Protection of the Environment) Piemonte (Turin, Italy). The location of climatic gauges is reported in Figure 1. Daily rainfall and air temperature data was collected for a period of at least 12 years (2004–2005 up to 2017) and aggregated at a monthly scale. Moreover, yearly rainfall and yearly average air temperature were plotted versus time.



GW level time series of Fossano and Scalenghe test sites referred to the automatic monitoring network of the shallow aquifer in the Piedmont region. The depth of the piezometers ranges between 30 and 50 m, and the screens are in the shallow unconfined aquifer. The Piedmont monitoring network is managed by ARPA Piemonte, and data are available on the web [59]. Piezometric level measures referred to 6 a.m., 12 a.m., 6 p.m., and 12 p.m. were collected and the average daily piezometric level was calculated. Then the average monthly level was calculated for the subsequent analyses.



GW levels in the Turin test sites were measured with a phreatimeter. The measurement of the GW level was conducted inside an open tube piezometer with a diameter of 3 inches and a depth of 38 m.



Distribution of monthly rainfall and average monthly GW level was analyzed and the parameters were compared, plotting data versus time.



Rainfall and temperature time series of the Volturno-Regi Lagni area belong to climatic gauges managed by “Centro Funzionale Regione Campania” and are available on the web [60]. Daily rainfall and air temperature data was collected from 2000 to 2019 and aggregated at a monthly scale.



Distribution of monthly rainfall and average monthly air temperature in the Volturno-Regi Lagni plain was analyzed, plotting these data versus time and comparing them. The evaluation of infiltration was completed in the Volturno-Regi Lagni area using the Turc formulation [61] for the evapotranspiration and a mean infiltration coefficient of 60%, consistent with the pyroclastic-alluvial deposits, outcropping in the plain.




2.3. Chemical Analyses


Chemical data (nitrate and chloride) of Fossano and Scalenghe test sites in Piedmont referred to the manual monitoring network of the shallow aquifer in the Region, managed by ARPA Piemonte. Sampling campaigns for chemical analysis are carried out twice a year in March/April and September/October. Chemical data are public and available on the web [59]. The analyzed piezometers for Fossano and Scalenghe test sites are screened in the shallow aquifer. Chromium concentration in Turin test site was analyzed according to the USEPA method [62]. Data of chromium VI concentrations referred to a piezometer screened in the shallow aquifer. The highest number of available data are in Turin test site (54 data points vs. 29 in Fossano, and 30 in Scalenghe). Moreover, available data of nitrate, chloride, and chromium VI were plotted with GW level versus time, to observe common trend between the analyzed parameters. Scatterplots were created to detect the correlation between chemicals (chromium, nitrate, and chloride) and GW level, and between nitrate and chloride concentrations.



Hydrochemical data of the Campania study area originate from the network for GW quality monitoring of the Environmental Protection Agency of Campania (ARPAC, Naples, Italy) and are available on the web [63].



In the examined area, the ion concentration data were from 16 monitoring wells (Figure 2), collected between 2003 and 2019 and with approximately two analyses per year. The number of samples ranges from 14 to 27 per monitoring well. The depth of the wells ranges from 50 to 130 m b.g.l. (median value 84 m b.g.l.) and therefore their screens are all located in the main, deeper aquifer [47].



Water sampling for GW quality monitoring is done by ARPAC, according to ISO standard [64]. In the laboratory, ion chromatography was used for the determination of dissolved ions. The chemical methods are described in detail in [47].




2.4. Statistical Analysis


Statistical analyses were performed in both study areas using the same approaches and elaborations, as far as possible according to the available data. More specifically, the possible presence of a trend for rainfall and temperature was analyzed, using the nonparametric Mann–Kendall test [49,50]. Moreover, to estimate the temporal variation in ion concentrations, the trends in each monitoring point were performed by using the nonparametric Mann–Kendall test [49,50], with the software ProUCL 4.1 [65], with a confidence level of 95%. The trend analysis was used to determine potential upward or downward trends present in ion concentrations identified in GW monitoring wells. At last, a cross-correlation analysis was performed in order to study the correlation of the ion concentrations and GW level, rainfall, and temperature in Piedmont plain. In the Volturno-Regi Lagni area we did not have time series of GW levels derived by continuous monitoring, but only the potenziometric contours of the year 2003, shown in Figure 2 and confirmed in the southern part by 107 new measurements [46]. Consequently, a time lag was considered between the meteoric input (rainfall and air temperature) and the response of the aquifer in terms of the concentration of the ions of interest. The time lag was considered variable between 0 and 12 months, with a monthly step.





3. Results


In the Piedmont plain test sites, yearly rainfall data ranges from 399.8 (during 2017 in Fossano rain gauge) to 1542.2 mm/year (during 2002 in Turin rain gauge) (Figure 3). Yearly average temperature ranges from 11.2 °C in the year 2006 in Fossano to 14.4 °C in the year 2018 in Turin. The hottest months are July and August, while the coldest are December, January, and February. Mean yearly air temperature data are generally higher in Turin than in Fossano (Figure 3). Scalenghe temperatures are quite similar to Fossano and are not reported in Figure 3. Temperature and rainfall showed a low correlation (R2 lower than 0.23).



The trend analyses of meteorological parameters showed different situations.



An increasing trend in rainfall was observed in Fossano and Turin, whereas no trend was observed in Scalenghe in the period 2002–2019. Temperature showed no trend in the period 2003–2019.



Distribution of monthly rainfall and average monthly GW level in the test sites is reported in Figure 4 for at least 12 years. The annual distribution of precipitation is characterized by a bimodal trend, with a maximum in spring and an isolated main maximum in autumn (November), and two minima in winter and summer. This is in accordance with literature data [57,58]. Additionally, GW level shows the presence of a maximum in spring (April–May) and autumn (November), and a minimum in December and August.



The comparison of GW level with the rainfall regime highlights a clear relationship between the parameters. In general, the water table level has a trend similar to the rainfall, with often approximately 1-month delay in the response of GW. Statistical analyses conducted in [18], using standardized anomalies and correlation plots confirm this direct relationship between rainfall and water table level in the analyzed sectors of Piedmont plain.



The analyzed test sites in Piedmont are polluted by nitrate (Fossano and Scalenghe) and chromium VI (Turin).



More specifically, the 14% of Fossano GW samples and the 70% of Scalenghe GW samples have nitrate concentrations higher than 50 mg/L, the limit set by the World Health Organization standards [66] and by the Italian Legislaton [67]. Turin test site shows a chromium VI pollution in GW, with levels higher than 5 µg/L, the maximum allowable concentration in GW according to Italian limits [67], in all the GW samples. Descriptive statistics (number of data, minimum, maximum, median, standard deviation, and skewness) of GW chemical parameters for three sample areas is reported in Table 1.



A comparison between chemical compounds and GW levels highlighted varied situations. In the Turin test site, the chromium VI concentration and GW level show an evident common trend (Figure 5). Indeed, high GW levels always correspond to high chromium VI concentrations and vice versa. The scatterplot, analyzing chromium VI concentration versus GW level, shows a high correlation between the parameters, with a coefficient of determination R2 higher than 0.9 (Figure 6).



The analysis of Fossano and Scalenghe test sites, characterized by a GW nitrate pollution in the shallow unconfined aquifer, shows less clear evidence.



In Fossano test site, a weak common trend between GW level and analyzed chemicals was found. The nitrate concentrations trend seems to be the same as GW, with a lag. When GW has a general decreasing trend, nitrate concentrations also decrease. On the contrary, in correspondence with a general increasing trend of piezometric level, nitrate also increases (Figure 7a). However, the lag occurring between GW level and nitrate concentration observations does not permit observation of a clear common behavior. This is also confirmed by the low R2 (0.039) between the analyzed parameters. The chloride versus GW level diagram shows a more evident correlation Indeed, high chloride concentration is generally located in periods with high piezometric level, and vice versa (Figure 7b). Nevertheless, the R2 remains lower than 0.3, indicating a scarce relationship between the parameters. The cross-correlation analysis between nitrate and chloride also highlights a low correlation (R2 = 0.02). This is probably due to a different origin or to different processes occurring in the vadose zone or in the aquifer, able to modify the concentrations.



In Scalenghe test site chloride and nitrate concentrations show a similar trend over time compared to the GW level (Figure 8). More specifically, the average GW level decrease in the period 2004–2008 (corresponding to a period of low precipitation), while a significant increase can be observed in 2009 (due to high precipitation). Similarly, nitrate levels show a decreasing trend, followed by an increasing trend, with lag respect to GW up to 1 year (e.g., the minimum GW in September 2008 and the corresponding minimum of nitrate concentration in September 2009). In other cases, GW level and nitrate do not show lag (e.g., the minimum value of GW level and nitrate in September 2012). Chloride concentration shows a similar trend as nitrate.



Despite this general common trend, the scatterplots between nitrate and chloride concentrations and GW levels do not show a high correlation. More specifically, the R2 between nitrate and GW level is equal to 0.15, while it is equal to 0.237 between nitrate and GW level. In this test site, the correlation between nitrate and chloride is higher than in the Fossano test site, and R2 is equal to 0.47.



Observing the evolution over time of nitrate, chloride, and chromium VI in Piedmont plain (Table 2), the trend is absent for all parameters, except for chlorides in Scalenghe (increasing trend).



The cross-correlation analysis shows an excellent correlation (r = 0.96) between GW level and chromium VI considering a lag of 0 months in Turin test site (Figure 9a). The best positive correlation between GW level and nitrate is considering a temporal lag of 3 months both in Fossano (r = 0.58) and in Scalenghe test sites (r = 0.38). The better correlation between GW level and chloride is positive in Scalenghe (r = 0.59) and negative in Fossano (r = −0.45) considering a temporal lag of 3 months.



The correlation between the yearly temperature and ion concentration (Figure 9b) are generally very low. The only exception is chloride in Fossano, where a positive correlation was observed with a temporal lag of 2 months (r = 0.72).



The correlation between yearly rainfall and ion concentrations (Figure 9c) is better for chromium VI considering a temporal lag of 1 month (r = 0.30). The best correlation between rainfall, nitrate, and chloride is considering a temporal lag of 3 months in Fossano. More specifically, the correlation is positive (r = 0.43) between nitrate and rainfall, and negative (r = −0.31) between nitrate and chloride. In Scalenghe, the correlation between nitrate, chloride, and rainfall is generally very low.



In the Volturno-Regi Lagni plain, precipitation data are quite similar in all the examined stations (Figure 2). The more complete dataset is for Grazzanise station, from 2000 to 2019. Yearly data ranges from 560 to 1260 mm/year and they do not indicate a clear trend (Figure 10). The rainiest month is generally November, while the driest is August. Temperature data are practically identical in the examined stations. For this reason, we used the data of Grazzanise station, with the longest and complete time series. Mean yearly data ranges from 15.6 °C in the year 2005 to 16.8 °C in the years 2015 and 2018. The trend is increasing (+0.43 °C in the period 2000–2019).



The hottest months are July and August, while the coldest are December, January, and February. It is interesting to note that since 2011 precipitation and temperature are well correlated (R2 = 0.67), as also noticeable in Figure 10.



For the 16 GW sampling wells (Figure 2), summary statistics of hydrochemical data (minimum, maximum and mean values, standard deviation, skewness coefficient) are shown in Table 3. In the period 2003–2019 the concentrations of nitrate range from 0.1 to 250 mg/L and the median value was 35 mg/L. For fluoride, the maximum concentrations are for all the wells higher than 1.5 mg/L, the limit set by the World Health Organization standards [66] and by the Italian Legislation [67]. For arsenic, 44% shows maximum values exceeding the 10 µg/L, the maximum allowable concentration in GW according to the WHO standards [66]. For iron and manganese, 80%–90% shows maximum values exceeding the Italian law limits (200 and 50 µg/L respectively, in [67]). Observing the evolution over time of these concentrations (Table 4), the trend is absent for fluoride, while it is prevalently decreasing for iron and manganese. The trend of iron and manganese is generally concordant (70%) and discordant with the trends of other ions (see Bvr 2, Bvr 28, or Bvr 6 in Table 3).



The cross-correlation analysis shows a better correlation between rainfall and ion concentrations than temperature and ion concentrations (Figure 11). For Bvr 23, and similarly in the other wells, the best correlation between rainfall and ion concentrations is considering a temporal lag of 5 months for arsenic and fluoride (r = 0.442 and 0.491, respectively), a temporal lag of 11 months for Fe end Mn (r = 0.384 and 0.357, respectively) and a temporal lag of 4 months for fluoride (r = 0.451). The better correlation is always the positive one.



The correlation between air temperature and ion concentrations is better for iron and manganese considering a temporal lag of 6 months (r = 0.317 and 0.308, respectively), and for fluoride with a temporal lag of 7 months (r = 0.350). The better correlation is always the positive one.The correlation between the yearly infiltration and ion concentration is good for arsenic (r = 0.572), as shown in Figure 12.




4. Discussion and Conclusions


This research aimed to analyze the hydrogeochemical variations over time due to fluctuation of climate variables in correspondence to two study areas, very different from a hydrogeological point of view. For the two areas we analyzed different hydrogeological characteristic due to the different kinds of contamination and to the availability of input data.



The analysis in Piedmont plain highlighted a low correlation between ion concentrations (chromium VI, chloride, and nitrate) and temperature. The correlation between ion contents and GW level or rainfall, on the contrary, showed different degree of concordance, depending on the analyzed test site. In the Turin test site, the correlation between chromium VI in the shallow aquifer and GW level was clearly identified. More specifically, the cross-correlation analysis showed an excellent correlation between GW level and chromium VI considering a lag of 0 months, and a good correlation between yearly rainfall and chromium VI considering a temporal lag of 1 month. Consequently, it is possible to suppose that chromium VI in the unsaturated zone is mobilized by infiltration water during precipitation events. Then chromium VI arrives in the shallow aquifer with infiltration water and contaminates GW. Moreover, the rise of the piezometric level as result of intense rainfall events could lead to a further increase of aquifer pollution, due to the solution of the chemical that is present in the vadose zone.



The analysis of Fossano and Scalenghe test sites showed less clear evidence. A general common trend between GW level and nitrate and chloride was found, especially in Scalenghe test site, but the correlation was low. In both the test sites, a good cross-correlation between GW level, nitrate, and chloride was observed considering a temporal lag of 3 months.



In the Volturno-Regi Lagni plain the variability of the precipitation and, especially, of the air temperature is very low. Climatological data demonstrates a low concordance of temperature and precipitation with the examined ions of geogenic origin (arsenic, fluoride, iron, and manganese) and of anthropogenic origin (nitrate). F is very stable and NO3 is randomly variable, being affected by other factors of anthropogenic origin. The best correlations are between rainfall and ion concentrations, and they are always positive. The temporal lags for rainfall and temperature are variable between 4 and 11 months, in agreement with the lithology of the overlying deposits. On the yearly scale, there is a strong positive correlation between infiltration and arsenic. That is probably due to the leaching of pyroclastic rocks.



The unclear correlation between nitrate and GW level, precipitation, and temperature both in the Piedmont plain and in the Volturno-Regi Lagni plain could be due to aquifer features and multiple environmental change drivers (e.g., land use, land cover, irrigation management, etc.), in addition to climate drivers. Contaminant distribution in GW is strictly connected to the features of the chemical and the structure of aquifer. In the case of a diffuse contamination, as nitrate pollution, it is important to consider the contaminant pathway, because the pollutant levels of one point in the aquifer are due to the sum of contaminant concentrations following both vertical and horizontal pathways [38]. However, it is very challenging to separate horizontal and vertical input for nonpoint source contamination, and consequently to distinguish between the nitrate that is already present in the aquifer and the contaminant vertically leaching to GW and related to a heavy precipitation event. Our analysis of the impact of climate variability on GW quality was probably influenced by the difficulty of analyzing these transport mechanisms.



Other processes occurring in the aquifer, with a key role in the mitigation of nitrate concentration, probably further exacerbated the comprehension of the situation. Indeed, biological denitrification and dilution [37] lower the nitrate concentration. However, our study did not use these data that are few and related to small areas.



Other drivers connected to agricultural activities and management may have modified nitrate concentrations in GW, complicating our study. The Nitrates Directive [68] implied the designation of “Nitrate Vulnerable Zones” (NVZs), where the use of fertilizers, especially manure, was significantly restricted. The NVZs was applied in Piedmont Region for subsequent steps [40]. The first designation of NVZs dated back to 2002, and NVZs were progressively enlarged in 2004, 2006, 2007, and 2013. This progressive enlargement of the designated areas created different input of fertilizers along the Piedmont plain. In Campania Region the designation of NVZs counts on two designations in 2003 and 2017. In this last version the 43% of the whole region is vulnerable to nitrate, and the zones appear hardly increased (101%) with respect to the first version. The consequence is a very complex picture, with a sudden variation of nitrate concentrations in time and in space. Furthermore, irrigation systems and the quantity of water applied in agricultural areas are further information not to be neglected. However, data about the volume of water applied to crops in the Piedmont plain and in Volturno-Regi Lagni plain are very lacking, creating confusion in the analysis of meteorological variability impacts on GW quality.



At last, in Piedmont, a main issue could be the current monitoring of GW quality that, from the results of this study, is inadequate for the investigation and quantification of climate variability impacts on GW. Indeed, the GW levels are measured four times during the day in the Piedmont monitoring network, offering an accurate picture of quantitative situation of the shallow aquifer. On the contrary, the semi-annual sampling and analysis of chemicals is not able to clarify all the impacts of climate variability on GW quality. As also observed by [19], it could be recommended that dedicated monitoring of GW is established to enable assessment of future meteorological variability impacts on GW.



Finally, our study highlighted that ions in GW are generally strictly related to climatological data. However, the dependency degree is variable, based on the typology of contaminant and the aquifer features. In general, ions in shallow unconfined aquifers (e.g., in the Piedmont plain) are highly correlated to the fluctuation of climate variables. In contrast, semiconfined or confined aquifers (e.g., in the Volturno-Regi Lagni plain) react with a higher delay to these variations. The excellent correlation between GW level and chromium VI in the unconfined aquifers confirms the possible activation of a severe impact, concerning the degradation of GW quality during important infiltration events, as supposed by [28,29], and particularly by [1]. The forecast of an increasing rainfall intensity [69,70] and the presence of many industrial sites worldwide characterized by high heavy metal concentrations in the soil and vadose zone suggests a growing occurrence of this impact in future, with severe consequences for GW quality.



However, multiple environmental change drivers can obliterate the dependency between chemicals and meteorological data, also in the unconfined aquifers. In this paper, some of these factors were listed and described, especially regarding nitrate contamination, to help the scientific community and also local groundwater management to understand similar situations in other locations.



Lastly, the study emphasizes the importance of the evaluation of climatic changes also for the GW chemistry and the need to have a GW monitoring network, with a high frequency of sampling and analysis, in order to individuate any modification.



In this context, identifying climate variability effects on GW quality is extremely challenging, and long-term monitoring efforts are required to understand climate-related spatiotemporal trends in GW quality.
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Figure 1. Study area in Piedmont plain (NW Italy). Potenziometric contour lines of the shallow aquifer (m a.s.l.) refer to summer 2017. 
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Figure 2. Hydrogeological map of the “Volturno-Regi Lagni” plain study area (S Italy). Potenziometric contour lines (2004) refer to the main aquifer. Modified from [47]. 
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Figure 3. Piedmont plain. Yearly rainfall in mm and yearly average temperature in °C from 2002 to 2019 (location of stations in Figure 1). 
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Figure 4. Piedmont plain. Comparison between the average monthly water table level and monthly rainfall in correspondence with the three test sites from 2004–2006 and 2017. The locations of rain gauges are reported in Figure 1 (R1 for Turin test site, R2 for Scalenghe test site, and R3 for Fossano test site). 
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Figure 5. Piedmont plain. Time series of chromium VI concentration and GW level in Turin test site from 2009 to 2019. 
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Figure 6. Piedmont plain. Chromium VI concentrations vs. GW level in Turin test site. 
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Figure 7. Piedmont plain. Time series of nitrate (a) and chloride (b) concentration and monthly GW level in Fossano test site from 2004 to 2018. 
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Figure 8. Piedmont plain. Time series of nitrate (a) and chloride (b) concentration and monthly GW level in Scalenghe test site from 2004 to 2018. 
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Figure 9. Piedmont plain. Cross-correlation between ion concentrations and GW level (a), monthly temperature (b), and monthly rainfall (c). (blue = Turin test site; green = Fossano test site; red = Scalenghe test site). 
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Figure 10. “Volturno-Regi Lagni” plain. The 2000–2019 yearly rainfall in mm in the gauge stations indicated in Figure 2 and yearly average temperature in °C in Grazzanise station. 
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Figure 11. “Volturno-Regi Lagni” plain. Cross-correlation between temperature and ion concentrations (a) and between rainfall and ion concentrations (b) in Bvr 23 well. 
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Figure 12. “Volturno-Regi Lagni” plain. Arsenic concentrations vs. yearly infiltration. 
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Table 1. Piedmont plain. Summary statistics (from 2009–2019 for chromium VI and 2014–2018 for nitrate and chloride) for groundwater (GW) chemical parameters (nitrate and chloride in mg/L; chromium VI in µg/L); the location of the wells is in Figure 1. Medn = median; σ = standard deviation; γ = skewness; - = data not available.
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Piezometers

	
Number of Data Points

	
Nitrate (mg/L)

	
Chloride (mg/L)

	
Chromium VI (µg/L)




	
Min

	
Max

	
Medn

	
σ

	
γ

	
Min

	
Max

	
Medn

	
σ

	
γ

	
Min

	
Max

	
Medn

	
σ

	
γ






	
Fossano

	
29

	
20.0

	
64.2

	
30.8

	
12.2

	
1.3

	
5.9

	
20.7

	
10.6

	
4.2

	
0.6

	
-

	
-

	
-

	
-

	
--




	
Scalenghe

	
30

	
37.6

	
70.4

	
52.3

	
8.3

	
0.1

	
11.9

	
21.3

	
16.9

	
2.6

	
−0.1

	
-

	
-

	
-

	
-

	
-




	
Turin

	
54

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15.5

	
129.0

	
49.5

	
30.2

	
0.4
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Table 2. Piedmont plain. Results of Mann–Kendall trend test analysis of GW chemical parameters. Level of confidence 95%. - = data not available.






Table 2. Piedmont plain. Results of Mann–Kendall trend test analysis of GW chemical parameters. Level of confidence 95%. - = data not available.





	Piezometer
	Period
	Chlorides (mg/L)
	Nitrates (mg/L)
	CrVI (µg/L)





	Fossano
	2004–2018
	No trend
	No trend
	-



	Scalenghe
	2004–2019
	Increasing
	No trend
	-



	Torino
	2009–2019
	-
	-
	No trend
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Table 3. “Volturno-Regi Lagni” plain. Summary statistics in 2003–2019 for GW chemical parameters (As, Fe, and Mn in µg/L, NO3 in mg/L); the location of the wells is in Figure 2; Medn = median; σ = standard deviation; γ = skewness.






Table 3. “Volturno-Regi Lagni” plain. Summary statistics in 2003–2019 for GW chemical parameters (As, Fe, and Mn in µg/L, NO3 in mg/L); the location of the wells is in Figure 2; Medn = median; σ = standard deviation; γ = skewness.





	
GW Sampling Well

	
Number of Data Points

	
Fluoride (µg/L)

	
Arsenic (µg/L)

	
Iron (µg/L)

	
Manganese (µg/L)

	
Nitrate (mg/L)




	
Min

	
Max

	
Medn

	
σ

	
γ

	
Min

	
Max

	
Medn

	
σ

	
γ

	
Min

	
Max

	
Medn

	
σ

	
γ

	
Min

	
Max

	
Medn

	
σ

	
γ

	
Min

	
Max

	
Medn

	
σ

	
γ






	
Bvr 2

	
24–26

	
230

	
1740

	
1036

	
356.2

	
−0.1

	
0.8

	
51.0

	
25.6

	
14.1

	
−0.2

	
2

	
7914

	
982

	
2321

	
1.2

	
0.7

	
5760

	
3887

	
1854

	
−0.9

	
0.3

	
127.5

	
2.4

	
35.1

	
2.3




	
Bvr 6

	
24–26

	
687

	
1829

	
1310

	
321.9

	
−0.3

	
2.0

	
8.3

	
5.0

	
1.7

	
0.1

	
2.5

	
280

	
10

	
59.1

	
3.3

	
0.1

	
14.7

	
2.5

	
4.2

	
1.7

	
38

	
115

	
55

	
21.7

	
1.2




	
Bvr 7

	
22–25

	
957

	
2000

	
1500

	
211.2

	
−0.2

	
3.5

	
9.7

	
6.2

	
1.5

	
0.1

	
2.5

	
202

	
10

	
48.4

	
3.2

	
0.0

	
5.0

	
0.6

	
1.5

	
1.1

	
9.8

	
103

	
56.5

	
20.2

	
0.2




	
Bvr 8a

	
15

	
100

	
1800

	
1500

	
403.7

	
−2.4

	
1.3

	
8.7

	
5.3

	
1.8

	
−0.4

	
10

	
186.6

	
10

	
56.8

	
1.8

	
0.8

	
65.7

	
7.7

	
16.5

	
2.7

	
11.5

	
102

	
51.6

	
28.3

	
−0.2




	
Bvr 12

	
14–16

	
2.1

	
1901

	
1339

	
538.7

	
−1.4

	
0.3

	
4.5

	
1.0

	
1.0

	
2.8

	
5

	
348

	
5

	
116

	
1.7

	
0.5

	
52.0

	
1.8

	
13.5

	
3.6

	
11

	
30.2

	
12

	
4.7

	
3.5




	
Bvr 14

	
14–15

	
1.0

	
1430

	
940

	
393.6

	
−0.5

	
5.0

	
31.0

	
18.3

	
7.7

	
−0.0

	
35

	
2720

	
922.5

	
840.3

	
0.7

	
120.9

	
742

	
241

	
145.8

	
3.0

	
0

	
79

	
2

	
24.8

	
2.4




	
Bvr 16

	
18–22

	
716

	
1600

	
1200

	
261.2

	
−0.3

	
0.2

	
11.6

	
4.4

	
3.1

	
0.7

	
10

	
2072

	
162

	
529.7

	
2.1

	
1.3

	
889

	
137

	
230.5

	
1.8

	
11

	
130.3

	
47.8

	
36.1

	
0.9




	
Bvr 23

	
19–26

	
0.8

	
4203

	
919

	
846.0

	
3.3

	
2.7

	
75.8

	
21.0

	
17.9

	
1.1

	
5

	
8971

	
4640

	
3065

	
−0.3

	
0.7

	
1516

	
834

	
398.2

	
−0.5

	
0

	
250

	
0.7

	
52.2

	
4.0




	
Bvr 24

	
16

	
426

	
1770

	
1215

	
265.3

	
−1.3

	
1.0

	
6.1

	
4.05

	
1.2

	
−0.9

	
2.5

	
179

	
22.2

	
56.8

	
1.8

	
0

	
11

	
2

	
2.9

	
1.5

	
40

	
73.6

	
45.5

	
8.0

	
2.4




	
Bvr 25

	
25–27

	
128

	
3250

	
1322

	
577.0

	
1.2

	
0.5

	
25

	
8.8

	
1.4

	
1.6

	
5

	
3016

	
1425

	
933.1

	
−0.2

	
0.5

	
2645

	
416

	
482.5

	
3.9

	
0.09

	
154

	
2.8

	
35.3

	
3.0




	
Bvr 26

	
22–25

	
1100

	
5710

	
1305

	
883.9

	
4.8

	
0.5

	
8.9

	
6.15

	
2.2

	
−1.4

	
5

	
197

	
10

	
64.9

	
1.9

	
0.11

	
58

	
1.8

	
12.2

	
4.3

	
0.8

	
112

	
72

	
29.5

	
−0.5




	
Bvr 27

	
24–26

	
581

	
2000

	
1318

	
269.0

	
−0.5

	
1.0

	
11.0

	
8.0

	
2.6

	
−1.2

	
2.5

	
317

	
10

	
84.9

	
2.2

	
5.6

	
138.1

	
17.5

	
41.1

	
1.8

	
2

	
79.1

	
46

	
19.1

	
−0.4




	
Bvr 28

	
23–25

	
260

	
1523

	
1206

	
362.4

	
−1.2

	
0.8

	
7.2

	
4.4

	
1.6

	
−0.6

	
5

	
710

	
10

	
148.2

	
3.8

	
0.5

	
2173

	
45

	
545

	
2.1

	
28.6

	
97

	
44

	
18.39

	
0.8




	
Bvr 29

	
18–20

	
331

	
3592

	
2220

	
883.3

	
−0.4

	
1.6

	
34

	
7.55

	
7.6

	
1.9

	
2.5

	
155

	
10

	
46.67

	
2.16

	
2.5

	
17,000

	
7970

	
4625

	
−0.1

	
0.8

	
106

	
2.01

	
24.47

	
4.0




	
Bvr 34

	
20–26

	
776

	
1577

	
1271

	
228.4

	
−0.6

	
2.0

	
7.5

	
5.4

	
1.4

	
−0.7

	
0

	
404

	
5

	
93.13

	
3.34

	
0

	
91

	
0.95

	
22.97

	
3.1

	
39.3

	
121

	
86.9

	
19.73

	
−0.5




	
Bvr 35

	
18–23

	
1.3

	
2027

	
1054

	
419.1

	
−0.2

	
0.5

	
62.5

	
8.8

	
12.7

	
4.0

	
0

	
9100

	
53.7

	
1993

	
4.20

	
0.08

	
325

	
146

	
106.3

	
0.3

	
12

	
89.3

	
31.5

	
13.61

	
2.97
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Table 4. “Volturno-Regi Lagni” plain. Results of Mann–Kendall trend test analysis of GW chemical parameters (software ProUCL 4.1). Level of confidence 95%.






Table 4. “Volturno-Regi Lagni” plain. Results of Mann–Kendall trend test analysis of GW chemical parameters (software ProUCL 4.1). Level of confidence 95%.














	Well
	Period
	As (µg/L)
	Fe (µg/L)
	F (µg/L)
	Mn (µg/L)
	NO3 (mg/L)





	Bvr 2
	2003–2015
	
	increasing
	
	increasing
	decreasing



	Bvr 6
	2002–2015
	increasing
	decreasing
	
	decreasing
	



	Bvr 7
	2002–2019
	increasing
	decreasing
	
	
	increasing



	Bvr 12
	2012–2019
	
	
	increasing
	
	



	Bvr 14
	2004–2019
	decreasing
	decreasing
	
	
	



	Bvr 16
	2012–2019
	decreasing
	decreasing
	
	
	



	Bvr 23
	2002–2019
	
	
	
	
	increasing



	Bvr 24
	2003–2019
	
	
	
	decreasing
	



	Bvr 26
	2003–2013
	
	decreasing
	
	decreasing
	



	Bvr 27
	2003–2019
	
	decreasing
	
	decreasing
	



	Bvr 28
	2003–2019
	
	decreasing
	
	decreasing
	increasing



	Bvr 29
	2003–2019
	
	
	
	
	decreasing



	Bvr 34
	2002–2014
	
	decreasing
	
	decreasing
	



	Bvr 35
	2002–2019
	
	
	
	increasing
	decreasing
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