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Abstract: Having an accurate and easily accessible geochemical database is crucial for a correct
groundwater management. Here, for the first time in Italy, chemico-physical data of groundwater
collected by different Environmental Protection Agencies during the 2018 were integrated into a single
database to assess the geochemical status of a wide and complex aquifer system. Data were assembled,
reformatted, corrected, homogenized, and then grouped according to the aquifer type (phreatic, semi-
confined, and confined) and the sampling seasons. A total of 3671 validated samples were classified
into hydrochemical facies; inorganic N compounds and trace elements were also evaluated. The
water were classified mainly as Ca-HCO3 and Ca-Mg-HCO3 (90%); locally, Na-HCO3, Mg-HCO3,
Ca-SO4, Na-Cl, and Ca-Cl types were detected. In the phreatic aquifers, NO3 contamination and
high concentrations of Na+, K+, and NH4

+ were found and linked to anthropogenic sources, such
as agricultural and livestock activities. Along the Adriatic coast, Na-Cl water confirmed saltwater
intrusion phenomena. Landward, evaporitic rocks dissolution, and the upconing of relict marine
water explained high EC, Na+, K+, Cl−, and SO4

2− concentrations. The dissolution of Fe-Mn oxide-
hydroxides coupled with organic carbon oxidation under reducing environment justified high NH4

+,
Fe, Mn, and As recorded in the semi-confined and confined aquifers.

Keywords: geochemistry; aquifer; hydrochemical facies; database design; Northern Italy

1. Introduction

Despite the increasing investment in the expansion of open water data and the in-
credible amount of freely available water data provided by the different environmental
agencies and institutions in charge of surface and groundwater monitoring within coun-
tries, there are still many obstacles of having available homogeneous and integrated water
databases [1,2]. The data quality depends on their own completeness, accuracy, traceability
(of dataset creation and updates), contemporaneity, validation, compliance (as with unified
metadata standards), and understandability [3].

The availability of long-term water datasets is important to reveal important patterns,
which allow trends, cycles, and pollution events to be identified [4]. The benefits ascribed
to long-term water quality databases range from scientific advancement, improved gov-
ernment and governance (i.e., better transparency, accountability, and decision-making
processes), and operational and technical efficiency (i.e., improved services, identification
of tempestive solutions).

With the enactment of the Italian legislation on water resources (D.Lgs 152/06 and related
updates, [5]), in transposition of the Water Framework Directive (WFD, Dir. 2000/60/EC, [6]),
monitoring of water bodies is mandatory to assess their environmental quality status. The
groundwater monitoring network in Italy is not centralized and all monitoring activities
(identification of networks, choice of analytical pools, and monitoring frequencies) and
groundwater sample analysis are in charge of each Italian region and the related Regional
Agencies for Environmental Protection (ARPAs). The ARPAs are responsible for the quan-
titative and qualitative monitoring of surface and groundwater. Sampling procedures,
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analysis methods, sampling material to be used are regulated by D.Lgs 152/2006 [5] and
analyses must be performed by accredited laboratories. Data are collected in many ways
and by using different protocols; the choice of sampling frequencies and analytical methods
is defined by each region based on the characteristics of the territory, the resources vulnera-
bility, pressures, impacts, and the availability of financial resources. Generally, at least two
samplings are carried out per station, one in spring and one in autumn. ARPAs databases
are proposed as usable and accessible tools, whose contents can be freely interrogated and
downloaded. However, data organized in individual databases create the fragmentation of
information and so far, a national geochemical database, which can be implemented overt
time according to shared rules and standards, does not exist in Italy.

These actions generated and still generate a huge amount of data, which is often
commented only in relation to water quality standards and relative thresholds, but that
contains precious additional information that can be extracted. However, some critical
issues arise when working with large heterogeneous datasets collected without shared
protocols: data harmonization and cleaning, and long revision processes are required.

The Po Plain selected as study area of this work is one of the largest (about 48,000 km2

wide) alluvial plains in Europe and the largest of Italy, and it represents the most important
groundwater reservoir of the Northern Italy because of its size, the feature of its deposits,
and its possibility to recharge. The entire Po Plain and surrounding Alps and Apennines
belong to five separate administrative entities called Regions; specifically Piedmont, Lom-
bardy, Emilia Romagna, Veneto and Friuli-Venezia Giulia that individually manage and
monitor their owned water resources. In this territory coexists some of the most famous
and populated cities of Italy (e.g., Milan, Turin, Bologna, Venice, etc.,), huge industrial
settlements, natural areas, and agricultural activities. All of these activities interact and
influence surface and groundwater quality and quantity.

From a geochemistry point of view, groundwater has spatial differences and are influ-
enced by natural geochemical processes, i.e., water–rock interactions, mixing with water
from different origins, and human activities [7–9]. Due to the increasing water demand, as
well as the alteration of pluviometric regimes because of climate change, much attention is
paid to groundwater and its pollution around the world, especially in arid and semiarid
conditions [10–12]. Although the Po Plain is under temperate climate, annual precipitation
projections for the second part of the century suggest an overall drying for most of the
Mediterranean basins [13]. In light of this, it is crucial to characterize groundwater quality
and distinguish the effects of natural processes and impacts of anthropogenic activities to
better understand the regional hydrochemical evolution and improve sustainable water
resource management.

This work aims to integrate 2018 groundwater databases of the Northern Italian
ARPAs (Piedmont, Lombardy, Veneto, Friuli-Venezia Giulia, and Emilia-Romagna) into
a single database and assess the geochemical processes in the confined, semi-confined,
and phreatic aquifers of the Northern Italy. In addition, this study attempts to build the
groundwater database of the Northern Italy and highlights and discusses the main issues
encountered during the data integration and harmonization processes and investigates
more in detail some interesting or critical areas in the Po River plain.

2. Material and Methods
2.1. Geological Setting

The study area comprises the Po Plain, which represents the surface expression of a
syntectonic sedimentary wedge framed between the Alps to the north and the Apennines
to the south (Figure 1) [14]. The Po plain is drained by the Po River, the longest Italian river
(652 km) that flows eastward from the western Alps into the Adriatic Sea (Figure 1). The Po
River drainage basin is about 75,000 km2 [15] and includes about 141 tributaries emerging
from the surrounding Apenninic and Alpine chains. These tributaries deliver water and
sediment to the Po River from south and north, respectively (Figure 1). In the western
sector of the Po drainage basin, including the Western Apennines, Western and Central
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Alps, crystalline-metamorphic and ophiolite complexes crop out extensively (Figure 1).
On the other hand, Southern and Eastern Alps are mostly characterized by carbonate
(limestone and dolostones) outcrops (Figure 1). The majority of the sediment delivered
by the Apenninic rivers derives from Cretaceous to Pliocene sedimentary successions
dominated by chaotic clays, turbidites (sandstone/marl alternations), and sandstones [16].
Important outcrops composed of evaporites (i.e., gypsum) from the Gessoso-Solfifera
Formation are also present in the Apennines [17] (Figure 1).

The Po Plain can be subdivided into minor alluvial sectors as the easternmost Venetian-
Friulian Plain (VFP in Figure 1), which was formed by alluvial systems external to the Po
drainage basin [18]; the Lombardy-Piedmont Plain (LPP in Figure 1), west of the Garda
Lake; and the Emilia-Romagna Plain (ERP in Figure 1), south of the Po River (Figure 1).

The Po Basin is filled with Plio-Quaternary sediments, up to 8 km-thick in the main
depocenters south to the Po River, and thin northward [19,20]. Beneath the Venetian plain,
thicknesses are about 1 km, and less than 500 m in the Friulian and Lombard areas [21]. The
sedimentary infill is characterized by a shallowing-upward tendency, from Pliocene deep-
marine to Quaternary shallow-marine and continental deposits [22,23]. Along the Po Basin,
Late Quaternary strata show a vertical cyclic change in fluvial-channel stacking pattern (i.e.,
amalgamated fluvial-channel bodies vs. individual fluvial-channel deposits within mud-
dominated strata) reflecting the alternation of glacial-interglacial periods during the Middle-
Late Pleistocene [24]. Beneath the coastal plains, equivalent glacio-eustatic evidence on
the stratigraphic architecture is documented by the cyclic alternation of vertically-stacked
coastal to marine (interglacial) and continental (glacial) deposits [25–28]. The Holocene
succession, in the Po coastal plain consists of a transgressive-regressive sedimentary wedge
of coastal to marine sediments overlying fully alluvial Pleistocene deposits [29]. By contrast,
the proximal and more superficial portion of the Po Plain is mainly characterized by modern
river courses associated with abandoned fluvial channels and ribbon-shaped fluvial ridges,
commonly elevated several meters above the adjacent floodplain [30].

Large alluvial fans, up to 3000 km2, composed of Late Pleistocene fluvioglacial deposits
crop out extensively in the VFP and LPP [31,32]. Their piedmont sectors are generally
characterized by gravel deposits, whereas the distal portion is generally composed of
finer-grained materials. Alluvial fans of minor extent are also present in the ERP, close to
the Apenninic margin [33,34]. These alluvial fans mainly consist of amalgamated gravel
bodies that thin out toward more distal sectors, where gravels are progressively replaced
by fluvial channel sands and floodplain silty-clays [35].

2.2. Hydrogeological Setting

The cyclic alternation of vertically stacked coarse-grained strata (fluvial to coastal)
and finer-grained sediments (alluvial to marine), which characterizes the Late Quaternary
succession of the Po Plain, has important implication from a hydrogeological point of
view [18]. The aquifer system consists of shallow, unconfined aquifers and deeper, semi-
confined and confined aquifers. The main aquifer system is mostly unconfined and consists
of coarse-grained sedimentary units, 30 m in thickness and made of amalgamated gravel
and sand bodies [26,36–38]. Fine-grained (silts and clays) units, with thickness ranging
between about 5 and 50 m form the main aquiclude and/or aquitards [39–41]. Moving
toward the coastline, some continental alluvial deposits (mostly clay and silt) are laid
upon the coarse-grained sedimentary units, making the aquifer locally semi-confined,
where recharge and discharge are reduced but can still occur (hydrogeological setting 3
in Figure 1). Then, as reported by Martinelli et al. (2018) [42], downwards in the Late
Quaternary succession of the Po Plain several confined aquifers are recognized within the
entire hydrogeological system.
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Figure 1. Geolithology of the Northern Italy (from Geological map of Italy, 1:500,000 scale, Italian Geo-
portal http://www.pcn.minambiente.it/mattm/en/, accessed on 22 April 2022). The hydrogeological
settings 1–3 are from Martinelli et al. (2018) [42], modified.

Topographically high alluvial fans located at the more proximal locations of the Po
Plain, at the margin of both mountain chains, are characterized by generally high per-
meability (up to 1–10 × 10−3 m/s of gravel and sand layers). These deposits represent
the main direct recharge area of the entire hydrogeological system, including the deepest
aquifers [31]. Moving toward increasingly lower and more distal portions of the alluvial
plains, coarse-grained sediments are replaced by finer-grained deposits [32,35], with hy-
draulic conductivities in the order of 1–10 × 10−5 m/s. Here, the hydrogeological setting is
characterized by the presence of multi-layer aquifers with shallow phreatic aquifers that
are generally discontinuous and poorly connected to underlying ones (Figure 1). However,
despite their low topographic gradient, relatively high permeability coefficients have been
documented in some areas in the western Po Plain sector [38,42] and in the ERP coast
(“shallow coastal aquifers” in Giambastiani et al., 2013; [43]).

The higher hydraulic gradients are recorded in proximity of the Alpine and Apennine
chains, in alluvial fan area (“high plain” in Figure 1). Typical hydraulic gradients of these
areas vary from 8‰ to 10‰ in the westernmost sectors, and from 4‰ to 8‰ in other
portions of the Po Plain such as the VFP [42]. Lower hydraulic gradients (normally ranging
from 1‰ to 4‰) characterize the more distal (“low plain” in Figure 1) aquifers along the
Po River. The lowest values, ranging between 0.2 and 1‰, have been reported for the
central-eastern Po Plain [44,45].

As the transition from higher to lower alluvial sectors is accompanied by the decrease
in the hydraulic gradient and in grain size, this portion of the study area shows the
emergence of peculiar lowland springs (fontanili), especially in the Veneto-Friulan plain
and in the orographic left of the Po River. The “fontanili line” starts in the most western
part of the Friuli plain and continues almost continuously to Piedmont; at the foothills of

http://www.pcn.minambiente.it/mattm/en/


Appl. Sci. 2022, 12, 7944 5 of 25

the Apennines this phenomenon is much more sporadic and occurs near Piacenza, Parma,
Modena and east of Bologna [46–48].

The water level depth in shallow aquifers is highly variable in the Po Plain: minimum
values of 1–5 m b.g.l. are recorded in the central sectors, whereas it may reach 10 m b.g.l.
and up to 50 m b.g.l., close to Apenninic and Alpine margins, respectively. The groundwater
flow in the unconfined aquifers is directed toward the Po River (i.e., oriented N–S in the pre-
alpine sector and S–N closer to the Apennines; Figure 1). In the central western sector, the
flow is strongly controlled by the draining action of the Po River and its tributaries, whereas,
in the eastern sector, the Po River is not in hydraulic connection with groundwater [42].

2.3. Database Design

In Italy the Regional Environmental Protection Agencies (ARPA) are the institutions
in charge of monitoring of the quantity and quality of surface and groundwater bodies,
according to European (Directive 2000/60/EC, Water Framework Directive WFD, [6]), and
national directives [5,49,50]. The monitoring of the quantitative state is carried out by
measuring the piezometric levels with reference to the mean sea level; while the monitoring
of the chemical status is based on the analysis of: pollutants subject to quality standards,
identified at EU level (Annex III of D.Lgs 30/09, Table 2, [49]); and element subject to thresh-
old values, identified at national level (Annex III of D.Lgs 30/09, Table 3, [49]). The decree
provides indications on minimum sampling frequencies depending on the characteristics
of the water body, the base parameters, and some additional ones to be controlled.

In this study we used the 2018 databases of qualitative and quantitative groundwater
monitoring provided by the ARPAs of Piedmont (hereinafter referred to as PIE), Lombardy
(LOM), Veneto (VEN), Friuli-Venezia Giulia (FVG), and Emilia-Romagna (EMR) through
their OpenData portals. The databases were integrated with information of sampling
stations (well or spring, coordinates, etc.,), related aquifer (phreatic, semi-confined, or
confined), and monitoring depths.

Since each agency provided data according to its own standards (coordinate system,
detection limits of analytical protocols, concentration units, and monitoring time interval), a
great effort was dedicated to data homogenization and management to create an operational
database describing the hydrogeochemical characterization of the 2018 groundwater of
the Po and Venetian-Friulian plains. The inhomogeneities in the dataset depend on the
choices made by each individual ARPAs, especially as regards metals and trace elements,
as established in part III D.Lgs 30/09 [49]. Table S1 in Supplementary Material shows
the parameters analyzed by each Region with the relative measurement units. After the
verification and cleaning processes, consisting in the eliminations of samples without clear
aquifer identification or located in aquifers other than semi-confined, confined, and phreatic
(i.e., colluvial and mountainous aquifers), 3671 validated samples, out of the initial 4049,
were used for data analysis and map elaborations.

The water samples were analyzed by different laboratories, and therefore had different
detection limits for the same analyte, both at regional and in some cases even at the
provincial level, as shown in Tables S1 and S2 in Supplementary Material. Another factor
that caused low homogeneity of the final database concerns the different analytical pool
analyzed between regions. Specific electrical conductivity at 20 ◦C (EC), hardness, pH, and
temperature (T) were provided by at least 4 out of 5 agencies. For the other chemical and
physical characteristics, instead, data obtained were fragmentary and incomplete over the
whole considered time period. Concentrations of metals and compounds of environmental
interest were not homogeneously collected by the agencies; the divergence is justified by the
different operational choices adopted by the agencies, as allowed by the relevant legislation
(Annex III of the D.Lgs. 30/09 [49]) as shown in Table S2 of Supplementary Material.

Several authors established strategies for using values below detection limit (<D.L.)
as valid data [51–53]. However, in the present study the management of these data was
not done using the proposed methods, because the characteristics of the database were not
in line with the conditions set by the authors. The first difference concerns the presence
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of many different D.L. for each analyte, and secondly data population of several analytes
was predominantly composed by values <D.L. The adopted solutions varied according
to the data considered. For each element, value with the highest number of observations
was identified and all the other different values “<D.L.” were replaced with the half of
the identified detection limit, according to the methods proposed by Helsel and Hirsch
(2002) [51] and Harter (2006) [52].

For metals and compounds of environmental relevance (NO3
−, NH4

+), all <D.L. values
were replaced with a single arbitrary value that was two or more orders of magnitude
lower than the minimum value detected by the analyses. This strategy made possible to
highlight and detect on the distribution maps the stations with concentrations below D.L.,
although prevented their complete statistical consideration.

2.4. Data Elaboration and Interpretation

After obtaining a homogeneous database, the concentrations of major ions were used
to assess the hydrochemical facies. Distributions of chemical–physical parameters, metals,
and compounds of environmental interest were also analyzed and discussed in relation to
the aquifer types. The aquifer type was chosen as discriminating character to assess any
difference in groundwater, since it was one of the most comprehensive and homogeneous
characteristics provided by all regional datasets. Data were also divided according to the
sampling season (spring-summer and autumn-winter considered from now on as “warm
season” and “cold season”, respectively) to assess changes over the year. Analyses were
carried out on 3671 samples distributed as follows:

• 2243 in phreatic aquifers: 1220 for warm season, and 1023 for cold season;
• 1149 in confined aquifers: 597 for warm season, and 552 for cold season;
• 279 in semi-confined aquifers, equally divided between the two periods.

Considering the difficulty to distinguish between confined and semi-confined aquifers
in the complex multilayer hydrogeological setting of the Po Plain (Figure 2), we decided
to treat the data from confined and semi-confined aquifers together both for the statistical
analysis and the map production.

In order to test for statistically significant differences between warm and cold seasons
sub-populations and between different aquifer type, the Kruskal–Wallis nonparametric test
was applied to our database [54,55].

The samples were classified according to the chemical and physical parameters (elec-
trical conductivity-EC; water hardness; temperature). Boxplots for all components were
created to assess the effects of aquifer type. Hydrochemical facies were assessed based on
the concentrations of main dissolved ions using the Langelier–Ludwig diagram [56]. The
ratios Na+/K+, Ca2

+/Mg2
+, SO4

2−/Cl− were also calculated to distinguish the dominant
species. The distributions of the associated ion pairs Ca2+-HCO3

−, Na+-Cl− Mg2+-SO4
2−,

K+-NO3
− were defined to assess the origin of the main ions and the lithological effect on

groundwater quality.
In order to investigate distributions of metals and compounds of environmental

interest, three criteria of selection were applied:

• The analyses were carried out by at least four regions (Table S1 in Supplementary Material);
• The data population had at least 25% of the values > D.L. (Table S2 in Supplementary

Material);
• Presence of regulatory limits for the analyte that impose a maximum allowable

concentration.

Based on these criteria, the selected elements were: NO3
−, NH4

+, As, Fe, and Mn.
Elaboration of all spatial distribution maps of groundwater parameters and compo-

nents were carried out by QGIS software after the merge and conversion into a uniform
coordinate system (WGS84/UTM zone 32N, EPSG: 32632).
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3. Results and Discussion
3.1. Groundwater Dataset

Table 1 shows the main descriptive statistics and Figure 2 the boxplots of all physic-
chemical parameters and ions concentrations grouped according to the aquifer type. For
completeness, the descriptive statistic of the entire database is reported in Table S1 of the
Supplementary Material.

As can be seen in Table 1, the Kruskal–Wallis non-parametric test on the aquifer types
shows a statistically significant differences for most chemical and physical parameters
and these will be discussed in the following sections. On the other hand, the same test
performed on warm and cold season datasets (Tables S3 and S4 in Supplementary Material)
points out that the only statistically significant differences regard temperature and pH in
the confined and semi-confined aquifers, while Eh and PO4

3− in the phreatic aquifers.
Generally, temperature values are slightly higher in the summer season and in the

confined aquifers, as it is expected. Values range between 6.0 ◦C and 31.0 ◦C, with 98%
of samples classified as cold water, and 2% as thermal water. As reported in Table S3 in
Supplementary Material, the populations analyzed show the same median of 15.0 ◦C, and
most values are between 13.7 ◦C and 16.4 ◦C in line with the Italian patterns of shallow
groundwater temperatures [57]. Anomalous values above 20.0 ◦C were found in all aquifer
types, regardless of the season. The differences found in most of the data are of the order
of 1/10 of a degree, so effects related to seasonality or aquifer type cannot be established
with certainty.

The distribution of pH values highlights the presence of an effect due to the type of
aquifer (Table 1). The pH values increase from acidic and neutral condition in the phreatic
aquifers to mean value of 7.5 and maximum of 9.1 in the confined aquifers. The median of
the phreatic aquifers (7.3) is equal to the 25th percentile of the other population.

The recorded values are typical for groundwater; neutral and slightly acid pH values
are found in the phreatic and shallow aquifers due to the contribution of meteoric water
(meltwater and precipitation) that infiltrates and percolates. The pH varies depending
on the composition of rocks and sediments that surround the pathway of the recharge
water infiltrating to the ground and varies depending on the residence time. The longer the
contact time, as in the confined aquifers, the larger the effect of the rock chemistry on the
composition and on the groundwater pH. Dissolution of carbonate-rich rocks (limestones
and marbles) and silicate weathering result in an increase of pH.

The water of the Po plain have a hardness ranging from 13 mg/L to 4950 mg/L
(Table 1). In general, medium hard water prevail (32%), followed by hard water (29%),
moderately hard (18%), and soft water (12%). The 7% of the samples analyzed had very
high hardness values, exceeding 540 mg/L, which can be easily identified as the outliers in
the distributions (Figure 2). There is a slight effect linked to the type of aquifer analyzing the
different populations: in confined and semi-confined aquifers, low and medium hard water
prevail, while in phreatic aquifers medium hard and hard water dominate. In phreatic
aquifers located along the coastal areas of the plain, the absolute highest values of over
2000 mg/L are recorded. As can be seen in Figure 3a,b, water ranging from very soft to
medium hard are found in PIE and in the western part of the plain. On the contrary, EMR
water tend to be harder, with water from very to extremely hard and values that exceed
2000 mg/L along the Ravenna and Ferrara coastal areas, where the highest EC values are
recorded, too (Figure 4). This different in values is related to the higher composition of
carbonate rocks, sedimentary deposits, and flysch in the Apennine zone compared to the
metamorphic rocks that characterize the PIE region, and volcanic rock in the north of VEN
and FVG (Figure 1).
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Table 1. Descriptive statistics of the main chemical–physical parameters and ions concentrations grouped according to the aquifer type. * Parameters significantly
different between seasons (Krustal–Wallis value < 0.05).

Confined and Semi-Confined Aquifers Phreatic Aquifers

Parameter Total Obs Missing
Obs

Valid
Obs Min Max Mean Std.

Dev.
Total
Obs

Missing
Obs

Valid
Obs Min Max Mean Std.

Dev. Kruskal–Wallis

Hardness (mg/L) 1428 19 1409 2 1503 274.6 164.4 2243 20 2223 13 4950 322.2 234.0 <0.0001 *
T (◦C) 1428 376 1052 8 31 15.2 1.7 2243 647 1596 6 26.3 15.2 2.2 0.767

pH 1428 24 1404 6 9.1 7.5 0.3 2243 50 2193 5.5 8.7 7.3 0.4 <0.0001 *
Eh (mV) 1428 1020 408 −195 292 30.7 118.8 2243 1832 411 −121 504 152.3 92.8 <0.0001 *

EC (µS/cm) 1428 20 1408 91 6284 643.6 555.0 2243 31 2212 63 35,603 704.1 1464.3 0.001 *
Ca (mg/L) 1428 19 1409 1 276 70.5 42.7 2243 17 2226 7.8 450.1 90.3 44.4 <0.0001 *
Mg (mg/L) 1428 20 1408 3.1 229 24.4 20.0 2243 18 2225 1 816 24.3 39.8 0.096
Na (mg/L) 1428 19 1409 1 1253 47.7 98.8 2243 19 2224 0.5 8310.5 38.3 331.6 <0.0001 *
K (mg/L) 1428 16 1412 0.1 95.1 2.2 3.7 2243 17 2226 0.1 423.1 5.5 22.9 <0.0001 *

HCO3
− (mg/L) 1428 69 1359 44 2385 350.3 217.9 2243 137 2106 23 1564 320.5 154.8 0.191

SO4
2− (mg/L) 1428 36 1392 0.5 526 31.9 46.7 2243 34 2209 0.5 1888 52.5 89.0 <0.0001 *

Cl (mg/L) 1428 24 1404 0.5 1870 45.8 149.0 2243 35 2208 0.5 14,362 63.9 608.0 <0.0001 *
PO4

3− (mg/L) 1428 185 1243 0.001 3.188 0.1 0.3 2243 532 1711 0.001 22.9 0.1 0.7 <0.0001 *
NO3

− (mg/L) 1428 23 1405 0.01 166 9.3 15.7 2243 32 2211 0.01 190 22.5 21.0 <0.0001 *
NO2

− (mg/L) 1428 60 1368 0.1 3191 6.6 96.4 2243 100 2143 0.1 1085 8.0 43.7 <0.0001 *
NH4

+ (mg/L) 1428 20 1408 0.001 43.2 1.4 3.7 2243 31 2212 0.001 50.0 0.3 2.2 <0.0001 *
F (µg/L) 1428 128 1300 1 3000 125.6 249.9 2243 395 1848 1 1064 40.9 94.4 <0.0001 *
Fe (µg/L) 1428 31 1397 0.05 21,200 682.5 1803.0 2243 101 2142 0.05 20,100 277.1 1190.6 <0.0001 *
Mn (µg/L) 1428 32 1396 0.001 2659 91.7 202.2 2243 98 2145 0.001 2863 74.0 229.8 <0.0001 *
As (µg/L) 1428 363 1065 0.01 434 7.7 27.9 2243 715 1528 0.01 342 2.3 12.8 <0.0001 *
Ba (µg/L) 1428 840 588 0.1 2536 285.7 307.0 2243 1653 590 0.1 1059 125.8 145.0 <0.0001 *
B (µg/L) 1428 370 1058 0.001 2120 209.4 325.0 2243 698 1545 0.001 1965 82.3 175.6 <0.0001 *

Zn (µg/L) 1428 37 1391 0.1 12,689 139.4 632.1 2243 160 2083 0.1 11,900 106.1 514.9 0.091
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The EC referred to 20 ◦C shows a wide range of variation between 63 µS/cm 35,603 µS/cm
(Table 1). The distribution is very non-homogeneous: most of the water are classified as
medium-mineral (85%), 11% as low-mineral and 4% as mineral. In this case there are no
differences due to seasonality, but the populations of the analyzed aquifers are slightly
different from each other (Tables S3 and S4 in the Supplementary Material). Both types
of aquifers have similar EC mean and differ in the interquartile range (Figure 2), which is
higher for the confined aquifers. There are many outliers exceeding 2500 µS/cm (Figure 4).
The highest EC values are recorded in the shallow unconfined coastal aquifers along
the EMR coastal areas, with the maximum value of 35.6 mS/cm in the Comacchio (FE)
area. Their origin can be related both to saltwater intrusion and to the presence of relict
water that are well documented in this area [43,57–59]. High values recorded in the EMR
Apennine zone are due to dissolution of evaporite formations present in that area (Figure 1,
Gessoso-Solfifera and Anidriti di Burano formations) [60].

In the confined aquifers (Figure 4b) the highest values are found mainly along the Po
River course and the EMR coastline, corresponding to extremely hard water shown in Figure 3.

3.2. Hydrochemical Facies and Major Elements

Given that the statistically significant differences in the dataset are between aquifer types
and not between seasons (cfr. the Kruskal–Wallis test results in Table 1 and Tables S3 and S4
in Supplementary Material), we decided to only show maps related to the warm season,
which consists of the largest dataset.

In all aquifers (Figure 5), Ca-HCO3 is the dominant hydrochemical facies with 85%
of water samples. The second most detected facies is Ca/Mg-HCO3 (5%) followed by
Na-HCO3 (3%), Mg-HCO3 (2%), Ca-SO4 (1%), Na-Cl (1%), and Ca-Cl (1%), while the remain-
ing water are classified as K-HCO3, Ca/Mg-Cl, Mg-Cl, Ca/Mg-SO4, Na-SO4, and Na/K-Cl.

Ca-HCO3 and Ca/Mg-HCO3 water are evenly distributed throughout the study
area, in line with the characteristics of groundwater present in the aquifers of temperate
regions as reported by various authors [42,61–63]. Their origin is due to the dissolution of
carbonate deposits [64], which are the main minerals constituting the aquifers [14]. The
distribution of other hydrochemical facies is not homogeneous in the different aquifers and
it is conditioned by local effects as following described.

In the phreatic aquifers, the majority of samples are Ca/Mg-HCO3 water, while the second
most numerous group includes Ca/Mg-Cl/SO4 water as shown in the Langelier–Ludwig
diagram in Figure 5a. The Ca2+ and HCO3

− are the dominant species, while high concentrations
of Mg2+ are detected in PIE, linked to ophiolite outcrops [65], and in the area between Garda Lake
and Veneto-Friulan high plain due to the dissolution of the abundant dolomite deposits [66].

The few water samples classified as Na/K- Cl/SO4 water are in the Emilian hinterland,
in the high plain of the border between PIE and LOM, and along the Adriatic coast. In the
Emilian hinterland, high concentrations of Na+, K+, and SO4

2− are due to the use of fertiliz-
ers that are rich in macro (N, P, and K) and meso elements (Mg, Ca, and S) and are important
in plant nutrition, processes of integration, protection, and development of crops. Close to
Imola and the border between Reggio-Emilia and Modena, the concentration of sulphates
and calcium increases considerably, due to the local lithologic outcrops rich in Triassic
evaporite formations and Messinian gypsum [67]. In the central-western aquifers (PIE and
LOM) the effect is due to the interaction between water and evaporitic rocks formed during
the phases of marine transgression of the Quaternary [42,68,69]. It is not excluded that the
increase in concentrations of Na+, K+, Cl−, and SO4

2− occurring at the border between
LOM and PIE and in the central portion of the plain along the course of the Po River may
be caused by anthropic activities, such as agriculture or urban wastewater treatment, being
these phreatic aquifers in an agricultural context. Samples collected close to the low coastal
plain of both EMR and VEN are affected by saltwater intrusion phenomena [57,59] and
groundwater salinization due to relict water [43]. EMR coastal shallow aquifers are widely
impacted by the phenomena of soil and water salinization [8,57,58,70,71], also testified by
the highest EC values of the database, here recorded.
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The presence of Ca-Cl or Ca/Mg-Cl water detected in the terminal portion of the
Alpine chain (PIE, LOM, and EMR), could be due to processes of anaerobic decomposition
of organic matter. These stations record high concentrations of HCO3

−, Fe, and Mn, low
concentration of SO4

2−, and high EC values, all signals testifying processes of organic
matter decomposition [72,73]. Redox values cannot be checked to confirm this hypothesis
because the parameter is missing in the database. In addition, the dominant activity in
these areas is agriculture, so the high Cl concentrations could also result from irrigation
or fertilizer use [74]. A further hypothesis concerns the possibility that in these areas
traces of contamination of chlorinated solvent are present as indicated by Vanzetti et al.
(2016) [75]. These compounds could release chloride ion into the water when subjected
to decomposition by microorganisms present in aquifers [75]. The Ca/Mg-SO4 water
are limited in confined areas at the foot of the Apennine chain. In such areas, rainwater
interacting with Triassic and Messinian evaporitic rocks causes dissolution and the release
of SO4

2− and Ca2+ in groundwater [69].
In confined aquifers, 89% of the water samples are classified as Ca/Mg-HCO3, with an

increase of 7% in Na/K-HCO3 water compared to the phreatic aquifers (Figure 5b); while
Na-Cl, Na-SO4, and Ca-MgSO4 water constitute 4% of the total database for semi-confined
and confined aquifers.

In the north-west confined aquifers, the water composition reflects the above phreatic
aquifers: Mg2+ and HCO3

− are the dominant ions and their origin is linked to the geological
context [76]. The Mg-HCO3 facies located in the westernmost part of the plain (PIE) is
due to the contribution of ultramafic rocks (Figure 1) and the dissolution of Mg2+. The
samples have Ca2+/Mg2+ ratio of 1:3, typical of water circulating in serpentinites [76]. In
this area of the plain, concentrations of Cr and Ni higher than threshold values (50 µg/L
for Cr, 5 µg/L for CrVI and 20 µg/L for Ni) are found and originate from the ophiolites
and serpentinites outcrops, which constitute a constant natural source of these elements
into the water [65,77].

The sulfate-rich water are mainly detected in the central EMR area, close to the
Apennine border but are present also as isolated samples moving towards the coastal area.

Na-HCO3 water are mainly located in the central area of the plain, in EMR. The water
circulation inside the confined aquifers is very slow (less than 10 m/year), while in phreatic
aquifers it is between 0.1 and 5.0 m/day [42]. The high residence times allows the cation
exchange process in fine sediment between Na+ of marine water and Ca2+ of freshwater as
found in previous studies carried out in EMR and FVG [63,78]. Ionic exchange processes
between Ca2+ and Na+ are very evident in the central area of the plain, where many Na-
HCO3 water samples with extremely high EC are detected [69]. The origin of these water is
most probably linked to the presence of relict marine water, considering the distance from
the current coastline.

3.3. Trace Elements and Inorganic Nitrogen

Among the selected elements in paragraph 2.2., we present maps of NH4
+, Fe, Mn,

and As distributions in phreatic and confined aquifers.
Nitrate contamination of Northern Italian aquifers is well documented [79–83], while

less is documented about NH4
+ distribution. Nitrate pollution is widespread through

much of the plain (in PIE, EMR, along the Apennine alluvial fans, and in the low LOM
plain; cfr. Figure S1 in Supplementary Material). This is connected above all with the
massive presence of intensive farming and extensive use of nitrate fertilizers, with the
disposal of stockbreeding waste, and with seepage from the urban sewage systems [42,79].
Nitrate pollution reaches its highest levels (also over 100 mg/L) in the areas bordering
the Alps and the Apennines where the hydrogeological structures appear to be the most
vulnerable and land utilization the most intense. The absence of continuous aquitards,
especially in the areas of aquifer recharge, allows nitrate leaching from shallow to deep
aquifers. Contamination of confined aquifers is extremely localized since, in anaerobic
condition, nitrate is reduced to NH4

+.
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Figure 6 shows NH4
+ concentration in the phreatic and confined aquifers. While in

shallow aquifers, most of the water samples (77%) have concentrations <0.10 mg/L, 32%
of the samples collected in semi-confined and confined aquifers show values above the
legal limit of 0.5 mg/L, set for water intended for human consumption (D.Lgs. 31/01 [84]).
Ammonium in phreatic aquifers is found mainly in lowland areas (Figure 6a). Ammonium
is used as fertilizer, especially in areas of intensive agriculture, such as the lower VEN plain.
However, the presence of NH4

+ is also strongly linked to organic matter decomposition pro-
cesses, especially in aquifers characterized by the presence of peat and humic layers, such as
in VEN, lower LOM and EMR [85,86]. Mastrocicco et al. (2013) [87] has demonstrated that
in the phreatic coastal aquifers of the EMR, NH4

+ is the prevalent nitrogen inorganic species
in groundwater, and its concentration increases with depth and salinity. Very high NH4

+

concentrations are found in coincidence with peaty sediments of salinized anoxic aquifers
and in the low-lying aquitard and are not related to anthropogenic sources. In particular,
the elevated NH4

+ concentration derives from mineralization of organic matter present in
fine sediments deposited in paleo-marsh environments, as supported by the significant
correlation observed between HCO3

− and NH4
+ in the confined aquifers (Figure 7). It is

difficult to certainly establish if water samples exceeding the NH4
+ threshold in Figure 6

are due exclusively to anthropic impacts; it is more correct to affirm that farming activities
cause a local intensification of natural NH4

+ background.
In confined aquifers, NH4

+ concentrations higher than 0.5 mg/L are found down-
stream of the spring line (fontanili), limited to the EMR plain and the lower VEN plain
(Figure 6b); in both cases the natural origin is established [85,86].

Moreover, Fe and Mn distributions significantly differ between phreatic and confined
aquifers (Figure 8 and Figure S2 in the Supplementary Material). Dissolved Fe and Mn
concentrations in water are strongly influenced by redox conditions; Fe2+ and Mn2+ are
more soluble in acid or reducing conditions, so higher concentrations are found in reducing
groundwater, typical of deep aquifer; while are precipitated rapidly with increasing pH and
Eh, forming (hydro)oxides and decreasing Fe and Mn concentration in water. The amount
of dissolved Fe also depends on the presence of complexing agents in solution, such as Cl−,
F−, SO4

2−, PO4
3−, and organic matter; while concentration of carbonate, bicarbonate and

sulphate ions affect dissolved Mn due to the formation of complexes.
In the phreatic aquifers (Figure 8a), where oxidizing conditions should theoretically be

dominant, 66% and 57% of the samples show Fe and Mn concentration <D.L., respectively.
However, most of the remaining samples have values that well exceed the legislative
threshold of 200 µg/L for Fe and 50 µg/L for Mn (D.Lgs 31/01 [84]), sometimes even 1
order of magnitude. Most of the samples with high Fe concentrations are located along the
Po River, in the lower VEN plain and at the base of the Apennines. The high concentrations
recorded on the border between PIE and LOM, showing an increase in the warm season
compared to the cold period, could be due to the submersion of the paddy fields. This effect,
however, has not been documented by local studies, but it is known in the literature [88,89].
Paddy fields are reducing environments developing because of the long term presence of
water flooding the land. Here, the Fe/Mn mineral-rich strata and soil with abundant organic
matter act as sources of Fe and Mn to the groundwater and the reductive environment
in the lower terrain and areas containing water bodies favor Fe and Mn dissolution in
the groundwater. Moreover, NH4

+ generated by the application of N fertilizers during
agricultural activities can promote the reduction of Fe–Mn oxides and cause Fe and Mn to
be released into the water [89].
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In confined and semi-confined aquifers (Figure 8b) more than 32% and 41% of
samples have values higher than the Fe and Mn legal thresholds, respectively. Being
the deep aquifer less affected by anthropogenic activities, these exceedances are due to
natural background [90].

Figure 9 shows As distribution. The mobility of this element in water strongly depends
on the oxidation state: the reduced form (As3+) has greater mobility, while the oxidized form
(As5+), which is found as oxyanions, tends to be absorbed by Fe-, Al-, and Mn- hydroxides
and, to a lesser extent, by clay minerals and organic matter, favoring precipitation and
removal from solution. In alluvial plains, the reductive dissolution of Fe- and Mn- oxides
and hydroxides, linked to the anaerobic degradation of peat layers, has been identified
as the main As source from sediment to groundwater [91–94]. The peat was formed in
the meanders abandoned by the rivers and in the water stagnation areas of the main
watercourses and were buried and incorporated into the stratigraphic sequence by the
subsequent alluvial depositions of the rivers [95].

The As distribution in the aquifers of the Po Valley reflects the NH4
+ distribution

(Figure 6). Most of the water samples (75%) have concentrations <L.R., while the majority
of values above legal threshold (10 µg/L) are localized in the semi-confined aquifers, where
the effect of organic matter degradation could be greater than in deeper confined aquifers.
Moreover, Carraro et al. (2015) found the main anomalies at depths between 10 m and 80 m
below the ground [93].

The anomalous samples are concentrated in the central area, in the lowlands of VEN,
LOM and EMR. The presence of extreme values in these areas have been extensively
documented by many studies [86,93,96]. It must be noted that some difference is found
compared to our study. In the phreatic aquifers of the lower VEN plain, high concentrations
(>100 µg/L) are mainly located in the province of Rovigo; however, Carraro et al. (2013) [97]
detected concentrations higher than 300 µg/L in many wells around the Venetian area,
which, according to the authors, represent natural hot-spots. In the EMR confined aquifers,
several water samples exceed the background values of 170 µg/L identified by ARPAE [98],
with values around 275 µg/L in the provinces of Bologna, Ferrara, and Ravenna.
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4. Conclusions

For the first time in Italy, this study allowed to integrate in a single and homogeneous
database all the freely available geochemical groundwater data separately collected by
the ARPAs of the Northern Italy (Piedmont, Lombardy, Veneto, Friuli-Venezia Giulia,
and Emilia-Romagna) during 2018. The developed database permitted to describe the
geochemical processes of a wide and complex aquifers system, providing a complete and
unique overview on the natural and anthropic processes characterizing the entire Po plain.

Nevertheless, the study demonstrated that the application of a rigid protocol of data
management including data assembling, reformatting, correction, homogenization, and
then grouping into homogeneous aquifer type (phreatic, semi-confined, and confined) al-
lowed the comparison of groundwater data originally collected using different management
and analytical protocols.

From the geochemical point of view, mineralization and hardness are higher in the
Apennine and easter Alpine sectors than in the western Alpine sector due to the prevalence
of carbonate sedimentary rock in the first case, and clasts of crystalline rock in the second.

The phreatic aquifers of Northern Italy are more exposed to contamination phenomena
related to anthropic activities than confined aquifers, especially in the central area of the Po
plain, where agricultural and livestock activities abound. In these contexts, water show
high values of Na, K, and N, present both in the form of NO3

− and NH4
+, which can

be linked to agricultural fertilizers. It is difficult to certainly establish if water samples
exceeding the NH4

+ threshold are due exclusively to anthropic impacts; it is more correct
to affirm that farming activities cause a local intensification of natural NH4

+ background.
Paddy fields on the border between PIE and LOM seem to be responsible for high Fe and
Mn concentrations due to local anoxic conditions during the flooded period.

Ongoing saltwater intrusion phenomena are evident in the shallow unconfined coastal
aquifers along the EMR coastal areas. At the foot of the Apennine, the dissolution of
evaporite formations is evident and marked by high EC values as well as Ca-SO4 dominant
facies, recorded in shallow and deep water samples.

Throughout the Alps, regardless of the type of aquifer, high concentrations of Mg are
found, the origin of which is identified with the dissolution of ultramafic rocks in PIE, and
with the dissolution of dolomite in the stretches of the plain east of Garda lake in VEN.
The presence of Na-Cl water along the Adriatic coast is associated with saltwater intrusion
phenomena, while in the hinterland it is more due to the dissolution of evaporitic rocks or
the upwelling of fossil water.

In the confined aquifers of the central plain, the long residence times of groundwater
allow cation exchange processes in fine sediment between Na+ of relict marine water and
Ca2+, generating Na- HCO3 water with extremely high EC. The negative redox potential,
the absence of interaction with oxygenated water, and the dissolution of Fe and Mn oxide-
hydroxides testified the mineralization of the abundant organic matter present in fine
sediments, with consequent increase in NH4

+, Fe, Mn, and also As in deep groundwater.

5. Recommendations

This work highlights the need of structuring a nationally (or even over-national)
consistent geochemical database that provides baseline information on the abundance, tem-
poral, and spatial variation of chemical elements in groundwater allowing a comprehensive
overview of the entire groundwater resources that go beyond the regional or national
borders. For these reasons the outcomes of this study should be used in the future for
paving the road toward a shared analytical protocol between all the stakeholders involved
in groundwater management aiming at developing a long-term groundwater monitoring
plan that goes beyond the administrative regions or national borders. The final scope must
be an integrated and homogeneous monitoring plan able to continuously highlight the
status of wide and complex aquifer systems, like the one presented in this paper.

This could represent a significant added value to the knowledge that has been achieved
over the years, by reducing the organizational and administrative fragmentation of water
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data platforms and local entities, and by bringing significant benefits to the consultation
and management processes. However, the process could be quite expensive and time
consuming because the implementation would require costs in terms of data management
systems, data repositories and portals, as well as sharing analytical methods, data validation
and processing by the different local environmental agencies in charge of the activities
(ARPAs) or even between bordering Countries.

The main limits highlighted by this study have been in converting, reformatting,
combining, and preserving disparate geochemical data (not homogenous analytical pools
of metals and compounds, different D.L.s and CRSs, lack of metadata, missing data, etc.,)
stored in different archives. It is necessary that the environmental data provided by the
different local agencies (or bordering Countries) are homogeneous, consistent in sample
collection protocols, analytical methods used, and number of analyzed elements, especially
regarding trace elements. Long time-series of water quality observations, based on regular
collection and processing, remain critically important for an integrated management of
water resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12157944/s1, Table S1: Parameters monitored in the Re-
gions; Table S2: Number of total analyzed water samples and % of data after the validation and
cleaning processes; Table S3: Descriptive statistics of the database; Table S4: Comparison between
cold and warm seasons databases for confined and semi-confined aquifers; Table S5: Compari-
son between cold and warm seasons database for phreatic aquifers; Figure S1: NO3

− distribution;
Figure S2. Mn distribution.
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