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Abstract: Hydrogeological maps must synthesize the scientific knowledge about the hydraulic
features and the hydrogeological behavior of a specific area, and, at the same time, they must meet
the expectations of land planners and administrators. Thus, especially in complex interconnected
systems, hydrogeological maps can be fully effective when they are purpose-designed. In these
contexts, usual graphical approaches in creating hydrogeological maps could result uncomplete
and/or ineffective. Therefore, in case of complex systems and/or specific management/protection
aims, new and purpose-designed graphical solutions must be applied to enhance the maps
effectiveness. In the case study, these solutions show and emphasize all the hydraulic
interconnections playing significant roles in recharging the multilayered alluvial aquifer, where the
majority of wells have been drilled for drinking/industrial/agricultural purposes, artificial channels
are used for agricultural purposes, and the shallow groundwater feeds protected groundwater-
dependent-ecosystems. The hydrogeological map was then designed to be the synthesis of three
different and hydraulically interconnected main contexts: (i) the main heterogeneous alluvial
aquifer (the main target of the purpose-designed map), (ii) the hydrographic basin of a losing river
that feeds the main alluvial aquifer, and (iii) those hard-rock aquifers (mainly turbiditic and
ophiolitic) whose springs feed the same river.

Keywords: hydrogeological map; interconnected surface-groundwater systems; water resources
management.

1. Introduction

The natural aquifer recharge is potentially made of three different components: (i) the direct
recharge, coinciding with the effective infiltration of local precipitation, (ii) indirect recharge, due to
losing streams (or occasionally floods from rivers), (iii) indirect recharge, due to lateral inflow from
adjacent upgradient aquifers. The existence of one or more of these components, as well as their
proportions where they coexist, depend on (hydro)geological, hydrological and geomorphological
features. When studying interconnected surface- and ground-water systems in wide areas, the
groundwater availability in the downgradient aquifer is the net balance between the total input
coming from all the components and the total output from each portion of the interconnected system.
As a consequence, in agreement with the general suggestions of Struckmeier and Margat [1], when
making hydrogeological maps in these hydraulically interconnected systems, graphic solutions must
be used to allow “scientists” and “non-scientists users” (planners and administrators) to find the
information they need to solve problems (applied science) or make decisions (planning and
administration), taking also into account the possible cause-effect relationships at system scale. In
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synthesis, hydrogeological maps must synthesize the scientific knowledge about the hydraulic
features and the hydrogeological behavior of a specific area, and, at the same time, they must meet
the expectations of the map users, who must find (fast and easy enough) the particular information
they need to avoid experiencing negative domino effects when managing water resources in this sort
of “basin-in-series” systems. Thus, especially in complex interconnected systems, hydrogeological
maps can be really and completely effective when they are purpose-designed. This approach in
designing hydrogeological maps is of utmost importance in areas where the same water resources
have an ecological relevance (e.g., in case of groundwater-dependent-ecosystems [GDEs]) and are
utilized for human purposes.

Based on these considerations, the main aim of the present work was to find solutions for
reconstructing purpose-designed hydrogeological maps involving complex surface-groundwater
systems, were multiple uses and values are associated to water resources. The choice of the test area
felt on the wide system belonging to the Parma alluvial aquifer and the Taro River basin. From the
hydrogeological point of view, it is characterized by several hard-rock mountain aquifers and a flat
heterogeneous alluvial aquifer, as well as a losing river. On the other hand, at this site water resources
flowing within the heterogeneous alluvial aquifer feeds GDEs and are utilized for drinking, industrial
and agricultural purposes. In agriculture, intensive models prevail in the flat areas, while organic
techniques and protected areas, regional and national parks are prevalent within the mountainous
Apennines (e.g., [2]). Some mountainous agri-food products (e.g., Parma Ham, Parmigiano Reggiano
cheese; mushrooms from Borgotaro) have Designation of Origin (PDO) and Protected Geographical
Indication (PGI) labels (e.g., [3]), while others are traditional products linked to ancient varieties of
animals and plants for which there is an increasing interest in the specific market [4,5]. Industrial
activity in Parma is strongly oriented towards the agro-alimentary sector (e.g., large-scale pasta and
baked goods, and dairy manufacturers which are world leaders in their sectors). The leading role of
Parma industry is also linked to the production of food machinery, packaging and preservation
machines and equipment. Other industrial sectors belong to personal care and well-being, such as for
example pharmaceuticals and perfumery [6].

2. Study Area

The research was carried out in the hydrogeological basin of the Taro River and in the connected
alluvial aquifer developing from the northern Apennine margin to the Parma plain (Northern Italy;
Figure 1). The Northern Apennines are a fold-and-thrust belt composed of a pile of NE-verging
tectonic units that developed as a consequence of Cenozoic collision between the European plate
(Corso-Sardinian block) and the Adria plate. The tectonic units belong to the Ligurian, Tuscan and
Umbria-Romagna domains. The Ligurian units represent the uppermost tectonic units in the
Apennine nappe pile and correspond to allochthonous terrains originally deposited in an oceanic
realm (the Ligurian-Piedmontese sector of the Alpine Tethyan ocean) composed of ophiolites and
their Jurassic to Eocene sedimentary cover. These units tectonically overlie the Tuscan and Umbria-
Romagna units, originally deposited on the passive margin of the Adria Plate since the middle
Triassic to early Cretaceous and on convergent to collisional margin since middle Cretaceous till
present, consist of a lower succession of carbonate rocks of Mesozoic—Cenozoic age and an upper
thick succession of siliciclastic foredeep sediments of Oligocene—Miocene age [7,8]. During orogenetic
uplift from the Eocene to the Messinian, episutural and wedge-top basins were set on top of the
Ligurian units, giving rise to the Epiligurian Succession.
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Figure 1. Tectonic map of the Northern Apennines (from [7], modified).

From the Messinian to the present, at the front of the chain, the Po Basin represents the northern
Apennines foredeep, nowadays filled by Plio-Pleistocene turbidite and deltaic syntectonic marine-
regressive sequences, heavily influenced by the uplifts of the several thrust fronts buried under the
plain [7,9,10]. As well as the upper Emilia-Romagna plain and Apennine foothills, Parma plain is
mostly characterized by this marine-to-continental regressive sedimentary succession. The sequence
of units (or synthems sensu [11]) is characterized at the base by hectometric thicknesses of Pliocene
clay marine sediments above which, progressively more continental deposits from shallow marine
and fan-deltas to today’s plains and foothill alluvial fans, discordantly overlapped during Pleistocene
till the present (Figure 2).
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Figure 2. Geological Section (from [12], modified).

Due to their different lithological composition, geological units of the study area may have
different hydrogeological behaviors, studied by several works over the entire Apennines and Po Plain
as extensively reported in the specific sections below.

3. Hydrogeological sub-systems

The main sub-systems within the study area are several hard-rock aquifers and one large
heterogeneous alluvial aquifer. Hard-rock aquifers are made mainly of ophiolitic rocks or turbiditic
(carbonate and siliciclastic) successions. From the hydrogeological point of view, the alluvial aquifer
is downstream with reference to the hard-rock aquifers. Nevertheless, there is no direct groundwater
inflow from ophiolitic or turbiditic aquifers towards the alluvial one, due to the interposition of
Pliocene clay marine sediments (Figures 2 and 6). The alluvial aquifer is recharged directly, through
the effective infiltration of local precipitation, and indirectly, through the Taro losing river.

Ophiolitic aquifers in the Italian Apennine chain are characterized by ([13-15]; Figure 3]
hydraulic compartmentalization due to one or more of these factors: (i) low-permeability fault cores,
that partially or totally impede groundwater flow, (ii) displacement of the aquifer bottom, due to
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faulting. In some cases, ophiolitic rocks are characterized by vertical heterogeneity, therefore causing
the coexistence of shallow perched temporary groundwater and deeper groundwater [13,16].
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Figure 3. Hydrogeologic conceptual model of the Mt Prinzera aquifer system. Legend — 1: ultramafic
aquifer; 2: aquiclude; 3: discontinuous aquitard; 4: fault; 5: fracture; 6: perched groundwater phreatic
surface; 7: basal groundwater piezometric surface; 8: flowline of the perched groundwater; 9: flow
line of the basal groundwater; 10: springs and their code; 11: infiltration within the unsaturated
ultramafic medium. (from [13], modified).

Turbiditic aquifers of the Italian Apennine chain are mainly or exclusively made of sandstones
and/or marls. From the hydrogeological point of view, they belong to three main conceptual models.

In some cases, they are characterized by significant vertical heterogeneity, due to stress release
fracturing and/or weathering that enhance rock permeability in the near-surface bedrock ([17,18];
Figure 4). In this case, the upper bedrock is characterized by relatively high hydraulic conductivity
(in the order of 106 m/s; [18]) that allows significant groundwater recharge and flow. Differently, the
deeper bedrock is characterized by very low hydraulic conductivity (in the order of 108 m/s; [18]) and
groundwater flow is more significant within possible networks of damage zones associated to faults.
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Figure 4. Variation of hydraulic conductivity (k) with depth in a turbiditic aquifer (from [18],
modified).

In other contexts, post-depositional processes increased rock permeability of larger volumes,
due to fracture development in the competent layers. Within these successions, there is no contrast
in permeability with depth, between a shallower and a deeper bedrock, and a unique groundwater
flows in a low-permeability continuum at basin scale. Despite the significant heterogeneity of the
medium, the basin scale hydraulic continuity is probably due to fracture networks associated to folds
and faults, that break the lower-permeability layers, therefore minimizing the aquiclude role
potentially played by each one of these layers ([19]; Figure 5).
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Figure 5. Hydrogeological model of a turbiditic aquifer (from [19], modified).

The main features of the two models described above sometimes coexist and are further
complicated by landslide processes, converging in a third conceptual model. In that case, a unique
groundwater flows in a low-permeability continuum at basin scale, but significant layered
heterogeneity causes the whole system to be characterized by the coexistence of fast and shallow
pathways, and deeper and more prolonged ones [20]. As demonstrated merging hydrogeological,
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microbial and zoological data in a test site [21,22], rapid percolation is observed in the near-surface
unsaturated zone, and fast groundwater flow is observed in the shallow bedrock. Differently, within
the deeper bedrock, heterogeneities can cause a significant variation of the hydraulic head with depth
[23], and the lower permeability causes the slowdown of groundwater flow. The variation in flow
velocities and residence times within the whole heterogeneous system can be further emphasized by
very low permeability slip surfaces of landslides, that sometimes act as permeability barriers, as
demonstrated by Petrella et al. [24] within the study area.

In the wider context of all the hard-rock aquifers, significant groundwater exchange is then
possible between adjacent aquifers of the Apennine chain. However, at this stage, no detailed studies
have been carried out on this topic, and purpose-designed investigations must be developed in the
near future.

The alluvial aquifer corresponds to the Pleistocene alluvial synthem, lithologically defined by
alternating gravels, sands, silts, and silty clays, and generated in the area by the depositional
dynamics of the ancient Taro River. At the bottom of the succession, the high thickness of Pliocene
marine clays is considered as an extensive regional-scale aquiclude [25]. The contact between the
heterogeneous aquifer and bottom aquiclude corresponds to the Pliocene-Pleistocene boundary and
is characterized by several undulations, due to Apennine tectonic compressive action and subsequent
erosion. In the southern end of this aquifer, the alluvial terrace of the Taro River (most recent unit in
the area) is settled with a stratification parallel to the topographic plane. Moving towards the valley
(to the north), a fan of gravel-sand-silt strata opens in depth, with gradually smaller angles of
inclination as the more recent depositions originated it. The resulted geometric and physical feature
of the aquifer arrangement validated its syntectonic nature, contemporaneous with the Apenninic
tectonics activations (Figure 6). The groundwater flows from southwest to northeast at a basin scale
(e.g., [26]) and is recharged by the local effective infiltration and the Taro river waters [26-30].
Concerning the hydraulic properties of the system, Zanini et al. [26,29] calculated a hydraulic
conductivity varying from 1.2 x 10-° to 4.9 x 105 m/s (mean 2.3 x 10> m/s; median 1.7 x 105 m/s) in
coarse-grained horizons, and from 9.3 x 10~ to 1.3 x 107 m/s (mean 1.6 x 10”7 m/s; median 9.7 x 108
m/s) in fine-grained layers. The abundance of silt and fine sands, instead of clay, in the outcropping
fine-grained layers [30] causes the groundwater to be semi-confined in some sub-areas.

In the Northern end of the study area, the shallow groundwater feeds the so-called fontanili
[26,32,33], that are small, semi-artificial, aquatic ecosystems (sensu [34]). These GDEs are typical of
the whole Po River basin, which is the largest Italian watershed. As demonstrated by Severini et al.
[30], they are indirectly recharged also by the losing Taro river.

In the wide context of the whole interconnected system, the losing river causes the
heterogeneous alluvial aquifer to be indirectly recharged by the whole hydrographic basin of the
Taro, including surface runoff and groundwater of those hard-rock aquifers whose springs flow out
into the Taro river basin. The influence of Taro surface waters on the recharge of the alluvial aquifer
is further emphasized by a network of losing artificial open channels used for agricultural purposes
(Figure S1).
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Figure 6. Hydrogeological section showing arrangement of hydrogeological sub-systems at the
contact between Apennines chain and Parma plain.

4. Materials and Methods

Starting from the lithological composition of geological units composing this sector of
Apennines and Plains, four hydrogeological sub-systems were divided at the basin scale. Official
geological mapping (from ISPRA, Regione Emilia-Romagna and Provincia di Parma), supplemented
by outcrop inspections and related scientific literature, have formed the main basis for the distinction.
To each single geological unit an expected hydraulic behavior was attributed and (i) ophiolitic, (ii)
turbiditic, (iii) alluvial and (iv) pelitic sub-systems were defined as the main hydrogeological
domains at the study area scale.

After the initial conceptual subdivision, the hydrogeological map was produced in order to
spatialize these different sub-systems identified in the Taro River hydrographic (and
hydrogeological) basin area. Mapping was executed with Corel Draw graphic software and the
combination of multiple geological units has necessitated constant comparison with official
geological cartography to accurately represent the contacts between the defined hydrogeological sub-
systems. Topographic chart has been used as the geographical reference base of the map so as to
locate major population centers and anthropogenic structures potentially sources of impact.
Geomorphological landforms (landslides, debris, colluvium, etc.) were mostly incorporated to the
unit on which they were formed.

The boundary of the Taro River hydrogeological basin has been defined according to
topography, surface drainage network and extension of aquifer hydrogeological sub-systems.

Once the representation of subsystems was completed, all the symbols capable of providing
hydrogeological insights on the large scale were included in the map.

To improve subsurface information, a section (Figure 6) reconstructed during the present
research was based on a re-interpretation (in a hydrogeological perspective) of stratigraphic profiles
derived from the published database by Regione Emilia-Romagna. At first, after an accurate selection
of the aforementioned subsurface data, the stratigraphic section was constructed having orthogonal
direction to the Apennine front (SW-NE), in order to obtain a self-constructed perspective of the
geological (and hydrogeological) context at the regional scale, considering the nodal zone of the
Apennine to Parma Plain transition.
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5. Hydrogeological mapping strategy and solutions

Usual graphical approaches in creating hydrogeological maps could result uncomplete and/or
ineffective when working on interconnected aquifer systems, where the groundwater pumped for
human purposes and feeding GDEs is recharged through direct (local effective infiltration) and
indirect processes (losing streams, lateral underground inflow from upgradient aquifers). Therefore,
according to other authors (e.g, [14]), in case of complex systems and/or specific
management/protection aims, new and purpose-designed graphical solutions must be applied to
enhance the maps effectiveness. In the case study, these solutions show and emphasize all the
hydraulic interconnections playing significant roles in recharging the multilayered alluvial aquifer,
where the majority of wells have been drilled for drinking/industrial/agricultural purposes, artificial
channels are used for agricultural purposes, and the shallow groundwater feeds protected GDEs. The
hydrogeological map was then designed to be the synthesis of three different and hydraulically
interconnected main contexts: (i) the main heterogeneous alluvial aquifer (the main target of the
purpose-designed map), (ii) the hydrographic basin of the Taro river (the losing river that feeds the
main alluvial aquifer), and (iii) those hard-rock aquifers (mainly turbiditic and ophiolitic), within the
Apennine chain, whose springs feed the Taro river. As per the interconnection between surface- and
ground-waters within the alluvial plain, a dedicated sketch was added to the main map in order to
clearly show the network of artificial channels utilized for agricultural purposes.

Since numerical models are increasingly implemented in hydrogeological studies finalized to
protect, use and manage water resources, the map was also designed to be easily used for modelling
purposes, by emphasizing also (through a second dedicated sketch) the “no-flow boundary” and the
“aquifer bottom”, both corresponding to the Pliocene clay marine sediments that act as (i) hydraulic
barrier between the hard-rock aquifers and the alluvial aquifer, and (ii) the base of the whole
heterogeneous alluvial succession.

In light of the multiple hydraulic interconnections existing within the whole test system and the
significant layered heterogeneity of the main alluvial aquifer, the hydrogeological map must be
linked to one hydrogeological section, at least. This section was reconstructed so as to be able to (i)
show the main heterogeneities within the aquifer system (both layered and discontinuous), (ii)
visualize the coexistence of shallower and deeper groundwater, (iii) emphasize the hydraulic
interconnections between sub-systems, and (iv) suggest the coexistence of groundwater pathways
with different mean residence time.

6. Discussion and Conclusions

The purpose-designed hydrogeological map tested at the study area (i) provides effective and
partially new graphical solutions to describe the main hydrogeological features and processes
characterizing a complex surface-groundwater interconnected system and (ii) points out several
important aspects that meet the needs of the hydrogeologists and the expectations of the map users
(with emphasis on planners and administrators).

In the latter case, this type of map can be used, for example, as a basis for reconstructing reliable
vulnerability maps, in the perspective of groundwater and GDEs protection against pollution (taking
into consideration both direct and indirect contamination sources). As a matter of fact, the test study
highlights that the large alluvial aquifer (whose groundwater feeds GDEs and is used to support the
economic growth of one of the most important industrial areas in Italy and Europe) is vulnerable to
contaminants coming also from the wider upgradient Apennine chain, due to the indirect hydraulic
connection via Taro river. Even if the Parma Apennines are mainly characterized by organic
agriculture and protected areas, they could be also of interest for a new mining exploitation, taking
into consideration the progressive increase of metals and minerals demand from lithium-ion
batteries. This is the case, for example, of the abandoned Corchia mining district, that can be defined
as mixed sulphides (mostly Cu-bearing) ore deposit set into ophiolitic aquifers. As a matter of fact,
mining activities can produce several types of wastes, such as wastewaters, and have long-lasting
and profound negative effects on the downstream receiving aquatic environments (e.g., [35-42]).
Therefore, there is the urgent need to learn from historical mine pollution issues in order to avoid the
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negative environmental impacts of new mining activities in the future. This goal can be achieved by
understanding how potential mine pollution could be transported from its source through a
downstream catchment, and purpose-designed hydrogeological maps give this information to
planners and administrators. In this vulnerability perspective, the hydrogeological mapping strategy
and solutions here proposed are able to suggest, for example, that Corchia mine reactivation would
cause serious environmental damages in the wide interconnected aquatic ecosystem (to groundwater
and GDEs), in case of contaminants release. At the same time, this map will be used to plan and carry
out more detailed studies that can help understanding and estimating (i) the magnitude of expected
impact of the possible Corchia mine reactivation, (ii) the transport time between the potential
contamination source and each of the subsystems coexisting at the system scale, (iii) the influence of
pumping activities within the heterogeneous alluvial aquifer on the underground contaminant
migration pathways.

On the other hand, the same mapping strategy and solutions are of utmost importance (i) in
managing and optimizing water resources abstraction for human purposes (as obvious), as well as
(ii) when carrying out effective water-energy-food-land-climate nexus studies (WqEFLC nexus, sensu
[43]), for sustainable development goals. For example, an effective WqEFLC nexus study must take
into consideration also the layered heterogeneity of an alluvial aquifer. In fact, in that scenario, the
groundwater can be pumped through wells drilled and screened at different depths, therefore
requiring lower or higher energy demand. As per climate change, in particular, showing graphically
the hydraulic interconnections between different sub-systems that coexist in a wide area, allows
understanding (in a rapid and easy way) that water availability, as well as the integrity of specific
GDEs, in a specific subsystem are both influenced also by climate modifications circumscribed to
upstream sub-basins. Therefore, in hydrogeological settings where a changing climate has been
already verified at regional scale (e.g., [44,45] at the study area), more detailed climate studies should
be planned in order to refine this type of cause-effect relationship.

Even in terms of sustainable development goals, this type of hydrogeological map can be utilized
to measure the gross ecosystem product (GEP), which summarizes the value of the contribution of
an ecosystem to the economic activity of an area, by evaluating the ecosystem services in a single
monetary metric [46]. As known, this approach can take into consideration the contribution of Nature
to economic growth and human well-being, differently from the conventional gross domestic product
(GDP).

In a wider context, the approach here proposed can be applied worldwide, also in
hydrogeological settings made of different lithologies. As a matter of fact, the solutions tested with
this map can be used in an easy way in those systems where different factors cause a large aquifer
system to be hydraulically interconnected.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org., Figure S1: Hydrogeological Map of the Interconnected Surface-Groundwater
System of Parma Alluvial Aquifer and Taro River Basin;
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