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Extended abstract
Le interazioni tra acque superficiali e sotterranee rivestono un ruolo fondamentale nella gestione delle risorse idriche, in particolare 

in sistemi soggetti a sovrasfruttamento. Il presente studio analizza tali dinamiche nella Val di Cornia, in un’area che si inserisce all’inter-
no del sistema costituito dal basso corso del fiume Cornia e dall’acquifero della pianura alluvionale, storicamente sottoposto a prelievi 
irrigui, industriali e civili che hanno determinato abbassamenti significativi della falda, con gravi conseguenze per la tutela quantitativa 
e qualitativa della risorsa idrica sotterranea. L’area di studio è stata sede di un impianto Managed Aquifer Recharge (MAR), realizzato 
nell’ambito del progetto LIFE REWAT, che rappresenta un caso pressoché unico in Italia, soprattutto grazie alla presenza della sua 
rete di monitoraggio strumentata, che ha consentito la raccolta e l’immagazzinamento ad alta frequenza (ogni 15 minuti) di diversi dati 
chimico-fisici e ha portato alla creazione di uno storico di dati che permette di seguire nell’area di studio l’evoluzione quali-quantitativa 
delle acque superficiali e sotterranee dall’entrata in funzione del MAR nel 2018.

L’analisi dei dati ha come obiettivo finale quello di costruire un modello di interpretazione e simulazione delle interazioni tra acque 
superficiali e sotterranee, con risvolti applicativi per la gestione integrata della risorsa idrica.

Per approfondire la dinamica di trasferimento tra fiume e acquifero, sono stati individuati due possibili transetti da strumentare, 
comprendenti anche alcuni piezometri della rete di monitoraggio in continuo. L’analisi dei dati così acquisiti potrebbe permettere, in 
linea teorica, di osservare come la risposta della falda vari all’aumentare della distanza dal fiume.

Al fine di analizzare la relazione tra acque superficiali sotterranee e volendo considerare solo l’input proveniente dal fiume, sono stati indi-
viduati alcuni periodi in cui non è attivo il MAR, selezionando le piene più significative, per confrontare i segnali registrati per fiume e falda. 
Non disponendo di misure di livello idrometrico in corrispondenza dell’area di studio, è stato considerato il segnale registrato dalla stazione 
del Servizio Idrologico Regionale (SIR) posta a monte dell’area di interesse. Per stimare il tempo necessario alla perturbazione per arrivare in 
corrispondenza dell’area di studio, sono stati analizzati gli idrogrammi registrati dalle due stazioni SIR poste a monte e valle rispetto all’area 
di studio per le piene più significative per valutare la velocità di trasferimento media lungo l’asse del fiume. Tale stima preliminare è in corso 
di affinamento attraverso la modellazione numerica, che fornirà i valori di tirante idrico nel tempo anche in corrispondenza dell’area di studio.
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Abstract
Surface water and groundwater interactions play a crucial 

role in water resource management, particularly in overexploited 
alluvial systems, as in Val di Cornia (Tuscany, Italy). The study 
area, within the system formed by the lower course of the Cornia 
River and the alluvial plain aquifer, has hosted a Managed 
Aquifer Recharge (MAR) scheme with a monitoring network 
that has enabled continuous acquisition of different parameters 
for surface water and groundwater.

To further investigate river-aquifer transfer mechanisms, two 
transects were identified as potential candidates for instrumentation, 
including some of the existing monitoring piezometers. The analysis 
of the data thus acquired could, in theory, allow observation of how 
the aquifer response varies with distance from the river.

To isolate the river input, periods of MAR inactivity were 
identified, and the most significant flood events were analyzed 
using river stage time series registered from two upstream and 
downstream stations of the Regional Hydrological Service.

This study provides a knowledge base for the development of 
conceptual and numerical models of river-aquifer interactions, with 
practical implications for integrated water resource management.

Keywords: alluvial aquifer, piezometric level, electrical conductivity, 
temperature, river level, river-aquifer interaction.

INTRODUCTION
Surface water and groundwater interactions play a crucial 

role in water resource management, especially in systems subject 
to overexploitation, where the lowering of groundwater levels 
and saltwater intrusion are increasingly significant challenges.

In alluvial systems, the riverbed and the underlying aquifer 
are often hydraulically connected, with water exchanges, whose 
direction and amount depend on local hydraulic gradients. These 
interactions make surface and groundwater highly interdependent. 
However, river-aquifer flows are often analyzed independently 
(Ghasemizade & Schirmer, 2013), while the dynamic response 
of the groundwater table to rapid variations in river stage is 
still poorly explored in literature (Ferris, 1952; Vekerdy & 
Meijerink, 1998: Burt et alii, 2002; Lewandowski et alii, 2009; 
Cloutier et alii, 2014; Buffin-Bélanger et alii, 2016).

Understanding the processes resulting from the 
interconnection between rivers and aquifers, and the aquifer’s 
response to dynamic changes in river stage, is essential for a 
sustainable management of water resources and will become 
increasingly important in the future. Climate change is expected 
to put increasing pressure on global water resources through the 
rise in frequency and intensity of droughts and floods (IPCC, 
2022). While, in conditions of water scarcity, the interaction 
between groundwater and surface water can represent a critical 
component of the water balance (Rassam et alii, 2013), the 

increasing frequency of flood events makes the understanding 
the aquifer’s response to rapid variations in river stage 
even more critical. Additionally, urbanization and land-use 
changes, by altering natural groundwater recharge processes, 
can exacerbate the already significant pressures on water 
resources (Bakari et alii, 2025). This aspect further highlights 
the importance of understanding groundwater-surface water 
interactions for effective resource management.

This study focuses on an area where irrigation and industrial 
water withdrawals have caused significant depletes of the 
groundwater table over time, with important consequences 
for the quantitative and qualitative protection of groundwater 
resources. The study area has hosted a Managed Aquifer 
Recharge (MAR) scheme, developed as part of the LIFE 
REWAT project, which represents an almost unique case in the 
national context. The system was equipped with a monitoring 
network that enables the continuous acquisition of numerous 
physico-chemical parameters of both surface and groundwater.

The availability of a high-frequency historical dataset, 
collected since the MAR became operational in 2018, could 
provide an opportunity to analyze in detail the qualitative and 
quantitative evolution of the water resource and the dynamic 
response of the aquifer to variations in river stage.

The ultimate goal of this work is to develop a conceptual 
and simulation model of the interactions between surface and 
groundwater, with potential applications for the integrated 
management of water resources.

STUDY AREA AND MAIN FEATURES
The study area is located in the central-southern coastal 

sector of the Tuscany Region, in the province of Livorno, in the 
locality of Forni, within the alluvial plain whose name is linked 
with river that crosses it, the Cornia (Figure 1).

Fig. 1	 -	 Location of the study area, highlighted in the bottom left with 
a red box
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The Val di Cornia basin covers a total area of approximately 
366 km² and includes the municipalities of Campiglia Marittima, 
Piombino, San Vincenzo, Sassetta, and Suvereto. The valley is 
bordered to the west by the sea and the Piombino hills, and to 
the east by the Campiglia Marittima, Suvereto, and Riotorto hills. 
The morphology gently slopes towards the West-Southwest, with 
elevations ranging from 25 to 35 meters above sea level.

About the geology, the Cornia plain lies within a structurally 
complex context, near the Larderello geothermal region and the 
Metalliferous Hills. The pre-neogene substratum outcrops in the 
hilly areas, which are recharge zones, while in the depressed 
areas, neogene-quaternary sediments are found. In the plain, 
predominantly Holocene alluvial, marsh, lagoon, and coastal 
deposits outcrop at the surface.

The Cornia plain is an important natural freshwater 
reservoir, contained within two Groundwater Bodies, located in 
the Quaternary deposits (Figure 2): the Groundwater Body of 
the Cornia River Plain (32CT020) and the Groundwater Body 
of the San Vincenzo Terrace (32CT021).

In the Cornia River basin, there are two main aquifers. 
The first is the deep aquifer, hosted in Mesozoic carbonate-
evaporitic formations, characterized by fracture permeability 
and affected by thermal fluid circulation. The second, more 
relevant for anthropogenic uses, is the Quaternary aquifer 

of the Cornia plain, characterized by permeability through 
intergranular porosity, contained in Holocene and Pleistocene 
alluvial deposits. The latter has a multilayered structure, with 
a shallow unconfined or locally semiconfined portion and a 
confined aquifer system consisting of several permeable layers 
alternated with low permeability silty-clay layers. In particular, 
there are five main aquifer horizons, differing in extent and 
lateral continuity, with hydraulic conductivity ranging from 10⁻³ 
to 10⁻⁴ m/s. The Forni area plays a strategic role for the entire 
system’s recharge, as the thickness of the unconfined aquifer is 
the greatest, and the groundwater table can be in direct contact 
with the riverbed of the Cornia River (Benucci et alii, 2017).

About the hydrology, the Cornia River, with a basin of about 345 
km² and a length of about 50 km, is the main feature of the area.

Groundwater flow converges toward a pronounced 
piezometric low located in the central part of the plain. In 
particular, in the San Vincenzo Terrace area the groundwater flow 
exhibits a predominantly unidirectional pattern from east to west, 
whereas in the north-eastern sector of the basin (Forni area) the 
flow lines are oriented from north-east to south-west (Figure 2).

The piezometric map (Fig. 2a) shows groundwater levels, 
locally dropping below sea level (down to –10 m a.s.l.), 
particularly in the coastal sector. This pattern highlights significant 
groundwater exploitation by pumping wells within the coastal 

Fig. 2	 -	 (a): Hydrogeological Map of the Piombino Plain (modified and digitized by Ghezzi et alii, 1995); (b): Groundwater bodies in the Piombino plain
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alluvial aquifer, where intensive abstraction has been historically 
documented. Such conditions have induced a depression of the 
water table and altered the natural hydraulic gradient towards the 
sea, thereby enhancing seawater intrusion processes.

In this context, the implementation of Managed Aquifer 
Recharge (MAR) represents a potentially effective strategy to 
mitigate groundwater depletion, restore piezometric levels, and 
counteract saline intrusion.

Accordingly, the MAR scheme, developed within the 
LIFE REWAT project, is located in the Forni area, where 
favourable hydrogeological conditions allow the enhancement of 
groundwater recharge.

The system includes the following elements:
•	 water intake structure from the Cornia River (intake channel and 

pump) for diverting flows exceeding the minimum vital flow;
•	 control system for the intake structure, which activates the 

pump only when predefined thresholds are met;
•	 sedimentation and infiltration basin, located in an abandoned 

oxbow of the Cornia River, which allows sedimentation of 
solid load and subsequent water infiltration;

•	 monitoring and control system, consisting of a network 
of piezometers upstream and downstream of the recharge 
facility, and a multi-parametric sensor in the river (Benucci 
et alii, 2017).

A simplified conceptual scheme of the Managed Aquifer 
Recharge (MAR) intervention is visible in Figure 3.

In particular, the continuous monitoring network allows 
the collection of hydrological and physico-chemical data with 
a registration frequency of every 15 minutes and has led to the 
creation of a historical dataset that can track the qualitative and 
quantitative evolution of surface water and groundwater in the 
area since the MAR became operational in 2018.

Figure 4 illustrates the monitoring network, with some 
piezometers equipped with sensors that record groundwater level, 
temperature, and electrical conductivity every 15 minutes. A 
multiparametric probe further allows the acquisition of additional 
parameters, including pH, redox potential, and dissolved oxygen.

MATERIALS & METHODS
Identification of Potential Transects for Instrumentation 
to Acquire New Data

Based on the positions of the piezometers in the monitoring 
network, and with the aim of acquiring new data, potentially with 
a frequency greater than 15 minutes, so to analyze the response of 
the groundwater table to rapid river level variations with distance, 
two potential transects are proposed for instrumentation.

These transects are located approximately upstream and 
downstream of the recharge facility, as shown in Figure 5.

For both transects, using the QGIS software and the Profile 
tool plugin, the terrain profile was generated based on LiDAR 
DTM data (1m × 1m resolution) in GeoTiff format, downloaded 
from the Italian National Geoportal. Some of the piezometers 

Fig. 3	 -	 Simplified scheme of the MAR scheme: (a) plan; (b) section
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(e.g., REW_10, REW_14, REW_15, REW_17) along the 
transects are part of the continuous monitoring system.

In particular, if groundwater level time series were available for 
the piezometers along the transects, monthly average piezometric 
levels - as well as instantaneous and daily averages - could be 
calculated. This could give the possibility to confirm whether the 
Cornia River plays a recharge role in the area where the MAR 
system is implemented (and where the continuous monitoring 
network is located), even when the system is not active, provided 
that the flow is directed from the river to the aquifer.

Analysis of Hydrometric and Piezometric Level time series
When the MAR system was active, it interfered with the 

signal from the Cornia River. The system has been activated 
on December 10, 2019; then water is then pumped into the 
infiltration basin whenever the river level falls below a certain 
threshold, for water quality reasons.

In order to analyze the interactions between surface and 
groundwater, and to consider (at least initially) only the input from the 
river, periods during which the system is turned off were identified.

The most significant floods were then selected, identifying 
events, where the maximum hydrometric level exceeded 2 meters. 
Only periods for which it was possible to set up the groundwater 
level time series were considered. The signals recorded for the 
river and the groundwater table were then compared, particularly 
for the flood event, where the maximum hydrometric level was 
reached, so to obtain a preliminary estimate of the transfer time 
from the river to the aquifer up to the piezometer.

Since hydrometric level measurements are not available at 
the study area, the signal recorded by the Ponte per Montioni 
station of the Regional Hydrological Service of Tuscany, 
located upstream of the study site, was used.

It should be noted that there are two hydrometric sensors in the 
same section of the Cornia River, Ponte per Montioni and Ponte 
per Montioni 2, which differ only in the technology used for level 
measurement: ultrasonic and radar, respectively. The latter technology 
allows, compared to ultrasonic sensors, the acquisition of more 
detailed information, to the levels of detail in the order of centimeters 
(or even lower). Since the focus of the analyses was not so much on 
the hydrometric level value but rather on the shape of the signal, it 
was observed that the results obtained for both stations were similar. 
In the analysis, however, the time series recorded by the radar sensor 
Ponte per Montioni 2 were considered more reliable.

To estimate the average time, required to the perturbation, to 
reach the study area, the signal recorded by the two SIR stations 
(Figure 6), upstream and downstream, Ponte per Montioni 2 and 
Cafaggio, were analyzed. The hydrographs corresponding to the 
most significant floods were examined, allowing the average transfer 
velocity of the perturbation along the river axis to be estimated.

This estimation will be refined through numerical 
modeling, which will provide the water head values over 
time, even for the study area.

Free-surface flow model
The Mediterranean rivers are characterized by a highly variable 

flow regime marked by dry summers, in which the flow rate remains 
low for long periods, and wet winters in which intense rainfalls 
produce rapid and significant increases of the flow rate. This can 
imply great differences in shape and width of the riverbed between 
the low and high water periods. While in the dry season the reduced 

Fig. 4	 -	 Monitoring network

Fig. 5	 -	 Possible transects to be instrumented to acquire new measurements
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river’s flow rate is concentrated in a narrow and usually meander-
shaped channel (called low-flow channel), during a flood the 
significant increase of the flow rate can induce an overflowing of 
the river, which progressively occupies wide areas around the low-
flow channel. In many cases, the limits of such wide flood area 
are imposed by artificial embankments. In these highly variable 

conditions, the most suitable models for the numerical simulation 
of the propagation of a river flood are based on the 2D Nonlinear 
Shallow Water Equations (NSWE). The main difficulties in the 
numerical integration of such hyperbolic differential equations are 
the numerical treatment of the discontinuities that can arise and 

propagate in the solution and the simulation of the propagation of 
the wet-and-dry front during flooding. In this paper, the simulation 
of the flood propagation along the river channel and in the flood 
area is carried out by a numerical model based on the NSWE, 
written in an integral and contravariant form in generalized 
curvilinear coordinates (Gallerano & Cannata, 2011), in which 

G is the acceleration due to gravity, ℎ is the water depth; ℎb is the 
bottom elevation; η = ℎb+ℎ is the free surface elevation; uα is the 
αtℎ contravariant component of the depth averaged horizontal 
velocity vector u→; ξα  (for α = 1,2) is the αtℎ curvilinear horizontal 
coordinate; √g is the Jacobian of the transformation xl = xl (ξ1, ξ2) 

Fig. 6	 -	 Hydrometric levels of Ponte per Montioni 2 and Cafaggio for the period January 2022 - December 2024
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from the horizontal Cartesian coordinates x→ to the curvilinear 
ones ξ→;  g→(k) and g→(k) are, respectively, the contravariant 
and covariant base vectors associated to the coordinate 
transformation; ΔA is the area of the curvilinear calculation cell; 
Δξα+ and Δξα− are the segments of the coordinate line on which 
ξα is constant, which are located, respectively, at the larger and 
smaller value of ξα; the overbar indicates the application of an 
average operator over the calculation cell. The above equations 
are numerically integrated by a shock-capturing finite volume 
scheme, which is based on upwind Weighted Essentially 
Non Oscillatory (WENO) reconstructions for the fluxes and 
an exact Riemann problem solution at the interface of each 
calculation cell (Gallerano et alii, 2012).

In order to apply the above-mentioned numerical scheme, 
we discretize, by a curvilinear grid, a portion of the river basin 
comprised between two sections of the Cornia river which 
are equipped with a hydrometer by the regional hydrographic 
institute. The width of the area around the river channel is 
large enough to include the flood areas and the locations of 
the piezometers. The bottom elevations are extracted by the 
regional digital terrain mode and the historical series of the 
water levels at the equipped river sections are known from the 
regional hydrographic institute data (SIR). 

RESULTS AND DISCUSSION
Elevation Profile of the Identified Transects

The terrain profile along the two transects, obtained using 
QGIS software, is shown in Figure 7 and Figure 8, where the 
piezometer depths are also illustrated.

Analysis of signals
During flood events, it is reasonable to expect that piezometers 

closer to the river (e.g., REW15) react and show a peak almost 
simultaneously with the river, compared to those located farther 
away. To estimate the propagation speed of the signal from the 
Cornia River, river stage and groundwater levels were compared.

In particular, to estimate the time it takes for the input signal 
from the river to reach the piezometers in the study area, the 
hydrometric level at the site of interest should be considered, as the 
signal propagation occurs mainly transversely to the river course. 
Since this data is not available, pending the results from the surface 
water modeling phase, the following approach was taken.

Using the time series of hydrometric level recorded by Ponte 
per Montioni 2 and Cafaggio, the average propagation time of the 
perturbation along the river stretch between the two stations was 
determined, thus allowing an estimate of the average velocity.

By considering the distance between Ponte per Montioni 2 
and the study area, the time it takes for the signal to reach the 
area of interest was calculated. This preliminary estimation is 
currently being refined through numerical modeling, which will 

provide water head values over time, also at the study area. By 
subtracting this time from the previously determined value, the 
travel time of the signal from the river to the piezometer was 
estimated to be approximately 75 minutes, corresponding to a 
propagation velocity of about 10⁻² m/s. The determination of the 
permeability coefficient through the interpretation of pumping 
test data, thereby narrowing the permeability range reported in 
the literature (10⁻³ - 10⁻⁴ m/s), may help to assess whether the 
estimated travel time can be explained solely by Darcy’s law or 
whether additional transfer mechanisms are involved.

Application of the free-surface flow model to the 
Cornia river

By using the ParaView software, it was possible to visualize 
the computational grid and the results obtained from the 
application of the free-surface flow model.

Figure 9(a) shows the bottom elevation of the 
computational grid in the xy-plane. Figure 9(b) presents the 
numerical results obtained by applying the above free-surface 
flow model to the Cornia River under steady-state hydraulic 
conditions, representing the flow regime prior to the arrival of 
the flood event. In this panel, the dark-colored cells indicate 
wet cells, i.e., cells where water is present.

In Figure 10, a 3D view of the computational grid is shown, in 
which the riverbed is occupied by water.

Fig. 7	 -	 Elevation profile of the terrain for transect AA’ in Figure 5

Fig. 8	 -	 Elevation profile of the terrain for transect BB’ in Figure 5
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CONCLUSIONS
The study aims to deepen the interactions between surface 

and groundwater, analyzed to understand their dynamics and 
relationships in a context where water resources face various 
challenges. Having observed that fluctuations in groundwater 
levels in the floodplain of the Cornia River are influenced by 

changes in river levels, as well as by the activation of the MAR 
system, periods when the system is inactive have been selected 
in order to obtain a preliminary estimate of the transfer time 
of the signal from the Cornia River to the piezometers, which 
will be refined through numerical modeling.

With the goal of acquiring new data, potentially with 

Fig. 9	 -	 (a) Calculation grid with bottom elevation; (b) free surface of the river in low flow conditions (discharge equal to 0.6 m3/s)

Fig. 9	 -	 3D view of the computational grid showing water within the riverbed; the MAR is indicated by an arrow
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a frequency greater than 15 minutes, and analyzing the 
response of the groundwater table to rapid river level 
changes with distance, two potential transects were identified 
for instrumentation, located approximately upstream and 
downstream of the recharge intervention.

The ultimate goal is to develop a model for interpreting and 
simulating the interactions between surface and groundwater in 
the study area. In order to analyze and describe the interconnection 
between the aquifer and the river, once the model will be 
validated, simulations may be conducted not only for the flood 
propagation along the river, but also for the aquifer’s response, 
both quantitatively and qualitatively. Therefore, alongside 
hydrometric and piezometric level time series, electrical 
conductivity and temperature could also be considered.
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