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A B S T R A C T

This work presents a semi-coupled modelling approach to study salinization dynamics in the Volturno River 
coastal aquifer (Italy), distinguishing among different salinization mechanisms. The area is of particular interest, 
given its location in the Mediterranean region, a climate change hot-spot. A 1D HEC-RAS numerical model was 
built up and run for a decade (2010–2020) to quantify the areal extent and timing of salinization events due to 
seawater encroachment within the Volturno River mouth. The results were used as input in a 3D SEAWAT model 
that incorporated salinity variations on a monthly basis for the same period. The SEAWAT model was down
scaled from a large calibrated MODFLOW model of the whole Campania region. Both national and worldwide 
databases were used to constrain the models. The model was then compared with 9 high resolution vertical 
profiles of porewater salinity obtained using a continuous coring sediment sampler, providing good model 
performance indicators (R2 = 0.867, NSE = 0.808, and RMSE = 3.926 g/L). Results highlight an increasing 
groundwater salinization pattern due to intrusion from the Volturno riverbed. The classical mechanism of 
seawater wedge intrusion from the coastline was minimal, while large inland portions of the model domain were 
characterized by high salinity (up to 75 g/l) due to remnant paleo seawater trapped into peaty and silty-clay 
aquitards. This physically-based modelling approach could be replicated in any coastal porous aquifer (if hy
drological and hydrogeological datasets are available) to identify and quantify the salinization mechanisms and 
to help water managers to implement tailored solutions in the most affected areas.

1. Introduction

Groundwater salinization is considered one of the major causes of 
freshwater resources deterioration in aquifers worldwide (Vengosh 
et al., 2003; Klassen and Allen, 2017; Parizi et al., 2019; Li et al., 2020; 
Mastrocicco and Colombani, 2021). This phenomenon is particularly 
pronounced in semi-arid zones and deltaic areas where groundwater 
pumping and climate change (CC) are likely to affect groundwater re
sources, potentially initiating or worsening salinization processes (Vaux, 
2011; Aeschbach-Hertig and Gleeson, 2012; Parisi et al., 2018; Eswar 
et al., 2021; Richardson et al., 2024). In coastal floodplains, current 
seawater intrusion (SWI) is often pointed out as the main cause of 
groundwater salinization. Besides the classical direct seawater wedge 
from the coast, rivers and drainage canals can serve as preferential 
pathways for saltwater to migrate inland, thereby altering groundwater 

salinization dynamics (Ferguson and Gleeson, 2012; Hussain et al., 
2019; Tully et al., 2019; Cao et al., 2020; Gaiolini et al., 2023). Addi
tionally, recent studies targeted paleo-seawater as a foremost concern in 
many low-lying deltaic areas reflecting the complex evolution of marine 
transgressions and regressions during the Holocene (Colombani et al., 
2017; Giambastiani et al., 2021; Dang et al., 2022; Alessandrino et al., 
2023; Schiavo et al., 2023; Seibert et al., 2023; Yu et al., 2023). To boost 
a cost-effective management of groundwater resources, it is crucial to 
differentiate among these diverse salinization mechanisms gaining a 
deep comprehension of the complex interplay between freshwater and 
saline water. Quantifying the magnitude and spatial distribution of 
groundwater salinization is a fundamental but not easy task (de Louw 
et al., 2010). In addressing these challenges, the scientific community 
often rely on monitoring networks and numerical models to record and 
simulate the evolution of hydrogeological parameters in time and space. 
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To simulate SWI numerically and track the movement and evolution of 
the transition zone between fresh and saltwater, groundwater flow 
models that allow for a density-dependent simulation are necessary (Lu 
et al., 2013; Kourgialas et al., 2016). Various models, such as SUTRA, 
FEFLOW, and SEAWAT aid in forecasting groundwater dynamics and 
contaminant pathways addressing both groundwater-flow and mass 
transport equations (Bear and Cheng, 2010; Anderson et al., 2015) and 
many applications can be found in recent literature: Lyu et al. (2024)
proposed a novel combined GALDIT and SEAWAT simulation method 
for dynamically predicting and evaluating vulnerability of coastal 
aquifer to seawater intrusion; in the same year an integrated FEFLOW- 
Python code was developed by Kassem et al. (2024) to optimize hy
draulic barriers for mitigating seawater intrusion.

Models such as MIKE, Delft-3D, HEC-RAS, EFDC, and TUFLOW are 
widely used to simulate changes in surface water quality and are 
important for environmental management purposes (Pappenberger 
et al., 2005; Ji, 2017; Dingle et al., 2020). Among the most recent ap
plications to manage salinity issues: the study of Soudi et al. (2019)
presents a 3D MIKE numerical model of the hypersaline Urmia lake in 
Iran to face water mismanagement in the basin successfully capturing 
the salinity distribution over the model domain; in the same area, Sed
ighkia and Datta (2024) have developed a TUFLOW 2D hydrodynamic 
model of one of the important dams in the Tehran province was devel
oped and calibrated for simulating salinity in the reservoir and a reliable 
method to integrate environmental requirements of dams’ lake with the 
reservoir operation was proposed as a new method of environmental 
reservoir operation; furthermore, an application of the EFDC model to 
estimate the extent of seawater intrusion for the total reach of the 
Seomjin River basin can be found in Ahn et al. (2020) where the results 
showed a salt water intrusion up to 16.52 km along the river reach. 
However, single surface models simplify groundwater behavior, and, in 
the same way, groundwater models consider surface waters in a simple 
way (Wang and Chen, 2021).

That’s why to discern between different processes that can trigger 
and/or exacerbate groundwater salinization, considering and modeling 
both surface and groundwater systems is pivotal but presents many 
challenges. Limited data availability and human and computational 
resources are often restricting the possibility of developing proper 
models able to describe these complex environments (Ntona et al., 
2022). Moreover, these challenges are heightened when studying 
tangled 3D geological environments, where topography and aquifer 
parameters can vary substantially over short distances (Turgeon et al., 
2018).

Despite the need of considering both surface and subsurface water 
bodies to gain a proper understanding of salinization dynamics in low- 
lying deltaic areas, few studies in the literature have integrated 
groundwater and surface transport simulations and application of fully 
and semi-coupled models are not yet routine (Turgeon et al., 2018). This 
is also testified by recent review papers on surface–groundwater in
teractions (Ntona et al., 2022; Haque et al., 2021). In the last decades, 
the USGS and the US Army Corps of Engineers are combining resources 
to merge the capabilities of MODFLOW and HEC-RAS to address the 
need for a more detailed surface–subsurface modeling approach via 
OpenMI (Open Model Interface). This interaction is designed at the time 
step level so that the programs can share data and compute results on an 
iterative level (Fenske et al., 2011). Some research tried to design a new 
coupling mathematical model scheme, like Rodriguez et al. (2008) that 
iteratively coupled HEC-RAS and MODFLOW to improve the represen
tation of hydraulic profiles in drain channels within a regional 
groundwater flow system, not focusing on salinity nor transport simu
lations. Others experimented different coupling approaches and nu
merical codes to study solute transport processes. For instance, Yuan 
et al. (2011) studied the interaction between surface water and 
groundwater flow and solute transport processes in coastal lagoons, 
using ELCIRC to simulate water flow and solute transport in surface 
bodies and SUTRA for simulating variably saturated variable-density 

fluid flow and solute transport in porous media. Yang et al. (2013)
estimated the effects of tides and storm surges on coastal aquifer sali
nization via coupled surface–subsurface modelling. Zhang et al. (2023)
conducted a series of numerical simulations to quantify the influence of 
tidal dynamics of rivers on SWI in coastal aquifers, employing a transient 
variable-density flow SEAWAT and SFR2-based coupled model to 
quantify interactions between surface water and groundwater.

This interesting research, together with others in literature, has 
developed fascinating and complex modeling approaches mainly 
focusing on the intricate interplay between surface and subsurface sys
tems in response to tidal intrusions, without considering other salini
zation mechanisms such as trapped paleo-seawater. In this framework, 
the present study aims to fill this gap quantifying aquifer salinization 
dynamics in the Volturno River (VR) coastal aquifer in Campania Region 
(Italy) via solute transport numerical modelling and distinguishing 
among different salinization mechanisms separately: (i) actual seawater 
wedge from the coast, (ii) seawater encroachment within the VR 
riverbed, and (iii) paleo salinity. The VR coastal aquifer is of particular 
interest, since it’s located in the middle of the Mediterranean region, a 
hot-spot of the ongoing CC (Lionello and Scarascia, 2018), and could be 
considered representative of many other coastal porous aquifers stressed 
by CC. Recent findings on this area have already highlighted (i) a clear 
SWI throughout the VR during low river discharge periods (Gaiolini 
et al., 2023), and (ii) the presence of hypersaline layers scattered a few 
kilometres (up to 15 km) from the coastline (Ruberti et al., 2022; 
Schiavo et al., 2023; Tarallo et al., 2023; Colombani et al., 2024), 
providing valuable results to support the simulations and thereby 
deepening the understanding of this coastal aquifer and its connections 
with the VR. A semi-coupled modelling approach was adopted to 
investigate the relationship between the groundwater systems and the 
river over a decade (2010–2020). The information gained by the tran
sient model over the period 2010–2020, is particularly interesting given 
that in the VR area the relative change of mean atmospheric temperature 
rose from +0.97 ◦C in 2010 to +1.42 ◦C in 2020 respect to the baseline 
period 1850–1900 (Copernicus CIMP6 CS3, 2024). HEC-RAS water 
quality module and SEAWAT model were run and calibrated indepen
dently as single models and data were exchanged in a one-way inter
action (HEC-RAS → EAWAT). As far as the authors are aware, no other 
studies in the literature have integrated HEC-RAS water quality simu
lations within a SEAWAT 3D transport model to quantify salinization 
dynamics in a coastal aquifer over a decade period. Moreover, the dif
ferentiation among salinization mechanisms, coming from a rigorous 
modelling approach, was not explored before and the developed meth
odology could be replicated in other coastal areas that are facing sali
nization problems like the VR area.

2. Study area

The Campania Plain (Southern Italy) is characterized by diverse 
economic and ecological services, hosting numerous agricultural activ
ities, tourist facilities, and valuable protected wetlands. The entire plain 
is located within a vast sedimentary basin that formed during the 
Quaternary and still undergoes active subsidence (Matano et al., 2018). 
Its current geomorphological peculiarities are the result of late Holocene 
sedimentary evolution together with anthropic interventions, such as 
the expansion of urban settlements, land reclamation works, and 
intensive agriculture (Matano et al., 2018; Busico et al., 2021).

The modelled area is the terminal part of the floodplain at the mouth 
of the VR, comprising the last 13 km of the river reach. Longitudinally 
the study area is bounded by the Agnena river to the North and the Regi 
Lagni drainage channel to the South. This low-lying area presents an 
average altitude between − 2.0 and − 4.0 m a.s.l., it has a perimeter of 
38.7 km and an area of approximately 91 km2 (Fig. 1).

Originating at an elevation of approximately 1,300 m, the VR starts 
flowing from the province of Isernia, in Molise (Italy), passing through 
several geological formations before reaching the Tyrrhenian Sea. 
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Tectonic activity, volcanism, and eustatic variations have shaped the 
final reach of the VR over a long period of time (Corrado et al., 2018; 
Ruberti et al., 2022). The unconfined coastal aquifer is embedded in 
actual and ancient sandy deposits of dunes, crossed by fluvial paleo
channels interlayered with silty and peaty lenses (Amorosi et al., 2012; 
Corrado et al., 2020). A pro-deltaic unit, formed by silty clay sediments, 
served as the local aquiclude for the coastal aquifer. This area coincides 
with the point of maximum transgression during the last Holocene 
deglaciation, dating back to 6.5 Ky B.P. (Matano et al., 2018), with a 
lagoonal environment that lasted until 3.0–3.5 Ky B.P. (Corrado et al., 
2020; Ruberti et al., 2022).

3. Materials and methods

To quantify the areal extent and timing of salinization within the VR 
coastal plain and discern amongst different processes (i.e., river-aquifer 
exchange, actual versus paleo SWI), a semi-coupled numerical model
ling approach was employed. A 1D HEC-RAS numerical model was built 
up and run for a decade (2010–2020) to determine the salinity con
centration distribution along the river reach. The results were used as 
input of a complex density-dependent 3D SEAWAT model that incor
porated salinity variations on a monthly basis for the same period, to 
further evaluate the salinization of the aquifer. HEC-RAS water quality 

model and SEAWAT were run and calibrated independently, data were 
exchanged sequentially in a one-way interaction, using the HEC-RAS 
model outputs as input river boundary conditions (i.e., river water 
levels and concentrations) for the 3D SEAWAT model.

3.1. HEC-RAS setup

The same river geometry of Gaiolini et al. (2023) was used to build 
up the HEC-RAS model. A digital elevation model (DEM) with spatial 
resolution 2 x 2 m was used to extract the topographical data of the VR 
flood plain (Busico et al., 2021). Actual cross-sections were provided by 
the local basin authority and processed in GIS environment. Heights of 
the river levees were determined by the DEM and Google Earth view. 
Bridges were incorporated into the model, with uncertainty on the size 
of the bridge deck and the quantity and size of piers in the Google Earth 
perspective.

Hydrometric levels at the river gauges located at Cancello Arnone 
(CA) and Castel Volturno (CV) were retrieved from the Centro Funzio
nale Multirischi (CFM, 2023) of the Campania Region Civil Protection 
Agency website, spanning from 1st January 2010 to 31st December 
2020. Daily data were subsequently monthly averaged according to the 
temporal resolution used in the SEAWAT simulation. Time series of 
Tyrrhenian Sea level data were downloaded from Copernicus Marine 

Fig. 1. Map of the study area illustrating model area and boundaries together with rivers, initial piezometry, and sediment cores used for validating the model.
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Service (CMEMS, 2023) from 1st January 2010 to 31st December. The 
MATLAB environment was used to read the Copernicus data (Ferris, 
2020), then transformed into monthly averages. Stage hydrograph 
boundary conditions were assigned to the most upstream (CA river 
gauge) and the most downstream (mouth of VR) cross-sections (Fig. 1).

A 1D unsteady flow simulation was performed to study the hydro
dynamic regime that is affecting the estuarine salinity distribution (Yoon 
and Woo, 2015). The simulation plan was designed to run the model 
over the whole hydrologic decade (2010–2020), choosing a monthly 
output temporal resolution based on the SEAWAT model boundary 
conditions. Since the focus is on long-term aquifer salinization dynamics 
driven by riverbed leakage, the influence of tides (operating on much 
shorter timescales) was not considered in the modelling approach, as 
these short-term fluctuations were masked by the broader monthly sea 
level and river discharge variations.

The hydraulic model calibration was based on the comparison be
tween simulated and measured water elevation at CV river gauge for the 
year 2014 (from CFM repository, Table 1), retrieving good model per
formance indicators (Gaiolini et al., 2023).

To model the evolution of salinity along the river reach, the HEC-RAS 
Water Quality module was used, based on the one-dimensional advec
tion–dispersion equation, which allows to model the fate and transport 
of constituents of different kind, e.g. water temperature, dissolved ox
ygen, salt (Brunner, 2010): 

∂(AC)
∂t

+
∂

∂x
(VAC) =

∂
∂x

[

DxA
∂C
∂x

]

(1) 

where C is the salinity concentration [ML− 3]; Dx is the longitudinal 
dispersion coefficient [L2T− 1]; V is the flow velocity [L3]; A is the cross- 
sectional area [L2]. Dx together with the boundary condition values of 
salinity concentrations must be entered by the user for the salinity 
concentration to be simulated as a single parameter.

A freshwater salinity concentration value of 0.4 g/L, based on the 
analysis of the historical major ions concentrations at the Capua 
measuring station (ARPAC, 2023), was assigned to the upstream 
boundary at CA river gauge and a seawater salinity value of 38 g/L was 
assigned to the downstream boundary at the VR mouth (Sorgente et al., 
2020). Dx was calculated using the same approach of Gaiolini et al. 
(2023), i.e. applying Fischer’s equation and allowing for a longitudinal 

spatial distribution of the coefficient based on the calculation of the 
hydrodynamic parameter at each cross-section (Brunner, 2010). Based 
on the unsteady flow simulation, the simulation plan was scheduled to 
run for the whole hydrologic decade (2010–2020).

3.2. SEAWAT set-up

The transport simulations were performed by means of SEAWAT to 
mimic the interconnections between the sea, the groundwater, and the 
VR. The model was downscaled from a large MODFLOW model of the 
whole Campania Region, that was already calibrated against an 
observed piezometric map of the Campania region for the year 2000 and 
validated by exploiting a secondary elaboration of the global ground
water depth dataset for the year 2013 (Gaiolini et al., 2022).

SEAWAT simulates variable-density groundwater flow and transport 
using the same finite-difference method to solve the groundwater flow 
equation (Guo & Langevin, 2002): 

∇*
[

ρ μ0

μ K0

(

∇h0 +∇z
ρ − ρ0

ρ0

)]

= ρSs,0
∂h0

∂t
+ θ

∂ρ
∂C

∂C
∂t

− ρsqʹ
s (2) 

where ρ is the fluid density [ML− 3]; ρ0 is the fluid density at the refer
ence concentration and reference temperature [ML− 3]; μ is the dynamic 
viscosity [ML− 1 T− 1]; μ0 is the dynamic viscosity at the reference con
centration and reference temperature [ML− 1 T− 1]; K0 is the hydraulic 
conductivity tensor of material saturated with the reference fluid [-]; h0 
is the hydraulic head measured in terms of the reference fluid of a 
specific concentration and temperature [L]; z is the upward coordinate 
direction aligned with gravity; t is time [T]; Ss,0 is the specific storage 
[L− 1]; θ is the porosity [-]; C is the salt concentration [ML− 3]; q’

s is a 
source or sink of fluid with density ρs [T− 1].

A fully transient simulation, based on a time discretization of 132 
stress periods of 1-month each, was performed to represent the change 
in salinity during the simulation time (2010–2020).

The model consisted of 90 rows, 90 columns, and 7 layers with 
variable thickness. The first layer was thicker than the others, with the 
purpose of containing the water table variations and avoid dry cells that 
lead to convergence problem (Brunner et al., 2010). In this way, grid 
cells wetting and rewetting was avoided, thus eliminating the numerical 
oscillations and solver nonconvergence connected with this process. The 
rows and columns had square sizes of 147 x 147 m. Initially, all the 
hydrogeological parameters used in the calibrated and validated 
MODFLOW model (Gaiolini et al., 2022) were kept unchanged. The 
horizontal hydraulic conductivity values range from 1x10− 6 m/s in the 
coastal part of the VR coastal aquifer, where clay layers are present, to 
3.3x10− 4 m/s where more permeable alluvial deposits exist. The model 
domain was divided into polygons whose extensions correspond to the 
extension of the different geological formations of the Campania region 
(Fig. 2).

To account for internal layering, the vertical hydraulic conductivity 
was set at one tenth of the horizontal hydraulic conductivity, while the 
effective porosity was kept as 0.2 for the entire model to keep the model 
as simple as possible given the lack of specific and reliable data. The 
specific storage (Ss) was set to 1x10− 4 m− 1 as function of the 
compressibility of the water and the elastic property of the soil matrix. A 
specific yield (Sy) of 0.2 was used as function of porosity (Bear and 
Braester, 1972). The diffusion coefficient was assumed to be equivalent 
to 1x10− 9 m2/s and a longitudinal dispersivity value of 2 m was used for 
the entire domain to optimize the calibration procedure.

Both evapotranspiration and recharge rate data were retrieved using 
the BIGBANG 7.0 hydrological balance developed by ISPRA (Braca et al., 
2019). QGIS 3.36 software (https://www.qgis.org) was used to process 
the data by trimming the files based on the model area, change co
ordinates and format to simulate them within the Evapotranspiration 
and Recharge Package (EVT and RCH), respectively. The maximum 
transpirable salinity was set to 15 g/L for the entire model due to the 

Table 1 
National and worldwide databases used to constrain the model.

Dataset Parameter Repository URL

Soil Grain size 
distribution

ISRIC https://maps.isric. 
org

Geology Aquifer thickness ISPRA https://sgi2.ispramb 
iente.it/viewersgi2

Hydrogeology Hydraulic 
conductivity

ISPRA https://sgi2.ispramb 
iente.it/viewersgi2

CORINE Land 
Cover

Land Use COPERNICUS https://land.coper 
nicus.eu/pan-europ 
ean/corine-la 
nd-cover

SEALEVELEURP 
HYL4MY008068

Sea levels CMEMS https://doi.org/ 
10.48670/ 
moi-00141

Hydrometric 
station

Rivers stages CFM https://centrofun 
zionale.regione. 
campania. 
it/#/pages/senso 
ri/sensor-utility

BIGBANG40 Evapotranspiration ISPRA https://www.ispr 
ambiente.gov.it/pr 
e_meteo/idro/BI 
GBANG_ISPRA.html

BIGBANG40 Recharge ISPRA https://www.ispr 
ambiente.gov.it/pr 
e_meteo/idro/BI 
GBANG_ISPRA.html
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presence of halophytic vegetation (Mastrocicco et al., 2019).
The river heads and salinities were obtained from the HEC-RAS flow 

and transport simulations and imported via polyline input method 
within the River Package (RIV).

The same CMEMS dataset was used for the Tyrrhenian Sea level 
oscillation and imported as boundary condition within the Time-Variant 
Specified Head Package (CHD). Groundwater levels along the closure 
transect were obtained from the regional-scale model (Gaiolini et al., 
2022) and imported as upstream boundary conditions within the same 
Package.

All national and worldwide databases about aquifer properties and 
boundary conditions used to inform the model are depicted in Table 1.

At the beginning of a transport simulation, SEAWAT requires the 
initial concentration of each active species at each active cell. The same 
values of 0.4 g/L and 38 g/L were used accounting for a freshwater 
salinity concentration and a seawater salinity value, respectively.

In a first step, only sea and river salinity concentrations retrieved 
from HEC-RAS were imported as initial conditions. This approach aimed 
to exclusively quantify the impact of actual SWI directly from the sea or 
via preferential surface bodies, i.e. the VR, which subsequently ex
changes water with the aquifer leading to its salinization. Initially a 
steady state simulation was performed for 100 years considering aver
aged boundary conditions to reach the full development of the seawater 
wedge along the coast and the salt intrusion within the VR final reach. 
Then, the final heads and concentrations calculated by SEAWAT were 
imported as initial conditions in the transient model with variable 
boundary conditions. By employing this method, it was possible to 
assess the dynamics of exchange between marine and riverine systems 
with the aquifer, elucidating the relative contribution of each source to 
the groundwater salinization processes.

Finally, to allow a more realistic representation of the salinization 
patterns within the study area, the 2D stochastic ensemble mean saline 
concentrations calculated by Schiavo et al. (2023) were used as initial 
concentration. Again, a steady state simulation considering average 
boundary conditions was performed for 100 years to distribute these 
concentrations across the model domain before applying variable 
boundary conditions in the transient model. This comprehensive 
approach incorporated the complexities of spatial variability in salinity, 
including the influence of paleo SWI, and enabled the simulation of long- 
term salinity dynamics within the aquifer system. The groundwater flow 
model was already calibrated and validated (Gaiolini et al., 2022), as 
well as the HEC-RAS model (Gaiolini et al., 2023), and thus both were 

kept unchanged. Nine sediment cores (Fig. 1), perforated down to a 
depth of 30 m (b.g.l.) and drilled with a continuous coring system, were 
used to capture vertical salinity distribution within the study area 
(Colombani et al., 2024) and calibrate the transport model. The SEA
WAT model was calibrated via trial-and-error technique, manually 
adjusting locally the initial concentrations and varying the effective 
porosity and dispersion values to match the observed salinity profiles in 
the sediment cores (Fig. 1). The procedure was performed considering 
both the developed 2D groundwater salinity map and the calculated 
salinity distribution within the river, cross validating the river transport 
simulation. In the field, the position of each sediment core was selected 
to capture the local vertical variability of the subsoil, sampling the cores 
in the presence of variations in grain size, color, or incidence of frag
ments. To obtain the vertical distribution of salinity, the sediments were 
analysed using a 5TE Decagon TDR, which measures the volumetric 
water content, temperature, and bulk electrical conductivity (EC) of the 
sediments. Bulk EC was converted to porewater EC using the Hilhorst 
(2000) relationship and then into salinity concentration.

4. Results and discussions

4.1. Validation of the transport model

The model accurately captures the salinity distribution in the 
aquifer, despite some limitations in representing vertical heterogene
ities. The validation process has ensured accuracy in the representation 
of the complex spatial and temporal patterns of salinity within the study 
area, thus providing a reliable tool to quantify and discern amongst 
different salinization processes.

Fig. 3 shows the validation results of calculated versus measured 
salinity values, together with a comparison between vertical profiles in 
all the sediment cores. Model performance indicators (R2, NSE, and 
RMSE) were computed indicating that a relatively good model valida
tion was achieved for salinities throughout the aquifer showing the 
presence of brackish to saline groundwater. Moreover, SEAWAT results 
were capable to mimic quite effectively the vertical distribution of 
salinity within the domain. Nonetheless, in some of the layers the model 
failed to reproduce the measured salinity values and these points are 
depicted in red (Fig. 3a). Panels a and b show how model performance 
indicators change considering or not these points in the simulation, 
underscoring the challenge of simulating local scale vertical heteroge
neities in a large-scale model, where small lenses affecting local 

Fig. 2. Plan (left panel) and 3D cropped views along AA’ section (right panel) of the model domain, showing the spatial distribution of the hydraulic conductivity 
values used to represent the different geological formations.
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groundwater flow and solutes transport are not included. The outliers 
were also highlighted in lower panels of Fig. 3 (scattered red bands) 
indicating that the model tends to overestimate the salinity in those 
spots, while the measured values are usually very low. This discrepancy 
arises from the presence of sandy deposits within the cores that were 
rapidly flushed by meteoric recharge because of their higher hydraulic 
conductivity (Ruberti et al., 2022). Unfortunately, modelling this kind of 

vertical heterogeneities results to be really complex not knowing salinity 
desorption rates of the subsoil, e.g. in presence of clay and peat lenses 
characterized by high ions exchange capacity.

4.2. Model based SWI assessment

The HEC-RAS transport model provided an estimate of the salinity 

Fig. 3. Concentration scatter diagrams with (a) and without outliers (b). In the lower panels the comparison between SEAWAT and porewater salinity profiles is 
represented for all the sediment cores. The scattered red bands underline the depth of each outlier. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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distribution along the VR, highlighting seasonal variations and long- 
term trends. Fig. 4 shows that concentration values in each considered 
cross-section throughout the VR oscillate during the simulation ac
cording to seasonal changes in the river discharge: high river salinities 
correspond to low river discharge periods (summers), while low salinity 
values are observed during high river discharge periods (winters). The 
salinity in the final reach of the VR is gradually ascending from 2010 to 
2020 (red and green lines). Specifically, at the mouth of the river (red 
lines in Fig. 4), salinity linear trend increases from nearly 20 to over 30 
g/L. This behaviour can be attributed to progressively decreasing dis
charges of the VR (black lines in Fig. 4), where the linear trend drops 
from a value of almost 25 m3/s to just few cubic meters per seconds 
above the zero over the decade. Considering a monthly temporal reso
lution for the simulation, tidal forcing, that resulted to be very influ
ential in changing the river salinity distribution during low discharge 
periods (Gaiolini et al., 2023), is masked by seasonal changes in sea level 
and river discharge.

Even if the 1D modelling approach inherently simplifies the repre
sentation of the complex interactions involved at the estuary, the 
simulation provided a useful understanding of the river salinization 
mechanisms over a decade. Quantifying the salinity distribution along 
the VR was pivotal in absence of salinity measurement campaigns, 
granting to feed the SEAWAT model to further investigate aquifer sali
nization and have an idea of the salt mass exchange amongst surface- 
and groundwater.

Building on the insights gained from the HEC-RAS model, the 3D 
SEAWAT model allowed to produce salinity maps and trends (Figs. 5 and 
6) that provided valuable understanding of the aquifer salinization 
processes, thus enabling to understand the role and magnitude of 
different mechanisms at play. Fig. 5 shows the comparison between 
model generated salinity maps at the end of the simulation, considering 
actual SWI (left panel) and paleo SWI (right panel) separately.

Considering just the actual SWI (left panel), spikes of salt mass within 
the aquifer were triggered by the lowering of the VR discharge during 
several summer seasons, resulting in an S-shaped salinity distribution 
following the river’s meander (left panel in Fig. 5). The classical 
mechanism of seawater wedge intrusion from the coastline was minimal 

compared to the salinization from the VR bed leaching. Evidently, the 
area occupied by high salinity concentrations within the aquifer is wider 
including paleo SWI within the model (right panel). Some zones exhibit 
highly saline groundwater with concentration values up to 75 g/L, 
nearly doubling the actual Tyrrhenian Sea salinity. This is due to 
remnant paleo seawater trapped into peaty and silty-clay sediments that 
further complicated the groundwater salinity distribution, as already 
recently recognized (Schiavo et al., 2023).

Lower panels of Fig. 5 show two cross-sections passing through the 
final reach of the VR (AA’) and through the point of maximum actual 
seawater wedge (BB’). High salinity areas tend to drift to the bottom of 
the aquifer due to meteoric recharge that is freshening the uppermost 
part. In section BB’, it is evident that the propagation of the seawater 
wedge along the coastline during the period of study is minimal and 
observed to be less than 150 m. This is most probably due to the high 
submarine groundwater discharge along the whole Campania coastline 
as estimated by Gaiolini et al. (2022). Since freshwater is less dense than 
seawater, the actual seawater creates a wedge in the lower part of the 
aquifer (Bakhtyar et al., 2012) resulting in higher concentration values 
at deeper layers of the aquifer along the coastline (see CV1 and CV3 
salinity profiles in Fig. 3).

Actual aquifer salinization is driven primarily by seawater ingression 
through the VR that behaves as a preferential pathway to intrusion 
during low discharge periods (Cui et al., 2015; Setiawan et al., 2023).

The model including the paleo SWI simulates higher salinity values 
in each sediment core, but CV5 located near the final part of the VR 
reach (Fig. 6). In this area the actual SWI through the river is prevailing 
on the paleo SWI. The concentration values, as well as the increasing/ 
decreasing behavior in all the analyzed trends throughout the simula
tion depend on each sediment core position related to the morphology of 
the area and to recharge/evapotranspiration patterns distribution 
within the model domain.

To further quantify SWI, a mass/concentration balance was per
formed considering both actual and paleo SWI (Fig. 7). Such a balance 
allowed for the estimate of the total amount of salt mass and concen
tration accumulated within the aquifer over the simulation. The model 
including the paleo salinity revealed salinity values nearly an order of 

Fig. 4. VR discharge calculated at CA river gauge (upper panel) and salinity oscillation within the main cross-sections during the simulation time (lower panel). 
Salinity and discharge linear trends (solid lines) with related 95% confidence intervals (shaded areas bounded by dashed lines) are also reported.
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magnitude higher than the model considering just the actual SWI. Spe
cifically, the total mass amount of salinity accumulated within the 
aquifer due to actual SWI at the end of the simulation is 5.69 x 103 tons, 
whereas paleo salinization contributed 1.14 x 104 tons (Fig. 7), thus 
doubling the mass of salt in the aquifer. The actual scenario is showing 

increasing trends of both mass and concentration because of rising river 
salinity due to a reduced river discharge according to HEC-RAS simu
lation. In contrast, the one including paleo salinity exhibited a 
decreasing trend in both mass and concentration because of the fresh
ening due to the regional discharge from the karst massifs (Gaiolini 

Fig. 5. Calculated salinity concentration maps (upper panels) together with two selected cross sections (lower panels) considering both actual (left panels) and paleo 
seawater (right panels) intrusion mechanisms. The end of simulation was used as selected time for the snapshot.

Fig. 6. Calculated salinity trends for all the observation points: comparison between actual (blue lines) and paleo SWI (red lines). (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 2022) that flushes salty peaty-clayey sediments within the aquifer. 
This outcome is consistent with the freshening trend estimated via Base 
Exchange index values by Colombani et al. (2024) in the same area, 
further suggesting that high salinities are attributable to evapoconcen
trated paleo-seawater entrapped within sediments then flushed by 
recharge waters from rain and rivers (Meyer et al., 2019).

Recognizing paleo SWI as the main cause of coastal aquifer salini
zation prevents managers and companies from useless interventions and 
actions to avoid the actual intrusion of the seawater wedge from the 
coast that are often expensive and time-consuming.

4.3. Water budget calculation under hydrological variability

Reduced meteoric recharge and decreasing river discharges are 
altering groundwater dynamics, thereby affecting aquifer salinization 
processes. Fig. 8 shows calculated heads in each of the sediment cores 
used as observation points to assess the water table variability over the 

simulation time. Piezometric heads oscillate seasonally according to 
recharge and evapotranspiration patterns presenting peaks and troughs 
during wet and dry season, respectively. A clear declining trend of the 
piezometric heads was observed at each observation point (dashed blue 
lines in Fig. 8). To better explain the lowering of the water table over the 
10 years of simulation, Processing Modflow ZoneBudget routine 
(Harbaugh, 2005) was run and the volumetric water budget within the 
model domain assessed, accounting for recharge, evapotranspiration, 
and river-aquifer water volume exchange (Fig. 9).

Recharge and evapotranspiration represent the major inflow and 
outflow to/from the aquifer system. Both vary throughout the simula
tion depending on seasonal changes in precipitation and temperature. 
High recharge values are observed during wet seasons, reaching 
maximum flow rate of almost 2 m3/s, while evapotranspiration values 
reach their maximum flow rate of almost 1.5 m3/s during dry seasons, 
when temperatures are higher. Recharge presents a declining trend over 
the simulation time acting as the main constrain to groundwater 

Fig. 7. Calculated trends of total salinity mass (red lines) and concentration (green lines) accumulated within the aquifer system over the simulation: comparison 
between actual (left panels) and paleo SWI (right panels). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)

Fig. 8. Calculated piezometric heads (solid blue lines) and relative linear trends (dashed blues lines) over the simulation period for all the observation points. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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availability and leading to the observed lowering of the calculated 
piezometric heads. Despite a general increase in mean atmospheric 
temperatures (from 16.4 ◦C in 2010 to 16.9 ◦C in 2020), evapotranspi
ration is slowly declining with a quite steady linear trend (the angular 
coefficient m of the evapotranspiration trend is an order of magnitude 
less than the one describing the recharge trend) over the simulation 
time. This behaviour is most probably due to the lowering of the water 
table which is reducing the amount of water available for direct evap
oration by exceeding the evapotranspiration extinction depth 
(Colombani et al., 2021). River-aquifer water exchange is also repre
sented in Fig. 9, varying significantly across the seasons. The flow rate at 
which the aquifer is feeding the river (ranging from 0.37 to 0.79 m3/s) is 
higher than the river contribution to the aquifer (ranging from 0.06 to 
0.46 m3/s). However, the flow from the aquifer to the river is observed 
to decline over the simulation, while the water flowing from the river to 
the aquifer is on the ascendancy. The depletion of groundwater re
sources due to reduced meteoric recharge is shifting the equilibrium of 
the river-aquifer system, leading to an increase in water flowing from 
the river to the aquifer. Since VR was identified as a preferential 
pathway for actual SWI, this phenomenon could alter the salinization 
dynamics, worsening the groundwater quality when the river waters are 
mainly saline or brackish.

While this study provides valuable insights on river-aquifer in
teractions, it is crucial to acknowledge limitations and uncertainties 
when interpreting the results. The simulation effectively captures the 
seasonal river-aquifer flow exchanges shown in Fig. 9, as the ground
water response is relatively slower compared to the river dynamics and 

the river monthly fluctuations were integrated as time-dependent 
boundary conditions within the model. However, the use of a one-way 
and independent model running procedure intrinsically simplifies the 
representation of these complex interactions involved and may lead to 
some level of loss in capturing the real time feedback from the aquifer to 
the river. Different coupling methods are subject to different errors and, 
since different error patterns are also associated with the numerical 
schemes used to solve the surface and subsurface components, it is 
extremely complicated to attribute error to the coupling method 
(Furman, 2008).

5. Conclusions

The semi-coupled modelling approach used in this article allowed to 
discern amongst different sources of aquifer salinization that are 
commonly not well differentiated. The VR coastal area here selected to 
implement the modelling approach is of particular interest to quantify 
the ongoing CC effects on coastal groundwater resources, given its 
location in the middle of the Mediterranean Region a hot-spot of CC. The 
implemented transient numerical model provided a comprehensive 
identification of the salinization mechanisms, enabling for an accurate 
groundwater and mass balance calculation. In the absence of monitoring 
campaigns along the VR, the HEC-RAS simulation estimated river 
salinity distribution that was crucial to assess the contribution of surface 
bodies to aquifer salinization dynamics. The SEAWAT model captured 
the salinity vertical distribution over the model domain quite reliably 
except for some small sandy lenses, where it tended to overestimate the 

Fig. 9. Calculated water budget: recharge (blue line) and evapotranspiration (red line) were shown as maximum water inflow and outflow to/from the aquifer, 
respectively, together with river-aquifer water exchange (green lines). Linear trends (dashed lines) and relative angular coefficients (m) were depicted for each water 
budget component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M. Gaiolini et al.                                                                                                                                                                                                                                Journal of Hydrology 660 (2025) 133395 

10 



measured values. Key findings indicate that: (i) actual SWI was pre
vailing along the final reach of the VR, which acted as a preferential 
pathway for SWI due to reduced river discharge; (ii) paleo SWI resulted 
to be the major driver of the presence of highly saline groundwater 
within the aquifer, while the seawater wedge was limited to a maximum 
of 150 m inland. These patterns could be considered the rule rather than 
the exception in similar low-lying deltaic systems.

The model also captured seasonal variations in piezometric heads, 
highlighting a gradual decline due to reduced recharge rate imputable to 
the ongoing CC, which consequently alter the river-aquifer interactions 
and salinity dynamics. The major limitations of this semi-coupled 
modelling approach are the (i) impossibility to have feedback from 
groundwater into the river system and (ii) the simplified vertical 
reconstruction of the aquifer properties that cannot reproduce accu
rately local features.

Compared to previous studies, this research delved into a more 
detailed differentiation of salinization sources, emphasizing the role of 
paleo SWI and river-aquifer interactions. Such a comprehension can 
prevent unnecessary and costly interventions aimed at arresting 
seawater wedges from the coast, which is often not the main cause of 
aquifer’s salinization. As global water challenges intensify, developing 
such surface–groundwater modelling tools is crucial in supporting au
thorities to make informed decisions and minimize the impact on water 
quality in similar environmental settings.
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