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ABSTRACT 
 

Seawater intrusion is an important environmental problem for coastal aquifers 
of the Adriatic Sea coastland. In the shallow confined aquifer of the Potenza river 
plain located in the Portorecanati Municipality, there has been a recent large increase 
of both the private pumping wells used for irrigation and the withdrawal rate from a 
well-field managed by the local Water Distribution Company since the 1980s. This 
has resulted in a significant lowering of the water table with a consequent 
deterioration of groundwater quality. In the early 1990s, seawater intrusion was so 
pronounced as to require the shutdown of the well-field and the development of a new 
field 300 m inland, whose water quality has been deteriorating despite the much 
reduced pumping rate. In order to investigate the contamination process, a modeling 
study supported by in situ investigations is performed. A bidimensional finite element 
model of saturated flow and transport is developed to simulate the contamination of 
the coastal aquifer. The overall model is calibrated against available records and 
simulations are performed to analyze the interaction between natural recharge and 
agricultural/civil pumpage, and the saltwater distribution in the subsurface. The fresh-
saltwater front induced by the aquifer overdraft at the old well-field turns out to be 
reproduced reasonably well, whereas the contamination caused by the new field is 
found hard to correlate to the saltwater encroachment. 

 
INTRODUCTION 

During the last few decades the Italian coastland of the Adriatic Sea has been 
subject to a heavy tourist development. With the growing urbanization of the littoral 
areas since the 1960’s, the Adriatic beach has become one of the largest recreational 
poles of South Europe. The rapid growth of the population, mainly during summer, 
has caused an increase of freshwater needs that have been mainly satisfied by 
groundwater pumping from the confined coastal aquifer system. The major 
environmental issues of this coastland related to aquifer overdraft have been and still 
are the aquifer contamination by saltwater and the anthropogenic land subsidence.    

Portorecanati is one of the major tourist center in the Central Adriatic (Fig. 1). 
The residents are about 9000 with a maximum daily peak amounting to six-seven 
times as much (data as of 1994) from June to August. The water demand of 1-3 
million of cubic meter per year is supplied by the local Water Authority (AST S.p.A. 
Recanati) through a programme of groundwater pumping from the shallow confined 
aquifer underlying the Potenza river plain. The wide cone of depression formed by the 
extensive water overdraft, further enhanced by a number of private wells drilled for 
irrigation purposes, has caused seawater intrusion with a degradation in water quality 
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to levels which prove unacceptable for domestic use. In the early 1990s, a major well-
field supplying Portorecanati and located about 500 m from the coast was closed, and 
a new field developed 300 m inland. However, water quality has deteriorated again 
despite the much reduced pumping plan implemented there. 

As a consequence, since 1994 AST has supported an extensive 
hydrogeological survey in the lower part of the Potenza river valley. One of the 
objectives of the survey is the counting of private wells and waste-water discharge 
points in the territories of the small towns of Portorecanati, Recanati, Loreto and 
Montelupone. This activity, which is still in progress, aims to create a database 
containing information for the aquifer characterization to provide a support for the 
management of the groundwater resources in the Potenza plain. In this framework  
local scale groundwater models have been developed for the operating well-fields 
[Bellin et al., 1995; Brunone et al., 1998; Brunone et al., 2000]. Moreover, AST has 
recently promoted a study to characterize  the main features of the saltwater intrusion 
along the Portorecanati coast, evaluate the residual pumping capacity of the new well-
field, and investigate possible alternative sources of potable water.  

 

 
Figure 1. Digital elevation model of the Portorecanati region in central Italy. The 

well-fields drilled by the local water authority in the confined aquifer of the Potenza 
river plain and the boundary of the simulated area are shown.  

 
DESCRIPTION OF THE STUDY AREA 

The Potenza river is a minor watercourse in Central Italy. Its basin has an areal 
extent of 775 km2, a length of 90 km, and an average elevation of 430 m above mean 
sea level (a.s.l.). Along 30 km downstream, the river flows through a quite flat and 
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narrow plain 2-3 km wide, bounded north and south by the Apennine range, and 
underlain by a well developed aquifer system. The lithostratigraphic sequence, based 
on more than 30 boreholes drilled by the regional and water authorities [Cescon et al., 
1988], consists of: 

• a top Holocene formation of alluvial continental sediments deposited from the 
Apennine erosion and made of gravel, sand, silt, and silty clay. Typical layer 
thickness ranges between 10 and 15 m in the upper plain and increases up to 
50 m downstream close to the sea; 

• a Pleistocene clayey and marly basement laid down in a marine environment. 
This is characterized by a V-shape, the main axis being located at the center of 
the valley. 

The Portorecanati aquifer is located in the lower Holocene formation and is 
formed by medium to coarse sandy gravels.  The recharge area is situated upstream 
where the ground surface elevation is more than 25-30 m a.s.l.. In this zone, the 
phreatic aquifer is in contact with the river bed and has an average thickness between 
6 and 8 m. The aquifer depth increases seaward (Fig. 2b) where the system becomes 
confined 8-10 km from of the Potenza mouth. Within the simulated area the aquifer 
thickness has the largest value of 16 m in the central part of the plain and vanishes at 
the foothills (Fig. 2a). 

Growth of groundwater withdrawal from the well-field closer to the coast (Fig. 
3) and increase in number of the private wells during the last 1980’s and early 1990’s 
(Fig. 2b) have resulted in over-exploitation of the aquifer. The saltwater intrusion 
caused by the piezometric decline advanced as far as the field in 1989-1990 (Fig. 4), 
with a salinity higher than the maximum admissible level for potable use (0.2 g/l) 
recorded after 1993 at the seaward wells of the new field.  

 

 
 

Figure 2. Contour lines (m) of  equal thickness (a) and depth from the ground surface 
(b) of the simulated shallow confined aquifer underlying Portorecanati. The location 

of the available geologic stratigraphies (black triangles) and electrostratographic 
sections (green lines) used to reconstruct the sandy gravel formation are shown in (a). 

Green dots in (b) show the position of the private wells in 1998.  
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Fig. 3. Groundwater pumping rate from 

the old and the new well-fields of 
Portorecanati 

 
Fig. 4. Water conductivity (µSie) at 
the old well-field in 1989 and 1990. 
The saltwater encroachment during 

these years is evident. 
 

MODEL SET UP 
Due to the small thickness of the confined aquifer in the area between the 

coastland and the Portorecanati well-fields relative to its areal extent vertical flows 
induced by variable density are thought to be small, and hence an uncoupled approach 
is followed to study the process of saltwater intrusion using a bidimensional 
horizontal flow and a transport model both solved by finite elements.  

 
Mathematical model 

The dynamic of an inhomogeneous isotropic confined aquifer relies on the 
flow equation [Bear, 1979]:  
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where T and S indicate the transmissivity and the elastic storage coefficient, 
respectively, φ is the hydraulic potential head, q the distributed sources and sinks, and 
xi (i=1,2), t the coordinate directions and time, respectively. 

Transport and dispersion of conservative species in a groundwater flow field 
are governed by the equation [Galeati and Gambolati, 1989]:  
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where c is the solute concentration, vi the Darcy velocity vector obtained from the 
solution to eq. (1), n the effective porosity or specific yield, qc0 the source/sink term 
being c0 the solute concentration in the source/sink fluid. Dij=nD’

ij, with D’
ij the 

hydrodynamic dispersion tensor, is a function of the longitudinal αL and αT transverse 
dispersivities as given by Bear [1979]. 
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Fig. 5. Finite element discretization of the simulated domain and boundary conditions 

for the flow and transport problem. 
 

The codes used in this study to solve eqs. (1) and (2)  are FLOW2D and 
TRAN2D, respectively [Gambolati et al., 1993a; 1993b], which implement a standard 
finite element Galerkin scheme, with triangular elements and linear basis functions, 
and weighted finite differences for the discretization of the time derivative. 
 
Grid and boundary conditions    

The computational domain is discretized into a triangular unstructured mesh 
totaling 7193 elements and 3664 nodes (Fig. 5). The mesh is generated so as to have 
the smallest elements over the coastland and around the zone of heavier groundwater 
withdrawal with grid points coinciding with the location of the pumping and the 
monitoring wells. 

The northern and southern boundaries of the simulated area are treated as 
impermeable. On the eastern boundary, located 500 m off-shore, a Dirichlet condition 
of zero potential head is prescribed for the flow equation, while for the transport 
equation a given seawater relative concentration c=1 is used on the upper/central 
portion of the boundary (from where seawater as predicted by the flow model enters 
the domain) and a zero dispersive flux in the remaining southern window. A fixed c=0 
and φ=φ* are imposed on the western boundary, φ* being obtained with a trial and 
error calibration procedure intended to reproduce the “undisturbed” aquifer flow 
regime as shown in the next section. The boundary conditions specified above are 
shown in Fig. 5.  

 
Parameter values 

Few pumping tests were performed in September 1999 in order to characterize 
the aquifer transmissivity and the elastic storage in the area of major interest [Barluzzi 
and Brunone, 1999]. Following a 1 day shutdown of the AST wells, two different 
pumping rates (corresponding to the average discharge of one well and of the overall 
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new well-field) have been applied for 1 and 75 hours, respectively. The piezometric 
head decline, measured at different wells located in the area, is reproduced by the 
flow model assuming a homogenous aquifer in terms of hydraulic permeability K=T/b 
and specific elastic storage Ss=S/b, b being the aquifer thickness shown in Fig. 2a. 
The calibration procedure provides K=3.2×10-3 m/s and Ss=10-4 m-1 (Fig. 6), that are 
in good agreement with values obtained in other AST well-fields [Bellin et al., 1995; 
Brunone et al., 1998] located inland (Fig. 1).  

For the entire aquifer the other material properties for the simulations are set 
to the following values: porosity n=0.30, longitudinal dispersivity αL=10 m, 
transverse αT =1 m. Note that field dispersivity values are totally missing and  αL and 
αT above are taken from the literature. 

 
RESULTS  
First set of simulations 

A steady-state simulation of the flow model is run to calibrate the western 
boundary condition. Using the hydraulic parameters obtained from the pumping tests 
described above, the hydraulic head on the upstream boundary is adjusted so as to 
reproduce the available reference piezometric field observed in October 1998 after an 
extended shutdown of the AST well-fields at Portorecanati, i.e. in a supposedly 
natural condition.  

The results provided by the numerical model with φ=7 m a.s.l. are compared 
in Fig. 7 with the measured water table elevation. Although some discrepancy exists, 
the correspondence is not too bad, especially around the well-fields. The flow field 
reproduced in Fig. 7 is used as initial condition for the transient simulations of 
saltwater intrusion. 

 

 
Fig. 6. Comparison between measured and computed piezometric decline in the 

pumping tests used to calibrate the flow model. 
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Fig. 7. Comparison between observed and calculated piezometric field for the steady-

state flow simulation. 
 

Second set of simulations 
The flow is run using the pumping rates of Fig. 3. The monthly rate of water 

pumping is obtained from the cumulative withdrawal of each year (provided by AST) 
and the distribution of a typical year. The peaks of consumption in Fig. 3 corresponds 
to the summer seasons. 

The head and velocity fields due to the AST pumping are computed for the 14 
year field production life from 1985 to 1998 with a time step of 1 day. Fig. 8 and Fig. 
9 show the piezometry and the saltwater concentration in August 1987, 1991, 1993, 
and December 1998.  

Inspection of Fig. 8 suggests that water pumping from the old well-field is 
responsible for an aquifer drawdown larger than 10 m in 1991 when the maximum 
extraction occurs (Fig. 8b). The related wide cone of depression causes a critical 
saltwater encroachment from a coastal strip 2.5-3 km long facing the well-field (Fig. 
9b). The saltwater front reaches the field in 1990-1991 (Fig. 8b), in satisfactory 
agreement with the available observations (Fig. 3).   

After 1991,  the initially partial and the complete stop of the old wells in 1994 
(Fig. 3) induces a pronounced recovery of the piezometric head despite the start of 
groundwater withdrawal from the new wells (Fig. 8c and 8d). This is due to both a 
much reduced pumping rate of at least five times (Fig. 3) and the larger aquifer 
transmissivity close to the new field (Fig. 2a). The saltwater front regression caused 
by the natural aquifer recharge started in 1991 at the boundary of the intrusion area 
(Fig. 9c) was practically completed seven years later (Fig. 9d).   
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Fig. 8. Contour lines of equal hydraulic head (m a.s.l.) in the Portorecanati confined 
aquifer as provided by the flow model accounting for pumping from the AST well-

fields. 
 

 
Third set of simulations 

A final set of simulations is run to evaluate the influence of the private 
pumping on the process of saltwater intrusion.  

Since no data are available on the withdrawal rate from the private wells, it is 
conservatively assumed that water discharge linearly increased from 0  in 1985 to 10 
m3/day in 1991 and remained constant thereafter for each of the 112 wells located in 
the area (Fig. 2b). Moreover, the boundary condition for the flow model on the 
western edge is changed from Dirichlet to Neuman due to the vicinity of some 
pumping wells. A uniformly distributed and constant inflow rate is prescribed on the 
boundary. Using steady-state results, this is estimated in 8330 m3/day. 
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Fig. 9. Relative concentration in the Portorecanati confined aquifer as provided by the 

transport model using Darcy velocities based on the flow field of Fig. 8. 
 
 
 

The solution to the flow model with the additional private withdrawal shows a 
further lowering of the water table extended over a larger area (Fig. 10a). However, 
since the cone of depression does not move significantly, the saltwater encroachment 
at the AST well-fields remains almost the same, while a wider area experiences a 
deterioration of groundwater quality (Fig. 10b). After closing the old well-field, a 
general seaward flow is re-established but with a smaller gradient than in Fig. 8d. 
Hence, we expect in this case as well a retreat of seawater encroachment although at a 
smaller rate.  
 



 10 

 
Fig. 10. Contour lines of equal hydraulic head (m a.s.l.) and relative concentration in 

the Portorecanati confined aquifer in August 1991 as provided by the flow and 
transport models accounting for pumping from both the AST well-fields and the 

private wells. 
 

CONCLUSION 
Saltwater intrusion in the shallow confined aquifer of Portorecanati is 

simulated by an uncoupled bidimensional finite-element modeling approach. 
Seawater encroachment due to groundwater withdrawal from two well-fields 
managed by the local Water Distribution Company and from more than one hundred 
private wells located in the area is investigated over a 14 year period from 1985 to 
1998. The modeling outcome shows that the high pumping rate at the old well-field 
has resulted in a significant lowering of the water table and a pronounced seawater 
intrusion. By distinction, the smaller water extraction from the new well-field is likely 
not responsible for an additional seawater ingression. Hence, the relatively high 
salinity concentration, which exceeds the drinking limits, must be accounted for by 
other sources such as, for example, the agricultural fertilizers spread over the plain, 
including the aquifer recharge area, or the salt upconing from a number of faults 
located in the Pleistocene basement that are proven to be particularly active by the 
high H2S concentration in the groundwater, or both. 
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