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Abstract. Over the last years the sustainable management oinland. The proposed methodology and its future develop-
coastal water resources has become strategic, especially ments can represent an empirical tool to provide preliminary
southern Salento Peninsula (Apulia), where mal-performingguidelines for long-term groundwater management in coastal
management strategies adopted, together with the vulneraquifers.

bility of the hydrogeological system, have given rise to the
deterioration of groundwater quality due to saltwater intru-
sion. 1

In the study area there is the presence of multilevel shallow
aquifer and a deep aquifer that interact by means of faultsThe particular strategic aim of this paper is to improve re-
The geological system is highly vulnerable to seawater intru-gional groundwater planning and management under scarcity
sion so there is the need to adopt management strategies @ndition to enhance sustainable development in Mediter-
avoid seawater intrusion phenomena. Nevertheless there isr@nean regions. Some of these coastal areas are affected
lack of studies that analyze the methodology for the correcthy scarce water resources, a direct result of desertification,
exploitation if the water resource in order to avoid further which represents a limiting factor for their sustainable devel-
intrusion phenomena. opment.

This paper combines a density-driven, flow numerical Particularly in karstic areas, water scarcity is due to the
model (Seawat v.4) with a fault conceptual and hydrologic simultaneous occurrence of many factors belonging to the
model to simulate saltwater intrusion phenomenon in thegeo-hydro-meteorological context: climatic change (tropi-
deep as well as in the shallow aquifer of the Salento areacalization, low or absent rainfalls, erratic rainfall pattern)
By means of the individuation of an indicator parameter of land degradation, the drying up and salinization of freshwater
groundwater quality, it has been possible to simulate differ-resources due to overpumping. Especially the contamination
ent scenarios of exploitation and therefore to define criticalof water bodies constitutes a serious constraint to the avail-
stress scenarios for both aquifers. ability of natural water yields.

The results show that the deep aquifer is more vulnerable Several authors have analyzed the vulnerability of karstic
than the shallow one, which means that in the former, in ordeiaquifers to seawater intrusion at different study scales: from
not to reach conditions of contamination, a lower density ofthe local scale in which flow processes within single channels
wells is necessary than in the latter. are analyzed, to the regional scale, in which the simulation of

The reduction of well density coupled with the artificial variable density ground water flow requires homogenization
recharge of freshwater into the aquifer may be proposed as af the properties of the medium.
solution strategy to protect the aquifer. The former analysis was carried out by Arfib et al. (2002),

Therefore, future developments of the present study willwho analyzed the functioning of the coastal karstic system
be represented by the simulation of different scenarios ofof Almyros (Crete) and showed the influence of the duality
recharging to inhibit the saltwater intrusion front further of the flow in the karst (conduits and fractured matrix) on
the quality of the water resource. A mechanism of saltwater
intrusion into this highly heterogeneous system is proposed

Correspondence taC. Cherubini and validated with a hydraulic mathematical model that re-
BY (claudia.cherubini@gmail.com) duces the aquifer to a single circular conduit surrounded by
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a matrix equivalent to a homogeneous porous medium, irin NW-SE direction (there are minor faults in NE-SW direc-
which pressure and salinity conditions are in relation with tion), whose planes are not always outcropping.
sea-water. The results show that in order to sustainably man- Stratigraphically, in the investigated area, on the Meso-
age groundwater in this region, it is essential to change theoic carbonatic basement (belonging to the known formation
current working of the wells in order to limit the irreversible of Altamura limestones), characterized by an irregular al-
saline intrusion into the terrain of the upper aquifers. ternation of calcareous, calcareous-dolomitic and dolomitic-
Langevin (2003) developed a regional variable densitycalcareous lithotypes variously fractured and karstified, lies
ground water flow model to simulate complex groundwatertransgressively Pietra Leccese constituted by badly stratified
flow processes in the limestone Biscayne Aquifer (Florida)marly organogenic calcarenites that enriches in finer ma-
and to quantify groundwater discharge rates to Biscayndrix in the basal part. The end of transgressive-regressive
Bay. By using the assumption of Equivalent Porous Mediummiocenic sedimentary cycle is represented by the Andrano
(EPM), individual springs and conduits were not explicitly (Messiniano) calcarenites. Still along the coastal belt, trans-
simulated, but rather, the properties of the conduits were avgressing on the Miocenic deposits or on the mentioned
eraged within model cells. Results suggested that fresh sukpliocenic marly sandstones lies the “Sabbie di Uggiano” For-
marine groundwater discharge to Biscayne Bay might havemnation (Bossio et al., 1987; Ciaranfi et al., 1988), Eastwards
exceeded surface water discharge during dry seasons. Mor&om Calimera and westwards from Vernole up to Borgagne
over, tidal canals were showed to intercept fresh groundwathere is the presence of “Calcareniti del Salento” formation,
ter that might otherwise have discharged directly to Biscayneknown also as Calcareniti di Gravina sensu Ricchetti (Ric-
Bay. chetti et al., 1992). The cretaceous formation crops out with
This modeling approach could be useful even to evalu-calcareous levels inclined at most at:2¥° corresponding
ate and help manage salt water intrusion in shallow coastal0 Serre Salentine where a continuous system of faults has
aquifers. been detected (Bruno et al., 2008).

Papadopoulou et al. (2005) carried out the simulation of More det_ails on the geo-lithologic, tectonic-structural anq
groundwater flow in a complex karstified aquifer system in morphologic features of the area reference can be found in
Crete, characterized by the presence of main faults. Here alst'® Paper by Bruno et al. (2008).

the approach used was an EPM drain boundary condition to 1h€ groundwater circulation in the Salento area is char-
approximate the hydraulic behavior of the two faults. acterized by the presence of two distinct systems whose in-

The results showed remarkably high water table deple—teraCtiO.n tends to vary locally. The first is represented by a
tion along the two main faults, which implies consequent productive deep karstic aquifer located in a highly fissured

quality degradation of the subsurface water resources due tgnd karstified carbonatic Mesozoic basement and is consis-

the fresh water front draw back towards the mainland. Thetently_threatened by_ saltwater_lntrusmn. The se_cond one 1s
onstituted by a series of multilevel shallow aquifers delim-

two faults showed an open conduit behavior where seawate}

could freely move backwards and forwards depending on théted by confining units whose groundwater quality has been

extent of the mixing zone between fresh and saline water. continuously worsening due to excessive and uncontrolled

The present study simulates saltwater intrusion into thepumplng. The deep karstic aquifer is the most '.”.‘po”am wa-
ter resource of the whole Salento as the karstified nature of

complex aquifer system of Salento Peninsula with empha-the region does not allow the presence of a significant surface

sis on the enhanced flow through fault systems located in the
area Water system.
' A 3-D lithostratigraphic reconstruction of the area has

The aim is that of detecting the critical conditions of use been carried out by Bruno et al. (2008). The geologic map
O.f the .S‘tUd); T\rea and therefor.e to provide gtool for tne 'nfd"shown in Fig. 1b and the cross sections in Fig. 1c evidence
viduation of long-term remediation strategies as well as fory, presence of 7 units:

management plans for the study area.
— alluvial sand and loam (Recent);

— coarse-grained sandstone (“Sabbie di Uggiano”) —

2 Geological and hydrogeological features of the area Pliocene:

The study area is located in Apulia Region (southeast of — sand with sandstone layers interbedded (“Calcareniti di
Italy) (Fig. 1a), extends for 225 kfrand is bounded to the Gravina”) — Plio-Pleistocene;
east by the Adriatic coast and to the west by the structural
highs (horst) of the Serre with the highest elevation of the
area.

The geologic structure of the study area is characterized — medium-grained calcarenite with marly limestone lay-
by a tectonic disjunctive style regulated by systems of direct ers interbedded (“Calcareniti di Andrano”) — Upper
faults at apenninic and anti-apenninic orientation, or rather Miocene;

— sandy-clay and clay marl (“Argille Subappenniniche”)
— Lower Pleistocene;
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Fig. 1. (a)Location of study areafb) Geologic map: 1) Alluvial sand and loam, (2) coarse-grained sandstone (sabbie di Uggiano),
(3) sand with sandstone layers interbedded (Calcareniti di Graviiedatdy-clay and clay marl (Argille Subappenninich&),raedium-
grained calcarenite with marly limestone layers interbedded (Calcareniti di André@phoja(ly fine-grained sandstone (Pietra Lecces®), (
fractured limestone and dolomitic limestone (Calcare di AltamuB))démain contour line, (9) faults, (10) Serre Salentine; c)extrapolated
Cross sections.

— marly fine-grained sandstone (“Pietra Leccese”) — Up- Field evidence shows that hydraulic head could change
per Miocene; significantly across the fault zone (Delinom, 2009). A bar-

) o rier behavior of the fault system in the carbonate aquifers of

— fractured limestone and dolomitic limestone (“Calcare goythern Italy has been demonstrated (Celico et al., 2006). A

di Altamura”) — Upper Cretacic. direct consequence of this effect is a compartmentalization of

. . . . . . .. flow and solute concentration.
The lithostratigraphic asset gives rise to a multilevel aquifer: Aydin (2000) affirms that the fault-normal effective hy-

the shallow aquifer is located in the Calcareniti di Gravina draulic conductivity of a block containing a fault can be de-
and Sabbie 0," Uggiano formations. The subappeqninic Clay?ermined as a harmonic average between the core zone, the
form an aquitard that separates the shallow aquifer from ;5546 zone and the original rock hydraulic conductivity.
semiconfined aquifer located in the Calcareniti di Andrano'GeneraIIy this hydraulic conductivity is from two to four or-
The Pietra Leccese represents an aquiclude that separates t@@rs of magnitude lower than the hydraulic conductivity of
multilevel shallow aquifers from the deep aquifer located in o matrix. On the other hand, the hydraulic conductivity
the “Calcare di Altamura” formation. parallel to the fracture plane mainly depends on the exten-
sional behavior of the fault and can result in considerably
higher values than the original rock hydraulic conductivity.
The flow paths may follow preferential conduits generated by
A 3-D density-dependent hydrodynamic model has been rethe subvertical solution cleavage surfaces (Billi and Salvini,
alized on the basis of the lithostratigraphic reconstruction2001)- ) o

showed above. The following subsections detail the differ- For the resons mentioned, faults may give rise to two op-

ent aspects of the implemented hydrogeologic model. posing effects on groundwater flow field: barrier and/or con-
duit.

3.1 Fault conceptual model In this work, in order to implement this dual behavior, the
first effect is modeled through a series of horizontal flow bar-
In the study area, all faults are of dilatant character. Theriers that draw the fault in the finite difference grid (Fig. 2),
prevalent orientation of the faults is parallel or subparallelwhereas the second effect is modeled introducing a pair of
to the coastline. Caine (1999) proposed a conceptual modeddjacent cells that mimic a permeable fracture zone and have
for permeability structures in fault zones. Generally, faultsa common boundary situated corresponding to the fault.
combine conductive as well as flow barrier features: the latter The barrier effect has been introduced into the finite differ-
at the fault core combined with the former that consists inence model by means of the Horizontal Flow Barrier Pack-
conductive fractures, especially in damage zones. age (HFB) (Hsieh and Freckleton, 1993). This package has

3 Conceptual model
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This equation shows that total drawdown is assumed as the
sum of the Cooper and Jacob function, a skin function pre-
Fault trace sented by Cooley and Cunningham (1979) and a non Darcy
function introduced by Wu (2001). The last-mentioned
Hortzontal Barrier *\ function is valid for steady-state flow; however, the author
— demonstrates that it provides a good approximation for a
large time. Twenty-seven tests have been analyzed and the
~— Pairs of cell results are shown in Table 1.
The hydraulic conductivity of each unit and the prevalent
behavior of the fault system have been estimated by solving
the following hyper — determined system:

Fig. 2. Representation of fault in the finite difference grid. 1 )
’ i ? Zfinbij:TiIZJ.,...,n (4)
j=1

been incorporated into the MODFLOW'ZOOO (Harbaug_h ®The above expression derives from the Bear assumption
al., 2000) and S_EAWAT (Lan_gevm et al., 2008) numerical Bear, 1987) for determination of hydraulic conductivity for
code. _SubstanUaII_y, HFB ‘?‘dJUStS the. 9onductaqce bet"veeétratified aquifers. f;) represent the effect of the fault on
the ad.jacen.t cell_s mtrodupmg an additional barrier conduc+y, dynamics of flow for each lithotype. Low or high val-
tance in series with th_e original cond_uctance. es of this correction coefficient correspond, respectively, to
The conduit effect is modeled using a method presentei prevalent barrier or conduit behavior. Tfids set equal to

by Svensson (2001) and Reeves el al. (2008). The hydrauligq if the i.th well intercepts the fault and to zero if i-th well
conductivity of the fracture zone is determined by evaluatmgis distant from the fault structure

the fault orientation: The results of these calculations are summarized in Table 2

Kgria =K 7 - (ISin(8)| + |cos() ) (1) and show that for some lithotypds; > K;; thus, the faults
present a prevalent conduit behavior. These permeability es-

Where¢ is the angle measured from x-axi8y is the hy-  {imates will be further improved by inverse modeling using a
draulic conductivity of fault fracture zone anklyq is the 3-D groundwater simulation.

hydraulic conductivity in the numerical model.

Both conductance of flow barrier and hydraulic conductiv- 3.3  Hydrologic — hydrogeologic interaction model
ity of fracture zone are not known a priori. In the following
section by means of productivity well test analysis, it hasThe Water Budget that controls groundwater flow and salt-
been possible to identify the predominant behavior of eachwater intrusion can be described as (Shoemaker, 2003):
fault P+RF+QF—ET—SF—D—Qs— Qp— QL =AS=0 (5)

3.2 Well test analysis i L 1
where P is precipitation [mmyr+]; RF=return flow from

In order to obtain the initial estimation of the representa-irmgation [nmyr']; Or =groundwater recharge; ET = real
tive hydraulic conductivities of each unit and to evaluate the€vapotranspiration [nmyr]; D = leakage rate between the
prevalent behaviour of tectonic structures, a productivity wellShallow and the deep aquife@s=net submarine ground-
test has been analyzed. This kind of test provides an indiwater discharge to the Adriatic se@p =pumping from the
vidual characteristic curve which can be inferred from the Upper and lower aquifers; SF=surface rungl; = net dis-

following well loss — discharge rate function: charge to Alimini lake and coastal springs:s = change in
) storage negligible over the long term. The a priori estimation
s=(A1+42)-0+B-0 (2)  ofthe various components of the water budget is essential for

Wheres is the total drawdownA is the linear aquifer loss the_ definition of the h_ydrologic and hydrogeolc_)gic basin_in

coefficient, A, and B are the linear and nonlinear well loss Which the study area is located. Previous studies (Maggiore
coefficients respectively. This function represents a well flow@nd Pagliarulo, 2004) have adequately described the individ-
equation that can be made explicit in function of aquifer pa-Ual components of the whole hydrogeology of the Salento

rametersT and S, the transmissivity of damage zoffein peninsula. As the study area is located along the Adriatic
and a non linear terrf: coast, for the next analyses, the Adriatic Sector of the princi-

pal basin has been taken into account. Weather data collected

5= [ 2.3 Iog(2'25' T't) i( 1 _ l)ln (@)} at the termo-pluviometric stations from 1974 to 2003 have
4xT r2.s 27 \Tskin T rw been used.
g (1 1 2 By means of the construction of the Thyssen polygon it
Q+ [ﬁ (a - ﬁ)} Q ) has been possible to determine the zones of influence of the
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Table 1. Transmissivity and thickness of each lithotype in filtering zone for 27 wells. Wfieré the well intercepts the fault.

1385

Name E [m] N [m] TitsY s2[m] s3[m] s4[m] s5[m] s6[m] s7[m] s[m] f

P11  2802575.81 4462207.46 6.00E-02 8372 8372 1
P9 2807075.00 4461844.00 1.00E-02 10.50 78.00 8850 1
P8 2806105.00 4460473.00 2.50E-02 4318 17.00 1501 7519 1
P1 2808736.07 4447954.28 3.00E-02 8372 8372 1
P2 2808731.33  4449060.43 5.00E-03 60.14  60.14

P3 2808487.25 444848450 2.00E-01 79.63  79.63

P5 2806628.23 4454691.53 6.00E-03 30.33 56.23 8656 1
P7 2808157.00 4455926.00 1.00E-01 31.00 16.24 47.24

P12  2801603.31 4462667.48 6.00E-02 36.16 36.16

P14  2798364.00 4464277.00 6.00E-03 25.84 995 1839 5417 1
P15  2799323.00 4466101.00 8.00E-02 38.32 38.32

P21 2810205.40 4446501.26 2.00E-01 1532 1532

P22  2798196.17 4466583.28 2.50E-01 42.90 42.90

P24  2802225.01 4468864.47 3.00E-01 790  49.00 56.90

P26  2805717.51 4468409.60 5.00E-03 10.65 110  32.70 4445 1
P27  2797139.91 4461232.39 1.00E-03 18.00 18.00 1
P30  2805418.93 4461943.05 1.10E-02  55.05 2950 77.90 20.05 18250 1
P31  2807179.64 4464758.92 1.10E-01 16.64 16.64

P33  2807034.56 4459286.43 1.50E-02  3.47 23.89 55.35 82.70

P36  2810238.73 4459069.36 1.50E-02 11.00 11.00

P39  2810563.04 4456796.17 8.00E-03 25.00 25.00 1
P40  2813106.05 4457172.53 3.00E-03 11.79  42.80 5459 1
P41 2812117.96 4456392.89 1.00E-02 20.90 2090 1
P42  2811755.29 4455359.56 1.70E-02 19.22 19.22 1
P45  2812933.33 4454910.97 3.00E-02 13.00 13.00 1
P49  2814711.73 4453651.97 2.00E-02 16.90 16.90 1
P51  2814443.78 4450799.75 9.00E-03 22.00 22.00

Table 2. Hydraulic conductivity for each unitk; = K lithotype.
K ; =K lithotype near the fault. For some lithotyp&s > K;, so

the faults show a conduit behavior.

Lithotype  K;[m?s™1] K [m?s™Y

2 2.4188E-05 9.9996E-03
3 7.3181E-04 9.9996E-03
4 2.3148E-09 2.3148E-09
5 9.6525E-06 9.6525E-06
6 9.2593E-07 8.5553E-06
7 4.6309E-04 2.6985E-03

teristics of the typology of soil use, an overall runoff coef-
ficient equal to 0.1 has been estimated. Onto this, analyzed
basin groundwater recharges come from adjacent hydrogeo-
logic domains that in have been reported equal to 839t
previous studies (Cotecchia and Polemio, 1997).

Outflows from the hydrogeologic domains adjacent to the
examined one have not been documented. From the anal-
ysis of the water table of the whole hydrologic basin, the
subterranean watershed has been detected, allowing the de-
termination of an area of potential recharge, as far as the

subterranean water delivery to the study domain equal to
A=131238000m.

The analysis carried out up to here has permitted the de-
termination of some regional terms of the hydrologic balance
stations. In this way, the study basin has been discretized bfor the study area. In particular it has been possible to deter-
means of cells to which the climatic parameters precipitationmine, under the steady-state hypothesis, the term of effec-
and temperature have been associated. tive infiltration Ief = P+RF—ET—SF in the range 98 000 to
For each station and each cell, the pluviometric an-81000nday ' and the groundwater recharge term QF in
nual module MPAM, the corrected temperature Tc and thethe range 57 000 to 47 00Cday .
real evapotranspiration have been determined for the thirti- The term QP is affected by uncertainty due to unauthorized
eth 1974-2003 by means of the Turc empirical expressiorpumping. Knowledge of the agricultural use of the territory
(Civita and De Maio, 1997). On the basis of some repre-suggests that the well density is equal to 0.2 [wetlHawith
sentative factors of the lithologic and morphologic charac-an extraction rate equal to 1 [t¥], active just in the summer
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recharge terms has been zoned. In this procedure, starting
from the recharge terms, from the most dominant geo-hydro-

, meteorological variables and from piezometric head moni-

Med toring data, the local value of recharge term has been es-
timated. Due to the temporal uniqueness of the observed
piezometric data, the steady-state condition has been as-
sumed and thus the analysis refers to an averaged condition
on the whole hydrologic time frame.

The complex interaction between surface water and the
groundwater system is a function of several variables. The
main variables can be considered dg:topographic height,

(2) topographic depression3)(soil slope, 4) depth of wa-
ter level, 6) resistance to flow of the unsaturated zor@®, (
outcropping lithotypes.

The areal recharge can be zoned according to a linear com-
bination of these functions:

High

n
Fig. 3. Qualitative recharge. The colour scale reflects the differ- T : .
ent attitude to recharging the zones, ranging from high (red) to low? (0, ) = Lef ;f’ (x, ) wi ©)
(blue). =

Wheregq is the function of the local value of recharge term,

Iei is the regional effective infiltrationf; (x,y) is ith the
—_— hydro-geological variablew; is the ith weight. First the
weight assignment has been done a priori according to the
importance of the variable for the recharge phenomena (In
Fig. 3 the qualitative recharge is shown). By means of inverse
modeling, the weight has been calibrated and the spatial dis-
tribution of the recharge terms has been calculated according
to the minimization of the difference between the flow model
results and the observed data under the following constraint:

3.354e-04

4.540e-05

J 6.144e-07

o 8315e-07

| 1.125¢-07
1.523e-08
2.061e-09
2.789e-10

377511 Ieff = /q (xs }’)dA (7)
A

As far as the groundwater recharges, given that the depth of
the impermeable layer in the deep aquifer, is not known ex-
actly (it is proved to be about 900 m bsl), the Glover (1964)
assumption has been made, in which the aquifer is un-
bounded at the bottom and saltwater is stagnant. The ground-

water inflow is assigned corresponding to the calculated in-
Fig. 4. Map of meteoric recharge. terface length.

3.4 Numerical model
months eight hours per day four times per month. However,

different scenarios of pumping rate and well density haveA density-driven flow model for the study area has been
been simulated. implemented by means of finite differences numerical code
The distance the net water outflows up to the lakes,SEAWAT v.4 (Langevin et al., 2008), which couples MOD-
marshes, the coastal springs, as well as the exchanges bELOW (Harbaugh et al., 2000) and MT3DMS (Zheng and
tween the shallow and deep aquifer, have not been possiblé/ang, 1999) codes in implicit or explicit fashion in order to
to estimate directly. Therefore, these terms have been essolve density-dependent flow and transport problems.
timated by means of an inverse approach in the successive Setting up the hydrogeologic model followed two consec-
implementation phase of the numerical model. utive phases: the realization of a steady — state constant-
A systemic approach has been used for the evaluation oflensity flow model and of a density-dependent flow model.
the interactions between the shallow and the subterranean The former phase followed a calibration process in which
water systems. The above a priori estimation of regionalthe control parameters such as hydraulic conductivity of each
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Correlation coefficient:0.857 z b)
Residual mean: 0.325 £
Range head: (20.1-0.23)

Observed head

5 3 W m W w w
Model values Model values

Fig. 5. Plot observed vs model hydraulic head values {aj:cal-
ibrated model(b) without fault hydraulic conductivityc) with a
constant value for recharge.

formation, hydraulic behavior of faults and boundary condi-

tions have been tuned, according to a priori knowledge and

water table sample data obtained from the campaign of in¥ig. 6. Results of the constant density flow model; 1. “Calcarenite

vestigation. di Gravina”; 2: “Sabbie di Uggiano”; 3: “Calcereniti di Andrano”;
Successively on the basis of the results of the former#:‘PietraLeccese”; 5: faults; 6 | type boundary condition (fash

phase, a density- dependent flow model has been imple‘?:%gﬂ)? 7 'L_ttYpe tCoEnd.agr.y CotndTobrll (Q=&sv; 8: Il type

mented. The study domain has been discretized by mean%oun ary condition (Lake); 9: water table.

of a regular three dimensional grid, rotated in such a way ] ) ]

as to be parallel to the Adriatic coast. It has 101rows,3-5 Constant density flow simulation

80 columns and 54 layers with a total of 436 320 cells among_ . o i ,

which 320906 are active. Each model cell has an area of® "gorous calibration phase was carried out to obtain the

200x 200 n? with a thickness ranging between 5 and 10 m. water table. The plot of obseryed vs modeled hy_draullc

The transient simulations have been carried out with a timg'€ad values after mode| calibration (with a correlation co-

step set equal to 1 day and transport step equal to 0.1 day. efficient of 0.857) is presented in Fig. 5{:1. The most sensitive
The boundary conditions have been assumed steady stal rame'ters have proved to be met.eor|c recharge a_md faults

for the whole simulation period and therefore they represen Vdf?‘%‘"c conductivity. In fact, assigning a hy‘?”a“"c con-

equivalent conditions averaged on the whole time frame. ductivity valu_e to faults _eq_ual to the surrounding matenal
A 1st kind boundary condition has been assigned for ﬂowwould result in not well fitting the observed data (Fig. 5b).

(h=0m) and transport (c = 1) along the coast line; no disper_In this case, the correlation coefficient assumes the value

sive flux across the cell boundary has been assigned. Groun(‘i’—f 0.516. The same concept can be extended to meteoric

water inflow from the south —west border has been simulatecfE?Ch"’"g,e (Fig. 4), whose incidence can be emphasizgd by
by means of a 2nd kind boundary condition; no flow condi- Fig. 5¢ in which a constant value has been assigned to it, re-

tion and no dispersive flux have been imposed on the north§UIting in not fitting at all the observed data, with a very low
western and southeastern borders correlation coefficient (0.244). The results of the constant-

As far as effective infiltration a 2nd kind boundary condi- d(_ansity f'9W simulatioq (Fig. 6) have prc_)ved to be coher.ent
tion has been imposed on the whole study domain using th ith the plezqmgtry (Fig. 7)_ drawn up with the data coming
recharge package with the parameter NRCHOP set equal t§°™ the momtormg campaign (Brung etal., 2908)'

3; in this way the boundary condition has been applied cor- From an analysis of the piezometric map (Fig. 6), the bar-
responding to the highest not dry cells. rier _effect exerted by _the faults emerges preponderantly. In

The simulation of the seawater intrusion phenomena haarticular corresponding to the northern and the southwest-

been achieved by obtaining a condition resulting from the hy-6M boundary of the examined area the configuration of the
drodynamic equilibrium without the implementation of an- tectonic alignments is such as to create a considerable weir

thropic stresses. Successively starting from this initial condi-2/0ng groundwater flow that in some points in proximity of
tion, anthropic stress has been simulated. faults causes a phenomenon of hydraulic jump (Cherubini et

al., 2009). A hydraulic jump of 20 m is located north of the
area, a lower one of 8 m is present southwesterly and another
one of 12 mis down south (Fig. 6).
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3.6 Density driven flow simulation

The concentration distribution that comes from the variable
density flow model without anthropogenic stresses is pre-
sented in Fig. 8 showing the calculated relative concentra-
tion € = GnodefCsalt for the study area. In Fig. 9 is shown the
representative vertical section correspondent to the line (a—a)
drawn in Fig. 8. The barrier effect to seawater intrusion for
the scenario without pumping is evident.

The results reflect clearly the aquifer geomorphologic
structural asset. Without anthropogenic stresses the shallow
aquifer appears to be not compromised, being naturally pro-
tected by the subapennine clays. Nonetheless, in the north-
eastern zone where their thickness is less, it proves to be
more vulnerable, as can be pointed out in the pumping stress
scenario. As far as the deep aquifer is concerned, the thick-
ness of the interface zone depends on its morphostructural
asset, particularly it is mainly affected by the Pietra Leccese
formation. Fig. 7. Piezometry drawn up with data coming from monitoring

In the northwestern and central zone where the aquicludeampaigns.
formation is more surficial, the interface is deeper. The
model reproduces faithfully the effect exerted by the faults
that act as barriers in a direction orthogonal to hydraulic gra-
dient and as a conduit in a direction parallel to it.

3.7 \ulnerability of aquifer

The saltwater intrusion phenomenon can induce progressive
worsening in the quality of groundwater up to its being unus-
able both for irrigation as well as for drinking purposes. The
saline contamination can compromise the agricultural activ-
ity up to many tens of kilometers inland.

In the study area aquifers’ vulnerability may be attributed
to:

0.50

Fig. 8. Variable-density flow simulation without anthro-
pogenic stresses. The legend label shows the parameter

— Up-coning phenomena C=Cmodef35mg 2.

— Lateral saltwater intrusion

— Presence of tectonic structures that influence the two
previous phenomena. It is known that the tectonic con-groundwater flow direction in the shallow aquifer is towards
figuration of a coastal aquifer may have relevant ef-the sea. Overpumping is the main reason of the inversion
fects on its intrinsic vulnerability to saltwater intru- of the groundwater flow from the sea inland resulting in the
sion; potential pathways for saltwater intrusion can belateral saltwater intrusion into the shallow aquifer.
represented by hydraulic connections like antique sub- The lateral seawater intrusion effect and the raise of inter-
terranean downflow channels, coastal caves affectediace zone table depend both on the pumping rate and well
by parakarst phenomenon and discontinuities such aglensity. The different effects detected in the presence of
stratigraphic joints, fractures and faults. faults are attributable also to the occurrence of the well in-
tercepting the faults.
In the study area the shallow aquifer has higher static piezo- In order to verify how the different forms of vulnerabil-
metric levels than the deep one and under natural conditiongty of the aquifer have already influenced groundwater qual-
the saltwater intrusion phenomenon does not extend signifiity in the study area, three monitoring campaigns of the
cantly inland. salt content have been carried out, both in the deep and the
In the shallow aquifer, the location of the sharp interface shallow aquifer. The first one in 2006 concerned 10 fresh-
changes over time depending on the distribution of the hydrowater samples extracted from wells intercepting the shal-
static pressures of the system. Under normal conditions, théow aquifer used for agricultural purposes, and a second
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Fig. 9. Representative vertical section correspondent to the line (a—a) for the scenario without pumping. 1: “Calcarenite di Gravina”; 2:
“Sabbie di Uggiano”; 3: subappennine clays, 4: “Calcereniti di Andrano”; 5:"Pietra Leccese”; 6: “Altamura” limestones; 7: “faults”. The
colors reflect the lithostratigraphical reconstruction shown in Fig. 1.
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Fig. 10. (a)surveys concerning the shallow aquifer: (1) Surveys carried out in 2007 with-T489 mg I-1; (2) Surveys carried out in 2007
with TDS < 450 mg 1 (3) Surveys carried out in 2006 with TDBS450 mg i (4) Surveys carried out in 2006 with TDS450 mg 1,
(b) (5) Surveys concerning the deep aquifer. Interpolated depttiy) skawater (35 git) and(c) interface (5gt1). (d) conceptual model
adopted.

monitoring campaign was carried out at the end of 2007 and As far as the deep aquifer is concerned, the map of con-
concerned the extraction of 32 samples from other wells intamination monitoring points (shown in Fig. 10b, ¢) shows
the shallow aquifer, different from the previous ones. Fig- a conspicuous contamination even in the inland zones. Fig-
ure 10a shows the surveys carried out in 2007 and 2006 witlure 10b also shows that for the deep aquifer, the depth of the
TDS> 450 mg It and with TDS< 450 mg L. seawater in dynamic equilibrium with freshwater reaches ap-
The least analysis has been carried out by the Ministry ofproximately—150 m in the inland zones and100 m along
Infrastructures and Transportation in 2005 and has concernetie coast. Figure 10c shows the interpolated depth of the in-
the execution of 36 multiparametric boreholes that intercepterface (5gt 1).
the deep aquifer. The analyzed wells are located in the whole According to this setting and because of the physical con-
Apulia region, just ten of them are localized in the study areafiguration of Southern Apulia, the conceptual model of Fet-
As far as the shallow aquifer is concerned, the highester (1972) can be assumed (Fig. 10d), in which a fresh-
concentration values inland are present just in proximity ofwater lens floats on top of saltwater, supported by a con-
the faults (Cherubini et al., 2009) and specifically, the onesstant surface recharge. According to this model, the most
hosted in the Calcareniti di Andrano and Pietra Leccesevulnerable zones, where seawater in dynamic equilibrium
Contrarily, the fault zones hosted in the subapennine clayss more surficial, are the ones located in the southeastern
formation show lower concentration values. In the northernpart of the region, including the study area. In this aquifer
coastal areas, where the subapennine clays decrease in thickaltwater contamination occurs primarily by means of upcon-
ness, the lateral saltwater intrusion is likely to occur. ing phenomena that increase inter-aquifer salinity exchange
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Fig. 11. Scenario with pumping equal to 51 with well density of 0.625 well hal.

as a result of deepening of wells. The base level of the4 Methodology for individuation of critical stress

shallow aquifer varies with the depth of the calcareous and scenarios

calcareous-dolomitic Mesozoic basement which is condi-

tioned by the tectonic dislocations present in the area. VariFor the mentioned reasons, the two aquifers show different

ations in the shallow aquifer basement lead to uncertaintyvulnerability to the saltwater intrusion phenomena. There-

in the drilling depth of the wells unless an accurate analysisfore, an indicator parameter has been defined to measure

is carried out. If the wells are not equipped with a protec- groundwater quality and to detect critical scenarios for both

tive covering and intercept the deep aquifer, they can creat@quifers.

a connection between the two aquifer-systems, causing local This parameter is represented by the weighted average of

contamination. the extracted concentration with respect to the pumped flow
Substantially, from a first screening of the collected data, itrate. For the generic aquifer the Water Quality Index,g

appears evident that due to hydrogeological and anthroplca(lg| 1) has been calculated:

conditions, the water resource still usable in the examined

territory is in serious risk of being compromised. % cn Onlnm

For this reason, it is necessary to carry out correct manage; _ =1 @8)
ment and planning of the irrigation water demand by looking I
for solutions that would reduce the risk of increasing ground- ngl Qnlnm

water salinization as much as possible. ] )
Wheren is the number of wellsQ,, is the pumped flow rate

3.8 Pumping stress scenarios for each well,¢, is the concentration extracted from each
well, 1, ,,, is equal to 1 if the well m: is present in the aquifer

Starting from the condition of hydrodynamic equilibrium, s otherwise is equal to 0.

different pumping stress scenarios have been simulated. In In order to detect the critical scenario of exploitation, dif-

particular, a sensitivity analysis has been carried out on welferent numerical simulations have been carried out by intro-

density and pumping rate smoothed on the entire period oflucing an anthropic stress — that is function of flow rate and

simulation (40 years). well density and hypothesizing that the activity of extraction
The results of this analysis for a representative vertical secstarts from the fifties up to the present.
tion (a—a) with pumping equal to 50%d—! and well density A fictitious distribution of wells has been hypothesized.

of 0.625wellha® are reported in Fig. 11, in which the vul- The depth and the length of the filtering zone of the wells
nerability of the shallow aquifer described in the water qual- has been assumed constant for each simulation and concern-
ity section is evident. The isolines represent the percent ofng each well, it assumes the value obtained from the inter-
saltwater concentration and the blue one seawater withoupolation of well data whose geometry is known for the whole
anthropic pumping. area (Figs. 12-13).

Figures 12 and 13 show, respectively, the interpolated top
and bottom of the well screen for the study area. The vari-
ation in the length of the filtering zone from zone to zone
depicts the geological assets.
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36.5€!
100 different scenarios of exploitations have been simu-

lated varying well density in the range 0.1-1 welffzand
flow rate q in the range 3650-36508 yn—1 for each well.

For each simulation, the calculated Water Quality Index Rate
for the shallow and the deep aquifer has been assigned to thi[m?/yr]
nodes of a 1& 10 square grid. Each grid node is therefore
associated to a couple oBq! values. The graph in Fig. 14
represents the contour line of the grid node values, thus it

__ Deep aquifer
____Shallow aquifer

0,
24.4e3_] — . —3.0e3 m*/(yrxha)

12.4e3

shows the diagram of variation of the Water Quality Index 3602

with the change in density and flow rate both for the shallow L0

and the deep aquifer. The higher the value of the indicator Well Density [1/ha]

parameter, the lower the quality of groundwater. The trend

of this function is asymptotic for high flow rates. Fig. 14. Diagram of Water Quality Index for Shallow and Deep

The red dashed line reported on the same graph correAquifer.
sponds to the water demand per hectare of the major cultures
present in the area that is equal to 30G0for the irrigation
season. The proposed study suggests adopting two strategies of
The area of the diagram below the isoline 0.t1ytep- ~ management for the protection of the aquifer: (1) reduc-
resents the place in which the aquifer is not in a conditioning the density of wells by individuating zones by means
of Vu|nerabi|ity' therefore scenarios of exp|0itations can beOf further simulations at local scale in which the contamina-
applied in this setting. tion is minimized, or (2) reducing the water demand, which
The intersection of this dashed line and the isoline would mean shlftlng the dashed line to the bottom, and con-
0.1g* can be considered a critical scenario for the aquifer.sequently shifting the critical point to the right. Hence, it
Corresponding to this point there is a condition of optimum Will be possible to adopt scenarios of pumping with a higher
in which the exploitation is maximized under the constraint density of wells.
of the maximization of groundwater quality. Further monitoring campaigns will permit us to calibrate
From this figure it appears evident that the deep aquifer ighe numerical model in transient conditions, allowing there-
more vulnerable than the shallow one, as the intersection ofore more accurate simulations to be carried out. This, in
the dashed line of the water demand and the isoline 0.1 igurn, will be able to reduce the degree of uncertainty con-
more shifted to the left for the former. This means that in thenected to the individuation of critical future scenarios.
former, in order not to reach conditions of contamination, a The choice of the best strategy will be dictated, other than
lower density of wells is necessary than in the latter. by the proposed methodology, by political, social and eco-
nomic factors as well.
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