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Fig. 1 - Geological map (D'Angelo and Vernuccio, 1992). The red square indicates the studied area.

the coastal area between the cities of Marsala andMazara del Vallo (south-western Sicily). This
area was chosen as a test site to optimize acquisition techniques, data processing and data
interpretation for the geometry reconstruction of aquifers and their charactenzation using
geophysical and geochemical techniques. The groundwater resources are used mainly for
agriculture (wine and vegetables) and as drinking-water supplies for the surrounding cities and
towns. The growing water exploitation over the last decades caused the disappearance of a typical
humid coastal habitat, the so-called "margi", in which the near surface groundwater emerges
close to the sea, forming a brackish habitat. Furthermore, the equilibrium between salt and fresh
groundwater shifted from the coast line, in the margi area, inland towards the cultivatedzone,
which meant that the wells nearest to the sea were abandoned. The aquifer extends for
approximately 150 km2 (Fig. 1) and is composed of Pleistocenic sand and calcarenite deposits on
a clay-sand substratum (D'Angelo and Vernuccio,1992).

2. Geophysical survey

The utilizalion of the time domain electromagnetic method (TDEM) for hydrogeological
applications has dramatically increased during the last years. In particular, the effectiveness of
this method on the study of seawater intrusion in coastal aquifers is testified by various case
histories (Fitterman and Stewart , 1986; Hoekstra and Blohm, 1990; Goldm an et aL, 1991 ; Kafri
et  al . ,1997).

This methodology is based on a step-wise current flowing in a transmitting loop that produces
a transient secondary electromagnetic field in the underground. This, in turn, induces a change in
voltage on a receiver coil. The interpretation of the shape of the decay curve, related to the
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carried out. In particular, 53 TDEM suryeys have been performed distributed in the entire area
of the aquifer, while in coastal zones, which are particularly sensitive to sea water intrusion, three
detailed survey lines were reconstructed using integrated electromagnetic investigations
(TDEM), electrical resistivity tomographies (ERT) and multichannel analysis surface wave
profiles (MASW) (Fig. 2).

2.1. Sect ion n'  1

The first detailed survey line was acquired perpendicular to the coast line, up ro 1250 m from
the coast line: 8 ERT and 23 TDEM were carried out (Fig. 2); furthermore, 2 Vertical Electrical
Soundings (VES) were carried out to verify the interpretation model of the TDEM investigation.
The geoelectrical investigations were carried out with the Syscal Pro equipment (Iris Instruments,
France), with 48 channels 2 spaced in multichannel acquisition. The first three tomographies
(from the sea) are superimposed for half of their length, while the other profiles are about 150 m
one from the other. The Linear Grid array (Fiandaca et al., 2005) was used to perform
measurements, with 565 programmed measurements for each tomography. This array was
developed in order to minimize the number of different current ir5ections necessary to obtain a
good resolution power. Only l3 current dipoles (and only 9 current electrodes) are sufficient for
a 48-channel tomography. The capability of this array to retrieve correct interpretation models in
comparison with classical array-like Wenner-Schlumberger and dipole-dipole was previously
studied both with simulations and a direct comparison of results in the first 200 m of the survey
line (Martoraîa et a1.,2009). The measured values of apparent resistivity range from fractrons to
hundreds of Q'm, with higher values at shallower pseudo-depth, while at a deeper pseudo-depth
the apparent resistivity increases from the sea line towards the cultivated land [with pseudo-depth
defined as Edwards (1977)1. Measurements of apparent resistivity present a higher noise content
in the profiles near the sea, because the values are lower: values with standard deviation grearer
than l0%o (calculated by the instrument repeating the measurements) were discarded for
subsequent analysis (about 30% of the measurements were discarded in the first three profiles,
about 20%o in the following three profiles, less than 5oA in the remaining two profiles). The data
were inverted by RES2DINV software (GEOTOMO Software). Inverted models are shown in
Fig' 3a: the models present a stratification, with a resistive overburden on a more conductive
layer. The conductivity of the deeper layer ranges from about 1 o.m near the coast line to tens of
o'm: this layer has been interpreted as the saturated zone of the aquifer, with the lateralvariation
of resistivity justified by different contents in salt concentration. Following this interpretation,
resistivity values of about 1 o 'm correspond to a portion of the aquifer totally intruded by the sea
water. In fact, the resistivity of sea water in this area of the Mediterranean Sea is about 0.2 o .m
(Janz and Singer, 1975), and the calcarenite of the basin are much more porous (the porosity is
above 200À): applying Archie's law (Archie , lg42), values around I o.m practically represent salt
water.

To corroborate the interpretation coming from geoelectrical measurements, 23 TDEM
soundings were performed, in order to reach a greater investigation depth. The Tem-Fast 4gHpC
(AEMR) instrument was used to carry out measurements, with a squared loop 25 m. 25 m. The
data acquisition was made with a transmitting current of 3A and a time runge of 204g ps. All the
23 TDEM soundings were interpreted with TEM-RESEARCHER software (AEMR), imposing a
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Fig. 4 - Acquisition sequence for ERT surveys in Section no1.

2.2. Section n' 2
The second detailed survey line, 1400 m long, was carried out about 2 km from the first 2D

survey line in a north-western direction. 13 TDEM soundings were performed along the line,
while an electrical resistivity tomography with379 electrodes, at 1 m spacings, was carried out.
Finally 7 MASW profiles were acquired. The ERT sounding was carried out positioning the
centel of the investigation at about 500 m from the coast line, to try to intercept the lateral
variation of resistivity due to the wedge of the sea intrusion (using the results of the first 2D
survey as reference). The array used for measurements was again the Linear Grid, but with a
different georesistivimeter. In fact, the MRS256 instruments (GF Instruments, Czech Republic)
were used. The MRS256 instrument performs up to 256 potential simultaneous measurements,
even if in the application presented here, it was used with only 64 channels. In fact, the instrument
has been developed for 3D investigations: extensions for potential cables would be necessary to
take fuIl advantage of the multichannel capability of the instrument in 2D applications. The total
amount of 379 electrodes of the profile were reachedmoving the 64 electrode cables six times
along the profile. For each position of the potential cables, measurements with all the current
dipoles of the acquiring sequence were performed, with current electrodes both inside and outside
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amount of 92 current dipoles. In this way about 15,500 measurements were acquired. A limit of
15,000 m was imposed on the geometric coefficient, increasing the potential dipole length of
quadrupoles when necessary.

Unfortunately, the acquired data present a greatnoise contQnt: only about 7,500 measurements
present a standard deviation below 10%. Furthermore, the rejected dataare those with greater
pseudo-depth. For this reason, the inverted model (Fig. 5a), obtained again with RES2DINV
software, reaches an investigated depth of about 45 m (1/8 of the profile length), presents a high
RMS value and does not agree well with the TDEM and MASW soundings (Fig. 5). It is possible
to recognize a resistive overburden on a saturated zoneo but this latter layer is not laterally
homogeneous and the depths of the contacts between layers do not correspond to the results from
TDEM and MASW investigations. In the last hundreds of meters of the profile it is possible to
recognize a conductive shallow anomaly, maÉe due to a superficial fresh water reservoir. The
TDEM soundings were acquired and interpreted with the same instrument and software of the
first 2D survey line. Results are presented in a pseudo-2D manner in Fig. 5b. Even in this case
the model presents three layers: a resistive overburden, a conductive layer (interpreted as the
saturated zone of the aquifer) and an almost homogeneous deep layer, the clay substratum. The
values of resistivity of the second layer are low along the entire profile, indicating that in this
portion of the aquifer the sea water intrusion is more pronounced. Instead of VES soundings, 7
MASW investigations wete performed to support TDEM results for the recognition of the
substratum of the aquifer. MASW soundings were carried out with anABEM seismograph, using
24 vertical4.5 Hz geophones for each sounding. WinMASW software (Eliosoft) was used to
invert data with a 2-layer model. The inversion models are shown in Fig. 5c, joined in a pseudo-
2D section. The depth of the contact between the layers agrees well with that from the TDEM
soundings between the saturated zone and the substratum. Even the velocities of the layers are
compatible with a calcarenite layer (top layer with velocity of 500 m/s) and a clay substratum
(bottom layer with velocity of 1000 m/s).

2.3. Section n" 3
The last section,900 m long, was surveyed sub-parallel to the othertwo, about 1.3 km from

Section n" 2 in a north-western direction: 6 TDEM soundings and 3 MASW investigations were
carried out, with the same instruments and acquisition parameters described for the other
sections. Fig. 6 shows the pseudo-2D interpretations of TDEM and MASW soundings (obtained
with TEMRESEARCHER and WinMASW softwares): even in this case, it is possible to
recognize, from the surface, the unsaturated overburden, followed by the saturated aquifer and
then by the subshatum. The wedge of the sea water intrusion extends inland for about 200 m.

3. 3D Reconstruction of the aquifer

The interpretations of the 53 TDEM soundings distributed in the area of the hydrogeological
basin (instrument, acquisition parameter, and data analysis are the same described in the previous
paragraphs), in conjunction with the results of the 42 investigations of the detailed profiles, were
joined to construct a pseudo-3D model of the aquifer. Fig. 7 shows the 3D model divided into
horizontal slices, for different altitudes above sea level. This graphical representation allows us to

292



t6z

'eu{ }s€oc 0q} Jeou
uorsnJlur Jele,r\ €es Jo sql€d lerluoJeJeJd oruos qlr^t ,(r{ldep 

Jo uJ 0z uro4 Suruur
porynls eJrluo eq] uI lunleJlsqns ,{e1c-pues eq} pu€ pue1ul eu{ ls€oc eq} ruor; Sursearil
.,$yulsrse: (euoz pelemles) noy flerue4xe go ecueserd oql sl€o^er sllnsor eqt go srsÀpw

'eoJB eqi uI sllo,^d ruoJJ ue>lei EuorueJn$eru crJleruozerd eqi uo uog
glI.4A sllnsoJ eq1 Surredruoc ouotsrulul Jetre.a\ €es Jo suorlcoJrp ur€ru ogl flelerncce erou

€ou uorlces ot e^rleler (q) sluotuornseoru,qSVW pue (e) s8urprmos INSIJo uo4ele:d:elur g3 -

Ol Sn S,/Y\oll€ uollelu,

olq pep$lp Iopou
ere,l 'se13:ord pepe

snou.erd oq] ur peql

1ecÉoloeEo.rpfq eq

'Iu 002lnoq€ roJ
pue regrnbe polemr
o1 elqrssod sr lr 'r

peurelqo) s8urprmo
rerDo eql roJ peq!
ere,l suorle8rlsa.\ur
ruoJJ url €'I lnoq?

runl€rlsqns felc u 1
ere srefel oql Jo sa

I^Igcl eql luo{ lE
-opnesd e ur pauof

ol posn sem (gosor

Sursn 'qderSousras

er{l Jo uorlruSocar

4's8urpunos S:1Al
sqt ut 1eq1 Suuecq
oqJ'run1€r1sqns fe
oql w pelerd:atur)

es€c srql ur ueA3 '(

erD Jo ere1ngos Pu
eql 'Jro^JeseJ Jale'
o1 elqrssod sr lr ell
ruoJJ sllnser er{l ol I
,(11ere1e1 1ou sr .nl
elqrssod sr 11 '(g 'tr

qEIq € gueserd'(q1

^NICzsfu qllr\ I
releer8 qlrÀ\ esoqt
sluerueJnseatu 00S'

go qÉue1 elodtp p

Jo lSull y'psrrnbcr

ffig

{ru} arluelrt,g

ffif 00s

BZ' o
@

z=
n 3

(q

F'E E S'a t'7 s't. F', I s'ú z'ú z'* g.o- L-

(u,uqo] &4FFer

g'H lrlO|lASS ffiUn

t'it Holt3!t8 tISt

E/_-

09-

B9-

0f-
ao E a
=Ec- z

0t -

0

EI (e

ffia|' w|f flmt 006 B0s gút gos frw 0f]t {ss flM

(ep! finoprq4

'le la |zztoe)



Boll, Geof. Teor. Appl., 51, 285-300 Capizzi et al.

u o t a - , 2 0 m s . L n i Reartlvrty
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Fig. 7 - 3D model divided into horizontal slices, for different altitudes above sea level, obtained by 53 TEM surveys
acquired in the area.

4. Geochemical survey

The characterization of the aquifer and the quantification of sea water intrusion by means of
geophysical investigations, in particular in terms of geometric distribution of resistivity, imply
two assumptions:
I ' that the lateral variations ofthe resistivity values are related to the variations ofthe ion conrent

of the water of the saturated zone (and then not strongly connected to variations of rock
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Fig. 9 - Graphics of binary correlation between Na and Cl (a), NO, and Cl (b), SOa and Cl (c) and SOo and Ca (d).

sample for the analytical determination of the main constituents: one for anions analysis, one for
cations analysis and another for determination of HCO; (by means of acid-based titration with
HCI 0.1 N and methyl-orange as indicator; the samples were maintained refrigerated from the
moment they were collected to the analysis). The samples for anions and cations analysis were
filtered by 0.45 micron cellulose disposable Millipore filter. The sample for the cations analysis
was acidified with HNO3 to pH=2, to prevent precipitation of insoluble salts.

5. Constituents analysis

The determination of the main constituents of the water samples were performed by Ionic
Chromatography (IC). The chromatographer (Dionex DX 120) was equiped with a conductivity
detector and columns containing a gel-type S-DVB resin. The pump of the chromatographer was
set at 1500-2000 psi and the velocity of the flux of the solution at I.2 mllmin. Fig. 8 shows the
Langelier-Ludwig diagram for the classification of waters.

The samples analyzed fall mainly in the quadrant of clorurato-solphate Earth-alkaline waters,
and show a weak tendency toward the first quadrant, where the mean composition of sea water is
reduced. Only a few samples show a bicarbonatic main composition, maybe because these waters
are the result of the interaction between rainwater and rocks, without a strong influence of sea
intrusion and human contamination phenomena. Fig. 9 presents the graphics of binary correlation
between Na and Cl (Fig. 9a), NO3 and Cl (Fig. 9b), SOo and Cl (Fig. 9c) and Soo and Ca (Fig.
ed).

Cl and Na concentrations present a good correlation, indicating a process of mixing between
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Fig. 1 1 - Maps of nitrate contaminants (a) and maps of sulfate contaminants (b).

aquifer under study is a multilayer aquifer, and that the water table of the sampled well near the
2D section is 10 m above sea level, while the resistivity depth slice is 15 m below sea level: the
sampled water, and its mixing content with sea water, probably refer to shallower groundwater.
This consideration is in accordance with the presence, in the ERT profile of section 2, of a
conductive anomaly in the resistive overburden above the sea level (see Fig. 5a).

Fig. I I shows the spatial distribution of nitrate and sulfate concentration. The nitrate
contaminants usually originate from human activity: in fact, there is a good correlation between
the higher values of contaminants and the areas with higher population andlor cultivation density.
Although these distribution maps show little correlation with the geophysical data, however, the
sulfates distribution is apparently affected by the sea water intrusion phenomenon. Probably
because the sulfates distribution and the sea water intrusion are both related to the low
permeability areas of the aquifer.

7.  Conclusion

The results of the geophysical and hydrogeochemical surveys allowed us to check, implement
and partially support the previous hydrological balances of the coastal aquifer of Marsala-Mazara
del Vallo (Cosentino et a|.,2007).

The integration of the selected geophysical and geochemical methodologies allowed us to
decrease the uncertainty limits of the various inversions, by means of a superposition of the
various geometrical models obtained.

Some uncertainties do still remain: they are related to the real exploitation of the area and to
the comparison of such utilisation with both the officially and unofficially declared utilization.

The implementation of an integrated geophysical survey (ERT, TEMFAST and seismic type
MASW) along three of the preferential directions of marine intrusion, allowed us to obtain
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