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Case History

Geophysical approach to the environmental study of a coastal plain

Roberto Balia∗, Enrico Gavaudò∗, Federica Ardau∗, and Giorgio Ghiglieri‡

ABSTRACT

In the study of coastal plains affected by soil and wa-
ter salination, a knowledge of several geological aspects,
such as structural features, depth to basement, stratig-
raphy of sedimentary cover, relationships between the
phreatic aquifer and underlying aquifers, and the latter’s
structure, is basic to gaining an adequate understanding
of both the causes and possible evolution of salination. In
this framework, geophysical techniques can play a very
important role.

To improve the available geophysical information
about the Muravera coastal plain, Sardinia, Italy, which
is affected by severe soil and water salination, previously
acquired electrical resistivity, reflection seismic and grav-
ity data have been reprocessed, and a new seismic reflec-
tion survey has been conducted. Moreover, in order to
give better support to the geological and hydrogeological
interpretation of geophysical data, three boreholes were
drilled. Reprocessed electrical data indicate the presence
of a wide, electrically homogeneous low-resistivity zone
associated with salination phenomena. Reprocessed

reflection data provide useful information on the
near-surface stratigraphy. The combined interpretation
of resistivity and seismic results, supported by one cal-
ibration borehole, elucidates the relationships between
the phreatic aquifer and the underlying confined aquifer.
A new seismic reflection survey gives information on
the depth to, and structure of, the Paleozoic basement,
as well as on stratigraphic conditions of Pleistocene-
Holocene sediments. Finally, the combined interpre-
tation of seismic, gravity, and well data results in a
geological section containing most of the information
considered essential, such as the interface between
Holocene alluvium and Pleistocene alluvium, the thick-
ness of the latter, and the structure and composition of
the Paleozoic basement.

The work as a whole shows how the combined applica-
tion of geophysical techniques can in this specific situa-
tion provide wide-ranging and high-quality information
that is essential for the realistic mathematical modeling
of aquifer contamination, and can enable the rational
planning of exploratory drillings.

INTRODUCTION

In terms of environmental risk, coastal plains are among
the most vulnerable areas because of the concurrence of sev-
eral significant factors. On the one hand, unconsolidated and
more or less permeable sediments host phreatic and confined
aquifers, rivers, and lagoons, and maintain the equilibrium be-
tween freshwater and the sea. On the other hand, the coastal
plains are attractive in terms of human settlements and related
activities such as industry, agriculture, fish farming, tourism,
etc. In this context, the main problems relate to the environ-
mental condition of the aquifers and possible evolutionary
trends. Hydrogeologists address this problem by mathematical,
computer-based modeling procedures whose success strongly
depends on the quality, extension, and reliability of input data.
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In this sense, geophysical techniques can represent an effec-
tive tool for integrating geological and hydrogeological data,
planning drillings and, ultimately, gathering the information
necessary for the modeling process.

Our paper aims to show the fundamental role of geophysical
survey techniques in the environmental study of coastal areas,
using the Muravera plain in southeastern Sardinia (Italy) as
an example. This area used to be dedicated to market garden-
ing and fruitgrowing, but in recent decades extensive tracts of
land have been abandoned by farmers because of increasing
salination in both groundwater and soil.

As is well known in coastal plains, groundwater and soil sali-
nation can be caused by several factors, including seawater
infiltration through porous layers, seawater penetration at
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the surface through natural and artificial channels, tidal ef-
fects, long-period seashore migration, etc. Most often, some
of these mechanisms coexist and their combined effect is gen-
erally referred to as saltwater intrusion, a phenomenon that
occurs when the natural flow of fresh groundwater seawards
is somehow replaced by saltwater flowing in the opposite di-
rection, encroaching into coastal aquifers. Saltwater intrusion
can be attributed to both natural causes, such as prolonged
drought or tidal effects, and to human activities, such as uncon-
trolled groundwater extraction and modification of the natural
flow of surface waters. Actually, saltwater is among the most
common pollutants in fresh groundwater, and the complex phe-
nomenon of saltwater intrusion is treated in most books deal-
ing with groundwater hydrology (e.g., Todd, 1980). Also, this
kind of pollution process has been known and studied for more
than a hundred years (e.g., Braithwaite, 1855) and is the main
theme of international scientific meetings such as the SWIM
(Saltwater Intrusion Meeting) and the SWICA-M3(Saltwater
Intrusion and Coastal Aquifers—Monitoring, Modeling, and
Management).

Concerning the application of geophysical techniques, many
examples can be found in the literature. Among the most sig-

FIG. 1. Geological map and cross-section of the Muravera plain. Holocene: 1. beach deposits; 2. eolian deposits; 3. recent
alluvium; 4. talus. Pleistocene: 5. terraced alluvium. Silurian: 6. carbonaceous shales. Upper Ordovician: 7. metacalcarenites
and metalimestones; 8. metasandstones and metaconglomerates. Middle Ordovician: 9. gray and white porphyritic rocks. Middle
Cambrian—Lower Ordovician: 10. metasandstones and metasiltstones.

nificant papers, we cite those by Van Dam (1976), Roy and
Elliott (1980), Seara and Granda (1987), Overmeeren (1989),
Urish and Frolich (1990), Goldman et al. (1991), and Gondwe
(1991). However, most geophysical papers dealing with saltwa-
ter intrusion deal with the application of one single geophysical
method; a combined application of two or more methods can
seldom be found.

The results presented here show the effectiveness, reliability,
and usefulness of geophysical techniques, and confirm the well-
known concept that they can lead to a reduction of the number
of drillings and a more complete and realistic interpretation
than one based on drilling findings and hydrogeological theo-
ries alone.

GEOLOGY AND HYDROGEOLOGY

Situated in southeastern Sardinia, Italy, and crossed by the
Flumendosa River, which is the island’s second largest river,
the Muravera plain is a fluvial valley that also includes the
river delta. The geology of the plain and its surroundings is
shown in Figure 1 with a qualitative geological cross-section.
The plain is characterized by a Paleozoic metamorphic complex
outcropping on the edges of the plain, and Pleistocene and
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Holocene sediments and alluvium, up to a few hundred me-
ters thick, overlying the Paleozoic bedrock. Granites (Upper
Carboniferous–Permian), which are not present in the map and
in the section in Figure 1, crop out a few kilometers north of the
village of San Vito. Before our geophysical surveys, the thick-
nesses of recent alluvium, ancient alluvium, and the metamor-
phic complex were only estimated on the basis of morphology
and surface geology.

As regards hydrogeology, the surface water bodies are the
Flumendosa River, its channels at the river mouth, which are
no longer connected with the river itself but contain incom-
ing seawater, and several seasonal streams flowing down from
the surrounding hills. Apart from the water occurring in the
fractured Paleozoic rocks, from which a few small ephemeral
springs issue during the cooler months, groundwater is pri-
marily in the alluvial deposits. To date, the dominant theory
is that two aquifers can be distinguished: a shallow phreatic
aquifer extending down to a few tens of meters, and an un-
defined, deeper, confined aquifer, separated from the former
by a clay layer, from a few meters to several tens of me-
ters thick. The lower boundary and deeper stratigraphy of
the confined aquifer are poorly understood by hydrogeologists
as yet.

In the Muravera plain, the natural hydrodynamic equilib-
rium between freshwaters (surface water and groundwater)
and seawater is extremely critical. Other than by natural phe-
nomena, such as recurrent drought, this equilibrium has been
altered since 1950 by upstream dams and river engineering on

FIG. 2. Water conductivity map of the phreatic aquifer in June 1999. Contour line labels in μS/cm. For the geological legend, refer
to Figure 1. (After Ardau et al., 2000, modified.)

the Flumendosa that have decreased the natural recharge to
the coastal aquifers. The problem is compounded by an increas-
ing uncontrolled exploitation of groundwater for irrigation in
the summer. This has resulted in seawater intrusion and pro-
gressive groundwater and soil salination, initially observed in
the phreatic aquifer.

Groundwater quality monitoring over the past two decades
has produced evidence of seawater intrusion (Ardau, 1995).
In particular, monitoring of the phreatic aquifer, which began
in the 1980s (Barbieri and Barrocu, 1984; Ardau and Barbieri,
1994), indicates the progressive advance of salination inland.

In June 1999, we conducted water level and salinity measure-
ments in order to assess groundwater salination (Ardau et al.,
2000). As regards the shallow aquifer, Figure 2 shows an elec-
trical conductivity of water, which is indicative of salinity, of
as much as 2000–8000 μS/cm with several peaks of more than
20 000 μS/cm between the seashore and the town of Muravera.
In this regard, it should be noted that 2000 μS/cm is the max-
imum permissible conductivity for many crops, and that the
optimum value for drinking water is about 400 μS/cm. Simi-
lar conditions have also been observed in the deep aquifer, as
shown in Figure 3.

PREVIOUS GEOPHYSICAL WORK

The first published geophysical survey on the Muravera plain
dates back to 1986 (Barbieri et al.). In that study, electrical
resistivity and induced polarization measurements provided
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information about the phreatic aquifer to a maximum depth
of about 30 m, mainly referring to correlations between salin-
ity, resistivity, and chargeability. However, it was only a decade
later that a relatively intensive application of geophysical tech-
niques was used as a tool for elucidating a number of as-
pects of primary importance for the realistic modeling of
salination and its evolutionary trend. Among these, the fol-
lowing subsurface features are the most important: (1) con-
ditions of shallow and deep salination, (2) stratigraphy of
the Pleistocene-Holocene sedimentary cover and relationships
between the phreatic aquifer and the confined aquifer, and
(3) structural model of the plain, including depth to Paleozoic
basement.

As a first stage, an electrical resistivity survey, a shallow re-
flection survey, and a gravity survey were carried out in chrono-
logical order (Ardau et al., 2000). The position of these surveys
is shown in Figure 4, along with that of the new reflection profile
and the boreholes.

Resistivity and near-surface reflection surveys

The results of the electrical survey referred to 12 ver-
tical electrical soundings (VES) performed in 1995 with a
Schlumberger array with a maximum current electrode separa-
tion of 400 m (Ardau, 1995; Ardau et al., 2000). At that time, the
estimated resistivity field was derived from a qualitative inter-
pretation of the apparent resistivity curves and used together
with shallow well data to develop a hydrogeological model.
An approximate resistivity range was associated with each of

FIG. 3. Water conductivity map of the confined aquifer in June 1999. Contour line labels in μS/cm. For the geological legend, refer
to Figure 1. (After Ardau et al., 2000, modified.)

four layers and, before near-surface reflection data were avail-
able, they were interpreted, from top to bottom, as (1) a sandy
overburden containing the phreatic aquifer, with resistivity in
the range 10–50 ohm-m and thickness 2–18 m, (2) a clay layer
with resistivity in the range 5–7 ohm-m and thickness 3–30 m,
(3) a sand-gravel layer with resistivity in the range 10–20 ohm-
m and thickness 7–30 m, holding the upper part of the con-
fined aquifer, and (4) a highly conductive layer in the range
2–3 ohm-m of undefined thickness, associated with sand and
gravel containing brackish water (Ardau, 1995). Actually, the
fourth layer could also be interpreted as another clay layer, an
interpretation supported by the results of the seismic reflection
profile SP1 acquired by Ardau et al. (2000) which overlaps the
electrical profile between VES7 and VES9 (Figure 4). In this
seismic section (see Ardau et al., 2000), a reflector is present at
a depth consistent with that of the interface between the third
and fourth electrical layers. Consequently, the interpretation
of the fourth electrical layer as a clay layer, that is geologi-
cally different from the overlying one, was considered to be
better founded than that of a simple variation in water salinity,
partially supported by electrical data alone. In fact, a simple
variation in salinity could not justify an acoustic impedance
contrast capable of giving a detectable reflection, whereas tran-
sition from sand and gravel to an underlying clay layer ap-
peared a more realistic interpretation, satisfying both electrical
and seismic results. Moreover, in hydrogeological terms, the
meaning of this was that the confined aquifer could actually
be thought of as a complex, multilayer aquifer (Ardau et al.,
2000).
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Gravity survey

Gravity measurements (Ardau et al., 2000) were taken at
209 stations at intervals of 300–400 m, as shown in Figure 4.
The Bouguer anomaly map of Figure 5 shows two gravity lows:
one corresponds to the area extending 1.5–2 km inland from
the coastline, the other lying west of the longitude of the town
of Muravera. These minimum areas are separated by a grav-
ity high located east of the town of Muravera. Ardau et al.
(2000) constructed 2D gravity models of the plain along two
northeast-southwest profiles by simply assuming a Paleozoic
volcano-metamorphic basement and an undifferentiated
Pleistocene and Holocene sedimentary cover. The results in-
dicated that the long wavelength component of the Paleozoic
basement morphology should attain a maximum depth of 260–
300 m in the eastern minimum zone, diminishing to 220–270 m
at the gravity high.

NEW GEOPHYSICAL WORK

In order to supplement the data acquisition and interpreta-
tion referred to in the previous section, we added the following
work:

1) Reprocessing and new geophysical interpretation of ap-
parent resistivity data.

2) Reprocessing and new geophysical interpretation of shal-
low seismic reflection data of profile SP1.

FIG. 4. Map of former and present geophysical surveys. A: gravity station; B: center of vertical electrical sounding (VES); C: seismic
profile; D: borehole. For the geological legend, refer to Figure 1.

3) Drilling of a calibration borehole (BH1) and combined
interpretation of resistivity and seismic results in terms
of hydrogeological information and salination status.

4) Acquisition and processing of a new seismic line (SP2)
aimed at studying deeper structures.

5) Drilling of two calibration boreholes (BH2 and BH3),
one of which is located along the new seismic line, with
density measurements and petrographic analyses on the
drill cores.

6) Resampling of the gravity anomaly along the new seismic
line and interpretation in terms of 2.5D mass distribution.

7) Combined geological interpretation of seismic and grav-
ity results.

The new seismic profile and the borehole positions are indi-
cated in Figure 4.

Reprocessing of VES data

Because Ardau (1995) and Ardau et al. (2000) interpreted
the vertical electrical soundings in a merely qualitative way,
we reprocessed the data using computer software based on
the linear digital filtering method (e.g., Koefoed, 1972, 1979;
O’Neill and Merrick, 1984). As is well known, modern software
packages based on this method can cope with even extreme
resistivity contrasts and deal with a large number of layers.
The entire set of apparent resistivity curves and corresponding
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interpretations is shown in Figures 6. In most cases, the com-
putational process provides a good fit with the field data, but
a few problems arose for VES1, VES5, and VES6, which were
very likely related to experimental errors and/or lateral effects.
The resulting estimated resistivity columns are generally rather
complex, especially in the near-surface part, and exhibit up to
nine layers; however, correlation among all the results provides
several, quite well-defined resistivity fields.

The result of the correlation procedure is shown in Figure 7.
The field is dominated by a wide, electrically homogeneous
low-resistivity zone (1–3 ohm-m), which tends closer to the
surface on the southeastern side (towards the seashore) and
deepens inland. This zone extends to a maximum depth on
the order of 110–150 m and is surrounded by higher resistivity
zones. Resistivity increasing with distance from the seashore
is also clearly seen in the near surface, in the depth range
0–20 m. At a glance, the resistivity section could be associ-
ated with a typical seawater intrusion phenomenon; however,
as will be discussed below, a distinction must be made between
man-induced and natural phenomena, and also between the
origin of the salination of the phreatic aquifer and that of the
confined aquifer.

Reprocessing of reflection profile SP1

We reprocessed the seismic reflection data of Ardau et al.
(2000) with some important changes compared to previ-
ous processing. The main differences regarded the following:
frequency filtering (wider band pass), surgical muting (less

FIG. 5. Bouguer anomaly map of the Muravera plain. Contour interval is 1 mGal. For the geological legend, refer to Figure 1. (After
Ardau et al., 2000, modified.)

drastic), f -k migration (not applied), and velocity analysis
(more accurate). The depth-converted seismic section is shown
in Figure 8. This section shows some differences compared to
that presented by Ardau et al. (2000). First, the more reason-
able surgical mute and the refined velocity function provide one
additional, shallower reflector, which in the previous version
was only present on the right side of the section. Such closely
spaced reflections (maximum 20 ms in the case at hand) are no-
toriously difficult to separate, especially in the very early arrival
times after the first arrival. However, the dominant frequency
of reflections is relatively high (more than 100 Hz), and the
existence of two distinct events is evident in several common-
midpoint (CMP) gathers such as the one shown in Figure 8 as
an example. The shallower reflection is also confirmed by the
different undulating structure of the reflectors, especially in
the zone between CMP positions 120 and 195. Second, without
the flattening and stretching effect of migration, which given
the depth and dip is unnecessary, reflectors exhibit a more un-
dulating and realistic structure. As stated above and shown in
Figure 4, this seismic section is located along the resistivity line,
between VES7 and VES9.

Calibration borehole BH1 and combined interpretation
of resistivity and seismic results

In order to perform an interpretation consistent with real ge-
ological and hydrogeological conditions, we decided to drill a
calibration borehole, which was located near CMP position 182
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of SP1, less than a 100 m away from the center of VES9. Our
drilling capabilities allowed a depth of no more than 35.5 m,
because at the depth of 32.7 m from ground surface (about 28 m
below sea level) we met a hard layer made up of pebbles in a
silty-sandy matrix and containing high-pressure saltwater, and
were obliged to stop drilling. The obtained stratigraphy, how-
ever, proved meaningful. It is shown in Figure 9, compared with
the corresponding resistivity and seismic columns. As can be
seen, there is a close correlation among the following disconti-
nuities: transition from clay layer to the layer made up of peb-
bles in a silty-sandy matrix and containing high pressure saltwa-
ter; transition from 22 ohm-m to 3 ohm-m; and upper reflector
(reflector 1 in Figure 8). However, apart from the above inter-
face, the correlation of resistivity with lithology is rather weak.

As regards the lower reflector (reflector 2 in Figure 8), which
was considered possibly attributable to transition to a deeper
clay layer in the former interpretation (Ardau et al., 2000), we
can only say that it should represent the lower boundary of the
layer made up of pebbles in a silty-sandy matrix, that is, of the
shallowest unit of the confined aquifer.

In terms of the hydrogeological model and salination sta-
tus, these results can be interpreted as follows. It is confirmed

FIG. 6a. Apparent resistivity curves and corresponding interpretations of VES 1-6. Dots represent experimental
apparent resistivity data; solid lines are the best-fit curves corresponding to the layered resistivity models.

that there is a separation between the phreatic aquifer and
the underlying confined aquifer and, also for this, very prob-
ably they have rather different histories. The phreatic aquifer
is probably affected by saltwater intrusion from several fac-
tors, such as overexploitation, upstream dams, recent artifi-
cial channels that have been opened for fish farming, and
recurrent drought. Salination affecting the confined aquifer
seems to be quite different and more likely related to vicis-
situdes that occurred in an ancient past when the seashore
was situated several kilometers inland from its present po-
sition, as witnessed by geological studies (e.g. Barca et al.,
1981). This interpretation is also supported by two obser-
vations: (1) old farmers remember that brackish water was
found several decades ago when attempts were made to drill
deeper wells to supplement the scarce near-surface ground-
water, and (2) recent hydrochemical investigations carried out
by Ardau and Barbieri (2000) showed that while the ground-
water in the shallow aquifer presents similar characteristics as
the seawater, that in the deep aquifer diverges significantly.
This could mean that the saltwater of the confined aquifer
does not correspond, or at least not exactly, to the present
seawater.
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Reflection profile SP2

Seismic reflection methods were first used for mapping a
bedrock surface at fairly shallow depths in the early 1980s,
and since then applications have gradually been refined (e.g.
Hunter et al., 1981; Miller et al., 1989). The primary target of re-
flection profile SP2 was the Paleozoic bedrock. The profile was
positioned and designed taking into account gravity anomalies.
It was placed perpendicular to the Bouguer anomaly contour
lines, that is, to the main structures (see Figures 4 and 5). Its ge-
ometry was designed based on a target depth of 100–200 m and
on walkaway tests. A 48-channel off-end spread of single 40-Hz
geophones at 5-m spacing was used, with a minimum offset of
30 m and, consequently, a maximum offset of 265 m. The ac-
quisition system was a 48-channel Abem Mark-6 with a 60-Hz
low-cut filter and a 600-Hz antialias filter. Record length was
500 ms and sampling interval 0.25 ms. Small dynamite charges
(30–100 g) placed in 1.5–2 m boreholes at 5-m intervals were
used as an energy source, giving a maximum nominal CMP fold
of 2400%. In all, 172 shots were performed, obtaining a total
seismic section length of 975 m.

FIG. 6b. Apparent resistivity curves and corresponding interpretations of VES 7-10 and VES 14-15. Dots rep-
resent experimental apparent resistivity data; solid lines are the best-fit curves corresponding to the layered
resistivity models.

The data quality is satisfactory, and the dominant reflection
frequency is in the order of 70–80 Hz. Processing included
amplitude equalization, 40–120 Hz band-pass filtering, stat-
ics, CMP sorting, velocity analysis, normal-moveout correction,
CMP stacking, and time-to-depth conversion. Muting and fur-
ther processing proved not strictly necessary and were not ap-
plied at this stage. As for statics, since the data were inadequate
for refraction statics due to the 30-m minimum offset, several
proper refraction profiles were acquired with a geophone spac-
ing of 2 m.

Interval velocities were computed from stacking velocities
by means of the Dix equation and were used for time-to-depth
conversion. The depth section reported in Figure 10 shows two
main reflectors, both attributable to the Paleozoic basement.
The upper one lies at a maximum depth of about 280 m (CMP
trace 40) and, as expected, emerges more or less regularly up
to a depth of less than 100 m (CMP trace 250). The morphology
of the lower one, which is still present in the northern side of
the section, exhibits a high at CMP trace 260, at a depth of
about 100 m. Tectonic structures like faults and fracture zones
are also present.
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FIG. 7. Resistivity section obtained correlating the results reported in Figure 6. Seismic profile SP1 and borehole BH1 are located.

FIG. 8. Depth section of seismic profile SP1: (top) original and (bottom) interpreted. Two reflectors and some tectonic structures
are present. An example CMP gather is shown to demonstrate the interpreted reflections.
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The upper reflector is probably associated with the bound-
ary between the Pleistocene-Holocene cover and the Paleo-
zoic metamorphic rocks, whereas the lower reflector could be
associated with a contact between different Paleozoic meta-
morphic rocks or with the transition from metamorphic rocks
to granite. The velocity of Pleistocene-Holocene sediments
and alluvium is on the order of 1700–2000 m/s, and the av-
erage interval velocity between the two reflectors is 2700 m/s.
These values suggest that Pleistocene–Holocene sediments are
fairly consolidated, and that the Paleozoic metamorphic rocks
should be relatively fractured and altered in the upper part.
The lack of a coherent signal in the lower part of the section,
from CMP trace 270 to the northwest, may be attributed to the
granite.

Given the aim of this work, a detailed knowledge of the
Pleistocene-Holocene cover is of primary interest. Thus, we
processed the data pertaining to the southernmost part of the
seismic profile separately, especially refining velocity analy-

FIG. 9. Stratigraphic column of borehole BH1 (A) compared
with the corresponding resistivity (B) and seismic (C) columns.
Legend for the stratigraphic column (A): 1. silty-clayey soil;
2. fine-coarse sand with rare pebbles; 3. siliceous pebbles in a
coarse-sandy matrix; 4. fine-coarse sand with microconglomer-
ates and rare pebbles; 5. polygenic pebbles in a silty-sandy ma-
trix; 6. coarse sand; 7. polygenic pebbles in a silty-sandy matrix;
8. silt and clay with medium-coarse sand; 9. pebbles; 10. thick
clay with minor coarse sand; 11. pebbles in a silty-sandy ma-
trix. Legend for the resistivity column (B): a. 10–21 ohm-m;
b. 5 ohm-m; c. 22 ohm-m; d. 3 ohm-m.

sis for shallower events. The corresponding time section is
shown in Figure 11 together with a reference CMP gather. Sed-
iments and alluvium overlying the bedrock are clearly strati-
fied and show a low around CMP trace 100, with a maximum
estimated depth of roughly 150 m. The latter structure may
be associated with a paleovalley, probably related to the an-
cient course of the river, and it is very likely that the fill-
ing is made up of Holocene alluvium, whereas the underly-
ing layers are made up of relatively impermeable terraced
and cemented alluvium of Pleistocene age. Thus, reflector 1
in Figure 11 should correspond to a boundary that sepa-
rates Holocene materials with different characteristics (e.g.,
different density and velocity due to different compaction),
and reflector 2 to the boundary between Holocene alluvium
and Pleistocene terraced alluvium. This suggests that mathe-
matical modeling of the aquifers contained in the Holocene
cover could be limited to a depth of 150–200 m below ground
level.

Calibration boreholes BH2 and BH3 and combined
interpretation of seismic and gravity results

In order to validate the geological interpretation of the seis-
mic section and to combine its interpretation with gravity, we
acknowledged that at least one borehole was necessary. We
placed it near CMP position 240 of seismic section SP2, so as
to intercept the main reflectors with a drilling no more than
80–100 m deep. Again, we had to stop drilling at a depth
of 42 m, within a layer made up of a gravelly alluvium ce-
mented by a reddish clayey matrix. The layer was recognized
as Pleistocene terraced alluvium, which was very useful infor-
mation in any case. Then, in the hope of intercepting the meta-
morphic basement without interference from gravelly layers,
we moved several hundred meters northwards along the same
profile, where we placed another borehole, BH3 (see Figure 4
for location). This borehole reached the metamorphic base-
ment at a depth of 35.6 m. Petographic analyses on samples
confirmed that these metamorphic rocks were fine-grained,
siliceous metasandstones and metasiltstones corresponding to
unit 10 in the legend of Figure 1.

The complete stratigraphic columns of BH2 and BH3 are
shown in Figure 12. These findings confirmed our interpre-
tation on the nature of the reflectors in seismic section SP2;
however, it was interesting to verify the congruence between
seismics and gravity. In order to do so, we first carried out
density measurements on rock samples, obtaining the average
estimates in Table 1.

Thus, though not strictly necessary, we resampled the
gravity field along the seismic line at 50-m intervals. Since
short-wavelength fluctuations, indicative of local, shallow

Table 1. Density measurements.

Lithology Density (g/cm3)

Granite (outcrops) 2.58
Siliceous metasandstones 2.80

and metasiltstones (drill cores)
Pleistocene terraced alluvium (outcrops) 2.00
Dense Holocene alluvium (outcrops) 1.90
Surface and near-surface material 1.60

(surface, outcrops)
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heterogeneity, were absent, filtering was not applied, and
the Bouguer anomaly was modeled using Marquard’s semi-
automatic inversion method for 2.5D density distribution with
varying length of strike (Webring, 1985). The raw model was
prepared assuming the interfaces inferred from the seismic
model and the density of granite as constraints, while the den-
sity values of siliceous metasandstones and metasiltstones and
of both ancient and recent alluvium were treated as variables.
Fitting between the computed and the experimental anomaly,
shown in Figure 13, was obtained rapidly and only needed
small variations of density values compared to those estimated
by measurements on samples. In this regard, it must be said
that the above differences are justified by the intrinsic differ-
ence that occurs between a rock sample and the rock unit from
which it has been extracted. For example, as regards siliceous
metasandstone, the density of 2.8 g/cm3 is associated with rock
samples that are not representative of fractures and alteration
actually affecting the in-situ rock mass, as witnessed by the
seismic interval velocity.

Finally, from our geophysical results, as well as from bore-
holes BH2 and BH3, and the surface geology, it was possible to
draw the geological section in Figure 14. At least in the south-
ernmost part, where both gravity and seismic information are
available, this section contains most of the information consid-
ered essential, such as the interface between Holocene and im-
permeable Pleistocene alluvium, which very likely corresponds
to the lower boundary of the confined aquifer, thickness and
distribution of Pleistocene alluvium, and structure and compo-
sition of the Paleozoic basement.

FIG. 10. (Top) Original and (bottom) interpreted depth section of seismic profile SP2. CMP trace interval 2.5 m. See text for
description of reflectors.

CONCLUSIONS

From our geophysical surveys in the Muravera coastal plain,
it was possible to synthesize satisfactorily some important in-
formation concerning aquifer salination, thickness and layer-
ing of Pleistocene-Holocene sedimentary cover, and depth to
Paleozoic basement. Though these should be considered test
surveys, they nonetheless provide reliable constraints for some
of the hydrogeological modeling parameters, or at least a sound
basis for further investigation.

The significance of our work lies essentially in the success
of the combination of geophysical techniques. Shallow infor-
mation can be obtained from electrical and seismic reflection
methods. Combining the two proved effective and useful to de-
crease ambiguity. With gravity surveying, information on deep
morphology and structures can be obtained over a broad area,
and an accurate design of reflection surveys can be prepared,
especially as regards spread geometry, acquisition parameters,
and profile position and orientation. Seismic reflection sur-
veying provides relatively detailed structural and stratigraphic
information and, as shown, allows the reliable quantitative
interpretation of gravity data. In this sense, all Bouguer anoma-
lies of the Muravera plain could be interpreted using seismic
depths as constraints instead of densities alone. Another gen-
eral and important aspect concerns the planning of exploratory
drillings. Clearly, when geophysical results are available, one
can perform rational borehole positioning, make preliminary
estimates of the depths to be reached, and ultimately save time
and costs.
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FIG. 11. (Top) Original and (bottom) interpreted time section and (right) example of CMP gather for the southernmost part of
seismic profile SP2. See text for description of reflectors.

FIG. 12. Stratigraphic columns of boreholes BH2 and BH3.
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FIG. 13. 2.5D gravity interpretation along seismic profile SP2. In the upper part of the figure the dots represent
the experimental anomaly and the solid line the computed anomaly corresponding to the density model drawn
below.

FIG. 14. Quantitative geological section inferred from geophysical data: 1. soil and Holocene deposits; 2. Pleistocene terraced
alluvium; 3. Middle Cambrian–Lower Ordovician metasandstones and metasiltstones; 4. Upper Carboniferous–Permian granite;
5. fault.
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