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Abstract

A multimethodological geophysical survey was performed in the north-western part of the Gargano promon-
tory to study the geological structural setting and the underground fluid flow characteristics. The area has a
complex tectonics with some magmatic outcrops and shallow low-enthalpy waters. Electrical, seismic reflec-
tion, gravimetric and magnetic surveys were carried out to reconstruct the geological structures; and in order
to delineate the hydrogeothermal characteristics of the area, the self-potential survey was mainly used. More-
over magretic and self-potential measurements were also performed in the Lesina lake. The joint three-dimen-
sional interpretation of the geophysical data disclosed a large horst and graben structure covering a large part
of the area. In the central part of the horst a large ramified volcanic body was modelled. The models show
some intrusions rising from it to or near to the surface. The main structures are well deep-seated in the Crust
and along them deep warm fluids rise as the SP data interpretation indicates.

Key words integrated geophysical survey — struc-
tural geology — low-enthalpy hydrogeothermy

1. Introduction

The Gargano promontory (Southern Italy)
(fig. 1) is an area characterized by the most
complex tectonics in the three sectors in which
the Apulian Foreland can be divided (Funi-
ciello et al., 1988, 1991). The reconstruction of
its structural setting is important to establish
the geodynamical evolution of the region.

This paper reports the results of a geophysi-
cal study carried out in the north-western part
of the Gargano promontory, the area chosen as
subject of this study for two main reasons:
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a) the lack of detailed published studies;

b) the presence of volcanic outcrops and
shallow thermal waters.

Generally, the volcanic outcrops indicate
the presence of main structures whose defini-
tion is made of primary interest. As regards the
hydrogeothermal features, some authors found
them to be connected to the structural setting
of the area (Maggiore and Mongelli, 1991).
Thus, no less important is the need to make a
detailed study since there is the possibility of
using the thermal waters in industrial applica-
tions as a low enthalpy resource.

Many geophysical studies cover the study
area (Arisi Rota and Fichera, 1987; Bellemo
et al., 1967; Colombi et al, 1973; Corrado et al.,
1974; Corrado and Rapolla, 1981; Gantar
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Fig. 1. Index map and outline geology map of the Gargano Promontory with survey area location. 1 = Clastic
and terrigenous cover (Plio-Pleistocene); 2 = carbonate rocks of Apulian platform (Upper Jurassic-Creta-
ceous); 3 = eruptive rocks; 4 = Apenninic thrust sheets (Eo-Miocene); 5 = fault; 6 = probable fault; 7 = border

of the Apenninic thrust sheets; 8 = survey area.

et al., 1961; Morelli et al., 1967; Mostardini
and Merlini, 1988; Sella et al., 1988), but they
are on such a regional scale to be useful to the
detailed structural reconstruction of the area.
Besides, there is a lack of geological informa-
tion for the presence of both extended covering
deposits and a large coastal lake, together with
the small number of stratigraphic boreholes.

The main goals of the study are:

1) to attain a detailed structural knowledge
of the area;

2) to obtain information on the under-
ground fluid flow.

For the study we used an integrated package
of complementary geophysical methods. In
particular, electrical and seismic reflection
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prospecting were carried out to define the cov-
ering deposits geometry. In order to investigate
deeper structures gravity survey was mainly
used, whereas a magnetic survey was carried
out to delineate both the crystalline basement
and the intra-sedimentary volcanic bodies be-
haviour. Finally, fluid flow evaluation was
achieved by self-potential (SP) measurements.

2. Geological setting

A large part of the area is situated in the
Tavoliere of Apulia, a portion of the Fossa
Bradanica, the southernmost sector of the Adri-
atic Foredeep, that separates the Western
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Apenninic chain from the Eastern Apulian
Foreland (fig. 1). The remaining part of the
area is on the westernmost relief of the
Gargano promontory corresponding to a broad
horst.

In the tectonic-sedimentary evolution of the
Apulian Foreland the following stratigraphical
sequence, from the bottom upwards, can be
distinguished (Ricchetti et al., 1988):

a) Precambrian crystalline basement;

b) Permo-Triassic cover consisting of sand-
stones, mudstones and claystones;

¢) thick Mesozoic carbonate platform di-
vided into three parts: the lower part consisted
of a synrift anhydrite-dolomite sequence (Up-
per Trias) up to 2.5 km thick, the middle part
consisted of Jurassic dolomites up to 3 km
thick, and the upper part consisted of Creta-
ceous limestones;

d) thin Neogene-Pleistocene
mainly composed of calcarenites.

Neogene-Pleistocene deposits, mainly sandy-
clayey, fill up the Tavoliere area with a west-
ward deepening (Balduzzi et al., 1982).

As regards the deep crustal structures, Lo-
cardi and Nicolich (1988) and Morelli (1994)
show that the Adriatic Moho discontinuity is
about 30-35 km deep with a rise connected
with the Gargano promontory. The crystalline
basement, which mainly corresponds to the
magnetic basement (Mostardini and Merlini,
1988), shows in the Gargano area a high sus-
ceptibility value (0.010-0.025 SI units) and a
depth of about 7.5-9 km b.s.l. (Arisi Rota and
Fichera, 1987). These authors explain the high
susceptibility values by a high basicity of the
Adriatic Foreland Crust. Furthermore, in the
Gargano spread, at a depth of 3-5.5 km b.s.1,
they evidence volcanic bodies which can be as-
sociated with the Paleocene magmatic phase,
characterized by an intraplate volcanic activity
with ultrabasic dykes and subvolcanoes. The
small outcrops near the Adriatic coast, the
north of Lesina town, and the south of Poggio
Imperiale town refer to that period (Carella,
1963; De Fino et al., 1981).

As regards the structural features, the Meso-
zoic tectonics corresponds to a broad and wide
anticlinal fold, with a roughly W-E axis, cul-
minating in the south of Sannicandro Garga-

overburden
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nico. This fold is cut off to the south by Plio-
Pleistocene faults from which the Tavoliere
originates (Ricchetti er al., 1988). Extensional
tectonics is present with NW-SE, E-W and
NE-SW normal faults (Funiciello ef al., 1991).
A major structural element presents in the
south of the Gargano promontory is the Matti-
nata fault some authors (Funiciello et al., 1988,
1991) consider a left lateral strike-slip fault
and others (Guerricchio and Wasowski, 1988)
as a dextral one. This important strike-slip fault
continues offshore with a very long and narrow
ridge. These marine structures were differently
explained. De Alteris and Aiello (1993) indi-
cate a transcurrent structure, active in recent
times, with a dextral E-W shear. A transpres-
sive motion acting along this structure and a
transtension occurring in the southern part
have generated a pull-apart basin to the south
of the ridge. Colantoni et al. (1990) implicated
a diapiric tectonics, whereas Argnani et al.
(1993) suggest a fold tectonics caused by com-
pressional shear.

Due to the intense tectonics, the carbonate
rocks of the area are jointed and karstified. In
the western part of the Gargano promontory,
rain water infiltration feeds a large aquifer
where freshwater floats on sea-water of conti-
nental intrusion. Groundwater flows toward
Lesina Lake and Adriatic Sea to the N and to-
ward Tavoliere of Apulia to the W and the SW.
Many coastal springs drain the groundwater
along preferential flow pathways where perme-
ability is the greatest. In the coastal plain and
in the Tavoliere, karst aquifer is confined by
upper impermeable clayey covering and waters
lie under pressure. Here the limestones are per-
meable up to a great depth and contain forma-
tion water that is in hydraulic communication
with the groundwater of the outcropping lime-
stones (Maggiore and Mongelli, 1991). Some
of the springs in the area (i.e., S. Nazario
spring), as well as waters in boreholes on both
the Apricena horst and westward have a higher
than normal temperature (fig. 2). Maggiore and
Mongelli (1991) explain this thermalism with
the deep warm water rising upward along pref-
erential pathways, such as permeable fault
Zones.
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Fig. 2. Location map of the water wells with the water temperature measured during pumping and the well

depth.

3. Geophysical surveys

Thirty-eight dc electrical soundings and 4
short reflection seismic lines (fig. 3), 575 grav-
ity stations, 715 magnetic stations and 2300 SP
measurements along profiles were carried out
in the area. The dc soundings were made by
the Schlumberger (VES) electrode configura-
tion with maximum spacing ranging from 1500
m to 3000 m. For the seismic data four short
lines were surveyed by a 12-channel EGG ac-
quisition system with a 118 kJ weight-drop
source. A 10-20 m receiver groups spacing and
a source-to-receiver offset of 200-400 m were
used with 3-6 fold subsurface coverage in a
CDP acquisition mode. The acquisition param-
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eters, determined after tests, were sufficient to
obtain good reflection data also considering
that the specific goal of the seismic survey was
to support the electric soundings interpretation
as regards the depth of the carbonate rocks.
The gravity study was carried out using a La-
coste and Romberg G-915 gravimeter with a
mean station density of one station per square
kilometer. The Bouguer map was filtered with
a bidimensional filter so the residual map has
obtained. The quantitative interpretation was
performed through profiles with a 2.5D com-
puter routine. The density values for the grav-
ity models were obtained from the studies of
Mostardini and Merlini (1988) and Corrado
et al. (1974).
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For the magnetic survey a proton magne-
tometer was used and a mean station spacing
of about 1 km was adopted. One hundred and
fifty-three of all measurements were carried
out along profiles in the lake using a 100 m
measurement step. The total magnetic field
map was filtered through an upward continua-
tion method (Ciminale and Loddo, 1989;
Hansen and Miyazaki, 1984). The data along
several profiles, corrected for the normal field
in the area (Meloni er al., 1994) were inter-
preted by the standard methods of forward
modelling assuming 2.5D models, obtained us-
ing the magnetic susceptibility ranges resulting
from the studies of Arisi Rota and Fichera
(1987) and Corrado and Rapolla (1981).

Among the geophysical methods used in
this study the SP is less frequently used in
large scale surveys. Due to its relation to fluid
flow through thermoelectric and electrokinetic
phenomena, the SP method was used in some
hydrogeologic and geothermal researches (Cor-
win, 1990; Schiavone and Quarto, 1984). For
the measurements a total field technique over

short bases (Schiavone and Quarto, 1984) with
50 mand 100 m station distance was adopted.
A network of profiles was obtained connecting
all bases. Measurements were also taken in the
lake along the same profiles surveyed by the
magnetic method. Finally, the quantitative in-
terpretation of the SP map was obtained using
a «patch model» (Fittermann, 1979) that gener-
ally represents faults along which a fluid flow
could exist.

4. Data:analysis and interpretation
4.1. Electrical and seismic data

Figure 4 shows a typical apparent resistivity
curve obtained in the area with the interpreted
model. The main electrical characteristics of
the area are reflected in an H-type curve mor-
phology. The lack of a sufficient number of
stratigraphic boreholes prevents an accurate
determination of the resistivity values of the
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soundings and seismic reflection lines with trace of all cross sec-
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Fig. 6. N-S electrical cross section inferred from VES interpretation.

conductive layers all over the study area, re-
sulting in severe equivalence problems. For
this reason we constrained the depth of the re-
sistive basement with the results of the seismic
reflection interpretation. In fig. 5 the seismic
section for the L1 line is shown. The section
clearly evidences the 520 ms two way reflec-
tion from the top of the carbonate rocks.

From the interpretation of all the soundings
some electrical sections were constructed. One
of them is presented in fig. 6 as an example.
The N-S section shows the behaviour of the
three main electrical layers with their resistiv-
ity ranges. On the basis of the geological and
stratigraphic borehole data together with the
seismic results, the resistive basement can be
correlated with the carbonate rocks while the
two conductive upper layers represent a litho-
logical change in the Plio-Pleistocene clastic
deposits. Considering the two last layers, the
upper less conductive one can be correlated
with more recent (Pleistocene) sandy-clayey
sediments, whereas the lower highly conduc-
tive one can be attributed to the older
(Pliocenic) clayey deposits.

The map of the depth of the carbonate rocks
is shown in fig. 7. The map, which covers an
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area more extended than that of the study, was
obtained using the depths of the resistive base-
ment in the survey area, whereas outside of
that both the stratigraphic data from oil bore-
holes (Balduzzi et al., 1982; Crescenti, 1975)
and the elevation of the outcropping carbonate
rocks. The map clearly delineates the general
westward steep deepening of the carbonate
rocks and indicates the presence, together with
the preeminent Apricena horst, of other large
graben and horst structures in the northern,
western and southern zones. On the basis of
the previously discussed correlation between
the electrical interpretation results and the geo-
logical and structural features, the three geo-
logical sections of figs. 8, 9 and 10 were pre-
pared. In the western parts of the W-E sections
the faults locations were imported from the
seismic reflection results (Sella et al., 1988).
On the sections, the three individuated litho-
logical units are differentiated. The depth
changes of the lithological units boundaries
along the profiles were interpreted by fault
steps resulting in horst and graben sequences.
Considering the B-B’ and C-C’ sections, they
point out the westward deepening of the car-
bonate platform and the beginning of the
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Apenninic thrust sheets. Besides, the sections
indicate that the difference in the lithology of
the covering deposits is present everywhere in
the study area.

4.2. Gravimetric data

Figure 11 shows the Bouguer map obtained
in the area. The map shows an eastward rise of
the gravity values with a maximum value of
about 85 mGals. This long wavelength be-
haviour indicates a corresponding eastward rise
of deeper structures. In this general trend two
main longer wavelength anomalies can be
noted:

a) a positive anomaly, extending in a E-W
direction and located in the central part of the
area;

b) a negative anomaly in the southern
part.

In order to better delineate these anomalies
we filtered the Bouguer map with a low-cut
bidimensional filter (A > 20 km). For this oper-
ation and for deeper structures modelling we
enlarged the study area by a 20 km strip
around it, integrating our data with those from
the gravimetric map of Italy. The filtered resid-
ual map (fig. 12) emphasizes a N-S sequence
of negative and positive anomalies.

In particular, proceeding southward, the
three following E-W striking anomalies are ev-
ident:

a) a negative anomaly with two high nega-
tive areas located north of the Lesina town and
on the eastern side of the lake;

b) a positive anomaly covering a central
strip extending between the boundaries of the
area, where a maximum of about 8 mGals is
located between the towns of Poggio I. and
Apricena as well as relative maxima in the
northeastern and southeastern zone and in the
western part, near the Fortore river;

c) a well defined, wide, high negative
anomaly with a WNW-ESE axis. The anomaly
starts from the Fortore river and, running along
the Candelaro river, ends at the Mattinata fault.
In the eastern part the anomaly enlarges. Steep
gradients border the anomaly indicating faulted
contacts with more dense bodies. Finally there
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is the noteworthy 20 km long, E-W directed,
faulted structure connecting this anomaly to
the northern positive one.

Quantitative interpretation was performed
along profiles, two of which are presented in
this paper. The models were obtained using
both the Bouguer and the residual anomaly
data and constraining the depth of the carbon-
ate basement with the previously presented re-
sults (see fig. 7). From the modelling of the
E-W residual profile data (fig. 13b), only two
bodies result embedded in a 2.65 g/cm® back-
ground, excluding the shallow areally limited
bodies and the geometrically known covering
deposits:

1) a 9 km wide body extending from a
depth of 3.6 km to about 8 km. The body is
characterized by a strike length of 7 km and a
density value of 2.8 g/cm?;

2) a 2.75 g/cm® dense body in the left part
of the profile. It is characterized by an east-
ward deepening of the bottom boundary reach-
ing, within the profile, a maximum depth of
about 2.5 km. Assuming normal density values
for the rocks in the area, the presence of this
body is necessary in order to compensate for
the mass deficiency generated by the covering
deposits.

The covering deposits are characterized by
2.2-2.3 g/cm® density values.

Considering the Bouguer data modelling for
the same profile (fig. 13a), two eastward rising
density discontinuities explain the low-fre-
quency behaviour of the anomaly. Proceeding
downward the discontinuities individuate two
bodies characterized by a density value of 2.9
g/cm® and 3.3 g/cm?® respectively.

The N-S profile modelling (fig. 14a,b)
agrees with the previously discussed results as
regards the geometry of the higher density
body. Besides, the model emphasizes the deep-
ening of the covering deposits in the southern
part down to 1 km of depth (fig. 14b) in accor-
dance with the electrical survey results to-
gether with an upward rise of the 2.9 g/cm®
body in the central part of the profile.

As regards the geologic interpretation of the
density changes the 2.65 g/cm® background can
be associated with the dolomites of the Apu-
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Apricena

Fig. 12. Low-cut filtered gravity anomaly map (A > 20 km).
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lian platform and the Permo-Triassic clastic de-
posits; whereas the 2.9 g/cm® and 3.3 g/cm’
bodies with the crystalline Crust and the Man-
tle respectively. The 2.75 g/cm® body can be
interpreted as_ Cretaceous limestones. Finally,
the 2.8 g/cm® anomalous body results from
magmatic intrusions as will be clearer in the
following paragraph on the magnetic survey.
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4.3. Magnetic data

The total magnetic field anomaly map
shows (fig. 15) the following main anoma-
lies:

a) a large positive anomaly covering the
central area from the Apricena town to the
Lesina lake characterized by 50 nT anomaly;

b) positive anomalies with higher values in
the Lesina lake and around the Apricena
town;

c) localized high frequency, more intense
positive anomalies on the east and west side of
the Apricena town and on the eastern boundary
of the map. The E-W lining up of these anoma-
lies is interesting.



Integrated geophysical survey for the geological structural and hydrogeothermal study of the North-western Gargano promontory (Southern Italy)

4T 55

Fig. 16. Upward continued magnetic anomaly to 2

In order to delineate the magnetic field fea-
tures we performed a 2 km upward continua-
tion of the total field anomaly values (fig. 16).
The map shows a N-S elongated positive
anomaly in the central part of the area with a
maximum around the Apricena town and a rel-

km
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map.

ative maximum located in the Lesina lake. The
anomaly characteristics indicate the presence
of a deep, large magnetic source together with
some localized shallow magnetic bodies.
Figure 17 shows the E-W, DD’section data
with the interpreted model and the model
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Fig. 17. E-W profile DD’ of magnetic intensity
anomalies with interpreted susceptibility model and
model resulting anomaly curve. Susceptibility val-
ues in SI units. Line of profile in fig. 3.

curve. The figure clearly evidences the pres-
ence of a magnetic basement at a depth of
7-8 km. In the upper part, a 12-13 km large
magnetic body extending up to a depth of
about 4 km is present. Locally, the body rises
up to or near to the surface. These localized,
shallow magnetic bodies well explain the high
frequency anomalies present in the total mag-
netic map.

The N-S section (fig. 18) confirms the pre-
viously presented results. The main body ex-
tension in the profile direction is about 10 km.
Besides, the magnetic basement levels in the
central part at a depth of about 7 km.

As regards the susceptibility values, 0.023
ST units and 0.016 SI units were obtained for
the basement and the body respectively. The
susceptibility and density values of the body
together with the presence of a large number of
little magnetic bodies support the assumption
of a non-massive, ramified volcanic body as
source of the potential field positive anomalies
in the central part of the area.

4.4. Self-potential data

The SP map (fig. 19) shows well defined
low frequency positive and negative anomalies
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Fig. 18. N-S profile EE’ of magnetic intensity
anomalies with interpreted susceptibility model and
model resulting anomaly curve. Susceptibility val-
ues in SI units. Line of profile in fig. 3.

with 200 mV high-to-low maximum amplitude.
This behaviour is better evident in the low
pass, 10 km wavelength, filtered map of fig. 20.
In particular, a large positive anomaly is lo-
cated around the Poggio I. town, bounded by
negative anomalies. If we compare the SP map
with the carbonate basement one we note that
an agreement exists between the steep gradi-
ents in the depth of the basement and in the SP
values. Thus the assumption of SP sources
connected to geologic structures is justified by
experimental evidence. Similar anomalies were
observed above vertical or nearly vertical geo-
logic features in the vicinity of flows of ther-
mal and nonthermal waters (Fittermann and
Corwin, 1982; Schiavone and Quarto, 1984). A
geometric source model consisting of a vertical
sheet of dipolar charges, the «patch model»
(Fitterman, 1979), well represents these flow
characteristics. For the interpretation the sheet
model was approximated by an appropriate
number of point sources and sinks (Corwin
et al., 1981). In a first approximation the planes
were assumed to be vertical and located in a
constant resistivity half-space. Besides, the planes
were considered to have the same depth extent
and different sources intensity. The final mod-
elling result in terms of lengths and strike direc-
tion of the planes and sources signs is presented
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Fig. 20. Low-pass filtered SP map (A > 10 km).

in fig. 21. The model parameters are indicated in
table I. The model-resulting SP map (fig. 22)
shows a good agreement with the filtered experi-
mental one. From the table we note that the ob-
tained source planes extend to a depth of 3-4 km,
indicating a deep fluid flow along faults.
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5. Joint interpretation of geophysical data

From the results of all the geophysical sur-
veys logether with the regional geological and
geophysical knowledges the following struc-
tural features of the area are deduced:
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Fig. 22. Synthetic SP anomaly map resulting from the model of fig. 21 and the data in table 1.
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Table I. SP source planes parameters inferred from
3D data interpretation.

Plzne Azimuth  Length gﬁgﬁé oneIt)ﬁg
(degrees) (km) (km) top (km)
1 299 6.6 3 0.7
2 207 6.0 3 0.5
3 316 4.5 3 0.5
4 90 3.9 3 0.5
5 200 6.0 3 0.5
6 309 3.6 3 0.5
7 197 11.7 3 0.5
8 90 5.1 3 0.9
9 310 6.0 3 0.5
10 270 4.8 3 0.5
11 298 4.5 3 0.5
12 102 54 3 0.1
13 260 42 3 0.1
14 225 2.1 3 0.1
15 118 6.3 3 03
16 257 12.3 3 0.6
17 23 6.6 3 0.6
18 90 4.5 3 0.6
19 139 5.1 3 0.6

1) the Moho rises eastward with a depth
ranged from 31 km to 27 km as it results from
the behaviour of the 3.3 g/cm’ non-susceptible
body, in accordance with the deep seismic data
results;

2) the crystalline basement presents a depth
ranging from 7 km to 9 km with an eastward
rise and an uplift in the central part of the area
with an E-W axis;

3) an about 10 km wide body is present in
the central part of the area in the 4-7 km depth
range. An intra-sedimentary non-massive vol-
canic body resulting from the Paleogene vol-
canic phase could explain the presence of this
high density and high susceptibility body.
From the main body many localized intrusions
rise up to or near to the surface. Some of these
intrusions have a greater importance in terms
of magnetic anomalies and hence of body ex-
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tension. In particular, the two bodies in the Le-
sina lake and the three ones along the E-W line
crossing the Apricena town are noteworthy;

4) the carbonate basement of the covering
deposits in the western part of the area presents
a more dense limestone upper section. These
limestones present a westward thickening with
a maximum of about 2 km in accordance with
the geological section from Mostardini and
Merlini (1988);

5) the covering deposits differentiate into
two lithological units made up by sandy-clays
and clays, proceeding upward. The discontinu-
ity between these units reflects in a smoothed
shape the carbonate basement morphology,
indicating the effects of a recent tectonic activ-
ity.

In order to better delineate the geologic-
structural and hydrogeothermal features of the
area the map of fig. 23 was prepared. In the
map the lineaments separating bodies with dif-
ferent physical parameter values and the
methodology by which they were obtained are
indicated. Generally, the lineaments can be in-
terpreted as deep-seated structures. This as-
sumption is confirmed by both the correlation
between the central part of the horst with the
limits of the high density high susceptibility
mean body and the locations along the linea-
ments of the upward rising magnetic bodies.

The map emphasizes the following struc-
tures:

a) an E-W extending large horst (lines 6, 7,
10, 11 and 12) crossed by three NW-SE linea-
ments (lines 8, 9 and 12). Among the last lin-
eaments the 12 one is not clearly associated
with a fault;

b) a complex large graben with a maximum
depth of about 1 km localized in the southern
part of the area (lines 2, 3, 4, 5, 6 and 7). The
structure is bounded on the north by an E-W
fault system extending from the Apricena town
west of the Fortore river and on the south by
the Mattinata fault. The northern fault can be
assumed to continue eastward as the presence
of an intense high frequency magnetic anomaly
in the eastern part indicates and a lineament in
the Landsat image data (Guerricchio and Wa-
sowski, 1988) confirms. In the graben the
Pleistocenic deposits present the greatest thick-
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ness, indicating the effects of a recent tectonic
activity;

c¢) another two less extended grabens in the
northern part of the area (lines 12, 13, 14 and
8, 17, 11, 15, 16).

In the same map it can be noted that most
lineaments also originate from the SP interpre-
tation. This indicates a rise of deep warm flu-
ids along faults. According to this interpreta-
tion the map can be used as a working map for
the location of boreholes to intercept thermal
waters.
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