ANNALI DI GEOFISICA, VOL. 44, N. 4, August 2001

Structural features of the Middle Tirso
Valley (Central Sardinia - Italy)
from geoelectrical and gravity data
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Abstract

The Middle Tirso Valley is located in Central Sardinia and lies between two structural highs, the Marghine-
Goceano chain and the Barbagia Paleozoic horst. The geological structures of the area, potentially interesting for
its geothermal resources, are rather complex and dominated by two regional faults — the Marghine fault and the
Nuoro fault — which aftect the Palaeozoic basement and the Tertiary volcano-sedimentary deposits. Combined
modelling of gravity and geoelectrical data defines the shape and extent of this Tertiary basin. The Bouguer
anomaly is mainly characterized by a three-dimensional gravity low which has been named «Bolotana-Sedilo
gravity low», corresponding to a structure generated by collapses attributable to transcurrent and extensional
tectonic events. The down laulted zone is filled with a Tertiary low density volcano-sedimentary sequence extending
southwards and overlain by Pliocene-Quaternary basalts. Another regional structure named «Tirso Fault» is
proposed

Key words gravity survey — geoelectrical sound- is bounded by the Marghine and the Nuoro
ings — Sardinia faults. It extends NE-SW between the Paleozoic
horsts of the Marghine-Goceano chain and the
Barbagia in a direction perpendicular to the main
N-S trending regional structures of Sardinia
(Oggiano et al., 1995).

The geological and structural complexity of
the area is the result of several events (Coulon
et al., 1978; Beccaluva er al., 1987) among
which: 1) the Olige-Miocene calkalkaline mag-
matism; 2) NE-SW trending sinistral transcur-
rent tectonics, which affected the area in the
Oligocene-Lower Miocene; 3) extensional tec-
tonics dating to the Early-Middle Miocene re-
lated to the rotation of the Corse-Sardinian block
during the Burdigalian, which led to the for-
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Universitario, Via E. Orabena 4, 70125 Bari, Italy: e-mail: tion of the Campidano Graben and Pliocene-
dtramacere @ geo.uniba.it Pleistocene volcanism.

1. Introduction and geological setting

The Middle-Tirso Valley (fig. 1) is located in
Central Sardinia, It is a tectonic depression (Cher-
chi and Montadert, 1982; Pala ef al., 1982)
mainly filled with calk-alkaline volcanic prod-
ucts (Upper Oligocene - Lower Middle Miocene)
and continental deposits (Lower Miocene). The
Plio-Quaternary cover consists of basaltic lava
flows and terraced alluvial deposits. From a
structural point of view the Middle Tirso Valley
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Fig. 1. Schematic geological map of the Middle-Tirso Valley (after Carmignani, 1996, modified): 1) Quaternary
sediments (Holocene), alluvial cones and terraced fluvial sediments (Pliocene-Pleistocene). 2) Pliocene-Pleistocene
alkaline and transitional basalts and undersaturated volcanic rocks. 3) Miocene continental and marine deposits
(Burdigalian-Middle to Upper Langhian) and continental deposits with thyolitic tff intercalations (Aquitanian-
Burdigalian). 4) Oligo-Miocene calcalkaline volcanic cycles: 4a) Ignimbrites, tuffites and pumiceous tuffites
(Upper Oligocene-Lower to Middle Miocene); 4b) Andesites (Upper Oligocene-Lower Miocene). 5) Hercynian
basement: 5a) Paleozoic granitoids (Upper Carboniferous-Permian); 5b) Paleozoic schists ( Lower Carboniferous-
Pre- to Upper Ordovician). 6) Faults. 7y Geothermal springs.
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The relation between the Apennine collision,
the transcurrent, both extensional and compres-
sjonal structures in Northern-Central Sardinia
(Pasci, 1997), the rifting and the drift of the
Corse-Sardinian block, are still not fully under-
stood.

The Paleozoic basement consists of the Her-
cynian metamorphic and intrusive complexes.
The metamorphic rocks crop out mainly in the
Goceano chain and in the Grighini and Gen-
pargentu mountains. They are composed of
Ordovician acidic to calkalcaline metavolcanic
rocks and Cambrian-Lower Carboniferous meta-
sedimentary and sedimentary rocks containing
Silurian-Devonian alkaline metabasites (Oggia-
no, 1994). The granitoid bodies of the plutonic
complex (Upper Carboniferous-Permian) vary
from quarzodioritic tonalite to granodiorite and
granite (Ghezzo er al., 1973).

The Oligocene-Miocene volcanic rocks, main-
ly ignimbrites and andesites, lic directly on the
Paleozoic basement, with no trace of Mesozoic
rocks (Porcu, 1983).

The ignimbrites are overlain by a continental
sequence made up of cherty limestones, silt-
stones, sandstones and fluvial conglomerates
alternating with cherts, tuffites and pumiceous
tuffites (Aquitanian - Burdigalian). A continen-
tal to marine sequence follows, consisting of
marls, sandstones, conglomerates and sublitto-
ral-epibathyal siliceous sandstones dating to the
Upper Burdigalian - Middle Upper Langhian
(Carmignani, 1996).

The Pliocene-Pleistocene volcanic rocks, crop-
ping out in the western side of the area, are
represented by alkaline to transitional basalts
with fluvial-lacustrine sediments on the bottom
and between the lava flows (Carmignani, 1996).

Quaternary rocks occur as alluvial and collu-
vial deposits; Pliocene-Pleistocene fluvial ter-
races are also commonly found along the Tirso
River course.

Therefore, the study of the Middle Tirso
Valley was considered interesting to contribute
to the general knowledge of geological and
structural features of Sardinia and the geody-
namic evolution of the Western Mediterranean
basin.

From a more practical point of view, the area
is interesting for its hydrogeology and geother-
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mal potential, the latter witnessed by the San
Saturnino. Oddini and Fordongianus geother-
mal springs (fig. 1), whose origin is still not
fully defined.

Combined geoelectrical and gravity model-
ling of the area has been performed to gain
information on the above aspects.

2. Acquisition of geoelectrical data

The subsurface resistivity distribution was
obtained by means of twenty-five axial dipole-
dipole electrical soundings (DES, e.g., sec Al-
pin, 1966), with dipole-dipole separation in the
range 100-10000 m. They were located so as to
obtain a main section, striking roughly NE-SW
(profile R-CT), and three transverse sections
striking roughly NW-SE (profiles T-T", A-A
and B-B’) across the Tirso River (fig. 2).

A 3.2 kVA D.C. generator with output volt-
age steps ranging from 50 to 1000 V was used.
The main features of the data acquisition system
were a notch filter, a band-pass filter and an
A/D converter with precision of 0.1 V.

In order to achieve an effective signal from
noise separation, repeated square waveforms
with 30 s period were used, with simultaneous
recording at the receiving dipole. The record
length was 15-60 min, depending on noise lev-
el, with a sampling interval of .1 s,

In order to obtain reliable signal estimates to
be used in the apparent resistivity computation,
three different methods, namely the FFT. the
Maximum Likelihood Method (Loddo and Pa-
tella, 1977) and the MEM spectral analysis (La-
coss, 1971) were used.

2.1. Analvsis of geoelectrical data

The relative error affecting the resistivity
estimates was in the order of 4-10%, depending
on noise level. The complete set of apparent
resistivity curves (p, versus dipole-dipole spac-
ing in the range 100-10000 m) is shown in fig.
3a-d. The low wavenumber scattering of appar-
ent resistivity values is attributable to vertical
contacts between rocks with different resistivi-
ty, crossed by the receiving dipole path.
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Fig. 2. Location of gravity stations and dipole-dipole geoelectrical soundings along profiles T-T’, A-A’, B-B’

and R-CT.

The apparent resistivity pseudosections are
reported in fig. 4a-d. These pseudosections were
obtained, for each profile, assigning the loga-
rithm of the measured apparent resistivity to
points having as horizontal and vertical coordi-
nates the position of the receiving dipole (fixed
for each sounding) and the dipole-dipole sepa-
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ration, respectively, and finally applying a con-
touring procedure.

Pseudasections relating to profiles T-T” and
A-A’, which are almost perpendicular to the Tir-
s0 River, show lower values on the western side,
that is W of its course, and higher values on the
opposite side. This indicates that in this area the
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Fig. 3a-d. Axial dipole apparent resistivity diagrams:

d) profile R-CT.

river runs along a shallow contact between rocks
with different electrical characteristics, namely
resistive granitoid rocks on the east bank and less
resistive volcano-sedimentary and metamorphic
rocks on the west bank. Similar findings were
obtained for the pseudosection B-B” where the
river runs between soundings B5 and B6 and a

a) profile T'-T’; b) profile A-A’; ¢) profile B-B";

wide low resistivity area is present on the west side.

The pseudosection relating to profile R-CT,
which is almost parallel to the river, shows a
rather different structure with two relative min-
imum resistivily basins, the southernmost of
which is particularly evident, separated by a
broad resistive structure.
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2.2 Inversion and interpretation

Quantitative 1D inversion of experimental
data was generally performed by means of a
ridge regression procedure (Meju, 1992), as
shown in fig. 5a for sounding CT3. On the other
hand, the Patella and Tramacere procedure

744
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¢) profile B-B”; d) profile R-CT.
mding to each sounding.

(1986) was used for apparent resistivity curves
characterized by steep slopes and/or strong
apparent resistivity steps generated by vertical
contacts, as for sounding R1 in fig. 5b. In this
figure, the model adopted for fitting the exper-
imental curve is also shown. It consists of
two electrically different, layered structures
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tact about 700 m from the fixed potential dipole
MN, which is crossed by the moving current
dipole AB. This kind of model modifies the 1D
theoretical curve f, from the resistivity step
onward. into the £’ curve, providing the best
fit with experimental data. Figure 5¢ shows the
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Fig. 3a-c. Examples of interpretation of dipolar
diagrams: a) dipolar apparent resistivity
dizgrams with error bar (a) for sounding CT3
and calculated dipole apparent resistivity curve
(¢r): b) dipolar apparent resistivity diagrams with
error bar (a) for sounding R1 and calculated
dipole apparent resistivity curves (5 and 37);

and R1 (f).

‘ ¢} resistivity modeling for soundings CT3 («)

LD resistivity models obtained for the above
soundings.

Resistivity cross-sections for all profiles are
reported in fig. 6. On the basis of available
geological and structural information and also
referring to previous geophysical works con-
cerning the surrounding areas of Logudoro
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(Pecorini ef al., 1988) and Fordongianus (Balia
et al., 1990), resistivity values and geological
units were associated as follows:
1) 2+20(Q2-m)
Oligo-Miocene volcanic rocks and subordi-
nate clastic sediments.
21+ 80 (€Q2-m)
Tuffaceous Oligo-Miocene volcanic rocks
and pumiceous ash.
3) 81 =400 (L2-m)
4y 401 + 1000 (2 m)
More orless weathered and fractured Paleozoic
granitoids and schistose metamorphic rocks.

> 1000 (Q-m)
Massive Paleozoic granitoids.

-—

N
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Some meaningful considerations can be
drawn from the above correlation. First, the top
of the Paleozoic basement extends down to as
much as 800 m below sea level and its morphol-
ogy produces several local basins, clearly evi-
dent in profiles B-B’ and R-CT. Second, the
same basement is locally affected by major,
sub-vertical displacements, particularly evident
in profile A-A’".

The conductive formations {2-20 Q-m and
21-80 €-m) corresponding to the Oligo-Mio-
cene volcano-sedimentary complex overlaying
the Paleozoic basement are especially thick
in the Bultei-Benetutti (R1-R6) and Bolotana-
Ottana (CT1-CT4 and B1-B35) areas, the latter
basin known as the Ottana Graben (Porcu,
1983).
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3. Gravity survey

The gravity survey concerned an area of about
1300 km” with 618 stations, so that the average
station density was in the order of 0.5 per km’
(fig. 2). A Lacoste and Romberg model G grav-
ity meter, with scale factor of 1.06 mGal/div
was used. Five points of the first gravity survey
of Sardinia (Trudu, 1962) were selected as ref-
erence stations. These stations had already been
included in the International Gravity Standard-
ization Net, 1971 (Morelli ef af., 1974) and
hence in the First Order Italian Gravity Network
(Marson and Morelli, [978). The mean error
affecting gravity measurements was estimated
to be in the order of + (.03 mGal. Elevations
were determined by trigonometric levelling, with
a mean estimated error in the order of 0.2 m,
using an AGA mod.14 Geodimeter and a Wild
Model 12 Theodolite.

3.1, Bouguer anonmalies

Gravity corrections were applied adopting
the mean crustal density of 2.67 g/cm’. Terrain
correction was computed considering the verti-
cal effect of polyhedral bodies (Okabe, 1979).
Mean clevations were computed by means of a
digital terrain model (DTM) at a scale of 1:10000
over a regular grid spacing of 50 m within a
2 km radius from each gravity station, a DTM
at 1:25000 scale over a regular grid spacing of
250 m at distances ranging from 2 to 30 km and
a DTM at 1:100000 or 1:750000 scale over a
grid spacing of 500 m at distances ranging {rom
30 to 167 km. The Bullard reduction for spher-
ical cap (LaFher, 1991) was applied. The Bou-
guer anomalies were computed referring to the
1980 International Gravity Formula (Moritz,
1984),

Figure 7 shows the Bouguer anomaly map
where two well separated low areas can be dis-
tinguished:

1) The first, located in the south-western
part of the map, is bordered on the north-west-
ern side by a strong SW-NE oriented horizontal
gradient belt corresponding with the Marghine
Fault. Conversely, there are no well-defined grav-
ity structures that could be associated with the
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Nuoro fault. This could mean that, in this area,
the vertical displacements associated with the
Nuoro fault are not as pronounced as in the
Marghine fault.

2) The second gravity low, located in the
north-eastern part of the map, east of the village
of Benetutti, remains open eastwards and shows
regularly decreasing values corresponding to
the outcropping granite basement.

The gravity high which separates the above
lows, attains maximum amplitude NE of the
village of Bolotana, where Paleozoic metamor-
phic schists of the Goceano chain crop out.

The Bouguer anomaly was separated into
regional and residual components by means of
two-dimensional filtering. In order to gain wid-
er data coverage for computations, data for
the neighbouring areas of Logudoro (Pecorini
etal., 1988) and Fordongianus (Balia et al., 1990)
were also used. The optimum cut-off wavelength
of 30 km was determined by means of the Max-
imum Entropy spectral analysis method applied
to several N-S and E-W profiles.

The residual anomaly map superimposed on
the geological and structural map of the area
covered by gravity measurements is reported in
fig. 8. The wide gravity low in the south-west-
ern part of the map, named «Bolotana-Sedilo
gravity low», is bounded by rather strong hori-
zontal gradients, especially in the north-western
edge (the Marghine-Goceano chain), and exhib-
its a marked 3D character.

The San Saturnino and Oddini geothermal
springs lie on opposite sides with respect to the
gravity high and therefore, very likely, there is
no spatial correlation between them. However,
both places correspond to high values of hori-
zontal gradient and outcrops of Oligo-Miocene
volcanic rocks, a situation which is common for
geothermal springs in Sardinia.

3.2. Modelling and interpretation

Residual gravity anomaly was modelled
along four profiles corresponding to the geoe-
lectrical profiles, using Marquardt’s semi-auto-
matic inversion method for 2.5D density distri-
bution with varying length of strike, developed
by Webring (1985). This is a powerful and flex-
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ible modelling tool since it will interpret anom-
alies ranging from 2D to 3D. simply varying the
ratio of the strike length with respect to the
width length. Hence, it was profitably used in
the present case, in spite of the lack of well
defined symmetry of the gravity anomalies. The
raw models were buill using the subsurface ge-
ometry derived from interpretation of geoelec-
trical data. As for resistivity, available informa-
tion on the outcropping rocks and density esti-
mates obtained by means of field and laborato-
ry measurements were considered. The latter
were consistent with the density estimates used
for neighbouring areas (Pecorini et al., 1988;
Balia er al., 1990). Lastly, the association be-
tween density contrast relative to the regional
background and rock type has been assumed as
follows:

1) =031 +-0.40 g/em’
Tertiary-Quaternary volcano-sedimentary
filling.

- 0.04 +-0.12 g/em’
Oligo-Miocene ignimbritic-tuffaceous vol-
canic rocks.

3) —0.01 +-0.05 g/em’

0.02 +0.04 glem’

More or less weathered and fractured Paleo-
zoic granitoids and schistose metamorphic
rocks.

5) 0.05+0.09 glem’
Massive Paleozoic granitoids.

As is known, the inversion procedure con-
sists of iteratively varying the starting model
parameters (shape, depth, density contrast,
number of bodies) to minimize the RMS error
between computed and experimental data. In
the case at issue, the residual RMS error at the
end of the iterative procedure was always less
than 1% (namely 0.22% for T-T"; 0.13%
for A-A’; 0.35% for B-B"; 0.23% for R-CT
profiles).

Figure 9 shows the final gravity models; ex-
perimental and computed anomalies are report-
ed in the upper part.

After inversion, the gravity and resistivity
models (fig. 6) maintain good agreement as far

751

as shallow structures are concerned and, in par-
ticular, the boundary between Tertiary-Quater-
nary volcano-sedimentary filling and Paleozoic
rocks remains substantially unchanged. Howev-
er, some minor discrepancies can be observed
for deeper structures. As an example, the mas-
sive Paleozoic granitoids to which the highest
density is associated, do not show the highest
resistivity, as probably expected. Apart from the
different spatial sampling rates adopted in grav-
ity and electrical surveying, these discrepancies
can be attributed to the different correlation of
density and resistivity with respect to minera-
logical, lithological and hydrogeological varia-
tions.

In section T-T”, the gravity model shows the
Oligo-Miocene rocks overlaying the transition
to the Eastern Paleozoic horst granites, which
should be the source of the long-wavelength
gravity decrease (Trudu, 1962).

In section A-A’, the steep gradient corre-
sponds to the transition from dense metamor-
phic outcrops of the Goceano chain again to
granites of the Eastern Paleozoic horst.

The model corresponding to section B-B’
shows the Oligo-Miocene volcano-sedimentary
sequence covering the Paleozoic basement in
the Bolotana-Ottana area.

The NE-SW striking section R-CT crosses
all previously modelled structures and confirms
the volcano-sedimentary filling near Bultei, the
dense tectonic sill in the central part and
the features of the Bolotana-Ottana area. Here
the total thickness of Quaternary sediments and
Tertiary volcanic products can be estimated
in the order of 700-800 m, in good agreement
with seismic reflection data (De Cillia er al.,
1992).

4, Discussion

The above interpretation of geophysical data
in terms of main geological structures of the
Middle Tirso Valley provides fairly satisfactory
quantitative information on more or less already
known geological models. Aside from this, the
geophysical data, in cenjunction with the geo-
logical and structural information, allow us to
draw the following considerations on one of
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the most significant anomalies, the Bolotana-
Sedilo gravity low:

[) It corresponds to considerably thick
Pliocene basalt flows (100-300 m), Miocene
marine-fluvial-lacustrine sediments (over 400
m) and, on the basis of our interpretation,
Oligo-Miocene volcanic rocks (at least 800-
1000 m).

2) It is bounded by the Marghine fault and
the Marghine chain northwards and probably
by the Nuoro fault southwards, but the latter
connection is not clearly supported by our
geophysical data. Moreover, the eastern edge
of the gravity low seems to be related to the
NNE-SSW regional sequence of extensive
tectonic structures which follows the line of
the San Saturnino, Oddini and Fordongianus
thermal springs. The sequence of these struc-
tures, which cannot always be easily recog-
nized in the field being overlain by the Pliocene-
Quaternary basaltic and alluvial cover, can
be suitably named «Tirso Fault» for the first
time.

3) If the Marghine fault is interpreted as the
south-eastern prolongation of the transcurrent
Tavolara fault (fig. 1), the features of the Bolo-
tana-Sedile gravity low are typical of a Tertiary
volcano-sedimentary basin, bounded by two
master faults: the transcurrent Tavolara-Mar-
ghine fault, and the normal-extensional Tirso
fault along which geothermal phenomena
occeur.

Summing up, this is a tectonic depression
with complex characteristics, including the
calk-alcaline volcanism, typical of a pull apart
basin which well matches the geodynamic
rifting and rotational events that took place
in Sardinia during the Oligocene-Lower Mio-
cene.

Although the results of the present survey
warrant further integration and validation, the
considerations that can be drawn therefrom
concerning the main structural features of the
Middle Tirso Valley and their relationships
with the Tertiary volcanism in Sardinia, should
form a sound basis for future geological, vol-
canological and geodynamical research, as well
as for more practical fields of interest such as
groundwater and geothermal resources assess-
ment.
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