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ABSTRACT

In this paper, we present a new Bouguer gravity map of the Northern Tuscan offshore (central
Italy), based on original gravity data acquired on the islands of the Tuscan Archipelago. Our
dataset integrates 274 unpublished gravity field measurements with 126 available marine
gravity data of the northern Tyrrhenian Sea. The Bouguer anomaly map shows a westward
and southward increase of the regional gravity field associated with the uplift of the Moho
boundary from central Apennines towards the Tyrrhenian Sea. At a local scale, several
Bouguer anomalies are well associated with the igneous plutons of the Elba, Montecristo and
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Capraia islands, as a result of a deep density contrast between the granitoid intrusive rocks
and the embedding metamorphic basement. The presented Bouguer anomaly map
represents a useful tool for future studies of the complex geological and geodynamical
setting of the Tuscan Archipelago and of the buried and deep igneous structures.

1. Introduction

The Tuscan Archipelago is located in the northern part
of the Tyrrhenian Sea. Its geology derives from several
geodynamic events, associated to the genesis of the
Alps-Apennines orogenic system and of the Tyrrhe-
nian Basin, that led to the formation of the intrusive
and extrusive igneous products of the Tuscan mag-
matic province (e.g. Peccerillo, 2017). In this paper,
we aim at contributing to the knowledge of this com-
plex volcanic region by studying the relationship
between the main geological features of the archipelago
and the Bouguer gravity field.

In the last decades, gravity field surveys were carried
out in continental Italy and its adjacent areas to produce
gravity maps of the whole Italian territory (e.g. Carrozzo
et al,, 1981; Cassano, 1983; Makris, Morelli, & Zanolla,
1998; Morelli, 1970). In the Tuscan region, the geother-
mal setting and crustal deformation rate have been
obtained from a joint gravity, seismic and petrological
analysis (e.g. Accaino, Nicolich, & Tinivella, 2006; Della
Vedova, Vecellio, Bellani, & Tinivella, 2008; Geri, Mar-
son, Rossi, & Toro, 1982, 1985; Orlando, 2005).

In this paper, we give the first detailed study of the
gravity field of the islands of the Tuscan Archipelago.
More specifically, we aim at presenting the Bouguer
gravity map obtained from an unpublished dataset of
274 gravity measurements collected on the Tuscan
Archipelago islands between 1972 and 1974 and 126
marine gravity data (Ciani, Gantar, & Morelli, 1960).

2. Geological setting

The geological and structural setting of the Tuscan
Archipelago is associated to the complex geodynamical
evolution of the Italian peninsula, which is the result
of many geodynamical events spanning from Neogene
to Quaternary, including the Apennines orogeny and
the genesis of the Tyrrhenian Sea (e.g. Malinverno &
Ryan, 1986; Rosenbaum & Lister, 2004). The archipe-
lago consists of seven main islands mostly formed of
acid plutonic and volcanic rocks produced by the Cen-
ozoic volcanic activity developed during the conver-
gence between Europe and Africa (e.g. Peccerillo,
2017; Serri, Innocenti, & Manetti, 1993; Wilson &
Bianchini, 1999) (Figure 1). Several petrological and
geochemical analysis were carried out in the Tuscan
magmatic province in the last decades (e.g. Boccaletti,
Gianelli, & Sani, 1997; Dini, Gianelli, Puxeddu, &
Ruggieri, 2005; Poli, 1992), which provided detailed
information about the main facies and composition on
the igneous rocks, ranging from granodioritic to alkali-
granitic. Seismic surveys have been also fundamental
in the interpretation and imaging of the tectonic struc-
tures as well as for establishing the depth extent of the
large magmatic intrusions within the northern Tyrrhe-
nian Sea (e.g. Finetti et al.,, 2001; Mauffret, Contrucci,
& Brunet, 1999).

Elba is the main island of the Tuscan Archipelago,
located between Corsica and Tuscany. It is considered
as an extension of the Northern Apennines and the link
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with the ‘Alpine’ Corsica (Bortolotti, Pandeli, & Principi,
2001). The complex structural framework of Elba
(Figure 2(D)) divides the island into three main areas.
The eastern side mainly formed of metamorphic rocks
such as metavolcanic rocks, metaconglomerates, perido-
tites, gabbros, basalts, plagiogranites and ophiolitic brec-
cias (Rocchi, Westerman, Dini, & Farina, 2010). The
central part of the island is constituted by an igneous
sequence of laccolith layers developed over a time-
range of 1 Ma during Late Miocene (Rocchi, Westerman,
Dini, Innocenti, & Tonarini, 2002). The western area is
mostly characterized by monzogranitic plutonic complex
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of Monte Capanne associated to the second magmatic
cycle of around 7 Ma (Bortolotti et al., 2001; Carmignani,
Conti, Cornamusini, & Pirro, 2013; Rocchi et al., 2010).
Pluton similar to those of Monte Capanne crop up on
the Montecristo Island (Figure 2(B)), located 40 km
south of Elba, where those intrusions were placed inside
a pile of Mesozoic ophiolite and argillaceous sedimentary
rocks (Rocchi, Westerman, & Innocenti, 2003). Intrusive
materials of the same volcanic activity are also found in
the Giglio Island (Figure 2(C)) classified as the Giglio
Monzogranite Intrusion and Scole Monzogranite Intru-
sion (Westerman, Innocenti, & Rocchi, 2003). A large
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Figure 1. Geological maps of the Tuscan Archipelago islands: (A) Capraia; (B) Montecristo; (C) Giglio; (D) Elba; (E) Pianosa. Redrawn

from Carmignani et al. (2013).
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Figure 2. Location map of the study area (left); Map of the position of the land gravity stations (yellow dots) and submarine gravity

stations (red dots) of the Tuscan Archipelago region (right).

part of the areal extent of Giglio is underlain by granitic
rocks, while metamorphic rocks and ocean-derived
rocks characterize the westernmost part of the island
(Carmignani et al.,, 2013; Westerman et al., 2003).

The Capraia Island (Figure 2(A)), located about
30 km N'W of Elba, is mostly constituted of two volca-
nic series erupted during two events (Messinian 6.9—
6 Ma and Pliocene 3.7-3.5 Ma (e.g. Serri, 1997; Serri
et al., 1993)) that, according to Gasparon, Rosenbaum,
Wijbrans, and Manetti (2009), can be classified: series-
1 representing the bulk of Capraia formed of high-K
dacites to high-K andesitic and subvolcanic latites
(Barberi et al., 1986), and series-2, representing high-
K andesitic to rhyolitic products of the central-eastern
area. Pianosa Island, situated about 11 km SW of the
Elba Island (Figure 2(E)), is, instead, constituted of
Middle Pliocene-Lower Pleistocene sedimentary
rocks forming the so-called Pianosa Formation
(Aldighieri, Groppelli, Norini, & Testa, 2004; Graciotti,
Pantaloni, & Foresi, 2008) made of conglomerates,
sandstones and bioclastic limestones.

3. Materials and method

The Bouguer gravity field map of the Tuscan Archipe-
lago has been produced by merging two different data-
sets of land and marine gravity measurements:

o Onshore gravity data: Between 1972 and 1974 grav-
ity surveys were carried out on the main islands of
the Tuscan Archipelago by University Federico II
of Naples (Prof. Vito Bonasia), using a Worden
gravity meter, mod. Prospector n. 606, collecting a
total amount of 274 data. The elevations of the

measurements were obtained using a 1:10000 aero-
photogrammetry map with 1 m contour-line. The
gravity field anomalies were calculated with respect
to the absolute value of 980487.37 mGal at the refer-
ence station of Piombino (Ciani et al., 1960, Figure
3).

o Offshore gravity data: In the region of the Tuscan
Archipelago, 126 submarine measurements have
been integrated with the onshore gravity dataset
described in the previous section, to provide a
more complete coverage to the gravity field map of
the whole area. These data are part of a large data
set collected between 1953 and 1960 by the CNR
(Consiglio Nazionale delle Ricerche) and the ‘Osser-
vatorio Geodetico di Trieste’ on behalf of the Italian
Geodetic Commission, to provide a regular gravity
survey of the Italian offshore (Ciani et al., 1960).
The dataset consists of 3135 measurements with
an average data density of around 1 station/
100 km?, measured at a maximum depth of 222 m
below the Adriatic Sea and 207 m in our area of
study, using a Western remotely controlled gravity
meter. The measurement precision can be con-
sidered around + 0.05 mGal close to the coast or
in short circuits, and around * 0.2/0.3 mGal in
long circuits or with rough sea (for more details
see Ciani et al., 1960)

The free-air gravity reduction has been firstly applied to
both land and submarine dataset using the Faye correc-
tion, always negative for submarine data, which is
obtained by multiplying the altitude by the vertical gradi-
ent of the gravity field at latitude 42° (Monte Mario refer-
ence coordinate system), that is dg/ 8z = 0.30857 mGal/m.
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Figure 3. Sketch map of the Piombino reference station
(V. Bonasia, personal communication. Redrawn).

The Bouguer correction B, ; is computed using the
following formula for land data:

B, = 2wkdh, (1)

where A is the altitude of the station point; k = 6.67 x
107" m’kg's? (gravitational constant); d is the density
of the slab (in g/cmS).

For submarine measurements, the formula becomes:

By m = —2mk(1.026 + d)h; 2)

where h; is negative and 1.026 is the density of seawater
(in g/cm?).

The standard density value (d) of the Bouguer slab
correction can be assumed, for the Italian peninsula,
as 2.4 g/cm3 (Carrozzo et al., 1981) or, according to
the standard processing methodology in APAT Geo-
physical Service (Moritz, 1980), as 2.67 g/cm’. In the
present study, we decided to use 2.67 g/cm’, being it
better in accordance with the average density values
of the outcropping Tuscan Archipelago lithological
units, spanning from granitic to monzogranitic in
Elba, Montecristo and Giglio islands and from latitic
to rhyolitic in Capraia.

Then, the terrain correction was also applied, by
means of the Hayford-Bowie chart (e.g. Sandberg,
1959), out to 28.8 km (L-zone) from the point station,
with the same density value used for the Bouguer cor-
rection. Therefore, the total Bouguer anomaly field
(BA) is obtained by the following formula:

BA = Go—(Gr + FA)-(B+T) 3)

where G, is the observed gravity; Gr is the theoretical
gravity; FA is the free-air reduction; B is the Bouguer
slab correction and T is the Terrain correction.
Finally, we merged the two gravity data sets and also
produced a unique complete Bouguer anomaly map of

the Tuscan Archipelago. The reference coordinate sys-
tem was transformed from the Monte Mario coordinate
system to the UTM projection (zone 32N) with WGS84
datum. The grid map has been produced using the Grid-
Knit" package of the Geosoft Oasis-Montaj tool, to
obtain a 111 x 98 km map with the average step size
of 1293 m, that is the average point distance estimated
by the software using the default formula:

“tp — 1/ gridarea @
b= 4 Y number of data

4, Results

The resulting Bouguer gravity map of the Tuscan
Archipelago shows values ranging between 20 and
76 mGal with a broad trend of maxima in the central
part and lower gravity values toward W-SW.
Despite the not uniform data coverage in the area
and the gap in short-wavelength signal, it is possible,
however, to observe a good correlation between the
main anomaly patterns and the complex geological
setting.

Figure 4 shows the map of the Bouguer gravity field
of the Tuscan Archipelago islands. We will provide
now a qualitative description of the main Bouguer
anomalies basing on their correlation with the shallow
outcropping geology of the area. According to Morelli
(1960), most of the positive anomalies can be inter-
preted with a high-density crystalline-metamorphic
basement at shallow depth representing the root of
the Elba Island and of the whole Tuscan Archipelago.
We observe a general increase of the gravity field in
this area, with respect to the onshore Tuscan and
Corse domains, as well as an increase southward.
These features can be associated to the significant
decrease of the crustal thickness, with the Moho reach-
ing a depth of about 20 km in this area and of about
10 km in the central Tyrrhenian Sea, as documented
from seismic and seismological data (e.g. Di Stefano,
Bianchi, Ciaccio, Carrara, & Kissling, 2011; Maufiret
et al., 1999).

The main anomalies observed in the map of the Elba
gravity field (Figure 4(D)), where 147 onshore
measurements and 19 marine data well cover the
whole area, are gravity lows located above the struc-
tures of Monte Capanne, in the western area, and
above Porto Azzurro, on the eastern area. Both these
structures are probably associated to post-orogenic
Tertiary intrusions (Marinelli, 1959; Trevisan, 1951).
In the western part of Elba island, we notice a ‘C’
shaped gravity high in correspondence to the coast
(see the Main map), correlated with narrow outcrops
of peridotites along the shoreline, and a central gravity
low correlated to the acid intrusion. Thus, our
interpretation is that the Tertiary acid intrusion has a
negative density contrast with the peridotites and
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Figure 4. Bouguer gravity maps of the Tuscan Archipelago islands: (A) Capraia; (B) Montecristo; (C) Giglio; (D) Elba; (E) Pianosa. Land
and submarine gravity stations are shown, respectively, with yellow and red dots.

other basement units (see Table 1), which we assume
are present in the offshore and at depth. High-density
rocks (peridotites) outcrop in the eastern side of the
island only along narrow belts, whereas the most
diffuse units outcropping in this area exhibit lower
densities. Examples of these units are sedimentary
rocks (units 8, 9, 14, 15 — see legend in Figure 3) or
metasedimentary rocks (units 17, 18, 19 — see legend
in Figure 3). This could explain the presence of gravity
lows in the eastern part of the island. The central part
of the Elba island exhibits a gravity low corresponding
to acid igneous rocks (unit 3 — see legend in Figure 3),
while in central-eastern part of the island (near Acqua-
bona) a gravity high is well correlated to a large outcrop
of peridotites (unit 11 — see legend in Figure 3).

The Bouguer anomaly map of Montecristo, shown
in Figure 4(B), is characterized by a low detail due to
the limited number of gravity stations caused by the
impossibility of reaching areas of the island

characterized by a too steep topography. Therefore,
the dataset is composed of 21 land measurements
and 3 marine data close to the Montecristo coast. As
said before, the Montecristo island is made by a gran-
itoid intrusion very similar to that of Monte Capanne
and Porto Azzurro on Elba Island (Rocchi et al,
2003). According to this similar geology, as in the
case of Elba Island also the Montecristo gravity field
presents a relative low of 57 mGal, largely extended
on the central-northern part of the island. We interpret
the gravity low as due to the density contrast between
the root of the igneous structure and the denser base-
ment rocks, in agreement with the density values
shown in Table 1. The lack of gravity stations in the
southern part of the island and the influence of the
regional field may explain why the gravity low is appar-
ently localized in the northern part of the island.
Similar features are found also in the gravity field
map of Giglio Island (Figure 4(C)), where the area is
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Table 1. Density values of the geological units shown in Figure
2.

Lithologies Density (g/cm’) Units
Sand 1.60-2.00° 1

Mud 1.60-1.67" 1

Andesite 2.66" 2

Rhyolite 249" 2
Monzogranite 261-2.77° 3
Conglomerate 231-2.72° 4,5
Sandstone 2.22% 4,5,6,8,12,13
Clay 1.49-1.9" 5

Marl 2.1-2.6" 5,6,10, 12, 13
Siltstone 1.60-1.71" 58,9 14
Calcarenite 1.60-1.75¢ 6

Metagabbro 261-3.14 7

Metabasite 2.51-2.93* 7,17,19
Schist 2.73-3.19% 7
Metalimestone 2.67-2.75% 7,18, 19
Metasandstone 2.64-2.934 7,17,18, 20
Phyllite 2.10-2.807 7,17, 18, 19, 20
Shale 2.06-2.67" 9,12,13, 14
Radiolarite 2.20° 10

Peridotite 3.15-3.28" 1

Gabbro 2,974 1

Basalt 2.87% 1

Limestone 1.83-2.51° 12,13, 14, 15
Dolostone 2.72-2.84" 16, 19, 20
Marble 267-2.75" 16, 17, 20
Quartzite 2.60-2.708 17,19, 20

Notes: The densities are expressed as range of values; where single values
in bold are present, they represent the median. A: Carmichael (1982); B:
Sharma (1997); C: de Oliveira, Dall'’Agnol, Correa da Silva, and Costa de
Almeida (2008); D: Manger (1963); E: Rahmouni, Boulanouar, Boukalouch,
and Géraud (2013); F: Ruotoistenmaki and Birungi (2015); G: Busch,
Vanden Berg, and Masau (2006); H: Bourbié, Coussy, and Zinszner (1987).

covered by a total amount of 33 measurements on land
and 2 marine data offshore the western coast. Similarly
to Elba and Montecristo islands, we observe a large
relative low elongated in a SE-NW direction along
the granitoid intrusion, reaching values around
49 m@Gal. In the western side, gravity increases without
forming a well-localized high in correspondence to a
change of outcropping lithologies (Figure 1). The den-
sities of the intrusion and of the outcropping lithologies
in the western area of the Giglio Island are similar, thus
our interpretation for the westward gravity increase is
that it is at least partly determined by the regional
field increasing in NE-SW direction, as it can be seen
on the Main map.

The Pianosa Island gravity anomaly field ranges
between 27 and 36 mGal with a westward decrease in
agreement with the regional trend in this part of the
Tuscan Archipelago area (Figure 4(E)). The density
contrasts are not relevant and not evident gravity
anomalies are observed, as a consequence of the uni-
form geology of the island, mostly formed of Quatern-
ary conglomerates and sandstones.

Finally, we show in Figure 4(A), the Bouguer
anomaly map of Capraia Island based on 24 land
measurements and 5 offshore data covering well
the areal extent of the island. Here, we observe
small-amplitude gravity anomalies, ranging from
36 to 51 mGal presumably correlated to weak den-
sity contrasts among volcanic and subvolcanic
products.

5. Conclusions

The gravity field of the Tuscan Archipelago shows
regional and local anomalies. A general increase of
the gravity field, with respect to the onshore Tuscan
and Corse domains, occurs in this area as well as a
southward increase due to the crustal thinning
beneath the Tyrrhenian Sea. At a local scale, a good
correlation was found between the main gravity
anomalies and the geological and structural setting
of the islands, with particular reference to the corre-
spondences between extended gravity lows and the
large magmatic intrusions of Elba, Montecristo and
Giglio islands. According to Finetti et al. (2001)
such igneous intrusions of the Tuscan Archipelago
are widely extended into the upper crust and appear
embedded within the metamorphic basement of the
northern Tyrrhenian Sea. This information is useful
for deducing a possible explanation to the large and
intense gravity lows located above the granitic plu-
tons. We can indeed suppose that the roots of the
intrusive bodies produce a strong density contrast
with the surrounding metamorphic basement. Such
negative density contrast is possible if we assume
the basement rock density higher than that of the
igneous bodies outcropping in most islands of the
archipelago (say 2.67 g/cm®). Previous studies have
indeed pointed out that density value around 2.74 g/
cm’ can be reasonably associated to low-grade meta-
morphic rocks of crystalline basement (e.g. Bott,
1971; Hinze, 2003; Woollard, 1966). In the
context of the Tuscan Archipelago the basement
rocks may include also peridotites and other mafic
metamorphic rocks (‘Ophiolitic basement’, e.g. Bor-
tolotti et al., 2001b; Principi et al., 2015), so that we
can infer a negative contrast of density of at least
0.1 g/cm® between the intrusive rock and the sur-
rounding crust.

In conclusion, it is our opinion that the Bouguer
anomaly map of the Tuscan Archipelago can contrib-
ute to improve the knowledge of the complex geology
of this area, where the reconstruction of the deep mag-
matic and structural features still represents an open
problem.

Software

Geosoft Oasis-Montaj has been used to produce the
Bouguer anomaly map.
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