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Abstract

The gravity anomaly field of the Tyrrhenian basin and surrounding regions reflects the complex series of geodynamic events
active in this area since the Oligocene—Miocene. They can resume in lithospheric thinning and asthenospheric rising beneath the
Tyrrhenian Basin, coexisting with the roll-back subduction of the African plate margin westward sinking beneath the Calabrian
Arc. The geographic closeness between these processes implies an intense perturbation of the mantle thermal regime and an
interference at regional scale between the related gravity effects.

A model of the litho-asthenospheric structure of this region is suggested, showing a reasonable agreement with both the
evidences in terms of regional gravity anomaly pattern and the results concerning thermal state and petro-physical features of the
mantle. The first phase of this study consisted of the computation of the isotherms in the crust-mantle system beneath the
Tyrrhenian Basin and, afterwards, of the density distribution within the partially melted upwelling asthenosphere. The second phase
consisted of a temperature/density modelling of the slab subducting beneath the Calabrian Arc. Finally, a 2'/? interpretation of
gravity data was carried out by including as constraints the results previously obtained. Thus, the final result depicts a model
matching both gravity, thermal and petrographic data. They provide (a) a better definition of the thermal regime of the passive
mantle rise beneath the Tyrrhenian basin by means of the estimation of the moderate asthenospheric heating and (b) a model of
lithospheric slab subducting with rates that could be smaller than generally suggested in previous works.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction: the Tyrrhenian Sea—Calabrian Arc
system: geophysical setting

The Tyrrhenian basin (Fig. 1) is a deep, asymmetric,
depression representing one of the major structural ele-
ments of the central Mediterranean. Its Northern part,
mostly composed of continental crust, has been inter-
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preted as the western sector of an accretionary prism
related to the westwards subduction below Corsica since
the early Oligocene (Abbate et al., 1994). Along the
western margin the continental basement results thinned
by rotational normal faulting (Kastens et al., 1988).

The southern margin of the Tyrrhenian Basin shows
a very composite volcanic activity whose products have
large petrological differences, from the oldest terms
(31-13 My) up to the Aeolian arc (active since 1 My
ago) and the Lazio—Campania volcanic districts.
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Fig. 1. Regional Sketch map of the main geological and structural features in the Central Mediterranean.

Within the central abyssal plain, a strongly stretched
ancient continental crust underwent MORB magmatism
(DSDP 373; ODP 650-651-655) and alkali-basaltic
volcanic activity (Kastens et al., 1988). The Tyrrhenian
Basin is described as an extensional Neogene—Quater-
nary back-arc basin formed by counterclockwise rota-
tion of the Corsica—Sardinia and Adriatic microplates
(Alvarez, 1972; Cherchi and Montadert, 1982; Rehault
and Bethoux, 1984). The opening process migrated
southeastward and was triggered by the passive west-
ward dipping subduction (Malinverno and Ryan, 1986;
Royden et al., 1987; Kastens et al., 1988) of Triassic
oceanic lithosphere whose relicts should be present
in the Ionian abyssal plain. Such a model agrees
with the subduction-related processes like the Apen-
ninic thrust-fold belt (Doglioni, 1991) and the shal-
lower Moho inferred from seismic data (Steinmetz et
al., 1983; Recq et al., 1984; Duschenes et al., 1986;
Nicolich, 1989; Scarascia et al., 1994), from high
heat flow (Della Vedova et al., 1984; Hutchison et
al., 1985; Wang et al., 1989; Mongelli et al., 1991;
Cataldi et al., 1995, Pasquale et al., 1999) and from
the regional gravity field (Morelli, 1970; Corrado and
Rapolla, 1981). Further quantitative elements support-

ing both the strong lithospheric thinning and a pas-
sive mantle rise beneath the Tyrrhenian basin came
from the density model computed by Cella et al.
(1998) not only by merely fitting the regional gravity
field but basing also on constraints derived from
geothermal information. They were directly inferred
from a few available data (i.e. the potential temper-
ature, the 3 factor and the pre-stretched lithospheric
thickness) by means of the petrophysical model pro-
vided by McKenzie and Bickle (1988).

The hypothesis of the eastward migration of the
rifting process has been recently supported by geo-
physical investigations (Pasquale et al., 1999; Zito et
al., 2003) depicting the present heat flow in the
southern Tyrrhenian Sea as a transient thermal
wave migrating in time and space. Therefore, the
eastward jumping of the spreading centers could be
really explained as consequence of the break-up of
the earlier Alpine orogen and of the roll-back of the
slab that developed eastward (Spadini et al., 1995;
Gueguen et al., 1997; Doglioni et al., 1998, 1999).
Stretched continental block were dispersed by litho-
spheric boudinage within areas where the mantle
melt rises at very shallow depths and solidifies by
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loss of latent heat of fusion (Zito et al., 2003). In the
Tyrrhenian case, the opening occurred by two rapid
and separate episodes, which moved from west to
east generating the Vavilov and Marsili subbasins
(Zito et al., 2003).

The southeastward migration of both the Tyrrhenian
spreading centre and the Ionian arc since the Neogene,
is related to the earlier arrival at the subduction hinge of
thicker and less dense continental lithosphere repre-
sented by Apulian plate, at first along Central Apen-
nines, whereas, along the Calabrian Arc, thinner and
denser oceanic lithosphere still forms the slab at depth
(Doglioni, 1991).

The existence of a Benioff zone beneath the South-
ern Apennine and the Calabrian Arc (Caputo et al.,
1970; Patacca et al., 1990; Spakman et al., 1993) was
confirmed by the presence of several seismicity clusters
up to a depth of 500 km (Gasparini, 1982; Finetti and
Del Ben, 1986; Anderson and Jackson, 1987; Giardini
and Velona, 1991; Selvaggi and Chiarabba, 1995).

Clashing opinions still exist about the Tyrrhenian
subduction, for example, whether the roll back regres-
sive movement is the cause or the effect of back-arc
extension, or its timing, variously aged between 30
and 80 My (Boccaletti et al., 1971; Decourt et al.,
1986; Doglioni et al. 1998; Faccenna et al., 2001).
Similarly, the rate of subduction underneath the
Calabrian Arc is largely debated, ranging from 2 up
to 6 cm y ' (Patacca et al., 1990; Pasquale et al.,
1999; Faccenna et al., 2001; Doglioni et al., 1999;
Valera et al., 2003). The other question that is of
concern is if the dipping angle has always been
high (65~80°) as a consequence of the global, east-
ward oriented, asthenospheric flow with respect to the
lithosphere (Doglioni, 1991; Pasquale et al., 1999), or
of its gradual increase (Faccenna et al., 2001).

In the present research the distribution of densities
within the Tyrrhenian shallow mantle resulting from
Cella et al. (1998) has been updated. Computations
have been now based not only on a single geotherm
roughly representative of the thermal state of the whole
basin, but on a much more complete data set that
allowed Zito et al. (2003) to draw different thermal
gradients for each sector of the basin. The density
distribution within the subducting slab was finally
estimated, taking into account the advection of heat
in the sinking slab and the heating both by conduc-
tion from the hotter asthenosphere and by compres-
sion of the lithospheric slab. The resulting data allow
to suggest a regional model depicting the structure
of the lithosphere—asthenosphere system in the whole
region.

2. Geophysical data
2.1. Description of the gravity anomaly pattern
This study is based on several gravity data sets:

— The Bouguer gravity map of the Tyrrhenian Sea
(Morelli, 1970);

— The Bouguer gravity map of the Strait of Sicily and
of the Ionian Sea (Morelli et al., 1975);

— The Bouguer Gravity Anomaly Map of the Mediter-
ranean Region, (1:1,000,000), issued (1989) by the
Intergovernmental ~ Oceanographic ~ Commission
(IOC-UNESCO), as an overprint of the International
Bathymetric Chart of the Mediterranean (IBCM).

All data sets are based upon the 1967 normal gravity
formula and on terrain corrections made by assigning a
Bouguer density of 2.67 g/cm®.

The anomaly field was sampled over a broad area
(36-46° N; 7-19° E) to provide a step grid (5°)
coherent with the regional feature of the study
(Fig. 2). The problem due to the integration of the
gravity modelling with data from the local geoid,
was tackled. Therefore, the indirect effect caused
by differences between the reference ellipsoid and
the geoid was computed in terms of gravity along
the profile. The model provided by the GEOMED
Project over the Central Mediterranean area was
adopted as reference. The resulting effect shows a
maximum amplitude having the same order of the
average magnitude of the differences between ob-
served and computed profile. Therefore it should be
further reduced by means of low-pass filtering and
can be neglected without significant consequences
because the gravity data profile has been low pass
filtered before the interpretation. The gravity field of
the central Mediterranean shows a significant corre-
lation with respect to the main regional morpho-
structural components in the area. In fact, long wave-
length, high amplitude, Bouguer positive anomalies
are located within the main marine basins (Jonian
basin: +310 mGal; Tyrrhenian basin: +250 mGal;
Ligurian—Provencal basin: +210 mGal). An exception
is the Adriatic basin that represents foreland conti-
nental African domain mostly undeformed and shows
a rather flat regional gravity field. Patterns of region-
al negative Bouguer anomalies are detectable in cor-
respondence of continental areas, e.g. the Alpine and
Calabrian orogenic wedges, the Apennine thrust/fold
belt system and the Corsica—Sardinia microplate.
These correlations, together with the high amplitude
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Fig. 2. Bouguer gravity anomaly map of the Central Mediterranean. Reference system IGSN-71; Bouguer density=2.67 g/cm’; 1967; normal
gravity formula; equidistance=10 mGal.; step grid (5'); The solid line shows the location of the interpreted gravity profile.

of the anomalies are clearly due to deep sources, i.e.
the thickening of the less dense continental litho-
sphere in the mentioned areas: as often observed in
similar cases, the axial gravity placed low on the
southern and central Italy is roughly coincident with
the external front of the accretionary prism along
both the Apennine and Calabrian Arcs.

With regard to the isostatic set-up of the Calabrian
Arc, the effect of the crustal roots beneath Calabria was
computed by assuming the Airy hypothesis and by
assigning a density contrast of 0.5 g/cm’ between mantle
and crust, a maximum topographic height of about 1000
m a.s.l. (in correspondence of the Calabrian Arc) and,
finally, an original crust 30 km thick.

The resulting thickness of the compensating root
beneath the chain is about 5 km. It implies a high
amplitude negative isostatic anomaly and, therefore, a
significant tendency to a continental uprising. Several
geological evidences and neotectonic studies (Cucci
and Cinti, 1999) confirm a quite strong topographic
uplift, at least during the quaternary. However, the
continental crust is characterized by a compensation
depth of about 30 km and by a lateral section less
wide than 300 km. This means that the structure
would not be wide enough with respect to the com-
pensation depth in order that isostatic adjustments are
possible.

In this case, an alternative mechanism to explain the
continental uplift has been suggested by Gvirtzman and

Nur (1999) that analyzed the topography across sub-
duction zones, considering the separate contributions of
the crust and the mantle lithosphere to the continental
elevation observed at the surface. They demonstrated
that when a slab retreats quickly, as in the Calabrian
case, the asthenospheric material flows farther into the
plate contact, leading to the loss of suction and plate
decoupling. As a result, the heavy slab sinks and the
asthenospheric wedge releases overriding the plate
from the drag of the slab directly underlying the
crust. Consequently the overriding plate rebounds,
floating higher than normal. In other words, this
means a continental uplift caused neither by classic
isostatic adjustment nor by tectonic stress but by
other factors related to the dynamic regime of the
subduction process.

2.2. Regional heat flow and temperature of the thinned
lithosphere and upwelling asthenosphere

Fig. 3 shows the heat flow map of the Tyrrhenian
Sea and surrounding areas compiled by Zito et al.
(2003). The most conspicuous feature of the map is
the high heat flow (rough average 120-130 mW m™ ?)
all over the abyssal plain of the Southern Tyrrhenian
Sea. Heat flow decreases towards the continental mar-
gins of Corsica—Sardinia block. The lowest values are
located offshore Sicily. Two strong local maxima of 143
and 245 mWm ™ ? located over two major sub basin of
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Fig. 3. Heat flow map of the Tyrrhenian Sea and surrounding areas. Contour intervals, 10 mW m~ 2 After Zito et al., 2003.

the southern Tyrrhenian sea (Fig. 4), i.e. the Vavilov
basin and the Marsili basin (Malinverno, 1981; Spadini
et al., 1995).Wang et al. (1989) demonstrated that heat
flow is not symmetrically distributed about the centre of
this young oceanic Tyrrhenian basin. Hutchison et al.
(1985) interpreted the regional heat flow value by the
simple stretching model of McKenzie (1978). Hutch-
ison et al. (1985) interpreted the observed maximum
value at that time of 151 + 10 mWm ™ 2 in the southern
Tyrrhenian by the oceanic plate model of Parsons and
Sclater (1977). In all these papers the stretching is
considered as a unique or continuous event. Recently,
new ideas have been elaborated about the stretching of
the Tyrrhenian basin (Zito et al., 2003).

As mentioned in the previous section, the rifting
of the Tyrrhenian sea started in the Upper Oligocene
in the Ligurian—Provencal basin to the west of the
Corsica—Sardinia, floored by oceanic crust 19—15 Ma
ago (Gueguen et al., 1997). Then the rifting jumped
east to the Corsica and Sardinia, proceeding by steps
and generating in the southern Tyrrhenian two major
basins, i.e. Vavilov basin (7-3.5 Ma) and the Marsili
basin (1.7-1.2 Ma). Basalts at the Mt. Vavilov are
OIB-MORB type with an age of 4.1 Ma (Sartori,
1989), while the basalts of Mt. Marsili are also calc-
alkaline (Beccaluva et al., 1990), and the upper lying
sediments have an age of 1.8 Ma (Kastens et al.,
1988) indicating a very young basaltic crust.
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Fig. 4. Smoothed heat flow map of a large strip between Sardinia and Calabrian according to Zito et al. (2003). Contour interval, 20 mW m™ 2.
Dashed areas refers to Magnaghi—Vavilov (M—V) and Marsili (M) basins, respectively.
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Zito et al. (2003) modeled these events supposing
that in each basin stretching occurred at different times
according to the McKenzie model and that further
stretching caused the laceration of the thinned litho-
sphere favoring the passive rising to the surface of an
asthenospheric body. They assumed that before the
extension the lithosphere had the same structure as
the present Alpine Chain: a lithosphere 130 km (Cal-
cagnile and Panza, 1981) and a crust 45-50 km thick
(Locardi and Nicolich, 1988 modified by Morelli,
1995). Since the actual thickness of the Tyrrhenian
lithosphere is 30 km (Calcagnile and Panza, 1981), in
the westernmost sector, and 20 km (Pontevivo and
Panza, 2002) in the easternmost sector, Zito et al.
(2003) deduced a value f=6.3 for the older basin and
f=17.0 for the younger one. They calculated the con-
tribution of the rock radioactivity to deep temperatures,
as well. Moreover, Zito et al. (2003) studied the cooling
of the asthenospheric bodies considering the heat liber-
ated by the solidification (Stefan problem) and deduced
the thickness of the new lithosphere.

Fig. 5 shows the geotherms calculated by this model
along a profile crossing the southern Tyrrhenian Sea,
passing over the Vavilov and Marsili basins.

3. Density distribution in the thinned lithosphere
and upwelling asthenosphere

Several studies (Cella and Rapolla, 1997; Cella et
al., 1998) pointed out that the thermal state of the
upwelling asthenosphere strongly influences the distri-
bution of density within the uprising mantle, causing
significant gravity changes. Consequently, a reasonable
knowledge of the temperature distribution within the
mantle is crucial for a structural modelling by means of
gravity data interpretation.

It is well known that the upward migration of the
LAB (lithosphere—asthenosphere boundary) can be pri-
marily caused by an active process, i.e. the presence of
a “hot plume” having a thermal origin in the lower
mantle (Spohn and Shubert, 1982; Courtney and
White, 1986). Alternatively, mantle rising and progres-
sive lithospheric thinning are a passive process due to
an extensional regime driven, for example, by external
forces triggered by the roll-back of sinking slabs (For-
syth and Uyeda, 1975; Angelier and Le Pichon, 1979)
and intensified by the convective removal of the lower
lithosphere by a delamination process (Schott and
Schmeling, 1998) or by sublithospheric dragging and
erosion (Mongelli and Zito, 2000).

When the mantle rises and the isotherms upward
migrate, the temperature increases reaching the mantle

solidus by adiabatic decompression and partial melting
occurs. The amount of melt fraction and its composi-
tion primarily depend on some factors: (a) the potential
temperature (7},), i.e. the temperature that a fluid mass
would have if it were compressed or expanded at a
constant reference pressure. With increasing values
of T}, the transition from absence (passive upwelling)
to presence (active rising) of thermal anomalies occurs;
(b) the stretching factor B (McKenzie, 1978), i.e. the
ratio of the final to initial surface area involved in
the rifting process. With increasing values of B the
transition from ‘“continental” to ‘“oceanic” rifting
occurs; (c) lithospheric thickness prior to the thinning
process starts; increasing values reduce the partial
melting process.

On the other hand, also the changes in density within
the uprising asthenosphere are controlled by several
clements: (a) distribution of temperature within the
upwelling mantle, (b) changes in amount of partial
melting; (c¢) changes in melt composition; (d) changes
in composition of the mantle rocks after the magma
segregation; (e) dependence of density of the liquid and
solid fractions on pressure and temperature.

The first step was the computation of new geotherms
in the uppermost mantle. Significant improvements
resulted with respect to previous works (Cella and
Rapolla, 1997; Cella et al., 1998). The second step
was the computation, based on the model of McKenzie
and Bickle (1988), of the amount of melt fraction and of
its chemical composition as function of the geotherms
and of the degree of lithospheric stretching. The MORB
pyrolite with Fo90 (MPY90) composition (Fallon and
Green, 1987) was chosen as representative of a typical
upper mantle source.

Very small amounts of liquid fraction remain in the
residual mantle rock after melt segregation and migra-
tion (McKenzie, 1984); therefore the melt composition
allows to infer the chemical composition of the residual
mantle. The third step was the computation of the
modal norm of the residual mantle rock by treating
the problem in terms of solution of component trans-
formations, in which both the global chemical compo-
sition of the rock and the composition of any phase
component of the rock are known, whereas the amount
of any phase component must be determined (Spear et
al., 1982; Sebastian, 1989; Cella and Rapolla, 1997).
The problem was solved basing on the “minimum
length” solution for undetermined linear problems
(Menke, 1984; Cella and Rapolla, 1997). Three differ-
ent input data sets were used depending on the mantle
composition depth for which the computation was done
(depth>70 km—garnet peridotite; 30 km<depth<70
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km—spinel peridotite; depth<30 km—plagioclase pe-
ridotite) (Green, 1991).

In the last step, the density distribution in the
upwelling asthenosphere was finally computed as a
function of temperature, pressure and normative
composition, by exploiting the model by Niu and
Batiza (1991a,b,c). Basing on a quantitative relation
between the mantle potential temperature and the
vertical displacement of the earth surface (McKenzie
and Bickle, 1988; White and McKenzie, 1988), the
Tyrrhenian bathial plain, located at a depth of
30004000 m, necessarily implies at the LAB a
temperature not higher than some tens exceeding
the normal. Such a hypothesis was reasonable
since previous studies (Keen, 1985) verified that
the active mantle upwelling, implying high thermal
anomalies, can laterally extend only in areas much
larger than the Tyrrhenian Basin. Further confirma-
tions came which have been provided a gravity
approach (Cella et al., 1998) and by detailed stud-
ies on the heat flux within the Tyrrhenian area
(Pasquale et al., 2003; Zito et al., 2003) confirming
a potential temperature of 1320-1330 °C. Therefore,
the computations were carried out by setting input
data for a passive mantle rising model (7,= 1330
°C). In addition, a value f=6.3-7 was chosen
following Zito et al. (2003) that, in agreement
with Hutchison et al. (1985) and basing on the
heat flow anomalies, predicted a significant degree

of thinning (>6), able to cause lithospheric lacera-
tion. As far as the pre-rift lithosphere thickness is
concerned, a value of 115-130 km was chosen in
agreement with previous studies (Pasquale et al,
2003; Zito et al., 2003). In correspondence of the
two main positive Tyrrhenian heat flow anomalies,
the thermal model predicts an asthenosphere rising
nearly up to the base of the stretched crust. Here,
material mainly consists of basalt dykes derived
from asthenospheric partial fusion and upward
melt migration.

The vertical density distribution was computed
for each of the geotherms computed along the
transect. Melting degree results to upward increase
reaching 20-25%. The density gradients computed
for most profiles are rather similar for depths rang-
ing from 140 and 50 km. (Fig. 6). For depths
lower than 50 km, the density gradients can be
grouped in two main vertical profiles. The first
one concerns the areas marked by the two positive
heat flow anomalies within the abyssal plain and
exhibits at shallow depth the lowest density values
(Fig. 7a). The second one interests the most part of
the basin and a slightly less intense thermal gradi-
ent with lower melting degree and denser residual
mantle rocks (Fig. 7b).

The computed mantle densities change within
rather broad ranges, from 3.35 g/em® (depth = 100
km) to 3.12 g/em® (depth = 10 km) to 3.06 g/cm’
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Fig. 6. Vertical density profile of the residual mantle rocks within the asthenosphere upwelling beneath the Tyrrhenian Basin; depth range:

140-40 km.
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(within the two small areas with the highest heat mantle density. Finally, density values provided by
flow). Results confirm that each of the physical these computations were used to constrain the inter-
parameters considered has a specific control on the pretation of the gravity data.
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4. Temperature and density distribution in the
sinking slab

The great closeness between the mantle uprise be-
neath the Tyrrhenian spreading axis, and the westward
subduction of the African margin beneath the European
plate, clearly means the existence of a contribution of
the sinking slab to the gravity anomaly field of the
Tyrrhenian basin. This contribution has to be computed
and taken into account when gravity data are inter-
preted.

The Adriatic microplate subduction started in the
late Oligocene—Early Miocene. At present, subduction
of the Southern Adriatic sector of the plate is demon-
strated by the existence of a well defined Benioff plane
under the Tyrrhenian sea. Many authors (Gasparini,
1982; Anderson and Jackson, 1987; Guerra et al.,
1991; Giardini and Velona, 1991; Amato et al., 1993;
Selvaggi and Chiarabba, 1995; Cimini, 1999; Selvaggi,
2001; Chiozzi et al., 2002) have defined the geometry
of the subducted slab by different seismological meth-
ods. Selvaggi and Chiarabba (1995) have defined a
continuous slab having a slope down to 50 km of
depth, then a rapid increase at the hinge, where the
slope reaches 70° that maintains constant down to 500
km. The thickness of the slab is about 80 km. By
assuming a subduction age of 20 Ma, we deduce an
average subduction rate of 2.5 cm/a. Temperature with-
in the cold slab depends mainly on:

(1) heating by conduction from the hotter astheno-
sphere;
(ii) advection of heat in the moving slab;
(iii) heating by compression of the asthenosphere.

For (i) point, according to Devaux et al. (1997), we
assume that the surrounding close mantle moves down-
ward with the slab and heats adiabatically, as in the
whole mantle; for (iii) point we retain that in steady
state conditions the horizontal movement of the slab
within a thermal fluid mantle horizontally stratified
does not perturb the temperature in the slab.

Two other phenomena connected with the subduc-
tion are the corner flow and the slab retrait.

Minear and Toksoz (1970), McKenzie (1969, 1984),
Devaux et al. (1997) have studied the problem by
considering the factors (i) and (ii) by analytical or
numerical methods. In this paper we studied all the
effects by analytical methods.

Fig. 8 shows the reference system of our model and
the slab, having a slope o with respect to the Earth
surface.

T=(To-273)*[1-(y/h)]+-273

/
Y. /

P

X yA

Fig. 8. Reference system of a subducting slab beneath the Tyrrhenian
Sea.

The adiabatic gradient in the mantle (see e.g.
Turcotte and Subert, 1982) is

() =2 )
Z)s P

where T is the absolute temperature, o, the coeffi-
cient of thermal expansion at constant volume, which
is 3*107° K~ ! for the upper mantle where the
thermal gradient is about 0.5 K/km and about
2%107° K~ ' for the deeper mantle where the gradi-
ent is about 0.3 K km ! (Fowler, 1992; Devaux et
al., 1997); here we assume an average value of
25-107° KL, C, (1kJ kg~' K7') is the specific
heat at constant pressure, g (10 m/s?) the gravity

acceleration, z the vertical axis with respect to the
Earth surface. From Eq. (1) we obtain by integration:

T = Toexp(kz) (2)

where Tp=1660 K is the temperature at the base of
the lithosphere,
g

k= (3)

Temperatures over the lower and upper surfaces of
the slab are respectively:

T(x,y = 0) = Tpexp(kxsina)
T(x,y = h) = Toexp(kxsino — khcosa) (4)

where /4 is the slab thickness and o the dipping angle.
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We assume:
T(x=0,y) = (Tp - 273)(1 - %)
+273 0<y<h (5)
over OB.

The energy balance equation within a two dimen-
sional subducting slab in steady state is:

2T 9T
)L<

oT .
=T +a_yz> — pvaa—x + pgvonsTsine = 0

(6)
where /is the thermal conductivity (Wm™ oK™ v the
subduction rate; the first term refers to the conduction,
the second term to the advection and the third term to
the compression. The solution to Eq. (6) with the above
boundary conditions is shown in Appendix.

Fig. 9 shows the temperature distribution within the
slab, assuming #=80 km, 2=3.0 Wm 'K, p=3300
kg m>. o,,=2 10" K~ ! (because the slab is cooler
than the mantle) v=2.5 cm/a, o =70°.

We can see that isotherms are dragged downward
by the motion of the subducting slab. The inner
section of the slab is cooler than the outer sectors,
indicating that the advection is dominant, even

Fig. 9. Temperature within the subducting slab (in K).

Fig. 10. Predicted temperature (in K) within a subducted slab at rest.

though it is reduced by the heat generated by
compression.
By putting v=0 in Eq. (6) we obtain:

’T 0T
<8x2 + 0y ) =0. (7)

The solution to this equation with the same bound-
ary conditions (Eq. (4)) is easily obtained by putting
v=0 in the solution to Eq. (6). This gives the tempera-
tures of the slab at rest. Fig. 10 shows the calculated
isotherms.

The upper part of the slab is cold depending on the
surface conditions. In the inner part the temperature is
equal to that of the mantle.

By subtracting the solution to Eq. (6) from the
solution to Eq. (7) we obtain the temperature difference
(negative) between the slab and the mantle. Fig. 11
shows the resulting isotherms.

We see that the slab is colder than the mantle. High-
est negative anomalies are almost superficial and inter-
nal. They are also asymmetrical.

From the distribution of A7 within the slab, by using
the equation:

p(T) = po(1 — 2,AT)
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Fig. 11. Difference between temperature (in K) within the slab and the
surrounding mantle.

we can obtain the density anomalies of the slab with
respect to the mantle:

Ap = py — p(T) = poAT.

Fig. 12 shows that maximum density anomaly is
internal and it decreases with depth. The density anom-
aly ranges from 30 to 60 kg/m’ in the upper part of the
slab.

At about 400 km of depth there is a density
increase of about 270 kg/m® associated with the
transformation of the olivine to a spinel structure.

In evaluating the density and temperature varia-
tions due to this transition we follow Turcotte and
Subert (1982). The olivine-spinel phase boundary is
elevated in the sinking slab compared to its position
in the surrounding mantle because the pressure at
which the phase change occurs depends on the tem-
perature. The shape of the boundary transition is

given in the (z(p),T) plane by the Clapeyron curve
(Turcotte and Subert, 1982):

_ YAT
Corg
where 7 is the slope of the (p,T) curve:

Z:]’lo

dp
T

and AT the difference between the temperature in the
slab at 410 km of depth and the temperature in the
surrounding mantle at the same depth.

Since d7 is negative for lower temperatures in the
interior of the descending lithosphere and y>0, dz is
also negative, so that the olivine to spinel phase
change occurs at shallower depth in the mantle.
With the parameters given in the text we have
estimated a maximum uplift of about 33-35 km of
the phase boundary in the Tyrrhenian slab.

Fig. 12. Excess density distribution within the slab with respect to the
density of the mantle. White sector refers to the denser spinel phase.
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5. Gravity modelling: data discussion and
interpretation

Because of the aim of the study, essentially limited
to deep and large scale structures, the data interpretation
concerned only the regional component of the gravity
profile.

Several studies indicate that gravity anomalies due
to Moho geometry have at least a wavelength of some
hundreds of kilometers (Pinna and Rapolla, 1979; Cella
et al., 1995). Nevertheless, the presence of strong var-
iations of the Moho depth along small distances (with
depths from 30 km up to 10 km in the Tyrrhenian
Basin) suggested the choice of a smaller cut-off wave-
length (100 km) (Fig. 13).

Data were prior tapered with a maximum entropy
predictor algorithm to prevent distortions from bound-
ary effects. Long wavelength components were selected
by means of a frequency domain filter provided with a
Hamming—Tukey window.

Therefore, the gravity effect due to density disconti-
nuities within the shallow crust (including the effect
due to the unavoidable choice of a unique density value
for the terrain correction, even if in the presence of
lateral variations within the masses beneath the topog-
raphy) was completely removed from the interpreted
profile. The sole intra-crustal feature generating a long
period gravity signal is the lateral transition between
“oceanic” and continental crust and, therefore, it was

modelled basing on seismic data (Duschenes et al.,
1986).

The regional gravity anomaly field was interpreted
along a profile WNW-ESE oriented for a length of
about 850 km. The profile covers the whole Tyrrhenian
Basin, crossing the Sardinia plate and the Calabrian
Arc, respectively, toward NW and SE.

Data were interpreted adopting a technique that
resolves the 2.5 D inverse problem of determining the
density contrast function and the source top and bottom
functions from the measured data sets by using the
spectral expansion linear inverse problem (e.g. Fedi,
1989). Because of the non-linearity of the problem,
linearization is assumed and the Frechet derivatives of
the data functionals with respect to the density and to
the source top and bottom depths are calculated. The
algorithm is very efficient and only a few iterations are
required to reach a good convergence error.

Several reliable information were introduced in the
modeling as constraints. Reasonable half-strike values
was set for every body source as in Table 1, taking into
account the presumable extension of main structures
crossed along the direction normal with respect to the
profile.

The thickness of the lithosphere in the continental
regions surrounding the Tyrrhenian Basin (Sardinia and
Calabria) were partially constrained with data from
several authors (Knopoff and Panza, 1978; Panza et
al., 1980; Calcagnile and Panza, 1981; Suhadolc and

67.42
51.27
38.37

2022

10°E 12°E

14°E 16°E

-0.9

-58.05

mGal

Fig. 13. Regional Bouguer anomaly field of the Tyrrhenian Basin. Low-pass filter; cut-off wavelength=100 km; step grid=5'.
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Table 1

Half strike values chosen for 2.5 inversion along the given profile
Continental Oceanic Lithospheric Upwelling

crust crust mantle asthenosphere
150 km 150 km 350 km From 350 km to

80 km (upward)

Panza, 1989) and based on the dispersion of the Ray-
leigh-waves. An average value of density typical of the
continental lithotypes (2.85 g/cm®), was assigned bas-
ing on many previous works as described in Cella et al.
(1995). The model does not consider the hypothesis of
asthenospheric material directly underlying the crust
beneath the Calabrian Arc (Gvirtzman and Nur, 1999)
since there are no evidences of somewhat related mag-
matism that should be expected at crustal depths by
adiabatic decompression of asthenospheric material.

Data from seismic investigations (Finetti and Mor-
elli, 1972; Steinmetz et al., 1983; Recq et al., 1984;
Duschenes et al., 1986; Nicolich, 1989; Scarascia et al.,
1994) and from heat flow studies (Della Vedova et al.,
1984) indicate, for the central area of the Tyrrhenian
depression, a crustal thickness of about 8—10 km. These
information were used to constrain the Moho depth
along the profile. Data reported by Duschenes et al.
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(1986), concerning the geographic extent of the
“oceanic” crust (~300 km along the profile), were
adopted in our case.

However, the transition from continental to
“oceanic” crust in the Tyrrhenian Basin is a still
debated argument because in the Tyrrhenian central
area some authors (Thisseau et al., 1986) individuate
only extremely stretched and fragmented continental
crust, diffusely intruded by oceanic material and still
representing a noticeable portion of the whole crustal
volume. Thus, it is reasonable to attribute to this
crustal segment features intermediate between conti-
nental and oceanic crust. Therefore a density of 2.85
g/lem® was assigned to the crustal rocks surrounding
the two central sectors of the Vavilov and Marsili
Basins, in correspondence of the two main positive
heat flow anomalies. Here the crustal thinning
reaches the higher values and a prevailing presence
of basalt dykes is instead probable. Consequently, a
slightly higher density (2.9 g/cm’) has been chosen
for these areas.

Other two significant sets of information were
adopted to reduce the ambiguity of the gravity inter-
pretation. With the first one, the model was constrained
by introducing the information (see Section III) repre-
sented by the vertical distribution of density within the
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Fig. 14. 2D regional gravity profile showing the long wavelength contribution of a finite element model reproducing the subducting slab beneath the

eastern part of the Tyrrhenian Basin.
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rising mantle as computed by petro-physical criteria
from laboratory evidences. Variations were discretized
by modeling the upwelling asthenosphere as a set of
layers 10 km thick and by assigning to each layer the
value computed for its intermediate depth. Averaged
densities of 3.4, 3.37, and 3.28 g/cm3 were assigned,
respectively, to the garnet (more than 110 km of depth),
spinel (depths from 75 to 35 km), and plagioclase
peridotite (less than 35 km of depth). Densities gradu-
ally ranging from 3.35 g/cm? (at a depth of 100 km) to
3.06 g/cm3 (at a depth of 15 km) were assigned to the
rising mantle.

The second constraint was imposed to the interpreta-
tion by assigning the density values previously comput-
ed (see Section IV) to the finite element model
reproducing the slab sinking beneath the Tyrrhenian
Basin (Fig. 14). The range of densities predicted
within the slab model is very broad (up to 0.29 g/
cm’) and represents a mass excess within the upper
mantle, thus generating a significant long wavelength
positive anomaly with the maximum (about 35 mGal
of amplitude) located beneath the eastern part of the
Tyrrhenian Basin, between the Marsili Seamount and
the coast of Calabria (Fig. 14). The gravity contri-
bution of the finite element model reproducing the
subducting slab was subtracted from the measured
gravity profile. Afterwards, the resulting profile was
interpreted as in Fig. 15.

6. Conclusions

The structural model resulting from the interpretation
of gravity data along the chosen profile (Fig. 15) pro-
vides an image of the main litho-asthenospheric sources
by introducing both constraints from other geophysical
evidences and from results of petro-physical computa-
tions based on heat flow studies and on experimental
data concerning the physical properties of the uppermost
mantle. However, the gravity modelling here presented
introduces new significant constraining elements with
respect to previous studies (Cella et al., 1998).

Firstly, the computation of the density distribution
within the Tyrrhenian asthenosphere has been based on
new geotherms predicted by a re-interpretation of the
heat flow anomalies in this area.

Second, the interpretation of the gravity profile
accounts also for the gravity contribution of the litho-
spheric slab subducting within the upper mantle be-
neath the Tyrrhenian Basin. To do this, the
temperature distribution within the sinking plate was
modelled not only basing, as already done for previous
models, on (a) the heating by conduction from the

hotter asthenosphere and (b) the advection of heat in
the moving slab, but also (c) accounting for the heating
by compression of the asthenosphere.

The satisfactory agreement between measured and
computed gravity data depicts a structural and geody-
namic outline at regional scale with several interesting
elements.

The crustal thickness beneath the Sardinia micro-
plate reaches about 30 km in correspondence of the
areas of highest topography. As previously evidenced
(Cella et al., 1998), the lithospheric roots of the
Sardinia plate with greater thickness (about 85 km)
appears instead to be shifted to the east. This could
reinforce the hypothesis of an underlying eastward
migrating asthenosphere (Doglioni et al., 1998).

Moho gradually rises toward the Tyrrhenian Basin,
reaching shallower depths (= 25 km) beneath the Tyr-
rhenian coast of Sardinia, westward, and of Calabria,
eastward, up to a minimum depth (9-10 km) beneath
the Tyrrhenian bathial plain.

Toward the central sector of the Tyrrhenian Basin,
the LAB abruptly rises up to depths of about 12 km
beneath the central bathial plain, confirming an in-
tense stretching of the continental lithosphere (f = 6)
and a strong modification of its structure. Here, in
fact, the lithospheric boudinage occurring by means
of a jumping process of the spreading centers
appears discontinuous both in space and time and
clearly indicates an eastward migrating mantle up-
welling. The latter is caused not only by the exten-
sional regime due to external driving forces, induced
by the slab pull (Forsyth and Uyeda, 1975; Angelier
and Le Pichon, 1979), but also appears reinforced by
the mantle flow triggered by the eastward rollback of
the westward subducting slab (McKenzie, 1969; Tur-
cotte and Subert, 1982; Marotta and Mongelli, 1998)
and by the advection of the asthenosphere beneath
the LID toward the subduction zone (Toksoz and
Hsui, 1978). The computations confirm that the man-
tle potential temperature exceed only a few tens of
degrees Centigrade (°C) (7}, = 1330 °C) with respect
to the normal conditions. However, a large amount
(up to 20%) of mantle rocks melts and migrates
upward, partly at the earth surface, as basaltic mag-
mas, and partly as underplating igneous basic rocks
at the base of the thinned crust. Its original structure
is therefore reduced to isolated crystalline relicts
sparse within small “ocean” like spreading centres
in correspondence of the Tyrrhenian bathial plain.

Eastward, the gravity model depicts a crustal struc-
ture of the Calabrian accretionary wedge rather differ-
ent with respect to those suggested in the last years
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(Scarascia et al., 1994). In fact, instead of an abrupt
increase in thickness delineating a crustal decoupling,
the Moho seems to gently deepens up to a reach of 35
km beneath the Ionian side of the Calabria arc. Be-
neath the western side of the chain, in correspondence
of the subduction hinge the lithosphere thickens up to
85 km. Here, the interpretation of the gravity data
accounts also for the gravity effect due to the plate
sinking beneath the Calabrian Arc. It consists of a very
long wavelength positive anomaly with an amplitude
of about 35 mGal. This contribution has been comput-
ed starting from a density model that hypothesizes an
80 km thick plate subducting with an angle of about
70°, with subduction rates of 2-3 cm y ', that is a
value smaller than suggested by other studies.
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Appendix A

A.1. Solution of heat Eq. (6)

By putting:
PEVOL,SINGL pCpv
0=—"—— p= . (A7)
A A

Eq. (6) becomes:

°T AT T

—t+— ] - Bf— + 6T =0. AR
<8x2+8y2) ﬁaer (A8)

If we consider the following non-dimensional
variables:

T'=T/Ty (A9a)
x"=x/h (A9b)
y' =y/h (A9¢c)
Eq. (A8) can be written as:
a’r AT AT
Y T = Al
(ax’2 + 0y’ ) p 0x o 0 (A10)
where:
=0 B =hp (A11)

The boundary conditions (4) and (5) in the non-
dimensional variables can be written as follows:

T'(x",y" =0) = exp(khx'sinx) (Al2a)

T(x',y" = 1) = expkh(x'sino. — coso) (A12b)

T(x'=0,y")= 1—%)(1—)/’)—1—% 0<y’<l.
(Al2c)

The solution to Eq. (A10) is given by the sum:
I'=T:+Tbp (A13)
where T, is the general integral of Eq. (A10) and T"p is
a particular solution to the same equation.

A.2. The particular solution

Let us first search a particular solution 7"p. Assume
that:

/

T,(x" ") =f(x")g(y").

By substituting Eq. (A14) in Eq. (A10) we obtain:

(A14)

LopL=y (A152)
BN -G V7
[g +5} —y (A15b)
where 7 is a constant. If we assume:
f(x") = exp(khx'sina) (A16)

by substituting Eq. (A16) in Eq. (A15a) the constant is
found to be:
y = k*h*sin’o — B khsina. (A17)

Moreover, by using Eq. (A14), the two boundary
conditions Egs. (A12a,b) are satisfied only if:

2(0) =1 (ALS)
and:
g(y' =1) = exp( — khcosx) (A19)

So, the solution to Eq. (A15b) must satisfy the
boundary conditions (A18) and (A19).
If we assume:

V=948 (A20)
the Eq. (A15b) becomes:

g _ _y2 (A21)
g
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Three different solutions could give according to the
sign of Y. In our case, by assuming: #=80 km, 1=3
Wm~ ' K, p=3300 kg/m’, o,=2x10"°" K '
v=2.5 cm/a, «=70°, ¢2>0. In this case, the solution
to Eq. (A21) is given by:

g(y") = Acos(yy") + Bsin(yy’). (A22)

From the conditions (A18) and (A19) it follows that:

A=1 (A23)
and:
B exp( — khcosa) — cosyr . (A24)

sinyy
By substituting Egs. (A23) and (A24) in Eq. (A22),
it follows that:
g(y') = cos(yy’)
exp(— khcosa) — cosys
siny

By taking into account Egs. (Al4), (Al6), and
(A25), the particular solution to the heat equation, for
the case *>0, is given by:

sin(yy’). (A25)

T’ (x',y") = exp(khx'sina)

fomomne

exp(— khcosa) —cosys
siny )
x sin( l//y’)] . (A26)

A.3. The general solution

The general integral to Eq. (A10) can be written as:

Tg(x/7y,) = ZTYI

n=1

= ZA,,sin(nny’)exp(oc,,x’)

n=1

(A27)

with the coefficients «,, to be determined. The sinusoi-
dal dependence on )’ assures that the series Eq. (A27)
assumes nil values on both =0 and y’=1. This
implies that the two boundary conditions (A12a,b) are
satisfied by the solution (A13). In Eq. (A27) the series
coefficients 4, must be determined by imposing the
boundary condition (Al2c), as we show in the next
sections.

In order to determine the «,, coefficients we substi-
tute Eq. (A27) in Eq. (A10). It follows that:

A,osin(nmy’ )exp(o,x")
— (nm)*Aysin(nmy’ )exp(o,x’)
— B’ Anonexp(o,x’)sin(nmy”)
+ &' A,sin(nmy” exp(o,x”)
=0. (A28)
Eq. (A28) is equivalent to:

o2 — o, — (nm)* + 0 = 0. (A29)
The only physically acceptable solution to Eq. (A29)

is:

BB
=" =\

> 2 — 0 +n?n2.

(A30)

A.4. The complete solution

By summing Egs. (A26) and (A27) the complete
solution to Eq. (A10), is given by:
T =T, + T, = exp(khx'sine)

" [cos(lpy’) N <exp( — khscigls//oc) — cos¢>

X sin(nﬁy’)} + f:A,,sin(nny’)exp(ocnx’). (A31)

n=1

The A4, coefficients can be determined by imposing
the boundary condition (A12c), from which it follows
that:

~ 273
ZA”sin(nny’) =({1—-—=—](1-y»)
n=1 TO

273 ,
—I—TO - [cos(zpy )
N (exp( — khcosa) — costﬂ)

Siny
<sinhy) (A32)
a2 {20 2
B ECOS e (exp( - khscigsllloc) — cosip )
x sin(lﬁy’)} }sinnny/y’. (A33)
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The integrals in Eq. (A33) can be easily computed.
The result is:

An_z{l—m(—l)"}+ (cos(y +nm)—1)

1
To [lﬁ‘f'n”
iy —— (cos(y — nm) — 1)} +

exp( — khcosa) — cosys
sinys

X [ﬁ sin(yy —nm) — ﬁ sin(tﬂ—i—nn)}(AM)
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