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Abstract

Geological data suggest that, after a period of oceanic lithosphere subduction, about 170 km of continental lithosphere were
subducted under the Northern Apennines since about 23 Myear at rates of ca. 1 cm/year, whereas more than 700 km of Mesozoic
oceanic lithosphere (Ionian lithosphere) have been subducted under the Calabrian arc at rates of about 3 cm/year. However, a
well-developed Wadati-Benioff zone can be only recognised below the Calabrian arc down to depths of 450–500 km, whereas
intermediate-depth seismicity reaches maximum depths of about 90 km under the Northern Apennines.

We model the thermal state of these two subduction zones and apply temperature-dependent non-linear rheological laws to
evaluate the down-dip extent of brittle regions in the two subduction zones. We show that differences in subduction rate and in
slab composition (continental vs. oceanic) produce a far deeper (down to 290–380 km) brittle field in the colder Calabrian slab
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han in the warmer Northern Apenninic slab (70–120 km), thus explaining differences in the maximum depth of seism
oth regions.
Concerning deep earthquakes in the Calabrian subduction zone, models predict that metastable olivine persists dow

f 430 km. This could possibly explain the maximum depth of earthquakes in the area. The small extent of the metastab
edge produces a small density anomaly that cannot explain the pervasive down-dip compression observed in the Io
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1. Introduction

The tertiary to present (last 23 Myear) evolution
the central Mediterranean region (Fig. 1) is primarily
controlled by the eastward–southeastward rollbac
a slab subducting towards the west under the Ap
nines belt (e.g.,Malinverno and Ryan, 1986). In this
area, continental and oceanic subductions occur u
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Fig. 1. Sketch of the Tertiary geodynamic evolution of the central and western Mediterranean area. Notice the eastward migration of the
Apennines subduction zone in the last 23 Myear. The position of the subduction zone at 23 and 10 Myear is afterGueguen et al. (1998). The
geometry of the Provencal Basin is afterBurrus (1984)andBayer et al. (1973). M.E.: Malta Escarpment; A.E.: Apulia Escarpment.

the Northern Apennines and the Calabrian arc respec-
tively (e.g.,Gueguen et al., 1998). This peculiar char-
acter allows us to study the control of the nature (either
continental or oceanic) of subducting slabs on the dis-
tribution of subduction-related seismicity. In particular
we aim at explaining why the subcrustal seismicity of

the area (Fig. 2) does not univocally and clearly indi-
cate the existence of a continuous and deep slab un-
der the entire Apennines-Calabrian arc. In fact, a well-
developed Wadati-Benioff plane is imaged below the
Calabrian arc down to depths of 450–500 km (Giardini
and Veloǹa, 1991; Frepoli et al., 1996). In contrast, sub-
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Fig. 2. Seismic distribution along two sections through the Northern
Apennines (A–A′; data afterAmato and Selvaggi, 1991) and the
Calabrian Arc (B–B′; data afterFrepoli et al., 1996). The traces of
the sections are represented inFig. 1.

crustal seismicity reaches maximum depths of about
90 km in the Northern Apennines (Amato et al., 1993).
As previously suggested byCarminati et al. (2002), we
show that the absence of seismicity deeper than 90 km
under the Northern Apennines is not the direct evidence
for the absence of a slab. It rather could in part be re-
lated to the different nature (continental vs. oceanic) of
the subducting slabs.

A factor that further increases the complexity of the
central Mediterranean is that average Tertiary-Present
rollback rates, and therefore subduction rates, increase
from north to south (from less than 1 cm/year to more
than 3 cm/year;Gueguen et al., 1998). We show that
the thermal structure of the subducting slab, which is
mainly controlled by subduction rate and thermal state

of the lithosphere prior to subduction, changes radically
from north to south and strongly controls the geometry
of the region where brittle failure causing earthquakes
can occur.

These goals are achieved by modeling the thermal
structure of the Northern Apennines and Calabrian sub-
duction zones and using temperature-dependent non-
linear rheological laws to determine the prevailing, ei-
ther ductile or brittle, deformation mechanisms. Mod-
eling results are compared with available seismicity
data. Finally, we briefly discuss the origin of the deep
(depth greater than 350 km) seismicity of the Calabrian
subduction zone.

2. Tertiary tectonic evolution

The Apennines (Fig. 1) are a Late Oligocene to
present mountain belt, related to the “west”-directed
subduction of the Adriatic plate under the European
plate (e.g.,Carminati et al., 1998; Doglioni et al., 1999).
At the subduction trench, the sedimentary cover of the
subducting Adriatic plate is offscraped and accreted
into the Apennines belt. The Apennines wedge is an
east-vergent thin-skinned fold-and-thrust belt with a
foredeep basin at its front. Both the active compres-
sional wedge and the foredeep basin migrated eastward
from the Late Oligocene to the Present (e.g.,Ricci Luc-
chi, 1986; Vai, 1989; Patacca and Scandone, 1989). To
the west, the Apennines are dissected by the Tyrrhenian
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nd Campania provinces and of the Eolian Island

nterpreted as a forming volcanic arc (e.g.,Serri et al.
993). The compression-extension couple and the m
atism show eastward migration through time. T
as been interpreted as the effect of the eastwa
outheastward rollback of the hinge of the west dire
ubduction (e.g.,Malinverno and Ryan, 1986; Guegu
t al., 1998; Carminati et al., 1998), in a regime of no
ast-west convergence.

The characters of the downgoing plate change
orth to south: (i) thinned continental lithosph
ubducts in the north (along the Adriatic Sea) and
outhwest (Sicily and Sicily channel); (ii) oceanic lith
phere (Ionian lithosphere) subducts under the
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abrian arc. The nature of the lithosphere subducted in
the past under the Apennines can be inferred from the
analysis of the sediments offscraped from the slab and
cropping out in the Apennines.

In the Northern Apennines, the retro-deformation of
the orogenic wedge shows that the sediments forming
the Apennines were deposited on stretched continen-
tal lithosphere and that their east-west extent was close
to about 170 km (e.g.,Bally et al., 1986). As a conse-
quence, after a period of oceanic lithosphere subduc-
tion, about 170 km of continental lithosphere were sub-
ducted under the Northern Apennines. The continental
nature of the subducting Adriatic plate is confirmed by
geochemical and petrological studies on the Neogene-
Quaternary magmatism of central Italy (Serri et al.,
1993). The thinned Adriatic continental lithosphere in
the foreland of the Northern Apennines is about 70 km
thick (Calcagnile and Panza, 1981).

Seismic reflection profiles and geological studies
show that the Northern Apennines belt is composed al-
most exclusively of sediments which were offscraped
(thin-skinned tectonics) from the subducting Adriatic
plate (Bally et al., 1986). No basement rocks (i.e., crys-
talline crustal rocks) or no more than a few km-thick
slices were therefore scraped off from the subducting
slab and accreted to the Apennines fold-and-thrust belt.
Although quite peculiar when compared to other con-
tinental subduction zones, this implies that the conti-
nental crust was almost completely subducted with the
lithospheric mantle.
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formation front retreat (about 775 km during the last
23 Myear) occurred in the Calabrian arc (Gueguen et
al., 1998; Doglioni et al., 1999; Fig. 1). This estimate
constrains subduction rates at about 3–3.5 cm/year
along the Calabrian arc. The present-day Ionian basin,
subducting under the Calabrian arc, is most likely a
remnant of Mesozoic oceanic lithosphere. The inter-
pretation of its oceanic nature is mainly based on strati-
graphic (Biju-Duval et al., 1982; Catalano et al., 2001)
and geophysical data (e.g.,Della Vedova and Pellis,
1989; de Voogd et al., 1992; Catalano et al., 2001).
The oceanic subduction under Calabria is consistent
with the geochemistry of the calcalcaline magmatism
of the Aeolian volcanic arc (Barberi et al., 1973). Un-
like the Northern and Southern Apennines, the west-
ward subduction that occurred in the last 23 Myear
under Calabria did not complete the consumption of
the Tethyan oceanic lithosphere. Along this tract of the
arc, therefore, no continental subduction has occurred.
As far as the age of the subducted oceanic lithosphere
is concerned, no precise ages are available. Based on
the low values of heat flow densities (30–40 mW m−2),
Della Vedova and Pellis (1989)proposed a Mesozoic
age (180–200 Myear) for the oceanic lithosphere.

3. Subcrustal seimicity of Italy

Only two regions of Italy are characterized by earth-
quakes at depths greater than 40 km: the Northern
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rn Apenninic arc—equal to the amount of subd

ion and of subduction hinge retreat (since con
ence is null)—is about 200–250 km in ca. 23 My
Boccaletti et al., 1990a; Boccaletti et al., 1990b
ueguen et al., 1998; Doglioni et al., 1999; Fig. 1). This

uggests average subduction rates of about 1 cm
he length of the lithosphere subducted under bot
orthern Apennines and the Calabrian arc (see be
as evaluated using four data sets: (i) seismic tom

aphy profiles; (ii) migration of backarc extension; (
igration of subduction related magmatism; (iv)
ration of compressional deformation and of ass
ted foredeep deposits. The errors for both subdu
ones can be constrained to some 10–15% of the
erred values.

Subduction rates decrease toward the north an
rease to the south. The maximum amount of the
pennines and the Southern Tyrrhenian Sea (Fig. 1). In
he Northern Apennines region (Fig. 2a), the seismicit
istribution defines the geometry of the Adriatic co
ental slab down to 90 km. The slab dips, at 40–90
epths, about 45◦ to the west (Amato et al., 1997). Seis-
ic tomography shows, under the Northern Apenni
high velocity body reaching depths of at least 250
ith ca 60◦ dip at 100–250 km depths (Amato et al.
993; Piromallo and Morelli, 1998).

The Calabrian subduction zone (Fig. 2b) is the re
ion of Italy with the highest seismic energy rele
Amato et al., 1997). Tens of intermediate (for o
urposes, at depths between 40 and 350 km) and
arthquakes (depths greater than 350 km) per-yea
ecorded. These earthquakes define a well-deve
adati-Benioff zone (e.g.,Caputo et al., 1970; Giardi

nd Veloǹa, 1991). Below 100 km depth the Ionian sl
ips at least 70◦ (Frepoli et al., 1996). The maximum
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frequency of earthquakes occurs in the 200–350 km
depth interval. Seismic tomography models agree in
imaging a fast velocity anomaly down to ca. 500 km,
in correspondence with the Wadati-Benioff zone (e.g.,
Amato et al., 1993; Spakman et al., 1993; Piromallo
and Morelli, 1998; Lucente et al., 1999). Spakman et
al. (1993)imaged an interruption of the Ionian slab
at about 150 km depth, interpreted as a slab detach-
ment. Later models, however, did not confirm the exis-
tence of this feature (Piromallo and Morelli, 1998and
Piromallo and Morelli, 2002; Lucente et al., 1999). At
depths deeper than 500 km, the aseismic Ionian slab
seems to deflect and flatten on the 670 km discontinuity
(Lucente et al., 1999; Piromallo and Morelli, 2002). Re-
liable fault plane solutions of major earthquakes show
an overall pervasive down-dip compressional state of
the Ionian slab (Isacks and Molnar, 1971; Anderson
and Jackson, 1987; Giardini and Velonà, 1991; Frepoli
et al., 1996).

4. Thermo-kinematic and rheological
modelling

The temperature distribution within the slab and
surrounding mantle is calculated using the TEMSPOL
code (Negredo et al., 2004). This code permits the cal-
culation of temperature and density anomaly distribu-
tions in deep subduction zones, taking into account self-
consistently the olivine to spinel phase transformation.
T e the
h
(

w nel
t
o
c al
c -
t l
e

Table 1
Common parameters used in the thermal model

Thermal parameter Value

Thermal conductivity 3.2 W m−1 K−1

Specific heat 1.3× 103 J K−1 kg−1

Thermal expansion coefficient 3.7× 10−5 K−1

Density of the lithospheric mantle at
T = 0◦C

3400 kg m−3

Density change due to ol-sp phase
transition

181 kg m−3

Lithospheric thickness Variable
Temperature at the base of the

lithosphere
1450◦C

Subduction dip angle Variable

absolute temperature,H is the radiogenic heat produc-
tion rate, andAsh is the shear heating rate. The values
of the parameters used are listed inTable 1.

The terms on the left side represent the rate of heat
change due to the temperature change at a fixed point
and advection. The first term on the right side repre-
sents heat conduction. The term containingTabs de-
scribes the adiabatic heating. The term containingLT
represents the latent heat of the olivine to spinel trans-
formation, and the last term accounts for radiogenic and
dissipative heating. The initial thermal distribution of
the oceanic lithosphere is calculated with the thermal
plate model GDHI ofStein and Stein (1992). The code
also includes the possibility of simulating continental
subduction, with an initial geotherm for the crust and
lithospheric mantle given by the steady-state solution
of the heat conduction equation. We assume an adia-
batic initial temperature profile for the asthenosphere.
We also include a total temperature increase of�T,
caused by the latent heat released during the olivine
to spinel phase change, which initiates atztr2 and is
completed atztr1 (seeFig. 3). In this interval the tem-
perature increase is given by (Turcotte and Schubert,
2002)

�T = LT

cp

We have followed the approach described by
Schmeling et al. (1999)of adopting a simplified phase
diagram (from original data byAkaogi et al., 1989and
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hereLT is the latent heat due to the olivine-spi
ransformation,cp is the heat capacity,β is the fraction
f spinel,T is the temperature,t is time,x andzare the
oordinates,vx andvz are the horizontal and vertic
omponents of the velocity,K is the thermal conduc
ivity, ρ is the density,α is the coefficient of therma
xpansion,g is the acceleration of gravity,Tabs is the
ubie and Ross, 1994) to compute the fraction of spin
β) and its derivatives at any temperature and dep

The code TEMSPOL also computes the lat
nomaly of density (with respect to an unperturbed
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Fig. 3. Schematic diagram illustrating the model domain and ap-
plied boundary conditions. Small points indicate nodes of the finite
difference grid. The velocity field imposed to simulate subduction is
updated as the slab penetrates into the surrounding mantle (modified
afterNegredo et al., 2004).

umn) due to thermal expansion and phase changes. No
density changes induced by high pressure–low temper-
ature metamorphism are taken into account.

In our thermo-kinematic approach the velocity field
(Fig. 3) is imposed and defined by the subduction ve-
locity vs and the slab dipθ. Our modelling procedure
shares many characteristics with the thermal model by
Minear and Toks̈oz (1970). The velocity field is up-
dated as the slab penetrates into a static mantle. At
each time step, the position (B–B′ in Fig. 3) of the bot-
tom edge of the slab (which was located along A–A’ at
t= 0) is computed, and the slab velocity field is applied
to the nodes reached by line B–B′.

We have applied the alternating direction implicit
(ADI) method for the finite difference formulation of
the energy equation (Eq.(1)). The resulting equations
are solved by applying the Thomas algorithm. Provided
that the numerical scheme applied is not stable for ev-
ery combination of vertical, horizontal and time incre-
ments, the last one is internally computed by the code to
ensure stability. The reader is referred toNegredo et al.
(2004)for further details about modelling procedure,
numerical method and TEMSPOL code availability.

The geometric and kinematic parameters adopted
in the modelling are consistent with the geological
and geophysical data described in the previous sec-

tions. The thermal parameters are indicated inTable 1.
The thermal modelling of the subduction zone under
the Northern Apennines assumes a 70 km thick conti-
nental slab dipping 60◦. We consider heat production
for a 20 km thick continental crust. The assumption of
20 km of subducting continental lithosphere is compat-
ible with the thin-skinned tectonics (see the previous
section) which characterises the Apennines belt. The
Calabrian subduction zone is modelled simulating a
95 km thick oceanic slab with a 70◦ dip and an age
of 120 Myear. A crustal thickness of 10 km and no ra-
dioactive heat production is assumed for the oceanic
crust. A sensitivity analysis on the effects of varying
the age of the subducting oceanic lithosphere between
90 and 150 Myear has been performed. This analysis
reveals that results remain almost the same, since the
thermal state of the subducting plate does not change
significantly within this range of ages.

The thermal and reological modelling consists in the
following steps. First, the present day thermal fields
of the Northern Apennines and Calabrian subduction
zones are obtained using the TEMPSPOL code. Then,
the brittle and ductile rheological laws discussed in the
following section are imposed a posteriori to infer the
behaviour of different sectors of the slabs. In particu-
lar, for each node of the finite difference grid, the brittle
and ductile strengths are calculated in order to predict
whether deformation is more likely to be accommo-
dated by frictional sliding and fracturing or by ductile
creep.
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.1. Rheological modelling

Down to depths of about 200–300 km, subcru
eismicity within subducting slabs is likely to be
ommodated by rupture within the brittle field (e
reen, 1994). This idea is supported by the observa

hat the frequency of earthquakes in subducting s
eclines down to 300 km (Kirby et al., 1991). The fre-
uency of earthquakes increases again below 30
hese deeper earthquakes are generally related to
echanisms, such as transformational faulting (Green
t al., 1990; Kirby et al., 1991andKirby et al., 1996)
r plastic instabilities (Ogawa, 1987; Hobbs and O
988).

After the early report in the 1920s of earthquakes
urred at depths greater than 200 km,Jeffreys (1929
ointed out that fracture and frictional strengths
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crease with depth. As a consequence, the shear stresses
necessary to produce brittle faulting at several hundred
kilometers depth were considered too high. To solve
this critical point, dehydration processes of crustal and
mantle minerals were proposed to enhance brittle frac-
ture and frictional sliding (dehydration embrittlement)
at depths between 50 and 300 km (e.g.,Raleigh and
Paterson, 1965; Meade and Jeanloz, 1991; Kirby et
al., 1996). A good evidence for dehydration embrit-
tlement is the correlation between the distribution of
intermediate-depth seismicity and locations of hydrous
minerals predicted by thermal-petrologic models (e.g.,
Wang, 2002; Hacker et al., 2003; Yamasaki and Seno,
2003).

We first concentrate on intermediate-depth earth-
quakes (40–350 km) of the Italian area, investigat-
ing whether temperature (slow versus fast subduction)
and rheological (continental versus oceanic subduc-
tion) differences can explain: (i) the absence of earth-
quakes deeper than 90 km where the continental Adri-
atic plate slowly (ca. 1 cm/year) subducts under the
Northern Apennines; (ii) the existence of a continu-
ous Wadati–Benioff zone within the faster (3 cm/year)
subducting Ionian oceanic slab. Once the temperature
distribution is obtained using the TEMPSPOL code,
we compute at each grid node the brittle and ductile
yield stress imposing a posteriori the rheological laws.

In agreement with previous rheological studies, we
use the Sibson’s law (Sibson, 1981) to calculate the
brittle yield stress (differential stress,σ1 − σ2). This
l on,
p ess:

σ

w pe,
ρ

d ra-
t our
c m-
p epth
w
T eter
o ects
o mp-
t B1
i
S uakes

Fig. 4. Qualitative rheological profile showing a curve of ductile
strength (referred for example to Olivine) and three different curves
(lighter lines) of brittle strength: (i) Sibson’s law forλ = 0.4; (ii) Sib-
son’s law forλ = 0.8; (iii) Sibson’s law down to depth dlim and con-
stant brittle strength to deeper depths. Considering the three different
brittle strength distributions, three brittle-ductile transition depths
(d1–d3) occur.

could be related to embrittlement induced by dehy-
dration of slab minerals (e.g.,Raleigh and Paterson,
1965; Meade and Jeanloz, 1991; Wang, 2002). Dehy-
dration processes, due to metamorphic reactions, pro-
duce fluid pressures greater than lithostatic pressures
(i.e., λ > 0.4). Such fluid overpressures are thought to
reduce the brittle strength and increase the down-dip
extent of brittle areas in subducting slabs. To evalu-
ate the effects of fluid overpressures we run models
with a brittle strength distribution (B2 inFig. 4) cal-
culated from the Sibson’s law (parameters as before)
with λ = 0.8.

However, the applicability of the Coulomb-Navier
criterion has been confirmed experimentally only down
to mid-crustal depths (Byerlee, 1978; Jaeger and Cook,
1979). Extrapolating it at higher depths could result
in unrealistically high brittle strength. This observa-
tion is consistent with the experimental evidence that
the coefficient of friction decreases with increasing
confining pressure (Jaeger and Cook, 1979). More-
over, experiments on rock mechanics evidenced that
high-pressure fracture mechanisms substitute, at depth,
frictional failure (Shimada, 1993). These mechanisms
are weakly dependent on pressure (Ranalli, 1997).
Fracturing experiments on granites show that, at high
pressures, the brittle strength becomes approximately
constant (Shimada, 1993). Granites can sustain maxi-
mum differential stresses (σ1 − σ3) of about 200 MPa
aw, based on the Coulomb–Navier frictional criteri
redicts a linear increase with depth of the yield str

1 − σ3 = βρgz(1 − λ) (2)

hereβ is a parameter depending on the fault ty
is the density,g is the gravity acceleration,z is the

epth andλ is the pore fluid pressure ratio (i.e., the
io between fluid pressure and lithostatic load). In
alculations, theβ parameter is assumed as 3 (co
ressional earthquakes predominates at shallow d
ithin slabs) and the average densityρ = 3200 kg m−3.
he fluid pressure is the least constrained param
f the Sibson’s law. We therefore evaluate the eff
f changing this parameter. A first reasonable assu

ion that we consider (brittle strength distribution
n Fig. 4) is that fluid pressure is hydrostatic (λ = 0.4).
everal studies suggest that intermediate earthq
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(Shimada, 1993). Lithospheric mantle rocks are likely
to support higher differential stresses (Ranalli, 1997;
Fernandez and Ranalli, 1997). Maximum strength of
about 500 MPa can be reasonably assumed for such
mantle rocks.

For these reasons, we test a third distribution (B3)
of brittle strength with depth (Fig. 4), consistent with
the considerations above. We use the Sibson’s law at
depths shallower than 10 km (parameters as before).
Fluid pressure is assumed hydrostatic (λ = 0.4), con-
sistently with analyses of in situ stress measurements
at crustal levels. At depths deeper than 10 km the brittle
yield stress is kept constant and equal to that calculated
with the Sibson’s law at 10 km depth. The maximum
yield stress (at 10 km depth) is of about 480 MPa, com-
patible with the experimental values outlined above.

The three brittle strength distributions at depth (B1
to B3) will result in three different brittle-ductile tran-
sition depths (d1 to d3), as shown inFig. 4. Both B2 and
B3 strength distributions reduce the brittle strength at
depth and therefore tend to increase the brittle-ductile
transition depth.

For the ductile behaviour we adopt the following
power law creep relation,

σ1 − σ3 =
(

ε̇

A

)1/n

exp

(
Q

nRT

)
(3)

whereε̇ is the effective strain rate,A is the generalised
viscosity coefficient,n is the stress power law exponent,
Q
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is concerned, we assume the following rheological pa-
rameters for creep. The crust is assumed to be com-
posed of diabase down to 40 km. Ductile strength of
diabase is calculated usingA= 2× 10−4 MPa−n s−1,
n= 3.4,Q= 260 kJ mol−1 (Liu and Furlong, 1993). At
depths greater than 40 km, the crust is assumed to
be eclogitized, due to high pressure–low temperature
metamorphism. We assume a mineral composition of
eclogite consisting of 60% clinopyroxene and 40% gar-
net. For this composition we assume the values pro-
posed byJi and Zhao (1994): A= 2430 MPa−n s−1,
n= 2.6 andQ= 449 kJ mol−1. We assume a harzbur-
gitic composition for oceanic lithosperic mantle, and
adopt the following parameters:A= 1010 MPa−n s−1,
n= 2.4,Q= 367 kJ mol−1 (Ji and Zhao, 1994).

The ductile strength of the crust of the Adriatic
continental slab is calculated assuming quartzdiorite
rheological parameters down to depths of 40 km:
A= 0.0013 MPa−n s−1, n= 2.4, Q= 219 kJ mol−1

(Ranalli, 1997). At depths greater than 40 km, high
pressure - low temperature metamorphism is expected
to change the mineralogical composition of the crustal
portions of subducting continental slabs (e.g.,Koons
et al., 1987). Following Carminati et al. (2002),
we assume that the rheological behavior of HP-LT
metamorphosed crust is controlled by quartz and
clinopyroxene, with equal volume percentages. The
following rheological parameters were calculated
by Carminati et al. (2002), using the method of
Tullis et al. (1991): A= 0.00017 MPa−n s−1, n= 3.25,
Q the
c For
t me
t
Q

uc-
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l ired
t ittle
a 9
N gth
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t
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rth-
q outh-
is the activation energy,R is the gas constant andT
s the absolute temperature.

For simplicity we assume a strain rate value cons
hroughout the model domain, so that we are compu
esistance opposed to deformation with a fixed s
ate. In our purely kinematic approach the velocity fi
s prescribed. Therefore, this kind of modeling d
ot allow for a feedback on the flow structure wit

he slab and does not compute the distribution of s
ate. So we neglect the occurrence of local variation
he strain rate, which are likely to occur in subduc
labs. However, we check the sensitivity of the mo
o this parameter varying the strain rate between 1−15

nd 10−13 s−1.
The rheological parametersA, Q andn depend on

he rock type, and therefore have different values
he crust and lithospheric mantle, and for an oce
nd continental plate. As far as the Ionian oceanic
= 248 kJ mol−1. These parameters are used for
ontinental crust at depths greater than 40 km.
he dunitic continental lithospheric mantle we assu
he following parameters:A= 2000 MPa−n s−1, n= 4,

= 471 kJ mol−1 (Ranalli, 1997).
We compute at each grid node the brittle and d

ile yield stress imposing a posteriori the rheolog
aws (2) and (3). The differential yield stress requ
o produce failure is given by the lesser of the br
nd ductile yield stresses (Goetze and Evans, 197).
odes with brittle strength lower than ductile stren
efine the brittle domain, and the opposite stand

he ductile domain.

.2. Deep earthquake forming mechanisms

We, moreover, discuss the origin of the deep ea
uakes in the Ionian slab, under Calabria and the s
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ern Tyrrhenian Sea. The mechanisms originating these
earthquakes are most likely different from frictional
slip.

Deep focus earthquakes (depths greater than
350 km) have been interpreted as being caused by shear
instabilities associated with olivine to spinel transfor-
mation and are expected to occur in fast subducting
slabs, where metastable olivine wedges can develop
(Green et al., 1990; Kirby et al., 1991andKirby et al.,
1996). Although a quantitative analysis of the rheol-
ogy of slabs in the mantle transition zone is beyond the
scope of this paper, we will investigate if the conditions
for the formation of a wedge of metastable olivine are
attained.

5. Model results

Fig. 5 shows typical temperature (◦C) and lateral
anomaly of density (kg m−3) distributions obtained
simulating the subduction of an oceanic plate with the
TEMSPOL code. In this case, the age of the litho-
sphere is 120 Myear and the subduction rate 3 cm/year,
suitable for the subduction of the Ionian lithosphere
under the Calabrian arc. The temperature distribution
(Fig. 5a) shows isotherms depressed within the sub-
ducting slab. As later widely discussed, lower temper-
atures in the slab will increase the ductile strength and
consequently deepen the brittle-ductile transition with
respect to the adjacent mantle. Provided that we as-
s , we
a flow
i and
o ant
u tures
(

-
s this
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Fig. 5. Temperature (◦C) and lateral anomaly of density (with respect
to an unperturbed column) (kg m−3) distributions obtained simulat-
ing the subduction of an oceanic plate at a rate of 3 cm/year. Note that
isotherms (panel a) are depressed in the subducting slab. At a given
depth the minimum temperatures are obtained in the internal part
of the slab. Density (panel b) increases sharply at the olivine-spinel
transition depth.

processes with these kinematic and initial thermal con-
ditions.

The numerical accuracy of temperature calculations
was checked by performing a number of convergence
tests with systematic variation of grid spacing. More-
over, TEMSPOL code successfully reproduces the re-
sults obtained by previous similar thermal models (e.g.,
Stein and Stein, 1996).

Positive density anomalies (Fig. 5b) in the litho-
spheric mantle of the slab are due to its lower tempera-
ture and to the shallower olivine-spinel transformation
within the slab. The density increases sharply at the
ume that the slab penetrates into a static mantle
re disregarding the effects of possible induced

n the mantle wedge between the top of the slab
verriding plate. This limitation can lead to signific
nderestimation of slab-wedge interface tempera
Van Keken et al., 2002).

We also show inFig. 5 the location of the olivine
pinel (1% and 99% spinel) transformation. In
ase, the 600◦C isotherm, which controls the ini
tion of metastable olivine to spinel transformat
eaches maximum depths of about 390 km and the
itions for the formation of a small wedge of m

astable olivine are attained. Metastable olivine
ersist within the slab down to depths of about 430
maximum depth of the 99% spinel curve within
lab), in good agreement with the maximum dept
arthquakes under the southern Tyrrhenian. Deep
icity is therefore expected to occur for subduc
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olivine-spinel transition depth. It can be inferred from
the modelled lateral anomaly of density that slab pull
could potentially play a significant role in the present-
day geodynamics of the area, in agreement with dy-
namic numerical models (Giunchi et al., 1996; Ne-
gredo et al., 1999). However, this effect could be off-
set at higher depths by the interaction between the slab
and the lower mantle, not included in our modelling.
Moreover, the slab pull mechanism is in contrast with
the overall down dip compression of the Ionian slab.
The small wedge of metastable olivine is characterised
by lower densities with respect to the adjacent spinel-
bearing mantle.Bina (1996, 1997)proposed, using an
elastic rheology for subducting slabs, that the buoyancy
associated to the presence of a wedge of metastable
olivine could explain the down-dip compression ob-
served within some slabs.Devaux et al. (2000), assum-
ing a viscoelastic rheology, showed that stresses due to
buoyancy are negligible compared to internal stresses
due to the phase transformation. They obtained, for
fast subducting slabs (rates of 10 cm/year), down-dip
compression arising from olivine-spinel phase trans-
formation only within the wedge of metastable olivine.
Considering the small buoyancy anomalies predicted
for the Ionian slab (Fig. 5b) and the small extent of
the metastable olivine wedge, the down-dip compres-
sion that characterises the slab under the Calabrian arc
is hardly linked to such phase transformation. Other
mechanisms (for example, slab unbending) should be
invoked to explain down-dip compression between 165
a
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Fig. 6. Brittle-ductile transition depths obtained for 120 Myears old
oceanic lithosphere subducting at rates of 2, 3 and 4 cm/year. No-
tice that the brittle-ductile transitions occur at increasing depth for
increasing rates. Within the slab, the depth of the Olivine-Spinel re-
action deepens for increasing subduction rates. A small metastable
olivine wedge develops only for fast subductions (3 and 4 cm/year).

creasing subduction rates. A small metastable olivine
wedge develops only for fast subduction rates (3 and
4 cm/year).

In order to study the sensitivity of these results to as-
sumed rheological parameters, we have tried different
values of the parameters (A, Q andn) used in the duc-
tile yield stress calculations. Typical parameter values
for wet and dry olivine give brittle-ductile transitions
about 20 and 100 km, respectively, deeper than with the
parameters assumed in this study for harzburgite.

In Fig. 7, the effects on brittle-ductile transition
depths of fluid pressure and strain rate are investigated.
Fig. 7a shows the brittle-ductile transition depths ob-
tained for a 120 Myear old oceanic lithosphere sub-
ducting at a rate of 3 cm/year, assuming a constant
strain rate of 10−13 s−1. The d1-d3 brittle-ductile tran-
sition depths are obtained for the three different brittle
strength profiles (B1 to B3) shown inFig. 4. The pre-
dicted brittle-ductile transition depths increase from
290 km obtained for no dehydration conditions (B1)
to 380 km obtained when considering constant brittle
strength at depths greater than 10 km (B3). It should be
noted that a drastic increase of fluid pressure (from d1
nd 370 km.
In order to illustrate the influence of the velocity

ubduction on the mechanical behaviour of the s
e display inFig. 6the brittle-ductile transition depth
btained for a 120 Myear old oceanic lithosphere s
ucting at rates of 2, 3 and 4 cm/year (assuming hy
tatic fluid pressure;λ = 0.4). The sensitivity analys
n the subduction rate is performed on an interva
30% of the preferred (3 cm/year) value. This inte

s much larger than the 10–15% error on subduc
ates inferred from geological and geophysical d
t can be noticed that the brittle-ductile transitions
ur at increasing depths for increasing subduction r
his is readily explained by the fact that faster slabs
older.Fig. 6shows that, even without fluid overpre
ures, the brittle field extends in the modelled oce
labs down to depths of 250–320 km. Within the s
he depth of the olivine-spinel reaction deepens fo
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Fig. 7. Brittle-ductile transition depths obtained for 120 Myear old
oceanic lithosphere subducting at rates of 3 cm/year. Panel (a) shows
the d1–d3 brittle-ductile transition depths obtained for different brit-
tle strength profiles (respectively Sibson’s law withλ = 0.4 and
λ = 0.8 and brittle strength constant at depths greater than 10 km;
seeFig. 4 with a constant strain rate of 10−13 s−1. Panel (b) shows
the influence of strain rate on the brittle-ductile transition depth, with
constantλ = 0.8. Deeper transition depths are predicted for increas-
ing strain rates. Notice that, for an oceanic plate subducting at a rate
of 3 cm/year, i.e., similar to the Calabrian slab, a brittle behaviour is
predicted at least down to depths ofabout300 km.

to d2) does not dramatically increase the brittle-ductile
transition depth. Instead, a down-dip increase of the
brittle area of about 70 km occurs between d2 and d3.

As discussed, the reduction of the confining pres-
sure due to dehydration has two effects. First, it reduces
the brittle strength so that the shear stress needed for
brittle faulting becomes naturally feasible. Second, it
increases the depth of the brittle ductile transition, as

sketched inFig. 4. The increase of the brittle-ductile
transition depth from d1 to d2 observed inFig. 7a is
small because the ductile yield stress curve is quite hor-
izontal at these depths. On the other hand, dehydration
strongly reduces the differential yield stress needed for
brittle failure. The fact that an area could potentially
behave in a brittle manner without dehydration, does
not necessarily imply that it will break or slide friction-
ally. The required stresses could be too high for brittle
faulting to occur. Analogously, the fact that the brittle
field has approximately the same extent with or with-
out dehydration does not imply that that brittle fault-
ing will have the same chances to occur in both cases.
The far lower differential stresses required in the case
of dehydration (three times lower withλ = 0.8) make
brittle faulting more likely when this process is active.
Therefore, our study does not neglect the importance of
dehydration embrittlement as an earthquake promoting
factor.

Fig. 7b shows the influence of strain rate on the
brittle-ductile transition depth. In these calculations we
assumedλ = 0.8. Deeper transition depths are predicted
for increasing strain rates because ductile yield stress
also increases. A brittle behaviour is predicted at least
down to depths of about 300 km.

In summary,Figs. 6 and 7suggest that the interme-
diate seismicity within the oceanic slab subducting at
a rate of 3 cm/year under the Calabrian arc, is compat-
ible with the down-dip extent of the brittle portion of
the slab. It is shown that varying extensively the calcu-
l ttle-
d ally.
T

with
p ction
o nes
( -
s sub-
d -
d
s ric
t trate
t late.
T uch
s ic Io-
n wer
i ick-
n iatic
ation parameters within uncertainty ranges, the bri
uctile transition depth does not change dramatic
his suggests a good stability of our results.

We have also modelled a subduction process
arameters adequate for the continental subdu
f the Adriatic plate under the Northern Apenni
Figs. 8 and 9). Fig. 8 shows the brittle-ductile tran
ition depths obtained for continental lithosphere
ucting at a rate of 1 cm/year. A constantλ =0.8, a ra
ioactive heat production of 8× 10−7 W m−3, and a
train rate of 10−13 s−1 are assumed. The lithosphe
hickness is varied between 70 and 120 km, to illus
he effect of the thermal state of the subducting p
he predicted brittle-ductile transition depths are m
hallower than those predicted for the faster ocean
ian slab, in good agreement with the much shallo

ntermediate-depth seismicity. For a lithospheric th
ess of 70 km (adequate for the subducting Adr
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Fig. 8. Brittle-ductile transition depths obtained for continental litho-
sphere subducting at a rate of 1 cm/year. A constantλ = 0.8 and a
strain rate of 10−13 s−1are assumed. The lithospheric thickness is
varied from 70 to 120 km. The plate subducting under the Northern
Apennines has a thickness of about 70 km. Only the crustal portion of
the slab is shown, since the lithosphere thickness is variable. Note that
for a lithospheric thickness of 70 km, the depth of the brittle-ductile
transition is predicted at about 100 km, compatibly with earthquake
distribution.

Fig. 9. Brittle-ductile transition depths obtained for a 70 km thick
continental lithosphere subducting at a rate of 1 cm/year. A constant
strain rate of 10−13 s−1 is assumed. The d1-d3 brittle-ductile tran-
sition depths are obtained for different brittle strength profiles (re-
spectively Sibson’s law withλ = 0.4 andλ = 0.8 and brittle strength
constant at depths greater than 10 km; seeFig. 3).

plate), the predicted depth of the brittle-ductile transi-
tion is of about 100 km, compatibly with earthquake
distribution below the Northern Apennines. In other
words, the seismogenic portion of the slab is shallower
than the real slab extent. Therefore, the maximum depth
of earthquakes is not indicative of the maximum depth
reached by the Adriatic slab.

With Fig. 9 the effects of fluid pressure and of the
brittle strength profile are investigated. These results
were obtained for a 70 km thick continental lithosphere
subducting at a rate of 1 cm/year. A constant strain rate
of 10−13 s−1 was assumed. The d1-d3 brittle-ductile
transition depths (seeFig. 4 and the above discus-
sion) vary between 70 and 115 km, compatibly with
the intermediate-depth seismicity of the area.

It still remain to be investigated whether the dif-
ferent brittle-ductile transition depths predicted for the
Ionian and the Adriatic slabs are controlled by tempera-
ture distribution (controlled by the subduction rates and
thermal state of the subducting plate) or by the different
composition (continental vs. oceanic) of the subduct-
ing plate. InFig. 10we compare with previous results
the brittle-ductile transition depth predicted for a sub-
duction process with exactly the same parameters as in
Fig. 9(andλ = 0.8) but with the rheological parameters
A, n andQ used for the oceanic Ionian slab. It can be
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ig. 10. Brittle-ductile transition depths obtained for a 70 km th
ithosphere subducting at a rate of 1 cm/year. A constant strai
f 10−13 s−1 andλ = 0.8 are assumed. The two brittle-ductile dep
re predicted simulating a continental and an oceanic slab. N

hat, for an oceanic slab, brittle-ductile transition depths are 4
eeper.
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noticed that, for an oceanic slab, the predicted brittle-
ductile transition depth is 40 km deeper than for a con-
tinental slab. The eclogite composition assumed for the
oceanic crust causes a remarkable increase in the depth
reached by the brittle portion of the crust, with respect
to the continental case. We can deduce from this test
that considering an oceanic composition leads to a clear
overestimation of the maximum depth of seismicity un-
der the Northern Apennines. The different composition
of the subducting plate controls, therefore, the depth of
the brittle-ductile transition. The dramatic differences
of the intermediate-depth seismicity patterns between
the Calabrian and the Northern Apenninic subduction
zones are, however, largely due to different thermal dis-
tributions within the slab, which are mostly controlled
by the increase of subduction rates from north to south.

6. Conclusions

In order to investigate the different patterns of seis-
micity in the Calabrian and Northern Apennines sub-
duction zones we have modelled the temperature dis-
tribution and, assuming a temperature-dependent non-
linear rheology, have mapped the brittle and ductile
regions of both areas. It is shown that the distribu-
tion of the intermediate seismicity zones correlates
well with the modelled down-dip extent of the brittle
portion for the whole composite Adriatic-Ionian slab.
Brittle-ductile transition depths of about 290–380 km
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can persist down to depths of 430 km, in good agree-
ment with the maximum depth of earthquakes in the
area. The small extent of the metastable olivine wedge
produces a small density anomaly that cannot explain
the observed pervasive down-dip compression in the
Ionian slab.
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