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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 (lonian 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
than in the warmer Northern Apenninic slab (70-120 km), thus explaining differences in the maximum depth of seismicity in
both regions.

Concerning deep earthquakes in the Calabrian subduction zone, models predict that metastable olivine persists down to depths
of 430 km. This could possibly explain 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 pervasive down-dip compression observed in the lonian slab.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The tertiary to present (last 23 Myear) evolution of
the central Mediterranean regioRig. 1) is primarily

—_— controlled by the eastward—southeastward rollback of
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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 MyeaGisegften et al. (1998Yhe
geometry of the Provencal Basin is afBurrus (1984)andBayer et al. (1973)M.E.: Malta Escarpment; A.E.: Apulia Escarpment.

the Northern Apennines and the Calabrian arc respec-the areaig. 2) does not univocally and clearly indi-

tively (e.g.,Gueguen et al., 1998This peculiar char-

cate the existence of a continuous and deep slab un-

acter allows us to study the control of the nature (either der the entire Apennines-Calabrian arc. In fact, a well-
continental or oceanic) of subducting slabs on the dis- developed Wadati-Benioff plane is imaged below the

tribution of subduction-related seismicity. In particular

Calabrian arc down to depths of 450-500 Keigrdini

we aim at explaining why the subcrustal seismicity of and Velora, 1991; Frepolietal., 1998n contrast, sub-
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ofthe 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 ApenninesKig. 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.Carminatietal., 1998; Doglioni etal., 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 (eRicci Luc-

Fig. 2. Seismic distribution along two sections through the Northern  chi, 1986; Vai, 1989; Patacca and Scandone, )_989
Apennines (A-A data afterAmato and Selvaggi, 199%and the  the est, the Apennines are dissected by the Tyrrhenian
g}alab”"’?” Arc (B-B data afteFrepoli et al, 1995 The traces of 54 Tyy5can extensional basins, interpreted as back-arc
e sections are representedrig. 1 . . L
basins that developed since the TortoniBig( et al.,
1990; Patacca and Scandone, 198®%e volcanic sys-

crustal seismicity reaches maximum depths of about tems (Late Miocene to recent) of the Tuscany, Latium
90 km in the Northern Apenninesinato et al., 1998 and Campania provinces and of the Eolian Islands are
As previously suggested Iyarminati et al. (2002we interpreted as a forming volcanic arc (e gerri et al.,
show that the absence of seismicity deeper than 90 km1993. The compression-extension couple and the mag-
underthe Northern Apenninesis not the direct evidence matism show eastward migration through time. This
for the absence of a slab. It rather could in part be re- has been interpreted as the effect of the eastward to
lated to the different nature (continental vs. oceanic) of southeastward rollback of the hinge of the west directed
the subducting slabs. subduction (e.gMalinverno and Ryan, 1986; Gueguen

A factor that further increases the complexity of the et al., 1998; Carminati et al., 1998n a regime of no
central Mediterranean is that average Tertiary-Presenteast-west convergence.
rollback rates, and therefore subduction rates, increase The characters of the downgoing plate change from
from north to south (from less than 1 cm/year to more north to south: (i) thinned continental lithosphere
than 3 cm/year(Gueguen et al., 1998We show that subducts in the north (along the Adriatic Sea) and the
the thermal structure of the subducting slab, which is southwest (Sicily and Sicily channel); (ii) oceanic litho-
mainly controlled by subduction rate and thermal state sphere (lonian lithosphere) subducts under the Cal-
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abrian arc. The nature of the lithosphere subducted in formation front retreat (about 775 km during the last
the past under the Apennines can be inferred from the 23 Myear) occurred in the Calabrian aBuyeguen et
analysis of the sediments offscraped from the slab and al., 1998; Doglioni et al., 199%ig. 1). This estimate
cropping out in the Apennines. constrains subduction rates at about 3-3.5cm/year
Inthe Northern Apennines, the retro-deformation of along the Calabrian arc. The present-day lonian basin,
the orogenic wedge shows that the sediments forming subducting under the Calabrian arc, is most likely a
the Apennines were deposited on stretched continen-remnant of Mesozoic oceanic lithosphere. The inter-
tal lithosphere and that their east-west extent was closepretation of its oceanic nature is mainly based on strati-
to about 170km (e.gBally et al., 1988. As a conse- graphic Biju-Duval et al., 1982; Catalano et al., 2001
guence, after a period of oceanic lithosphere subduc- and geophysical data (e.dgella Vedova and Pellis,
tion, about 170 km of continental lithosphere were sub- 1989; de Voogd et al., 1992; Catalano et al., 2001
ducted under the Northern Apennines. The continental The oceanic subduction under Calabria is consistent
nature of the subducting Adriatic plate is confirmed by with the geochemistry of the calcalcaline magmatism
geochemical and petrological studies on the Neogene- of the Aeolian volcanic arcBarberi et al., 1978 Un-
Quaternary magmatism of central Ital@drri et al., like the Northern and Southern Apennines, the west-
1993. The thinned Adriatic continental lithosphere in  ward subduction that occurred in the last 23 Myear
the foreland of the Northern Apennines is about 70 km under Calabria did not complete the consumption of
thick (Calcagnile and Panza, 1981 the Tethyan oceanic lithosphere. Along this tract of the
Seismic reflection profiles and geological studies arc, therefore, no continental subduction has occurred.
show that the Northern Apennines belt is composed al- As far as the age of the subducted oceanic lithosphere
most exclusively of sediments which were offscraped is concerned, no precise ages are available. Based on
(thin-skinned tectonics) from the subducting Adriatic the low values of heat flow densities (30—40 mW34))
plate Bally et al., 1986. No basementrocks (i.e., crys- Della Vedova and Pellis (1989@roposed a Mesozoic
talline crustal rocks) or no more than a few km-thick age (180—200 Myear) for the oceanic lithosphere.
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- 3. Subcrustal seimicity of Italy
tinental subduction zones, this implies that the conti-
nental crust was almost completely subducted withthe  Only two regions of Italy are characterized by earth-
lithospheric mantle. quakes at depths greater than 40km: the Northern
The amount of eastward migration of the North- Apennines and the Southern Tyrrhenian $ég.(1). In
ern Apenninic arc—equal to the amount of subduc- the Northern Apennines regioRif. 2a), the seismicity
tion and of subduction hinge retreat (since conver- distribution defines the geometry of the Adriatic conti-
gence is null)—is about 200-250 km in ca. 23 Myear nental slab down to 90 km. The slab dips, at 40-90 km
(Boccaletti et al., 1990aBoccaletti et al., 1990b;  depths, about 430 the westfmato etal., 199Y. Seis-
Gueguenetal., 1998; Doglionietal., 199%y. 1). This mic tomography shows, under the Northern Apennines,
suggests average subduction rates of about 1 cm/yeara high velocity body reaching depths of at least 250 km
The length of the lithosphere subducted under both the with ca 60 dip at 100-250 km depth#\(nhato et al.,
Northern Apennines and the Calabrian arc (see below) 1993; Piromallo and Morelli, 1998
was evaluated using four data sets: (i) seismic tomog-  The Calabrian subduction zongig. 2b) is the re-
raphy profiles; (ii) migration of backarc extension; (iii) gion of Italy with the highest seismic energy release
migration of subduction related magmatism; (iv) mi- (Amato et al., 199¥. Tens of intermediate (for our
gration of compressional deformation and of associ- purposes, at depths between 40 and 350 km) and deep
ated foredeep deposits. The errors for both subduction earthquakes (depths greater than 350 km) per-year are
zones can be constrained to some 10-15% of the pre-recorded. These earthquakes define a well-developed
ferred values. Wadati-Benioff zone (e.gGaputo etal., 1970; Giardini
Subduction rates decrease toward the north and in-and Velora, 199). Below 100 km depth the lonian slab
crease to the south. The maximum amount of the de- dips at least 70(Frepoli et al., 1995 The maximum
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frequency of earthquakes occurs in the 200-350 km Table 1 _
depth interval. Seismic tomography models agree in Common parameters used in the thermal model

imaging a fast velocity anomaly down to ca. 500 km, Thermal parameter Value

in correspondence with the Wadati-Benioff zone (e.g., Thermal conductivity 32wmtk-1
Amato et al., 1993; Spakman et al., 19%8romallo Specific heat 1.%10*JK kgt
and Morelli, 1998; Lucente et al., 19p%pakman et ~ Thermal expansion coefficient 3710 °K™

al. (1993)imaged an interruption of the lonian slab Deﬁi'gogfthe lithospheric mantle at  3400kgnv

at about 150 km depth, interpreted as a slab detach-pensity change due to ol-sp phase 181kgnr3

ment. Later models, however, did not confirm the exis-  transition

tence of this featureRjromallo and Morelli, 199&nd Lithospheric thickness Variable
Piromallo and Morelli, 2002; Lucente et al., 1998t Tel?:r?:srzﬁgfeat the base of the 1450°C

depths deeper than 500 km, the aseismic lonian slab
seems to deflect and flatten on the 670 km discontinuity
(Lucente etal., 1999; Piromallo and Morelli, 2Q0Re-
liable fault plane solutions of major earthquakes show absolute temperaturkl, is the radiogenic heat produc-
an overall pervasive down-dip compressional state of tion rate, andigh is the shear heating rate. The values
the lonian slabIéacks and Molnar, 1971; Anderson of the parameters used are listedlable 1
and Jackson, 1987; Giardini and Veigri991; Frepoli The terms on the left side represent the rate of heat
etal., 1996. 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 containiigs de-
4. Thermo-kinematic and rheological scribes the adiabatic heating. The term contairifg
modelling represents the latent heat of the olivine to spinel trans-
formation, and the last term accounts for radiogenic and
The temperature distribution within the slab and dissipative heating. The initial thermal distribution of
surrounding mantle is calculated using the TEMSPOL the oceanic lithosphere is calculated with the thermal
code (Negredo et al., 2004 This code permits the cal-  plate model GDHI ofStein and Stein (1992The code
culation of temperature and density anomaly distribu- also includes the possibility of simulating continental
tionsin deep subduction zones, taking into account self- subduction, with an initial geotherm for the crust and
consistently the olivine to spinel phase transformation. lithospheric mantle given by the steady-state solution
The code adopts a finite difference scheme to solve the of the heat conduction equation. We assume an adia-

Subduction dip angle Variable

heat transfer equation batic initial temperature profile for the asthenosphere.
We also include a total temperature increaseAdf,
<1 ﬂ%) <£ + vxﬂ + Uzﬂ) caused by the latent heat released during the olivine
CpdT ) \ ot ox 0z to spinel phase change, which initiateszat and is
K /2T 92T ag Lt 9p completeq ab1 (se_eF|g. 3. In this interval the tem-
=— |-t v, Tabs+ — — perature increase is given byurcotte and Schubert,
pcp \ Ox 0z cp cp 02 2002
H+ A
L 2t Asn W ar=LT
,OCp Cp
wherelL is the latent heat due to the olivine-spinel We have followed the approach described by

transformationg;, is the heat capacity is the fraction Schmeling et al. (1999)f adopting a simplified phase
of spinel, T is the temperaturé s time,x andz are the diagram (from original data b#kaogi et al., 198%nd
coordinatesyy andv; are the horizontal and vertical Rubie and Ross, 199tb compute the fraction of spinel
components of the velocity is the thermal conduc-  (B) and its derivatives at any temperature and depth.
tivity, p is the densityp is the coefficient of thermal The code TEMSPOL also computes the lateral
expansiong is the acceleration of gravity,zpsis the anomaly of density (with respect to an unperturbed col-
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T=0°C tions. The thermal parameters are indicate@iahle 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 7@ip and an age
-Olivine to Spinel B' RS of 120 Myear. A crustal thickness of 10 km and no ra-
transition dioactive heat production is assumed for the oceanic

R [ Ao crust. A sensitivity analysis on the effects of varying
Transition zane the age of the subducting oceanic lithosphere between
] e 90 and 150 Myear has been performed. This analysis
Q=Qy reveals that results remain almost the same, since the
thermal state of the subducting plate does not change

Fig. 3. Schematic diagram illustrating the model domain and ap- significantly within this range of ages.

plied boundary conditions. Small points indicate nodes of the finite The thermal and reological modelling consists in the
difference grid. The velocity field imposed to simulate subduction is

updated as the slab penetrates into the surrounding mantle (modifiedfouowmg steps. First, Fhe present day_thermal fle|_dS
afterNegredo et al., 2004 of the Northern Apennines and Calabrian subduction

zones are obtained using the TEMPSPOL code. Then,

umn) due to thermal expansion and phase changes. Nathe brittle and ductile rheological laws discussed in the
density changes induced by high pressure—low temper-following section are imposed a posteriori to infer the
ature metamorphism are taken into account. behaviour of different sectors of the slabs. In particu-

In our thermo-kinematic approach the velocity field lar, for each node of the finite difference grid, the brittle
(Fig. 3 is imposed and defined by the subduction ve- and ductile strengths are calculated in order to predict
locity vs and the slab dip. Our modelling procedure  whether deformation is more likely to be accommo-
shares many characteristics with the thermal model by dated by frictional sliding and fracturing or by ductile
Minear and Tok&z (1970) The velocity field is up- creep.
dated as the slab penetrates into a static mantle. At
each time step, the position (B4 Fig. 3) of the bot- 4.1. Rheological modelling
tom edge of the slab (which was located along A-A' at
t=0) is computed, and the slab velocity field is applied Down to depths of about 200—-300 km, subcrustal
to the nodes reached by line B=B seismicity within subducting slabs is likely to be ac-

We have applied the alternating direction implicit commodated by rupture within the brittle field (e.g.,
(ADI) method for the finite difference formulation of  Green, 199% This idea is supported by the observation
the energy equation (E€L)). The resulting equations that the frequency of earthquakes in subducting slabs
are solved by applying the Thomas algorithm. Provided declines down to 300 knK(rby et al., 199). The fre-
that the numerical scheme applied is not stable for ev- quency of earthquakes increases again below 300 km.
ery combination of vertical, horizontal and time incre- These deeper earthquakes are generally related to other
ments, the last one is internally computed by the code to mechanisms, such as transformational faulti@gegn
ensure stability. The reader is referredNiegredo et al. et al., 1990; Kirby et al., 199andKirby et al., 1996
(2004)for further details about modelling procedure, or plastic instabilities@gawa, 1987; Hobbs and Ord,
numerical method and TEMSPOL code availability.  1988.

The geometric and kinematic parameters adopted  Afterthe early reportin the 1920s of earthquakes oc-
in the modelling are consistent with the geological curred at depths greater than 200 kieffreys (1929)
and geophysical data described in the previous sec-pointed out that fracture and frictional strengths in-

Lithosphere Dip (8)

Asthenosphere

Qy=0
0="0
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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 (eRaleigh 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 (40-350km) of the lItalian 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. 1cm/year) subducts under the
Northern Apennines; (ii) the existence of a continu-
ous Wadati—Benioff zone within the faster (3 cm/year)

71
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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 far=0.4; (ii) Sib-

son’s law fora = 0.8; (iii) Sibson’s law down to depth gliand 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.gRaleigh and Paterson,
1965; Meade and Jeanloz, 1991; Wang, 200®hy-

subducting lonian oceanic slab. Once the temperaturedration processes, due to metamorphic reactions, pro-

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 lawSfbson, 1981 to calculate the
brittle yield stress (differential stresg; — o2). This
law, based on the Coulomb—Navier frictional criterion,
predicts a linear increase with depth of the yield stress:
o1 — 03 = fpgz(1— 1) 2
where g is a parameter depending on the fault type,
p is the densityg is the gravity acceleratiorz,is the
depth anad. is the pore fluid pressure ratio (i.e., the ra-
tio between fluid pressure and lithostatic load). In our
calculations, the3 parameter is assumed as 3 (com-

duce fluid pressures greater than lithostatic pressures
(i.e.,A>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 ifrig. 4) cal-
culated from the Sibson’s law (parameters as before)
with 2 =0.8.

However, the applicability of the Coulomb-Navier
criterion has been confirmed experimentally only down
to mid-crustal depth®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 pressureJéeger and Cook, 19¥9More-

pressional earthquakes predominates at shallow depthover, experiments on rock mechanics evidenced that

within slabs) and the average density 3200 kg n73.

high-pressure fracture mechanisms substitute, at depth,

The fluid pressure is the least constrained parameterfrictional failure (Shimada, 1998 These mechanisms

of the Sibson’s law. We therefore evaluate the effects

of changing this parameter. A first reasonable assump-

tion that we consider (brittle strength distribution B1
in Fig. 4) is that fluid pressure is hydrostatic £ 0.4).

are weakly dependent on pressurafalli, 1997.
Fracturing experiments on granites show that, at high
pressures, the brittle strength becomes approximately
constant $himada, 1998 Granites can sustain maxi-

Several studies suggest that intermediate earthquakesnum differential stresses{ — o3) of about 200 MPa
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(Shimada, 1998 Lithospheric mantle rocks are likely
to support higher differential stressdapalli, 1997;
Fernandez and Ranalli, 199 Maximum strength of

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

about 500 MPa can be reasonably assumed for suchdiabase is calculated usify=2x 10~ MPa "s™1,

mantle rocks.

n=3.4,Q=260kJmot? (Liu and Furlong, 1998 At

For these reasons, we test a third distribution (B3) depths greater than 40km, the crust is assumed to

of brittle strength with depthHig. 4), consistent with

be eclogitized, due to high pressure—low temperature

the considerations above. We use the Sibson’s law at metamorphism. We assume a mineral composition of
depths shallower than 10 km (parameters as before).eclogite consisting of 60% clinopyroxene and 40% gar-

Fluid pressure is assumed hydrostafic=(0.4), con-

net. For this composition we assume the values pro-

sistently with analyses of in situ stress measurementsposed byJi and Zhao (1994)A=2430MPa"s 1,

at crustal levels. At depths deeper than 10 km the brittle n=2.6 andQ =449 kJmot!. We assume a harzbur-
yield stress is kept constant and equal to that calculatedgitic composition for oceanic lithosperic mantle, and
with the Sibson’s law at 10 km depth. The maximum adopt the following parameter&=1010 MPa"s 1,
yield stress (at 10 km depth) is of about 480 MPa, com- n=2.4,Q=367 kJmot! (Ji and Zhao, 1994

patible with the experimental values outlined above.

The ductile strength of the crust of the Adriatic

The three brittle strength distributions at depth (B1 continental slab is calculated assuming quartzdiorite

to B3) will result in three different brittle-ductile tran-
sition depths (dto d3), as shown irFig. 4. Both B2 and

rheological parameters down to depths of 40km:
A=0.0013MPa"s1, n=2.4, Q=219kJmot?

B3 strength distributions reduce the brittle strength at (Ranalli, 1997. At depths greater than 40 km, high
depth and therefore tend to increase the brittle-ductile pressure - low temperature metamorphism is expected

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

B & 1/n Q
1= =\3) PRt

wherez is the effective strain raté) is the generalised
viscosity coefficientnis the stress power law exponent,
Q is the activation energR is the gas constant afid

is the absolute temperature.

®3)

to change the mineralogical composition of the crustal
portions of subducting continental slabs (eKpons

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"s™1, n=3.25,
Q=248kJmot . These parameters are used for the
continental crust at depths greater than 40km. For

For simplicity we assume a strain rate value constant the dunitic continental lithospheric mantle we assume
throughout the model domain, so that we are computing the following parametersA=2000 MPa"s 1, n=4,
resistance opposed to deformation with a fixed strain Q=471 kJmot?! (Ranalli, 1997.

rate. In our purely kinematic approach the velocity field

We compute at each grid node the brittle and duc-

is prescribed. Therefore, this kind of modeling does tile yield stress imposing a posteriori the rheological

not allow for a feedback on the flow structure within

laws (2) and (3). The differential yield stress required

the slab and does not compute the distribution of strain to produce failure is given by the lesser of the brittle
rate. So we neglect the occurrence of local variations of and ductile yield stresse&etze and Evans, 19)79
the strain rate, which are likely to occur in subducting Nodes with brittle strength lower than ductile strength
slabs. However, we check the sensitivity of the models define the brittle domain, and the opposite stands for

to this parameter varying the strain rate betweent20
and 1013571,
The rheological parameters Q andn depend on

the rock type, and therefore have different values for
the crust and lithospheric mantle, and for an oceanic

the ductile domain.
4.2. Deep earthquake forming mechanisms

We, moreover, discuss the origin of the deep earth-

and continental plate. As far as the lonian oceanic slab quakes in the lonian slab, under Calabria and the south-



E. Carminati et al. / Physics of the Earth and Planetary Interiors 149 (2005) 65-79 73

ern Tyrrhenian Sea. The mechanisms originating these o
earthquakes are most likely different from frictional

slip. 100

Deep focus earthquakes (depths greater than

350 km) have been interpreted as being caused by shealg
instabilities associated with olivine to spinel transfor- =5,
mation and are expected to occur in fast subducting &
slabs, where metastable olivine wedges can develop Cawol T Y- 1% Spinel |
(Green et al., 1990; Kirby et al., 19@hdKirby et al., /'

1996. Although a quantitative analysis of the rheol- B 11l

ogy of slabs in the mantle transition zone is beyond the
scope of this paper, we will investigate if the conditions

200+

600 -

(@) —~ Temperature (°C)
for the formation of a wedge of metastable olivine are 0 TS —a— 0
attained. Horizontal distance (km)
0 : L
5. Model results 100}

Fig. 5 shows typical temperaturé@) and lateral
anomaly of density (kg mP) distributions obtained
simulating the subduction of an oceanic plate with the
TEMSPOL code. In this case, the age of the litho- Te1s] SO
sphere is 120 Myear and the subduction rate 3 cm/year,
suitable for the subduction of the lonian lithosphere U )/
under the Calabrian arc. The temperature distribution

Depth (km)
[h]
S

(Fig. 5a) shows isotherms depressed within the sub- 600’(,0) £, Density (kgm)
ducting slab. As later widely discussed, lower temper- 0 100 200 300 400 500 600 700
atures in the slab will increase the ductile strength and Horizontal distance (km)

consequently deepen the brittle-ductile transition with
respect to the adjacent mantle. Provided that we as-Fig.5. Temperature C) and lateral anomaly of density (with respect
sume that the slab penetrates into a static mantle, wet© af;\“”psg“r?ed C?'“m”) (kg_ﬁ)ldis”“tou“‘)tns ?gtainfd Siml\‘:'ét‘t'th t
f . . . ing the subduction of an oceanic plate at a rate of 3 cm/year. Note tha
_are dlsregardlng the effects of pOSSIble induced flow isgtherms (panel a) are depressgd in the subducting sylab. At a given
in the mantle wedge between the top of the slab and depth the minimum temperatures are obtained in the internal part
overriding plate. This limitation can lead to significant  of the slab. Density (panel b) increases sharply at the olivine-spinel
underestimation of slab-wedge interface temperaturestransition depth.

(Van Keken et al., 2002

We also show irFFig. 5the location of the olivine- processes with these kinematic and initial thermal con-
spinel (1% and 99% spinel) transformation. In this ditions.
case, the 600C isotherm, which controls the initi- The numerical accuracy of temperature calculations

ation of metastable olivine to spinel transformation, was checked by performing a number of convergence
reaches maximum depths of about 390 km and the con- tests with systematic variation of grid spacing. More-
ditions for the formation of a small wedge of mes- over, TEMSPOL code successfully reproduces the re-
tastable olivine are attained. Metastable olivine can sults obtained by previous similar thermal models (e.qg.,
persist within the slab down to depths of about 430 km Stein and Stein, 1996

(maximum depth of the 99% spinel curve within the Positive density anomalies-ig. 5b) in the litho-
slab), in good agreement with the maximum depth of spheric mantle of the slab are due to its lower tempera-
earthquakes under the southern Tyrrhenian. Deep seisture and to the shallower olivine-spinel transformation
micity is therefore expected to occur for subduction within the slab. The density increases sharply at the
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olivine-spinel transition depth. It can be inferred from 0,
the modelled lateral anomaly of density that slab pull
could potentially play a significant role in the present- 100}
day geodynamics of the area, in agreement with dy-
namic numerical modelsGjunchi 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. a 400l 1% spinel
Moreover, the slab pull mechanism is in contrast with
the overall down dip compression of the lonian slab. 500l 99 % spinel
The small wedge of metastable olivine is characterised
by lower densities with respect to the adjacent spinel- 600}
bearing mantleBina (1996, 1997proposed, using an
elastic rheology for subducting slabs, that the buoyancy
associated to the presence of a wedge of metastable Olivine-Spinel | [ B-D transition
olivine could explain the down-dip compression ob- vaw=2 emiyr | | )/ vaw=2 cmiyr
served within some slabBevaux et al. (2000assum- L Vab=3 emAyr || F 7 vsw=3 omiyr
ing a viscoelastic rheology, showed that stresses due to S Vei=d OMAYT | |/ Vaw=4 omiyr
buoyancy are negligible compared to internal stresses

due to the phase transformation. They obtained, for Fig. 6. Brittle-ductile transition depths obtained for 120 Myears old

. . oceanic lithosphere subducting at rates of 2, 3 and 4 cm/year. No-
fast SUdeCtmg slabs (rates of 10 Cm/year)’ down-dlp tice that the brittle-ductile transitions occur at increasing depth for

compression arising from olivine-spinel phase trans- increasing rates. Within the slab, the depth of the Olivine-Spinel re-

formation only within the wedge of metastable olivine. action deepens for increasing subduction rates. A small metastable
Considering the small buoyancy anomalies predicted olivine wedge develops only for fast subductions (3 and 4 cm/year).

for the lonian slabKig. 5b) and the small extent of

the metastable olivine wedge, the down-dip compres- creasing subduction rates. A small metastable olivine
sion that characterises the slab under the Calabrian arowvedge develops only for fast subduction rates (3 and
is hardly linked to such phase transformation. Other 4 cm/year).

mechanisms (for example, slab unbending) should be Inorder to study the sensitivity of these results to as-

invoked to explain down-dip compression between 165 sumed rheological parameters, we have tried different
and 370 km. values of the parameters,(Q andn) used in the duc-

In order to illustrate the influence of the velocity of tile yield stress calculations. Typical parameter values
subduction on the mechanical behaviour of the slab, for wet and dry olivine give brittle-ductile transitions
we display inFig. 6the brittle-ductile transition depths  about 20 and 100 km, respectively, deeper than with the
obtained for a 120 Myear old oceanic lithosphere sub- parameters assumed in this study for harzburgite.
ducting at rates of 2, 3 and 4 cm/year (assuming hydro-  In Fig. 7, the effects on brittle-ductile transition
static fluid pressure} =0.4). The sensitivity analysis  depths of fluid pressure and strain rate are investigated.
on the subduction rate is performed on an interval of Fig. 7a shows the brittle-ductile transition depths ob-
+30% of the preferred (3 cm/year) value. This interval tained for a 120 Myear old oceanic lithosphere sub-
is much larger than the 10-15% error on subduction ducting at a rate of 3cm/year, assuming a constant
rates inferred from geological and geophysical data. strain rate of 1013s~. The d1-d3 brittle-ductile tran-

It can be noticed that the brittle-ductile transitions oc- sition depths are obtained for the three different brittle
cur atincreasing depths for increasing subduction rates. strength profiles (B1 to B3) shown Fig. 4. The pre-
This is readily explained by the fact that faster slabs are dicted brittle-ductile transition depths increase from
colder.Fig. 6 shows that, even without fluid overpres- 290km obtained for no dehydration conditions (B1)
sures, the brittle field extends in the modelled oceanic to 380 km obtained when considering constant brittle
slabs down to depths of 250-320 km. Within the slab, strength at depths greater than 10 km (B3). It should be
the depth of the olivine-spinel reaction deepens for in- noted that a drastic increase of fluid pressure (from d1

200

oceanic lithosphere |
A=0.4

100 200 300 400 500 600 700
Distance (km)
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sketched inFig. 4. The increase of the brittle-ductile

transition depth from d1 to d2 observedhig. 7a is
L small because the ductile yield stress curve is quite hor-
ol d B Bximnition izontal at these depths_. On th_e ot_her hand, dehydration
Tz ng i strongly reduces the differential yield stress needed for
= 300 brittle failure. The fact that an area could potentially
B behave in a brittle manner without dehydration, does
O 400| 1% spinel not necessarily imply that it will break or slide friction-
ally. The required stresses could be too high for brittle
500 - 99 % spinel faulting to occur. Analogously, the fact that the brittle
oceanic lithosphere field has approximately the same extent with or with-
B @) e o out dehydration does not imply that that brittle fault-
B A ing will have th(_a same'chances to occur in poth cases.
Distance (km) The far lower differential stresses required in the case
0. of dehydration (three times lower with=0.8) make
brittle faulting more likely when this process is active.
100} Therefore, our study does not neglect the importance of
pTmem—— dehydration embrittlement as an earthquake promoting
—~ 200 )/g=1015 5 factor.
£ / e=10ms Fig. 7o shows the influence of strain rate on the
& brittle-ductile transition depth. In these calculations we
2 466 1% spinel assumed =0.8. Deeper transition depths are predicted
for increasing strain rates because ductile yield stress
500 | 99 % spinel also increases. A brittle behaviour is predicted at least
i —_— down to depths of about 300 km.
600 Vsw=3 cmiyr In summaryFigs. 6 and Buggest that the interme-
(b) AR diate seismicity within the oceanic slab subducting at

0 We 0 0D 400 S0OF S00n R a rate of 3 cm/year under the Calabrian arc, is compat-
Distance (km) ible with the down-dip extent of the brittle portion of
Fig. 7. Brittle-ductile transition depths obtained for 120 Myear old the_ slab. Itis Shown,that varying .extenswely the C6}|CU-
oceanic lithosphere subducting at rates of 3 cm/year. Panel (a) showslat":Jn parameters within uncertainty ranges, the brittle-
the d1-d3 brittle-ductile transition depths obtained for different brit- ~ ductile transition depth does not change dramatically.
tle strength profiles (respectively Sibson's law witk=0.4 and This suggests a good stability of our results.
A=0._8 and_brittle strength cqnstant at depths greater than 10km; We have also modelled a subduction process with
seeFig. 4with a constant strain rate of 1&°s . Panel (b) shows o0 maters adequate for the continental subduction
the influence of strain rate on the brittle-ductile transition depth, with . )
constant. = 0.8. Deeper transition depths are predicted for increas- of the Adriatic plate under the Northern Apennines
ing strain rates. Notice that, for an oceanic plate subducting at a rate (Figs. 8 and @ Fig. 8 shows the brittle-ductile tran-
of 3cmlyear, i.e., similar to the Calabrian slab, a brittle behaviour is  sjtion depths obtained for continental Iithosphere sub-
predicted at least down to depths ofabout300 km. ducting at a rate of 1 cm/year. A constart0.8, a ra-
dioactive heat production of 810-7Wm—23, and a

to d2) does not dramatically increase the brittle-ductile strain rate of 1013s~! are assumed. The lithospheric
transition depth. Instead, a down-dip increase of the thickness is varied between 70 and 120 km, to illustrate
brittle area of about 70 km occurs between d2 and d3. the effect of the thermal state of the subducting plate.

As discussed, the reduction of the confining pres- The predicted brittle-ductile transition depths are much
sure due to dehydration has two effects. First, it reduces shallower than those predicted for the faster oceanic lo-
the brittle strength so that the shear stress needed fornian slab, in good agreement with the much shallower
brittle faulting becomes naturally feasible. Second, it intermediate-depth seismicity. For a lithospheric thick-
increases the depth of the brittle ductile transition, as ness of 70 km (adequate for the subducting Adriatic
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Fig. 8. Brittle-ductile transition depths obtained for continental litho-
sphere subducting at a rate of 1cm/year. A constan0.8 and a
strain rate of 1013s lare 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 slabis 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.
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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 1013s1 is assumed. The d1-d3 brittle-ductile tran-
sition depths are obtained for different brittle strength profiles (re-
spectively Sibson’s law with =0.4 andi =0.8 and brittle strength
constant at depths greater than 10 km; Biee 3).
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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. 9the 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 10718571 was assumed. The d1-d3 brittle-ductile
transition depths (se€ig. 4 and the above discus-
sion) vary between 70 and 115km, 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
lonian 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(andx =0.8) but with the rheological parameters
A, nandQ used for the oceanic lonian slab. It can be

0
e | {/continental rheol.
E’ | {/ oceanic heology
=
£ 100}
[
[m)
A=0.8
vsu=1 cm/yr
200 . . )

500
Distance (km)

400

Fig. 10. Brittle-ductile transition depths obtained for a 70 km thick
lithosphere subducting at a rate of 1 cm/year. A constant strain rate
of 1071351 andx = 0.8 are assumed. The two brittle-ductile depths
are predicted simulating a continental and an oceanic slab. Notice
that, for an oceanic slab, brittle-ductile transition depths are 40 km
deeper.
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noticed that, for an oceanic slab, the predicted brittle- can persist down to depths of 430 km, in good agree-

ductile transition depth is 40 km deeper than for a con- ment with the maximum depth of earthquakes in the

tinental slab. The eclogite composition assumed for the area. The small extent of the metastable olivine wedge

oceanic crust causes a remarkable increase in the deptiproduces a small density anomaly that cannot explain

reached by the brittle portion of the crust, with respect the observed pervasive down-dip compression in the

to the continental case. We can deduce from this test lonian slab.

that considering an oceanic composition leads to a clear

overestimation of the maximum depth of seismicity un-

der the Northern Apennines. The different composition Acknowledgements
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