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Introduction

Knowing the stress field at subduction zones is fundamestlkese is released most of the seismic
energy in the Earth [e.dPacheco and Syke$992]. In particular, most/y, > 8.0 earthquakes (Figure 1.1)
originate at shallow depths along the frictional interfhegween subducting and overriding plates [e.g.,
Scholz 2002]. This observation emphasizes the crucial role pldyethe geologic-time scale dynamics
of convergent margins over the short-time scale seismogaoicesses. Despite an obvious relevance to
seismic hazard, knowing the driving forces generatingttess field at subduction zones is a long-standing
problem.

In this thesis, by means of 2D and 3D numerical viscoelastiders, | simulated the stress field in
convergent plate margins to evaluate which propertiesrobstibduction dynamics. Models are built to
evaluate the contribution of plate kinematics, geometrthefsystem, rheology and gravitational forces
to the definition of the present-day stress field at diffesefitduction zones. This has been achieved with
the development of several sets of generic (i.e., not sitimglaspecific subduction zones) 2D and 3D
models. The aim is to analyze the interaction between thdwtibd slabs and the geodynamic forces
(e.g., slab pull, mantle flow, plate convergence) that stthe system, to reproduce the observed stress
fields measured in different subduction zones worldwidebfoth the upper and lower plates at crustal
depths and for intermediate and deep subducted lithosphieednteraction between subducting slabs and
the viscosity jump at upper-lower mantle transition hasnbaleo investigated. Although generic, model
geometries are consistent with natural geometries obdé@mreal subduction zones worldwide. Modelling
results are compared with stress data available in the vetmds map database for different convergent
margins.

To define the stress field affecting the subducting plates;iapattention must be paid to the choice of

the righteous initial parameters, since from them depeadl#licate balance between the applied tectonic
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0" 45°E 90°E 135°E 180° 135°'W 0'W 45'W

Fig. 1.1. Worldwide topo-bathymetric map (data from NOAA - etopol) and Mw > 5.5 seismicity distribution
for the 1973-2013 period. Hypocenters of shallow (red dotsjleep (green dots) and with My > 8.0 (orange dots)
earthquakes are from the NEIC catalog (ttp://neic.usgs.goy. The five greatest earthquakes of the last century
are emphasized by the text boxes.

forces and the geometric characteristics of the whole sygt®r this reason and to validate or reject the
observations made for the general cases, the central Medigan subduction system was chosen to model
a natural subduction zone.

Building and constraining a model requires the knowledgthefreal system. Subduction zones are
primarily described by their geometry, and today the slédrfaces in the Mediterranean are still uncertain.
| defined them reviewing and integrating literature datafr@rious disciplines, collecting geometries into
a specifically designed database. Unlike similar databalseady available in the literature [e.g-euret
and Lallemand2005;Hayes et al.2012], in the database that | contributed to build the satidn inter-
faces are fully-parametrized, i.e., characterized by gegam(strike, dip, depth), kinematics and dynamic
(rake, slip rate, seismic coupling, maximum earthquakenitade) parameters. The database so designed,
and its on-line publication makes it a valuable tool for te®metric description of active subductions in

the Mediterranean area and provide the basis to investigeiteseismic hazard.
Thesis outline

In chapter 2, | explain briefly the state of knowledge aboetetolution of subduction zones, reviewing
the available theories and observations regarding thesssxplored in this thesis.
Chapter 3, after an introduction on the state of the art, riflesethe fundamentals of the finite element

method, its application to viscoelastic modelling and teealiption of the models developed for this thesis.


http://maps.ngdc.noaa.gov/viewers/wcs-client/
http://neic.usgs.gov
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The results obtained for the generic plate scale modelsdeseribed in chapter 4. A comparison
between model results and stress data from natural subdsds also provided.

In Chapter 5 the stress field of the Calabrian and Hellenidgations is reproduced with 3D models.
The model geometry of the subductions in the Mediterraneaa was constrained using the subduction
layer of the database SHAR®Etp://diss.rm.ingv.it/share-eds@Which | contributed to build. The database
is described in appendix A. The results are then comparddaldlitivailable data.

The conclusions follow in Chapter 6


http://diss.rm.ingv.it/share-edsf/SHARE_WP3.2_Database.html
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Geodynamic problem

Guideline to the chapter contents

Subduction zones dynamics boasts a huge literature thdorespthe countless searchable aspects. Such atten-
tion arises from the fact that the subduction process is mpractor in plate tectonics. Convergent margins evolution
involves a complex and delicate interplay of active foraa$the physical-geometrical parameters. In the followiisy d
cussion, after a brief introduction, | review the more shitatheories and observations, regarding the issues esglor
in this thesis. In section 2.2 geometry and dynamics of stthdulithosphere, closely interconnected controlling-fa
tors of subduction zones evolution, are discussed. As hereesearch focuses on the stress field, the knowledges on
this topic are widely covered in section 2.3, both regarding lower plate (section 2.3.1) and the shallow intraplate
stress in the upper plate (section 2.3.2). Subduction zomeepses requires an accurate quantification of the veésit
of the plates and their boundaries. The dynamics of a plateBiary can be thought in a simple relative way consider-
ing how one of the two involved plate moves respect to the, dilieremains primary controlled by the absolute plate

motion relative to the underlying mantle. These topics beéldiscussed in section 2.4.
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2.1 Evolution of convergent margins

2.1.1 Introduction

The evolution of geodynamic systems characterized by platweergence depends on the balance of
driving and resisting forces (Figure 2.1), how these footemge with depth and time, and on its geometry,
in turn controlled by plate-scale processes. Driving ferioelude drag forces, when enhancing plate con-
vergence [e.gDavies 1977;Hager and O’connell1978], negative buoyancy forces (i.e., slab pull [e.g.,
Forsyth and Uyedal975;Davies and Stevensph992;Schellart et al. 2004]) due to thermal anomalies,
metamorphic processes (e.g., basalt-to-eclogite tremsttion at~ 100-250 km Ahrens and Schubert
1975])), including dehydration, or phase transitions (okvto-wadsleyite at 410 km [e.gVlarton et al,
1999;Conrad and Hager1999]). Resisting forces include bending of the lithospHe.g.,Buffett 2006],
frictional and viscous shear force&(irnis et al, 2004;Royden and Huss@r2006], drag forces, when
contrasting plate convergence, positive buoyancy forgasnarelated to phase transitions (serpentiniza-
tion [Christensen2004;Wada et al. 2008]; metastable olivine wedgBipa et al, 2001]; ringwoodite-to-
perovskite plus magnesiowustite at 660 Kforfii and Yoshioka2007]) and anchoring of deepest part of
the slab as it penetrates into the more viscous lower maaite, Christensen1996;Goes et al. 2008;
Rodiguez-Gonilez et al, 2009].

In addition, large-scale and local mantle flows also affeetdinking rate and geometry of subducting
lithosphere. The weight of each of the driving and resistorges depends on numerous parameters: e.g.,
the age of the subducting lithosphere, the rheology and@dte., continental or oceanic) of the plates,
the sinking rate, the duration of subduction.

Small changes in the equilibrium among these parametears;ipally result in different subduction
geometries (see next section) and state of stress (seersBa@) affecting the lithosphere.

Should not be forgotten that some criticisms are moved ititdrature to the real efficiency of the slab
pull force [Doglioni et al, 2007]. RecentlBrandmayr et al[2011] proposed a hew density model for the
lithosphere in Italy finding no evidences of negative buayaaf the subducting slabs with respect to the
surrounding mantle. This finding agrees with previous gsifi.g. Kelly et al, 2003;Anderson2011] in

the downgrading of the slab pull as a driving force.
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2.2 Geometry and dynamics of subduction

With the huge amount of tomographic studies in subductiorezoit is becoming clear that subducted
slabs are not simple 2D features. For example, not only stibdislab shape changes along-dip, but slab
dip varies along the length of many arcs, and slab tearsyvatatiows and detachment€arminati et al,
1998;Wortel and Spakmar2000;Faccenna et a).2006] often deform the subducted lithosphere. At least,
slab geometry must be described by its dip, lateral extentshape (i.e., straight or curved). Although the
long term evolution of subduction zones is beyond the scoie®thesis, a brief review of the processes

controlling the subduction geometry follows.

Upper plate motion

Lower plate motion Hinge motion

fnterplate Upper plate strain

{ction Interplate <+~
ressure
i >«

Bending - Unbending Q

Olivine - Spinel

Mantle flow

— Mantle \\ Density
i anomalies
- resistance

Spinel - P kit
pinel - Perovskite Anchoring

Fig. 2.1. Principal driving and resisting forces for subduding lithosphere. Phase change depths affecting the den-
sity of rocks are also indicated. Possible plate kinematigsnantle motions and upper plate strain are indicated
by arrows.

Significant effort has been spent in the literature to catesklab dip with a variety of observables
related to subduction zonekrrard [1986] found for subductions two interesting relationsat)excellent
correlation between the slab length and the product of tmwergence rate and the age of the down-
going lithosphere; 2) the subduction of young (i.e., hot bndyant) lithosphere results in strong coupling
between the plates (enhancing higher magnitude earthguesmpared with that associated with the sub-

duction of old (i.e., cold and heavy) lithosphe@ruciani et al.[2005] re-examined the global correlation
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for slab dip finding that slab age and plate convergence matelate with slab dip better than slab age or
plate convergence rate individually. The relationshipdeetn trench rollback and slab age has been exam-
ined in a number of studies with conflicting results. Therals® a difference in the average dip between
slabs where the overriding plate is continental (shallosedyductions) or oceanic (steeper subductions)
[Furlong et al, 1982;Jarrard, 1986;Lallemand et al.2005]. The slab shape depends also on overridding
plate thermal statejoda et al. 2011;Rodiiguez-Gonalez et al, 2012].Faccenna et al[2007] proposed
that the motion of the trenches represent the surface nzaatien of the resistance encountered by the
sinking lithosphere to bend and penetrate within the uppenrthe.

The evident differences between shallow and steep sulotuztines were used in the literature to
discriminate two end member subduction styles: the Chitgpa and the Mariana-type (Figure 2.2) sub-
ductions Dickinson 1978;Uyeda 1981]. In addition to the difference in the slab dip-angle|,Ricard
et al,, 1991;Doglioni, 1993;Doglioni et al, 1999;Cruciani et al, 2005;Carminati and Doglioni2012],
the reverse characteristics from each of the two classeifef@hvs Mariana) are respectivelpdglioni
et al, 2007, and references therein]: maximum depth of seisyn{8@0 km vs 700 km); state of stress in
the back-arc region (compressive vs extensional); stastre$s in the slab at intermediate depths (down-
dip tensional vs down-dip compressional); structural &ievs and vergence of the accretionary wedge
(low-elevated single-verging vs high-elevated doublegirey); subsidence rate in the foredeep (low vs
high); thin- vs thick-skinned tectonics.

Faccenna et al[2013] have recently proposed that two end-members of suttmtuexist. The slab-
pull type characterized by subduction confined to the uprtha, rollback trench motion and moderately
thick crustal stacks, and the slab-suction type where whtdatle convection leads to largely thickened
crust due to higher drag of plates toward each other.

The asymmetry between the various subduction zones hasréke¢ed to the efficiency of the slab
gravitational pull [e.g.Anderson 2001] or to the differential motion between the mantle atitbsphere
[e.g.,Doglioni, 1990;Scoppola et a).2006]. As the plates describe an average west-directdzhillow
[Doglioni, 1990;Doglioni et al, 1999], the Chilean-type and Mariana-type subductionsteed®est exam-
ple of eastward-dipping (i.e., slab sustained by the nedaast-ward mantle flow) and westward-dipping
(i.e., slab countered by the relative east-ward mantle fimlfuctions (see section 2.4 for further explana-
tion).

Looking at the third dimension, as a matter of fact both aew@and straight subduction zones exist
(Figures 2.3 and 2.4rank[1968] first noted that the curvature of subduction zonedhess and arcs varies

considerably on Earth (Figure 2.3) from concave toward thatte wedge (e.g., Aleutians-Alaska [figure
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Chilean type Back-arc
- compression

Shallow trench

Sustaining regional Down-dip

mantle flow ¥~tension
—_ > \
- Shallow slab
E——
Weast East

Back-arc é
extension
-— Deep trench

encroaching regional

mantle flow
Mariana type
Deep slab

Down-dip
compression

Fig. 2.2. End-member types of subduction zones (aftddyeda and Kanamorf1979]), based on the geometry, the
subduction direction relative to the mantle flow and the stress field affecting the upper and the lower plates.

2.4a), Scotia, Calabria, Hellenic, North Ryukyu [figured,Marianas [figure 2.4f], Sumatra [figure 2.44])
to straight (e.g., Tonga-Kermadec, South Solomon [figud®]2 Central America [figure 2.4d], Vanuatu
[figure 2.4e]) to convex (e.g., North Solomon [figure 2.4bdush Ryukyu [figure 2.4c], Central-South
America [figure 2.4h], Cascadia). Numerous mechanisms haeea proposed to explain the arc-shaped
nature of subduction zones: resistance to subduction fatively buoyant lithosphere [e.g., subduction of
aseismic ridge, oceanic plateau, or continental cmt 1973;Hsui and Youngquistl985;Malinverno
and Ryan 1986]; lateral variations in subduction interface congl{Mart et al, 2005]; slab rollback-
induced toroidal return flow around lateral slab edgesfenna et a)2004;Schellart et al,2004;Stegman

et al, 2006;Morra et al,, 2006;Schellart et al. 2007;Loiselet et al.2009]. According ttMahadevan et al.
[2010], arcuate arcs occur in steeply dipping lithospheee, Mariana-type), and straight arcs in shallow
dipping lithosphere (i.e., Chilean-type). The most sigaifit exception to these observation is the Tonga-

Kermadec subduction zone, straight-shaped and convechttward despite the high angle slab.
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Fig. 2.3. Active subduction zones (red lines and contours) nd major plate boundaries (black

lines). Calabria, Aegean and Cyprus slab contours are from he SHARE-edsf database
(http://diss.rm.ingv.it/SHARE-edsf/). Antilles and South-Philippines slab contours are from tle RUM-

database hOttp://rses.anu.edu.au/seismology/projects/RUN/ The remaining subduction contours are from the

slab 1.0 database Kttp://earthquake.usgs.gov/research/data/slap/ The name of the subduction systems are
reported in the text boxes. Green lines indicate the locatio of the sections showed in figure 2.5.

Subduction zones and their associated slabs are limiteditaral extent (250-7400 km). Their
three-dimensional geometry evolves over tingeljellart et al. 2007] and can often be quite complex
[Jadamec and Biller2010]. In addition, complex patterns of mantle circulat@an develop above slabs
[Honda and Saitp2003;Zhu et al, 2009].

Slab width controls two first-order features of plate teaenthe curvature of subduction zones and
their tendency to retreat backwards with tinszhellart et al[2007] proposed that the trench migration
rate is inversely related to slab width and depends on theimpity to a lateral slab edgé&chellart et al.
[2004], Stegman et a[2006] andMorra et al.[2006] found that, with progressive slab rollback of narrow
to intermediate-width slabs, an arc concave toward the Imavedge developsSchellart et al.[2007]
showed that the slabs with intermediate widths (2000 km{ terbe stationary and straight. There is no
relation between radius of subduction zone curvature aatal dip angle. The radius of trench curvature
progressively decreases with continuous trench retratstérts to increase when trench retreat changes to
trench advancejchellart et al. 2011]. Regardless of the the proposed controlling fatiheralong-strike
slab geometry appears to be first related to the hinge mot#onit shows respectively a concave or convex
shape toward the mantle wedge in case of retreating or ashgammenches. A straight shaped slab evolves
in case of stationary trenches.

High-resolution seismic tomography models [exan der Hilst et al. 1997;van der Hilst 1995;
Grand, 1994;Widiyantoro et al. 1999] suggest various scenarios for deep slab behavioslabdnter-
action with the transition zone (at 670 km; Figure 2.5). Imsosubduction zones slabs are observed to
penetrate through the upper-lower mantle boundary withaytsignificant deformation (e.g., Kermadec,
Java, central America). In other subductions, slabs aredmtally deflected by the boundary (Tonga, Izu-
Bonin). Once slabs reach the top of the lower mantle, slakadgles can become progressively shallower
or steeper if there is an advancing-retreating trench riarde.g.,Faccenna et a).2001a] because the
slab becomes anchored in the higher-viscosity lower maBglevay of example, seismic tomography has
been used to image the slab beneath the Mariana arc pengtrattically into the lower mantle, whereas
beneath the Izu-Bonin arc the slab appears to be deflectembhtally on top of the 670 km interfac&fiou
and Clayton 1990;Fukao et al, 1992;van der Hilst and Send 993;Gudmundsson and Sambridd®98;


http://diss.rm.ingv.it/SHARE-edsf/
http://rses.anu.edu.au/seismology/projects/RUM/
http://earthquake.usgs.gov/research/data/slab/
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Fig. 2.4 (caption in the next page)
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Fig. 2.4. Coastlines and 3D views of selected slab interfacat depth shown in figure 2.3: a) Aleutians, b)
Solomon, c) Ryukyu, d) Central America, e) Vanuatu, f) Izu-Bonin, g) Sumatra and h) South America. Sub-
duction contours are from the slab 1.0 databaseh(tp://earthquake.usgs.gov/research/data/slalp/ Chosen slabs
are representative for the geometries discussed in the texll linear (Central America, Vanuatu, E-Solomon, N-
Izu-Bonin, S-South-America), curved concave (Aleutiang\-Ryukyu, S-1zu-Bonin, Sumatra) and curved convex
(N-Solomon, S-Ryukyu, N-South-America) examples are pragied (see section 3.8.3 for further explanations).

Widiyantoro et al. 1999;Miller et al., 2005]. To illustrate the variety of slab-lower mantle natetions, a
summary of cross-sections across subduction zones isegporfigure 2.5. Most of these geometries will

be reproduced and tested in the models presented in this.thes

2.3 Stress field in subduction zones

The state of stress affecting the lithosphere is mainly ategeby seismicity. On the base of stress
regimes, Jarrard [1986] subdivided subduction zones iifferent classes, with end-members ranging
from strongly extensional to strongly compressional. Tiieknces between the two mentioned classes

can be found analyzing the stress field within both the lowerthe upper plates.
2.3.1 Stress field in the lower plate

The stress field in the lower plates is extremely variablé kath depth and among different subduction
zones (Figure 2.6). Down-dip variations of stress withatbs| are ruled by tectonic forces acting on the
system (Figure 2.1). Shallow seismic events in the trendkfaise generally indicate a transition from ex-
tension to compression with depth [e. §eno and Yamanak&996]. Extension is consistent with the bend-
ing of the plate prior to subduction. Compression at crudgaths is related to the coupling and consequent
friction between upper and lower plates and generates tgedaearthquakes worldwide (e.g., the 1960
Valdivia earthquake[{y 9.5], the 2004 Indian Ocean earthquaRé{ 9.3] and the 2011 Tohoku earth-
quake My 9.0]; Figure 1.1Barrientos and Ward1990]; Stein and OkaJ2005]; Fuijii et al. [2011] and
references therein). The reconstructed stress field ferrirediate slab depths (focal depths between 100
km and 300 kmlsacks and Molnar1971]) shows the highest variability, ranging from dowp-ektension
to down-dip compression. Analyzing the global compilatibthe CMTs catalog (for the last upgrade refer
to Ekstrom et al[2012]),Isacks and Molnaf1971] defined three categories of slab: intermediate sikben

(IE), intermediate extension-deep compression (IE-Df,iatermediate compression-deep compression


http://earthquake.usgs.gov/research/data/slab/
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Fig. 2.5. Cross-section showing the slab geometry for a nureb of well-constrained subduction zones on Earth
[after Schellart et al, 2010]. Small arrows indicate the location of the trench. (aHikurangi slab; (b) Kermadec
slab; (c) Tonga slab; (d) New Hebrides slab; (e) New Britain lab; (f) East Java slab; (g) Sumatra slab; (h)
Andaman slab; (i) Sangihe slab; (j) Mariana slab; (k) Izu-Bain slab; (I) Japan slab; (m) Kuril slab; (n) Aleutian
slab; (0) Alaska slab; (p) Southern Peru slab; (q) Scotia sk (r) Betic-Rif slab; (s) Calabria slab; (t) Hellenic

slab. For subductions location refer to figure 2.3
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(IC-DC) types. A check using an up-to-date data set and hettestrained slab geometries was recently
made byBailey et al.[2012], with consistent results (Figure 2.6).

At intermediate depths, bending and unbending (Figuretatg been invoked as the cause of double
seismic zones with opposing stresses in the upper and lowexfaces of the slalEjngdahl and Schojz
1977;Kawakatsy 1986], usually showing down-dip compression and extensispectively [Hasegawa
et al, 1978]. Analyzing seismological dafeassiliou and Hagef1988] concluded that the state of stress
of slabs between 100 and 300 km is regionally dependent. Baspquakes (focal depths between 300 km
and 700 km) are typically down-dip compressional in all Wa@&anioff zones that reach the upper-lower
mantle transition, reflecting the increasing resistanamentered by the subducting lithosphelsatks
and Molnar, 1969, 1971]. This resistance is related to the viscositygand to the thermodynamic effects
of the phase change at the 670 km discontinuity. As a firstaqdmation density driven slab-pull should
generate down-dip extension in the slab [eAnderson 2001;Conrad and Lithgow-Bertelloni2002],
while viscous resistance to penetration into the lower teaesults in down-dip compression.

The occurrence of down-dip compression at intermediatéhdep enigmatic if slab pull is considered
as the main driving force in subductions. Its origin was expd by the occurrence of metastable olivine
wedges in fast subducting oceanic lithosphere. Such nablastedge could create negative density anoma-
lies counteracting slab-pulBjina, 1996, 1997]. On the contrary, within slow slabs the coriearsf olivine
to wadsleyite should occur shallower than 410 km, whereastimversion of ringwoodite to perovskite
and magnesiowustite should occur deeper than 660 khar]e, 1993], creating opposite forces that com-
press the lithosphere at these depths (Figure 2.1). A reviewvailable data [e.gDoglioni et al, 2007]
indicates that dominant down-dip extension occurs, atnmeliate depths, along E or NE directed (i.e.,
Chilean-type) subduction zones (e.qg., the Nazca plate ile Ghbduction zond$acks and Molnar1971;
Rietbrock and Waldhausg2004] and the Cocos plate in Mexican subduction zdviarfea et al. 2006])
and down-dip compression along west directed (i.e., Marigpe) subductions (e.g., Tongalen and
Brudzinskj 2001;Chen et al. 2004]) (Figure 2.7). Exceptions to this pattern ocdriefbrock and Wald-
hauser 2004] and can be observed in regions of oblique plate cgevee and of higher focal mechanism
heterogeneity. These regions are located where alorig stianges in slab geometries ocdailey et al,
2012].

2.3.2 Shallow intraplate stress field

At shallow depths (5-50 km), the stress field in the uppereglahows high variability (Figure 2.8).

What one might expect in a convergent setting, is an ovaralich-normal compression. This is true in
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Fig. 2.6. Average source mechanism tensor results for the 3@n depth bins that contain < 3 CMTs for 34 sub-
ductions [modified after Bailey et al, 2012]. Background colors for the slab labels indicate whégr the slab is
shallow (i.e., Chilean) or deep (i.e., Mariana) type (see x¢ for explanation). The beach-balls background in-
dicates: down-dip extension (light red), down-dip compresion (light blue), oblique orientations (light yellow),
other orientations (dark gray). The radius indicates the casistency of orientations among the summed popula-
tion. For deep slabs, a black solid line indicates the estintead change from extension to compression.
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Fig. 2.7. Compilation of the slab dip measured along crossestions perpendicular to the trench of most sub-
duction zones (modified fromRiguzzi et al.[2010]). Each line represents the mean trace of the seismtiigialong
every subduction. Intermediate down-dip compression andgerage higher dip-angles characterize W-directed
intra-slab seismicity (blue lines), whereas intermediatelown-dip tension and shallower dip-angles characterize
the E- or NE- directed slabs (red lines).

many cases, such as compression occurs in the upper plae/fmal subduction zones (e.g., South Amer-
ica, Sumatra, Central America, Vanuatu and Solomon; seesfigBa-e). As a matter of fact, extensional
processes characterize the upper plate of many subdu¢gans Aleutians, Vanuatu, Ryukyu, Mariana
and Philippines; see figure 2.8f-)). These tensional stesharacterized by the largest compressive hor-
izontal stress axes (hereafter SHmax) parallel to the séaizh, represent the response to a fundamental
process affecting the upper plate tectonics, i.e., theldpu@ent and evolution of back-arc basins. Trench
rollback and slab retreat were identified as the principathaisms that origin tensional stresses in the
back-arc basindjoglioni, 1991;Dvorkin et al, 1993;Faccenna et aJ.1996, 2001a,bjolivet et al, 1994;
Doglioni et al, 2007], while trench-normal compression occurs when therraing plate is advancing
[Heuret and Lallemand2005;Doglioni et al, 2007]. The margin curvature appears to control the tectoni
regime Bonnardot et al.2008], since an oceanward convex shape induces a mardfinasgbciated with

a compressional regime. In contrast, the margin in fronhod@eanward concave margin undergoes subsi-

dence and induces an extensional regime in the upper platrs, & slight change in the margin geometry



20 2 Geodynamic problem

from convex to linear or even concave would induce a sigmifieariation of the stress regime within the
upper plate, especially in the direction of the stress aXesre is an excellent correlation between slab dip
and upper plate strain. Back-arc spreading is observedsigp dlabs, whereas back-arc shortening occurs
only for shallow slabslfallemand et al.2005].

Focusing on the stress axes direction, high variabilityofes from differences in the geometry of
trenches, emphasizing the geometric control over the tiegudtress field. The lithosphere in the upper
plate shows preferred trench-perpendicular or sub-pélipelar direction for the compressive SHmax axes
(see blue axes in figure 2.8a-e), while trench sub-paraillettion is recognized for the normal SHmax
axes (see red axes in figure 2.8f-j). This pattern is maiathimlong the strike of linear trenches (e.g.,
Chile, Solomon and kermadec) or adapts to the trench cuevatudeflections of non-linear trenches (e.g.,
Sumatra, Aleutians and Mariana). Widespread stress axatioro affects the lithosphere in regions near
the trench tips, appearing to "wrap” around the slab edggs, (dorth of Vanuatu or East Alaska; see figure
2.8d and f). In addition to the role of trench geometry, d@ffeaf the mantle return flow around the edges
of the subducting slabs, induced by trench migration, caoolatribute to the deformation of the shallow
lithosphere Russo and Silve1994;Long and Silver2008, 2009].

The stress field affecting the lower plate at shallow depEHsQ km) is generally represented by axes
lying sub-parallel to the subduction trenches (Figure .Z8gvailing normal stress regime (red lines in
figure 2.8) is consistent with the bending of the plate priostibduction. Strike-slip and compressional
SHmax stress axes (green and blue lines in figure 2.8) do Howfany particular trend, and are mostly
detectable around the trench lateral edges. This lattergraferably associated with local mechanisms of

lithospheric deformation.

Fig. 2.8. Intraplate stress orientation (0-50 km depth) forthe principal subduction zones. Direction of the largest
compressive horizontal stress (SHmax) for thrust (blue), armal (red) and strike-slip (green) stress regimes is
shown (data afterHeidbach et al.[2008]. The length of the lines does not contain magnitude farmation. Plate
boundaries (after Bird et al. [2008]) and coastlines are shown as black lines. Yellow aves represent the local
relative motion of the global mantle flow (modified from Doglioni et al.[1999]). Black arrows indicate the mean
dip direction of the subduction interfaces. Note that in thea) South America, b) Sumatra, c) Central America,
d) Vanuatu and e) Solomon islands subductions the yellow arldlack arrows are oriented approximately toward
the same direction (i.e., the mantle motion sustain the slgbwhile for the f) Aleutians, g) Kermadec, h) Ryukyu,
i) Izu-Bonin and j) Philippines subductions the yellow and Back arrows have opposite directions (i.e., the mantle
motion oppose the slab). The various panels are not to the sascale of representation.
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2.4 Relative plate kinematics and absolute plate motion

Modelling subduction zone processes requires an accuatdijcation of the velocities of the plates
and their boundaries. The dynamics of a plate boundary,e#imdught in a simple relative way considering
how one of the two involved plate moves respect to the othasilfederived from plate motion models).
In a destructive margin, relative plate motion is fully déised by the motion of the subduction hing&
and of the lower platel{) (both the hinge and the lower plate can converge, diverdpe atationary) with
respect to a fixed pointf) in the upper platelpoglioni et al, 2007] (Figure 2.9).

Following this argument, the subduction rate (i.e., the@we#y with which the subducting lithosphere
enters the subduction zof€) is given by the velocity of the hinge minus the velocity oé lower plate
(i.e.,Vs = Vg — V1). With this assumption the velocity of subduction increasedecreases respectively
when the hinge diverges (i.8/y is positive in the equation; figure 2.9a) or converges (Vg.Jjs negative
in the equation; figure 2.9b) relative to the fixed (il&;, = 0) upper plate.

Combining the different movemenf3pglioni et al.[2007] obtained humerous kinematic settings that
can be compared with real subduction zones worldwide. Véhatmediately clear analyzing the proposed
kinematics is that the subduction hinge mainly diverges@ld/-directed subduction zones (e.g., figure

2.9a), whereas it converges more frequently along E- or Mé&ctdd subduction zone (e.g., figure 2.9b).

a) Vu=positive  Vi=negative
U=fixed H=diverging L=converging
® back-arc spreading r) <
Vu=0
VS:VH_VL VS=VH+VL
b) Vu=negative VL=negative
H=converging L=convergin
U=fixed 9ing ging
2 back-arc uplift
VU:O p/’
Vs=Vi-Vu

Fig. 2.9. Basic kinematics for a subduction zone (modified &im Doglioni et al.[2007]) assuming fixed the upper
plate U, a converging lower plate L, and a diverging (a) or comerging (b) subduction hinge, H. The subduction
rate Vs is given by the equation in the box. Vs increases when Hiverges relative to the upper plate (a) and
extension characterize the back-arc region (typical of W-dected subduction zones), whereas decreases if H
converges (b) and compression in the back-arc region is enheed (typical of E- to NNE-directed subduction
zones).
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The upper plate is characterized by the occurrence of a aechkasin in case of diverging hinges or it is
shortened in converging hinges realms (as seen in sec8d?) Zegardless the relative motion of the lower
plate.

The dynamics of plate margins is, however, primary corgrbbly the absolute plate motion. Hot spots
provide a reference frame for the absolute motion of plageg. [Norton 2000]. Hot spot tracks indicate
that a relative motion occurs between the lithosphere amdiderlying deep, high-viscosity mantle (Net
Rotation [e.g.,Ricard et al, 1991;O’Connell et al, 1991]), with the asthenosphere likely acting as a
detachment layer owing to its low viscosity [e.Banza et al.2010].

The origin of the net rotation goes beyond the scope of thasish but it is widely discussed in the
literature. Plate motions are widely considered as rel@t@gantle convection [e.gTurcotte and Oxburgh
1967;Bercovici 2003], driven by buoyancy forces resulting from densitgraalies [e.g.Anderson2001;
Gérault et al, 2012]. The tidal drag has been proposed as the driving méahde.g. Wegener and Skerl
1922;Bostrom 1971; Scoppola et aJ.2006] althoughJordan[1974], Ricard et al.[1991] andRanalli
[2000] demonstrated that this hypothesis is incompatibith present day estimates of upper mantle vis-
cosities. FoRicard et al.[1991] the net rotation (NR) is due to differential platestia coupling between
oceanic and continental plates.

Several researchers proposed a global or net westwardo@ltifie lithosphere relative to the mantle
[e.g.,Bostrom 1971;Gripp and Gordon 2002; Cuffaro and Jurdy 2006, Figure 2.11]. The amplitudes
of westward drift strongly depend on inversion choices.(ezgler poles for slow moving plates, such
as Africa, and hot spot selectioRitard et al, 1991;O’Neill et al., 2005]). Average rates of 4.9 cm/yr
have been proposed in the frame of Model HS33ripp and Gordonf2002]. According to Model SB04
[Steinberger et al.2004], if hot spots are allowed to move with respect to eablerothe amount of net
rotation is about 38% of that predicted by HS3. Amounts ofatttion of about of HS3 are consistent with
the observed azimuthal seismic anisotrapg¢ker 2008]. A value of 2 cm/yr was proposed Bycard et al.
[1991]. RecentlyCrespi et al[2007] proposed a new kinematic model and concluded thateheestward
drift can be as high as 13.4 cm/yr. In summary, a wide conselnas been reached in the literature about
the existence of a westward drift but not about its magnitude

A debate regarding whether hot spots are deep or shallowréssahas ensued in literaturéoplger,
2005]. If a deep origin is assumed for hot-spots, the plageerally move westward, but the Nazca plate
moves eastward with respect to the mantle [eZgipp and Gordon 2002, figure 2.10a]. If their source
is shallow, then all of the plates move westward [elpglioni et al, 1999;Cuffaro and Doglioni 2007,

figure 2.10b]. However, these simple kinematic models digph the net rotation of the lithosphere with
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Fig. 2.10. Absolute motions of South America and Nazca plaserelative to the mantle in the deep (a) and in the
shallow (b) hotspot reference frames (modified fronDoglioni et al.[2007]).

respect to the mantle could be complicated by other prosesseh as net rotation associated currents
induced, for example, by continental keels [ezlhong 2001;Becker 2006], or general return flow, which
is not necessarily connected to net rotations [¢lgger and O’Connell1981]. These regional flows could

be different with respect to the above described global ladlotv.
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Fig. 2.11. Worldwide shear-wave splitting compilation (déa from the splitting database, Wistefeld et al[2009]).
Black dashed lines represent the tectonic mainstream of abkute plate motion (modified from Doglioni et al.
[1999]; red dashed line is the tectonic equator. The red arrars indicate the relative motion of the global mantle
flow.

Measurements of seismic anisotropy represent the most dioservational constraints on mantle flow
patterns and its relations with plate motions [eSilver, 1996;Savage1999;Park and Levin2002;Long
and Becker2010]. Seismic anisotropy in the mantle is generally agslita be the result of lattice/crystal
preferred orientation (LPO/CPQ) of mantle intrinsicallyisotropic minerals (such as olivine). A world-
wide compilation of mantle LPO fromustefeld et al[2009] is plotted in figure 2.11.

In regional studies, many issues of smaller-scale mantaleition in subductions zones can be high-
lighted by seismic anisotropies. For example, trenchif@fast azimuths are commonly found in the fore
arcs, and progressively rotate to trench perpendiculdéramack arcKneller et al, 2005;Long and Silver
2009;Faccenda and Capitanj®013;Lynner and Long2013]. Along-strike of slabs, fast directions fol-
low the trench curvature as it bends. At the edges of the sttlmhuzone, fast azimuths align in a circular
pattern [e.g.Baccheschi et 8l2007;Long and Silver2009;Lynner and Long2013], maybe induced by a
toroidal mantle flow around the slab edges, due to the rakib@otion of the slabs(ivello and Margheritj
2004;Schellart et al. 2010].

What is clear from the foregoing observations is the strarigraction between the descending litho-
sphere and the mantle circulation. Mantle motion affe@shometry and the state of stress in subduction
systems, while the sinking lithosphere changes locallyglbéal mantle circulation. Small scale mantle
flow affects the arcs geometry [e.§accenna et a).2004] and can explain much of the observed dynamic
topography and micro-plate motioRgccenna et a).2010]. The effects of mantle circulation on the stress

field in subduction zones will be tested.


http://www.gm.univ-montp2.fr/splitting/DB/index.html
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Plate scale numerical models

Guideline to the chapter contents

In this chapter, by means of numerical models, | study theptexrand extremely variable state of stress char-
acterizing worldwide subduction zones. Then | discuss dleof driving-resistance forces and plate geometries for
generating the stress field. Models are built to evaluatedttribution of plate kinematics (convergence between
plates and relative motion between lithosphere and stiodipheric mantle), geometry of the system (i.e. curved or
linear trench, lateral extent and depth reached by the sthleplogy (effects of viscosities utilized for asthenosighe
and lower mantle layers) and gravitational anomalies (slgb pull) to the definition of the present-day stress field at
different subduction zones. This has been achieved withdahelopment of 2D (section 3.8.1), "para-3D” (i.e. sym-
metric in the third dimension: section 3.8.2) and real 3[.(asymmetric in the third dimension: section 3.8.3) generi
models. The aim is to analyze the interaction between théustibd slabs and the geodynamic forces that stress the
system, to reproduce the observable for both the upper amdrlplates at crustal depths and for intermediate and
deep subducted lithosphere. The interaction between stibduslabs and the viscosity jump at upper-lower mantle
transition has been also investigated (in section 3.8.3)d&l geometries are drawn on the basis of real subduction
zones characteristics. Model results are compared witla dism known convergent margins. The starting-point as-
sumption is that model and real subduction have similar gagdmkinematics features; the end-point must be a stress

field comparable with that observed in real subduction zones
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3.1 Introduction

The 2D and 3D modelling presented in this thesis was perfdrasing the finite elements method
(FEM), with a viscoelastic approach. My models describedyw@amic evolution in convergent plate mar-
gins, simulating the subduction of an oceanic under a cental plate.

The viscoelastic approach, widely used in literature tost@in the state of stress in slal@fminati
et al, 1999;Negredo et al.1999b;Carminati and Petricca2010;Petricca et al, 2013], is here based on
a linear Maxwell rheology considered appropriate to repoedthe overall response of a subduction for
geological time scales. This kind of approach is able toadpce the long-term viscous behavior of the
lithosphere and mantle, taking into account the elastiufiern a shorter time-scale. Viscoelastic rheology
is useful to study the mechanical response of a structurétenstate of stress created by different initial
subduction conditions, assuming “a priori” geometriedeatthan to simulate self-generated geometries
(as done by viscous flow models; ezhong and Gurni§1995]).

The models simulate the dynamic evolution of convergengimar assuming an initial configuration
that reproduces mature stages of the process. The aim isatgzarthe interaction between the already

subducted slab and the geodynamic forces that stress ttegrsys

3.2 Previous works

Since many physical and geological aspects of subductimmaire enigmatic mainly due to limited
observations in both time and depth, the subduction praessains one of the most challenging geody-
namic processes investigated with numerical techniguees{mg, 2007;Billen, 2008;Geryg 2011, and
references therein for a comprehensive list of paperditigettis subject].

The choice of the modeling technique depends on the qudstioig addressed and on the observable
to be investigated. There are two end-members for modelibggcted slabs: kinematic and dynamic
subduction models.

Kinematic models make the assumption of imposed velocéres require careful use of initial and
boundary conditions. The input parameters are the pragseofi subduction zones (e.g., plate rheology,
plate velocity, and slab dip). As this approach attemptsadtaie the influence of one or a small number
of physical parameters on subduction process, kinematietaaare often used in seismic, stress field,

and petrologic investigations [e.dvolnar et al, 1979;Helffrich et al, 1989;Staudigel and King1992;
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Peacock et aJ.1994;Peacock 1996;Kirby et al,, 1996;Bina, 1996, 1997Carminati et al, 1999;Marton
et al, 1999;Negredo et al.1999b;Marton et al, 2005;Carminati et al, 2005].

In dynamic calculations, the plate velocity, slab velodiyd slab dip are not input controls, but rather
are results of the modelling and are controlled by imposecefoand assumed rheologies. This makes it
more difficult to set up a calculation with a geometry thaerebles a specific subduction zone. These
dynamic models produce more realistic subduction scesgself- generated), but it is often difficult to
isolate the influence of individual parameters. Dynamib steodels generally provide lower resolution
than kinematic modelsing, 2007]. Dynamic slab models have been largely used to iigatstthe factors
controlling slab dipGurnis and Hager1988], the interaction of slabs with phase chan@sistensen and
Yuen 1984;Zhong and Gurnis1994;Christensen1996;Ita and King 1998], the geoid and topographic
profiles over subduction zones [e@avies 1986;King et al, 1994;Zhong and Gurnis1995;Chen and
King, 1998;Zhong and Daviesl999], the mass transfer between the upper and lower njargleDavies
1995; Christensen1996;Kincaid and Olson1987;Kincaid and Sacks1997;King et al, 1997;lta and
King, 1998], and the role exerted by mantle fldBillen and Gurnig 2001, 2003Schellart et al, 2011].

The evolution of slabs in the mantle can be divided into tlatages: subduction initiation, long-term
behavior, and subduction cessation. My modelling appréagiointed to analyze the long-term behav-
ior, providing single snapshots at different stages of tinie-dependent process. In particular, attention
has been focused on slab subduction and bending processza) bnd depth variability of subduction
processes in 3D and overriding plate dynamics. All these@sghave been explored in literature.

Several numerical studies have been performed to addressflilence of overriding plate dynamics
on subduction processdn Hunen et a).2000;van Hunen and van den Berg004;Sobolev and Babeyko
2005;Clark et al, 2008;Gerya 2011], the resistance to subduction of the slab at dépghidhsen et a).
2005; Schellart 2005] and the 3D effects of mantle flow circulatidgidnda and Saitp2003;Zhu et al,
2009], of mantle flow over the subduction geometry [eSghellart et al. 2004;Funiciello et al, 2006;
Morra et al, 2006;Schellart et al.2007;Jadamec and Biller2010].

Large-scale features of subduction zones, i.e. the fogebmlotion [e.g.Melosh and Raefsky980;
McAdoo et al. 1985;Zhong and Gurnis1994;Hall and Gurnis 2005], the trench geometrivprra et al.,
2006;Schellart et al. 2007], and the shape of the slaigssani et al. 1997;Funiciello et al, 2003] have
been also investigated using various rheologies, esheuwidh elasto-plastic or visco-plastic behaviors.

By means of kinematic numerical models, a crucial investidabservable is the stress regime of plates
and slab in convergent margins. 2D models using elastic pefhglastic rheologies [e.ddassani et al.

1997;Bada et al, 1998;Reynolds et a].2002;Babeyko and Sobolg2008] have been used to investigate
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subduction zones at regional scale. Models considerirggelastic rheologies were made both for the 2D
[Giunchi et al, 1996;Devaux et al.2000;Carminati et al, 2001;Carminati and Petricca2010] and the
3D [Negredo et a.1997, 1999a,lHashima et al.2008] cases.

3.3 The finite elements method

When studying a complex physical system, continuous inreatilis often not possible to determine an
analytical solution to the equations that describe its bigian these cases, the problem can be addressed
using numerical methods for the solution of partial differal equations (PDE’s). The first step is to dis-
cretize the system, i.e. to divide it into an equivalenteysbof smaller facilities (elements) for which it is
easier to determine the behavior. Their assembly wouldtieéuk real structure. Obviously, smaller com-
ponents imply: 1) the description of the system approadiesantinuous case; and 2) the complexity of
the solution increases. Itis crucial to look for a good badalbetween the accuracy required for the solution
and the complexity of the studied problem. For a large nurobsubdivisions is not possible to manually
analyze the enormous volume of data and electronic prougessiessential. The numerical solution of a
system of PDE’s can be conveniently transformed into a liaégebra problem and implemented through
algorithms on computers.

The finite elements method [e.gtn and Guermond2004] describes the deformation of a system by
the solution of partial differential equations in one or mwariables and known analytical form, defined in
small regions of the “continuum”. The solutions are forntetafor each elementary unit and combined to
obtain the solution for the whole original structure. Ortoe geometry, the equilibrium laws, the equation
of motion and the constitutive relations of materials areperly described, the discrete implementation
on the computer is performed. First the whole integratiomdin is divided into small elements, with a
size sufficiently small compared to changes in the quastitide analyzed. This set of elements forms the
mesh.

The process of discretization is done by splitting the mddedugh fictitious surfaces into simple
shaped small elements (triangles or quadrilaterafdin polygons in3 D), connected together by nodes.
For each element a linear combination of functions (shapetfons) is solved, with degrees of freedom
which represent the unknowns of the problem. The resultautaed for each node will give values that
are not necessarily those of the original function, buteathe values that provide the least error over all

the solution. Interpolation criteria allow to know the st for each point of the element.
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The minimum requirements that the final solution must respee 1) the continuity of movement

between adjacent elements; and 2) the equilibrium betwetenral and internal forces.

3.4 Governing equations

The fundamental relationship to be considered in this kinghalysis are:

1. compatibility equationglescribing the geometric relations between deformatmmhdisplacement;

2. constitutive equationslescribing the relations link between the state of stradsstrain;

3. equilibrium equationsequation of motion that connect stress and applied bodyefor

The unknowns (degrees of freedom) to be solved are dispkutsmat nodes, from which the strain

is calculated using the following compatibility equation:

ou )
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wheree is the strain tensor ang v andw are the displacements in y andz directions.

The models discussed in this thesis consist of viscoelastirials, i.e. characterized by an elastic
behavior (Hookean) on the short term and by a viscous behé@wtonian) for times greater than the
relaxation time. The elastic behavior of an isotropic s@idefined by two independent elastic constants

A andu (Lame parameters), through a matfx( ,,,—¢ « n—¢ ) With 12 non-zero components:
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D= (3.2)

applying the relations:

Ev
T &

E

T (3.4)

N:G:

the matrix of elastic constani3 can be expressed as a function of Young’s moddéler longitudinal

elasticity) and Poisson ratio(transverse contraction coefficient):
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E(1—v?) Ev Ev
14+v)21-2v) 1+v)1-2v) (1+v)(1-2v) 0 0 0
Ev E(1—v?) E(1 —v?)
T+0(1-2) O1v2(-2) O+2(-20) ° 0 0
Ev Ev E(1 —v?) 0 0
A+ -2v) (+v)1-2v) A+v)2(1—2v)
E (3.5)
0 0 0 30+ 0) 0 0
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Using the constitutive equation in the case of linear eddsthavior, the stress tensois defined as:

Og Ex — €0z 00x
Oy €y — €oy Ooy
o= Oz -D €z — €0z 00z (3 6)
Oxy Exy — E0xy O0zy
Oxz Exz — E0xz 00xz
Oyz Eyz — E0yz O0yz

whereoy andeq are respectively the initial stress and strain of the maltednsidered. The viscous
behavior depends on the dynamic viscosityepresenting the coefficient of proportionality betweass
o and the rate of shear deformation of the sa@ligstrain rate). The constitutive equation for a Newtonian

viscous material is:
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The viscoelastic model has a highly time-dependent behawtdch then becomes a variable with a
specific physical meaning. In fact, the constitutive relatdf a linear viscoelastic material can be consid-
ered by the combination of an elastic behavior on short ticakes, and a viscous behavior for longer times
of force application. The time limit between the two meclsams is called relaxation timg, and is typical

for each material as it depends on the ratio between vigcasd shear modulus:

T, = (3.8)

A
Gi

We can for simplicity account a linear viscoelastic Maxwaiidy as the in series combination of a
spring with stiffness=; (Hookean spring) and a viscous dash-pot with coefficientigfosityn; (figure
3.1).

A stress §) applied to the model operates with the same intensity oh tha spring and the dash-pot,
i.e.orotal = 0op = og, Whereop andog are respectively the stress acting over the dash-pot and the
spring. The resulting strain is the sum of deformations a&dlion the dash-pat, and the springs; the

constitutive equation becomes:
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Fig. 3.1. Schematic of the generalized Maxwell model for theiscoelastic rheology.
deTotal dep deg o 1 [éc
=\ - | =\ = — | = 3.9
5t st ) T\ e m) T\ (3.9)

Following this deformation model, when the material undexga constant stress application, strain

occurs by two components: an instantaneous elastic defiamand a viscous deformation that grows
with time (i.e. duration of stress application). The lin&axwell model is characterized by the decay of

stresses exponentially with time, according the relaxatidules

—t

& =GieTi (3.10)

The equilibrium equations account for the balance of irekamd external forces. WitR' defining the

volume forces, the formulation for the 3D case is:
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this relationship in compact form becomes:
Vo=F (3.12)

3.5 Rheological parameters

The elastic rheological parameters used in this work aredas the Reference Model PREM
[Dziewonski and Andersph981], while the adopted mantle viscosity values are abast with literature
studies (for the upper mantl8pada et al[1992]; Kaufmann and LambedR000]; Nakada and Lambeck
[1989]; for the lithospheric mantléiouseman and Gubbirfi$997]).

In contrast toWhittaker et al[1992], where the upper lithosphere is considered peyfedtistic, we
have modeled this layer by a viscoelastic rheology. Theehweiscosity of the crust yields relaxation times
greater than the solution time for the models, so that thet trehaves largely in an elastic way. This choice
according to previous studie&iunchi et al, 1996], avoids unrealistic bending stresses.

Isostatic forces must be addressed in modeling, as thegtdfie behavior of the tectonic system.
However, gravity is not applied as a body force through thelet® (i.e. it does not act in the absence
of other forces applied to the model), but is considered aadunctive subdomain condition acting on
upper model surface (Winkler foundationilliams and RichardsofiL991]). The Winkler foundation is a
vertical pressure- Apgv (WhereAp is the difference between crust and free air densitiés the gravity
acceleration an the vertical displacement) that counteracts displaceraettie model surface (minus

sign). This representation of isostatic forces allows usasily introduce density variations in the model,
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and also reduces its definition only to region affected byiggtional anomalies. The parameters that must
be defined for viscoelastic materials are: (1) Bulk modutugeq. 3.13) (2) shear modulés; (eq. 3.14)
and (3) relaxation tim&; (eq. 3.8).

For every region of the model, materials are defined by theastie properties, raised through the
Young modulust, the Poisson coefficient and the dynamic viscosity. From these we can define the

above introduced viscoelastic parameters (bulk and shedulus), using the following relations:

K= 3(1—2v) (3.13)

(3.14)

From these equationsitis clear that the rheology of eachniaatan be defined simply on the basis of 3
parameters, which describe the whole elastic and viscapepties: elastic modulus, Poisson coefficient
v and viscosityn.

The initial rigidity G (i.e. rigidity for time smaller than relaxation timi&), is always considered null
to avoid unrealistic additional stiffness (figure 3.1). &bles 3.1, 3.2, 3.3 and 3.4 are reported the values

used for the Earth layers rheological parameters.

3.6 Description of models

The models represent the Earth through two-dimensionébsscand three-dimensional portions of
a convergent margin and extend from the topographic sudaeen to a maximum depth of 1000 km.
Geometries are all characterized by an oceanic plate thatusts below a continental plate, including
the crust, the lithospheric mantle, the asthenosphereygber mantle and part of the lower mantle. In
agreement with average global values, the continentaldfihere has a thickness of 85 km, including 35

km thick crust and 50 km thick lithospheric mantle. The odeéithosphere is 60 km thick due to 10 km
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Name Expression (or Value) Units Description

E . 60e° Pa Elastic modulus
Go cr 0 Pa Initial rigidity

N er 1e Pa s Viscosity

Ver 0.25 - Poisson coefficient
K o 4e! MPa Bulk modulus

Gi er 3.75¢* MPa Relaxation time rigidity
T or 2.67¢'3 s Relaxation time

Table 3.1. Main constants and expressions used for the crust viscoelastic models. The subscriptr indicates
the crust.

Name Expression (or Value) Units Description

E 1t 1.75e'1 Pa Elastic modulus
Go 1t 0 Pa Initial rigidity

0 1ie 522 Pas Viscosity

Vit 0.27 - Poisson coefficient
K 1t 1.27€° MPa Bulk modulus

G 1it 1.11€° MPa Relaxation time rigidity
Ty 13t 4.5¢!? s Relaxation time

Table 3.2. Main constants and expressions used for the litisphere (it).

thick crust summed with 50 km of lithospheric mantle. An astbsphere approximately 200 km thick (i.e.
up to a depth of 300 km) was introduced in all the geometriesygh often merged in terms of rheology
to the underlying mantle.

The choice of introducing in some models an asthenospheheaniaverage thickness of 200 km is
consistent with the results of many studies, which showatlttie asthenospheric thickness is in the range
of 100 to 400 km [e.gGung et al, 2003]. Each layer is therefore characterized by differbablogical

parameters and thicknesses. Fundamental arrangemeatdedign phase was to split the subducting slab
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Name Expression (or Value) Units Description
Eum 1.75e*1 Pa Elastic modulus
Go um 0 Pa Initial rigidity

7 um 1e*! Pa s Viscosity

Voum 0.27 - Poisson coefficient
K um 1.27¢° MPa Bulk modulus

Gi um 1.11€° MPa Relaxation time rigidity
T um 9¢° s Relaxation time

Table 3.3. Main constants and expressions used for the upperantle (um).

Name Expression (or Value) Units Description

E um 1.27¢*1 Pa Elastic modulus
Go um 0 Pa Initial rigidity

N wm 1e%? Pas Viscosity

Voum 0.27 — Poisson coefficient
K um 9.2¢* MPa Bulk modulus

Gi um 8e? MPa Relaxation time rigidity
T wm 1.24e't s Relaxation time

Table 3.4. Main constants and expressions used for the lowenantle (Im).

into subdomains, needed during the process of model sefopcnegative buoyancy anomalies (i.e. slab
pull; see section 3.7 for initial setting strategies), wireriuded in the models.

Using three-dimensional numerical simulations of freedsudtion,Schellart et al[2007] showed that
the slab width controls two important features of platedeitds: the curvature of subduction zones and
their tendency to retreat backward with time. They also sltbthat the 3D effect mainly operates close
to the lateral edges of slabs. As a consequence, our 2D siondapply best to portions of wide slabs
far from the slab edges. Instead, 3D simulations aim to aedlye real effects in the third dimension. The

Models presented in this thesis, in logical order of deverlept, are:



3.6 Description of models 43

1. 2D models:

two kinds of geometries were used, with steeper(&md shallower (39 dipping slab (figure 3.3).
The aim was to analyze the different response to the dynaoficitation, over the two end-members
classes of subduction (i.e steeper Mariana type and steliohile type; Dickinson 1978;Uyeda 1981])
in a plane strain approximation (infinite extent in the thdichension).

With 2D viscoelastic models it was shown that the slab dipemgnot a controlling factor over the
resulting stress fieldJarminati and Petricca2010]. For this reason in subsequent stages only the gepmet

with a steeper slab was used.
2. Para-3D models:

laterally symmetric, obtained by the extrusion in the thdichension of the former 2D model (figure
3.5). This "intermediate step” between 2D and 3D modellingcpdure it was necessary to understand
whether the assumptions made in the plane strain apprarimatuld be extended to the third dimension

of the space.
3. 3D models with linear trench:

these and the following models are truly three-dimensimiate the slabs are laterally finite. Different
lateral extent for the trench (in the range between 500 td3400; figure 3.6) provides a good repre-
sentation of almost all known case of linear worldwide suttidun (e.g. from the laterally short Makran
subduction to the 3000 km long Chile subduction).

4. 3D models with curved trench:

these models are meant to simulate convergent marginsiloesdyy a curved slab shape, a common
features of subduction arcs. In a first set of geometriesagndownward slabs are simulated (figure 3.7).
This geometry of slabs is a typical in retreating hinge suitidus (see section 2.2).

Also slabs with concave upward shape (figure 3.8), usuallpddn advancing hinge subductions, are
provided. Different lateral extent for the slab (from 500 t@r8000 km along strike) are assumed in order
to represent the variety of natural cases, starting fronsthallest Calabrian and Nova Scotia arcs, up to

the largest Aleutian and Sumatran arcs.
5. 3D models with variable slab depth:

for both linear and curved trench geometries (with concaveavex slab; figure 3.9) different depths

reached by the subducted lithosphere were tested.
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These series of models are useful to fully understand tleeaotion between the subducted slab and
the viscosity jump which occurs at the upper-lower mantasition. Furthermore, these models are fun-
damental to understand the interactions between the stibduithosphere and lateral- toroidal mantle

flow.

3.7 Body forces and boundary conditions

The forces of subduction dynamics, that can act alternatelsimultaneously over the models, are
defined as boundary or conditions or as body forces actingaehportions (hereafter subdomains). For
a more detailed explanation of the settings for individuabiels, please refer to the following section 3.8.

The forcing processes that were simulated (alternativetggether) are:

- slab pult down pull of the subducting lithosphere induced by grdiataal forces due to density anoma-
lies within the slab;
- mantle flowrelative flow of the asthenosphere with respect to the diphere;

- plate convergence

As already introduced in section 3.6, gravity is not appéed body force. Instead, it is simulated as a
boundary condition applied on surface. The isostatic lw@anthus achieved by applying a forEe (like
a spring) perpendicular to each point on the topographiaser and proportional to the density contrast

recorded at the interface between lithosphere and atmosphe

Fs = —gv (piit — Patm) (3.15)

whereg is the acceleration of gravityy;; andp..., are respectively the lithosphere and air densities
andv is the vertical displacement at the surface.

Regarding the bottom of the models (located within the lomantle), it is improper to consider it
fixed. To overcome this limitation a Winkler foundation [eWilliams and Richardsari991] was applied
at this boundary as well. This kind of boundary condition gyates a vertical force that counteracts the

overlying model weight. Is easy to introduce the sprindgrsi$si,, defined by its constitutive relation as:
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where E is the elastic modulus4 and L are respectively the basal area (or basal length in the bi-
dimensional case) and model height. Once defined the spiffitess, | proceeded by setting up a force

F,, acting along the basal boundary of the models as:

Fy = — v (3.17)

wherev is again the vertical displacement. The minus sign is cameitl so that the spring balances
the vertical movements. A bottom boundary condition fixedhia vertical direction (i.e. only horizontal
displacement allowed) was also tested and the solutions feend to be comparable.

This representation of isostatic forces allows to easityonhuce gravitational anomalies within the
model subdomains. Slab pull, if considered is simulatedgiis expedient. Given the difficulty in know-
ing for various subductions worldwide the precise slab pdignitude, an homogeneous distribution of
such gravitational anomalies was used. The chosen vat0esy(m?) represent a good average of those
proposed in literature, ranging between 50ekg /m? obtained by thermo-viscous models [eDgwvies and
Stevensonl992] in case of slow subductions, uplt@0 kg/m? if eclogitization processes of lower crust
gabbroic rocks are taken into account.

When slab pullis included in the simulations, a negativesttgnomaly 060 kg/m? is applied within
lithospheric subdomains deeper than 200 km. Some simnfati@re runned adding the density anomaly
at shallower portions of the slab subdomains (from 100 kmigepimed to understand the effects of slab
pull magnitude over the resulting stress field.

Our models do not include rheological and density changescésted with the olivine-spinel phase
transition (at approximately 410 km). For a discussion andbntrasting effects of this phase transition
on the density anomaly of fast and slowly sinking slabs, daaler is referred to the work &ina[1996,
1997].

Plate convergence and asthenospheric flow, when forced delsicare simulated via prescribed dis-

placement condition over the boundary surfaces (or edg@®)nof the involved subdomains; i.e., the
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velocity can be set applying at the model boundary a hor@dali$placement at each time step equal to the
velocity multiplied by the duration of time steps.

Using various combinations of boundary and subdomain ¢mmdi, it is possible to force:

- convergence of the lower plat&7; ;) with fixed upper plate;

- convergence of the upper plaféy 1, ) with fixed lower plate;

- convergence of both platé¥y . + Vor);

- allrange of possible relative motion between the lith@spland the underlying mantle (e.g. subduction
and asthenospheric flow toward the same direqtidn, ) or toward opposite directior(¥z ./ );

- slab pull(Fyp).
Additional used boundary conditions in modelling procexuare:

- free boundaryfree motion is allowed in all directions;
- roller boundary only motion parallel to the edges (in 2D) or planes (in 3Dgllswed,;

- symmetry plan€3D): the values of variables are symmetric with respedbéopiane.

Summarizing about the boundary conditions, common candtifor all simulations are the roller
boundary or the Winkler foundation at the base of the modhts free boundary imposed at the sides
of the lower mantle and the spring for the isostatic forcetentop boundary.

The lithospheric lateral boundaries are kept both fixed & hbrizontal direction or alternatively a
prescribed displacement is applied to simulate plate ageviee (for the upper, the lower or both plates).
The same applies to the upper mantle lateral boundariehjsrcase to enable the asthenospheric flow
relative to the lithospheric layer.

Vertical movements are always allowed for all lateral baanes. Slab pull is forced in some simula-
tions via a density anomaly limited in few regions of the suttdd slabs.

In order to simplify the calculations, in 3D models planeswinmetry were used to halve the geome-
tries and then make the model less time and memory consuRmiger surfaces (i.e., free lateral and
vertical slip) are imposed at the boundary opposite of tmersgtry planes in 3D models. Para-3D models
instead require two parallel symmetry planes on sides.

Detailed settings for individual models are explained mtiext section. The relevant graphic symbols

for boundary conditions are reported in figure 3.2.
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Constraint Symbol
Free o,
Roller O O a
Spring % %
Prescribed displacement [; %j;
Symmetry plane X

Fig. 3.2. Constraint symbols used for the graphical descrition of numerical models.

3.8 Models setting

3.8.1 2D models

2D models are calculated in a plane strain approximatienain infinite and non deformable geom-
etry is considered in the third dimension of the structutee Tompatibility equation (3.1) for the two-

dimensional case becomes:
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Gardi et al.[2002] showed that the stress state of subducting slab#irgstrom numerical models
is strongly dependent on the geometry. For this reason t¥ereint geometries have been used in 2D

modelling, characterized by shallow (38ipping) and steep (8Xdipping) slabs. Geometries represent a
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2500 km long vertical section of the Earth along the subdudtiirection from surface down to 1000 km
depth (3.3).
Both geometries, representative for the two classes ofustilaoh zone (i.e. Chile and Mariana type;

see section 2.2), were drawn for simplicity dipping towdrel same direction.

__ Winkler

Foundation
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—>> l | <
i .
Asthenosphere 1 : Lithospheric Mantle
I I
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VEM— : Upper Mantle ! — VsMm
. I
! 1
! 1
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rE Y B - RN
O O O O O O O O O O O (a)
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‘j :’ 0 km 400 Lower Mantle J Rj '_"
P < ¥
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Fig. 3.3. Geometry, materials, and boundary conditions for(a) shallow and (b) steep dipping slabs. In these
illustrations a dotted line shows the base of the asthenosphe, when modeled. When modelled, a density contrast
was applied to the areas marked by the red grid. The dashed reangle shows the part of the model shown in
Figures of 2D results (section 4.1). ¥, (velocity of the overridding plate), Vi 1. (velocity of the underlying plate),
V eam (velocity of the mantle at the left boundary, i.e. encroachig the slab), and Vs, (velocity of the mantle
at the right boundary, i.e. sustaining the slab) indicate viocities applied at the boundaries. Constraint symbols
are explained in Figure 3.2.
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In the meshing (i.e., discretization) phase it was chosearséotriangular elements, since triangles are
characterized by less degrees of freedom and also fit begega@¢ometries. In other words, this choice
allows us to decrease the ratio between model complexitytemdumber of elements.

Given the large dimensions of model geometries (2500 x 1090 &lements dimensions ranging from
7 km to 50 km have been considered suitable. The mesh is diartbercentral portion of the model, with
nodal distances between 4 and 8 km within the lithospheessldb and in the mantle surrounding the slab.
The nodes become progressively less dense in areas distanttfe slab, till a maximum nodal distance

of approximately 80 km at the bottom of the model (see figu4a)3.

b)

a)

Fig. 3.4. a) 2D, b) para-3D and c) 3D meshes representativer fime three class of models described in the text.
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3.8.2 Para-3D models

The transition from 2D to 3D modelling is a key step in the &rélements approach. For this reason
it is necessary an intermediate phase in which the plani stesumption made for the bi-dimensional
case, is extended to the third dimension of the space. Oraxket for compatibility between the solutions
obtained in 2D and 3D simulation, it makes sense to devel@Bi2 models.

The plane strain approximation concept can be somehow aiaétt when a spatial dimension is added,
simply by considering both lateral surfaces of the model foundary planes parallel to the extruded sec-
tion) as symmetry planes (figure 3.5). The infinite extengidhe third dimension is then maintained, but
three-dimensional deformations become possible. Thidively simple Para-3D geometry is also funda-
mental to explore the more sensitive discretization preckoving from 2D to 3D case, the triangular
elements become tetrahedrons. This drives to an expohiesti@ase of nodes, unknowns (degrees of free-
dom) and thus of the complexity of the model. It becomes alscerdifficult to obtain a qualitatively valid

subdivision of the geometry.

VoL

VEM

Lower Mantle XK
400

Fig. 3.5. Geometry and boundary conditions for the para-3D mdel. Symbolic representation of boundary con-
ditions is the same used in Figure 3.3; brhigth symbols refeto hided planes. The front and back (parallel to
subduction direction) boundary surfaces are symmetry plaes. The dashed plane within the lithosphere sep-
arates the lower part of the slab interested by a density comast, and the upper part with no forced density
contrast. The dashed box shows the part of the model where relis are shown in section 4.2.
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The knowledge gained about 3D meshing, was subsequenthfoisthe even more complicated grid-
ding of the real 3D models. Para-3D model geometry was obtaly extruding in the third dimension
(perpendicular to the subduction direction) the steepeiiaeused in 2D modelling.

The para-3D model geometry is 2500 km long, 1000 km deep a0 kth wide (figure 3.5). The
mesh is composed of approximatély’ tetrahedral elements (see figure 3.4b) and is describedghrthe
solution of2x10° degrees of freedom. The boundary conditions are analogdbese used in the 2D case,

except that are applied to a plane rather than over an edge.

3.8.3 3D models

Fully three-dimensional geometries, characterized byrddly finite extent of the slabs are here de-
scribed. Unlike 2D and para-3D models that apply best toiqustof wide slabs far from the slab edges,
with 3D simulations it is possible to investigate also thgioas near the lateral tips of subducting litho-
sphere

These simulations allowed me to investigate the effecttheftateral extent, the arcuate or linear shape
of the slab, the interaction between slab and surroundingtlmahe effects on the resulting stress field
of both poloidal and toroidal components of mantle flow are\ttscosity of lower mantle as controlling
factor in stress definition for deeper regions of drowniradpsl

The investigation of all these features requires to degigridllowing four sets of models:
Linear trench 3D models

The slabs are characterized by a linear trend sidewaystetdhlateral extent of subducted lithosphere
(i.e. not halved geometry) of 500 km (figure 3.6.A), 1000 krgyfe 3.6.B) and 3000 km (figure 3.6.C).

Fig. 3.6. Geometry and boundary conditions for the linear 3Dmodels with lateral trench extend of A] 250 km
B] 500 km and C] 1500 km. Values are referred to halved geomeites, i.e. applicable to doubled geometries. The
front boundary surfaces are the symmetry planes. Symbolicepresentation of boundary conditions is the same
used in Figure 3.5; bright symbols refer to hided planes. The&lashed plane within the lithosphere separates the
lower part of the slab interested by a density contrast, andtie upper part with no forced density contrast. The
dashed box shows the part of the model where results are shovim section 4.3.
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%Cmst

Fig. 3.6. (caption in the previous page)



Fig. 3.7. (caption in the next page)
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Fig. 3.7. Geometry and boundary conditions for the curved 3Dmodels with down-concave slab. Symbolic rep-
resentation of boundary conditions is the same used in Figar 3.5; brhigth symbols refer to hided planes. The

front boundary surfaces are symmetry planes. The dashed ptee within the lithosphere separates the lower part

of the slab interested by a density contrast, and the upper pawith no forced density contrast. The dashed box

shows the part of the model where results are shown in sectioh3.

Curved trench - concave slab 3D models

With these models | simulate convergent margins descrilyea durved trench with concave down-
ward slab shape (typical of subductions with retreatingyaibehavior). Variable trench lateral extent is

considered (figure 3.7).

Curved trench - convex slab 3D models

Curved slabs with concave upward shape (that charactéezadvancing hinge subductions), are also

simulated. Also in this case, geometries exhibit diffefatgral dimensions (figure 3.8).

3D models with variable depth of the slabs

These models provide a set of different geometries that sanmmthe previous investigated features.
Both linear and curved trench shapes were provided witledifft depths reached by the subducted litho-
sphere (figure 3.9). In some models the lithosphere lies theeupper-lower mantle interface, while in

others the slab penetrates the lower mantle.

The modelling assumption are the same described above fge@metry, with additional boundary
conditions required for new lateral boundaries. A symmetgne condition is imposed to the frontal
surfaces of each model (i.e. planes parallel to the submudirection) and a roller plane condition (fixed
in the horizontal direction) is applied to the opposite Isd& surfaces.

In accordance with the strategy used in the previous phalt&§) models include a Winkler foundation
under the basal plane and an isostatic spring on surfacélitibepheric and asthenospheric boundaries
can be either kept free or fixed in the horizontal directionakernatively the prescribed displacements
were applied to simulate the plate convergence and/or tmglenalative flow.

A full list of developed 3D models, together with meshesistias can be found in table 3.5. In figure

3.4c a mesh representative for the 3D models is shown.
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Fig. 3.8. (caption in the next page)
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Fig. 3.8. Geometry and boundary conditions for the curved 3Dmodels with up-convex slab. Symbolic represen-
tation of boundary conditions is the same used in Figure 3.5rhigth symbols refer to hided planes. The front
boundary surfaces are symmetry planes. The dashed plane win the lithosphere separates the lower part of
the slab interested by a density contrast, and the upper partvith no forced density contrast. The dashed box
shows the part of the model where results are shown in sectioh3.

3.8.4 Solving parameters

Finite element modeling was performed using the softwar®ISOL Multiphysics (vww.comsol.com
For the solution of the PDE’s tHeMFPACK algorithm has been used.
All the models were initially resolved through a static ats#& (static viscoelastic initialization in COM-

SOL nomenclature). This approach is required to ensureitial inalance between the applied forces and

Model name Reference Model lenght/width/depth Slab depth RNof elements Degrees of
figure (km) (km) freedom
2D and para-3D
shallow-2D 3.3a 2350x1000 450 14191 184848
steep-2D 3.3b 2350x1000 450 14426 187902
para-3D 35 2350x1000x1000 450 72378 2056536
3D Linear trench
L3D-500 3.6a 2000x1250x1000 450 68821 1956999
L3D-1000 3.6b 2000x1500x1000 450 83729 2379180
L3D-2000 3.9a 2350x2000x1000 450 66172 1883337
L3D-3000 3.6c 2000x2500x1000 450 145179 4119246
L3D-z500 3.9b 2350x2000x1000 500 59805 1705017
L3D-z600 3.9c 2350x2000x1000 600 62086 1769148
L3D-z670 3.9d 2350x2000x1000 670 64769 1844460
L3D-z670rlb 3.9e 2350x2000x1000 670 150048 4211133
L3D-z670fwd 3.99 2350x2000x1000 670 158691 4463253
L3D-z800 3.9f 2350x2000x1000 800 67155 1911645
3D Curved trench - concave slab
CCV3D-20 3.7a 2350x2000x1000 450 42513 1217196
CCV3D-50 3.7b and 3.9h 2350x2000x1000 450 72394 2068629
CCV3D-80 3.7c 2350x2000x1000 450 88983 2538213
CCV3D-50-z500 3.9i 2350x2000x1000 500 68104 1948491
CCV3D-50-z600 3.9j 2350x2000x1000 600 70100 2004711
CCV3D-50-z670 3.9k 2350x2000x1000 670 71588 2046219
CCV3D-50-z670rlb 3.91 2350x2000x1000 670 119241 3362559
CCV3D-50-z670fwd 3.9m 2350x2000x1000 670 165943 4675113
CCV3D-50-z800 3.9n 2350x2000x1000 800 74310 2122527
3D Curved trench - Convex slab
CVX3D-20 3.8a 2350x2000x1000 450 46709 1329852
CVX3D-50 3.8b 2350x2000x1000 450 54258 1541325
CVX3D-80 3.8¢c 2350x2000x1000 450 59166 1678557

Table 3.5. List of developed 2D and 3D models and relative diatics.
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Fig. 3.9 (caption in the next page)
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Fig. 3.9. Simplified geometries showing only the descenditighosphere (blue) and the lower mantle (green) in
models providing variable depth for the slab. Linear and curved geometries have slab at deep of 450 km (a
and h), 500 km (b and i), 600 km (c and j) and 670 km (d and k). Geoetries representative of subductions
with advancing (e and I), stationary (f and m) or retreating (g and n) trenches (see section 2.2 for the choice of
introducing such geometries) are shown. Boundary condities (not shown) are the same used in previous linear
and curved 3D models. The total dimensions of the various getetries are listed in table 3.5.

the internal initial deformation of the system. The statiltition is subsequently used as an initial condition
for the transient analysis.

The stability of the solutions is always achieved in a timenafdel evolution o250 kyr, so that the
crust behaves largely in an elastic way as it is charackbyehigher relaxation times (see sec. 3.6).

All the models results are shown for the 250 kyr time, as is time frame the model evolves toward

a full steady state.
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Plate scale models results

Guideline to the chapter contents

This chapter describes the results obtained for the plasdesmodels previously described (Chapter 3). Because
of the large amount of performed models, only a part of thelevbotputs are here shown. The results of the remaining
models are included in the CD-rom accompanying this thédszing from 2D to more complex 3D models, all the
suitable interactions between the driving and resistingde will be investigated. First, using 2D models results
(section 4.1), | initially show: 1) the role of the slab puller the definition of the stress field within the subducted
lithosphere (section 4.1.2); 2) the dependency of thesfiekl affecting the slabs on geometry (dip of the slab) and
kinematics (velocity of convergence between upper andrlplaées and their absolute velocity with respect to the
underlying mantle) of subduction zones (sections 4.1.34ahd}); 3) the role of varying the rheological parameters
(section 4.1.5). All these 2D simulation are intended taadpce the stress field in regions far from the tips of the
subduction system. Afterwards, in section 4.2 | compargethesults with those obtained from the para-3D models, to
verify the consistency of the 2D and 3D approximations, amahalyze the major differences between the two classes
of models. In section 4.3 the solution obtained using reab@bBmetries will be discussed. Starting from the reference
models and varying the geometry and the initial paramefias, the stress state affecting the subducting lithospher
(section 4.3.1), and afterward the stress characterizivggupper and the lower plates at shallow depths (sectior3}.3.

will be shown. The last section 4.3.3 provides a comparisiwéen models and real cases.
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4.1 2D model results

4.1.1 Some introductory remarks

The solutions obtained for the two (steep and shallow; settose3.8.1) modelled geometries are sum-
marized respectively in tables 4.1 and 4.2. The steep-tygdein aim to simulate the West directed (e.qg.,
Mariana) subductions while the shallow-type models areasgmntative for the East or North-East directed
(e.g., Chilean) subductions (Figure 4.1). The introductionot (subclass NoG models) of a negative buoy-
ancy (slab pull) as a forcing factor and the systematic tianaf the plate and mantle kinematics (Figure
3.3) generated all the listed solutions. | tested variougimitades for both plate convergence (ranging from

0 cm/yr to 5 cm/yr) and mantle flow (ranging from 0 cm/yr to 8 gMkelocities.

a) Mariana type kinematics I b) Chilean type kinematics
H | H
U

backarc basin

retrobelt

foredeep

— 0 km

100
Asthenosphere

-———>
w | E-NE
| |
¢) Steep geometry kinematics : d) Shallow geometry kinematics
U H L | L H U
0@ i v B —> N
. I
z 2004 = g & > | —=> —=> =D = = 1200 2
z 1= = Yy S = = = = = r 3z
A = &> 2| | = = = = = = [*0¢
600=> = & T Y = I = = = = = = lew0
|

Fig. 4.1. Schematic sections showing a) the Mariana type arg) the Chilean type settings (see section 2.2) and
kinematics (see section 2.4). In the first case, the subduati hinge (H) migrates towards the the converging
lower plate (L) while the upper plate (U) is fixed; in the secod case the subduction hinge (H) migrates towards
the fixed upper plate (U). The lower panels show the velocity dids obtained for the lithosphere (black arrows)
and the upper mantle (white arrows) in models ¢) M-windW-corvdx and d) C-windE-convdx (see tables 4.2 and
4.1) representative for the two end-members kinematics.
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimg Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

Shallow 2D geometry

C-nowind X

C-nowind-conv X U+ L 25+ 25

C-nowind-convdx X L 50

C-nowind-convsx X U 50

C-nowind-conv-NoG U+ L 25+ 25

C-nowind-convdx-NoG L 50

C-nowind-convsx-NoG U 50

C-windW X X 80
C-windW-conv X U+ L 25+ 25 X 80
C-windW-convdx X L 50 X 80
C-windW-convsx X U 50 X 80
C-windW-conv-NoG U+ L 25+ 25 X 80
C-windW-convdx-NoG L 50 X 80
C-windW-convsx-NoG U 50 X 80
C-windE X X 80
C-windE-conv X U+ L 25 + 25 X 80
C-windE-convdx X L 50 X 80
C-windE-convsx X U 50 X 80
C-windW-conv-NoG U+ L 25 + 25 X 80
C-windW-convdx-NoG L 50 X 80
C-windW-convsx-NoG U 50 X 80
C-nowind-convdx1 X L 10

C-nowind-convdx2 X L 20

C-nowind-convdx4 X L 40

C-windE4 X X 40
C-windE4-convdx4 X L 40 X 40
C-windW4 X X 40
C-windW4convdx4 X L 40 X 40
C-windE4-NoG X 40
C-windE2 X X 20
C-windE2-convdx4 X L 40 X 20
C-windE8-convdx4 X L 40 X 80
C-nowind-heavy X

C-windE2-heavy X X 20
C-windE4-heavy X X 40
C-windE8-heavy X X 80

Table 4.1. Compilation of the results obtained for the shabbw type 2D-geometry (refer to figure 3.3a). For each
solution, the activated forces £ means active) and their magnitudes are listed.
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimig Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

Steep 2D geometry

M-nowind X

M-nowind-conv X U+ L 25+ 25

M-nowind-convdx X L 50

M-nowind-convsx X U 50

M-nowind-conv-NoG U+ L 25+ 25

M-nowind-convdx-NoG L 50

M-nowind-convsx-NoG U 50

M-windW X X 80
M-windW-conv X U+ L 25+ 25 X 80
M-windW-convdx X L 50 X 80
M-windW-convsx X U 50 X 80
M-windW-conv-NoG U+ L 25+ 25 X 80
M-windW-convdx-NoG L 50 X 80
M-windW-convsx-NoG U 50 X 80
M-windE X X 80
M-windE-conv X U+ L 25 + 25 X 80
M-windE-convdx X L 50 X 80
M-windE-convsx X U 50 X 80
M-windW-conv-NoG U+ L 25 + 25 X 80
M-windW-convdx-NoG L 50 X 80
M-windW-convsx-NoG U 50 X 80
M-nowind-convdx1 X L 10

M-nowind-convdx2 X L 20

M-nowind-convdx4 X L 40

M-windW4 X X 40
M-windW4-convdx4 X L 40 X 40
M-windE4 X X 40
M-windE4convdx4 X L 40 X 40
M-windW4-NoG X 40
M-windW2 X X 20
M-windW2-convdx4 X L 40 X 20
M-windW8-convdx4 X L 40 X 80
M-nowind-heavy X

M-windW2-heavy X X 20
M-windW4-heavy X X 40
M-windW8-heavy X X 80

Table 4.2. Compilation of the results obtained for the shathw type 2D-geometry (refer to figure 3.3b). For each
solution, the activated forces § means active) and their magnitudes are listed.
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4.1.2 Effects of the gravitational slab pull

If no convergence between the upper and lower plates is @sbamd if only slab pull is applied
(Figures 4.2 and 4.3), the resulting stress field in the sdatointrolled by the flexural bending of the
sinking plate. It is characterized by down-dip extensiorthie upper (stretching outer arc) part and by
compression in the lower (shortening inner arc) portionhg $lab, which is consistent with previous
models [e.g.Giunchi et al, 1996;Carminati et al, 1999]. At the tip of the slab, down-dip compression
prevails (particularly in the crustal part of the shallowogeetry model (Figure 4.2a), due to the mantle
resistance to the slab penetration. The upper plate is ctieaized by weak horizontal extension in Figure
4.3a and compression in Figure 4.2a. This may be due to théhaicthe area characterized by density
contrast in shallow slabs (Figure 4.2a) is smaller thanithdeep slabs (Figure 4.3a) and to different flow
patterns in the mantle wedge. Consequently, the down-psti@ated with this negative buoyancy would
produce a larger slab retreat (and consequently stretainthg upper plate) in the steep slab case. It cannot
be excluded, however, that the different model geometrydcplay a role in the definition of the state of

stress of the upper plate.

4.1.3 Effects of the lithospheric convergence

If plate convergence is forced, the lithosphere undergoesrarall compression while the slabs show
down-dip tension as in case of only slab pull is active.

Regardless the geometry (compare Figures 4.2d and 4.3djhancbnvergence rate (shown in the
accompanying material), results show comparable stresstitins. The higher the convergence rate the
greater the magnitude of the compression affecting thedjthere. Since the convergence rate affects the
stress magnitude rather than its directi@afminati and Petricca2010], in the following results | include
only models characterized by a converging lower plate anxkd fipper plate.

If convergence at 4 cm/yr rate (i.e., comparable to the radhtlv velocity) is added to slab pull
(Figures 4.2d and 4.3d), the state of stress in the slabysstightly changed with respect to that of Figures
4.2a and 4.3a. The biggest changes are observed in the upperyhere only horizontal compression
occurs. However, in general, the extensional componeliglstly decreased in Figures 4.2e and 4.3e with
respect to Figures 4.2b and 4.3b both in crustal and lithespmantle parts of the slab, whereas down-dip
compression is slightly increased in Figures 4.2f and 4i8f vespect to Figures 4.2c and 4.3c.

When the slab pull effects are removed, only a decreasegappearance in the shallow-type geometry)

of the magnitude of tensional stress within the slab is alei(shown in the accompanying material), as
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Fig. 4.2. Principal stress axes for models characterized bghallow slabs (geometry of Figure 3.3a). Assuming no
convergence between upper and lower plates, the following edel results are shown: (a) only slab pull (density
contrast) applied, (b) slab pull and 4 cm/yr left directed mantle flow (sustaining the slab), and (c) slab pull and
4 cml/yr right directed mantle flow (opposing the slab dip). Asuming a convergence rate of 4 cm/yr between
upper and lower plates, the following model results are show: (d) only slab pull (density contrast) applied, (e)
slab pull and 4 cml/yr left directed mantle flow, and (f) slab pdl and 4 cm/yr right directed mantle flow. Blue
lines indicate compressional stresses, and red lines indie extensional stresses.
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Fig. 4.3. Principal stress axes for models characterized bsteep slabs (geometry of Figure 3.3b). Same repre-
sentation as in Figure 4.2. Assuming no convergence, the limving model results are shown: (a) only slab pull
(density contrast) applied, (b) slab pull and 4 cm/yr left drected mantle flow (sustaining the slab), and (c) slab
pull and 4 cm/yr right directed mantle flow (opposing the slabdip). Assuming a convergence rate of 4 cm/yr,
the following model results are shown: (d) only slab pull (desity contrast) applied, (e) slab pull and 4 cm/yr left
directed mantle flow, and (f) slab pull and 4 cm/yr right directed mantle flow.
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expected. This means especially that the compressiordeiathe plate convergence does not propagate

deep within the down-going lithosphere.

4.1.4 Effects of mantle flow

If mantle flow (either sustaining, as in Figures 4.2b and dalzontrasting subduction, as in Figures
4.2c and 4.3c) is applied, then the state of stress of thechlahges radically. Irrespective of the geometry,
mantle flow sustaining the subduction is associated withashM@own-dip extension. Mantle flow contrast-
ing the subduction induces down-dip compression, which affects the lithospheric mantle portion of
the slab. In models characterized by mantle flow contrastiegsubduction (Figures 4.2c and 4.3c), the
horizontal extensional component increases in the upee plvhereas in models in which mantle flow
sustains subduction (Figures 4.2b and 4.3b), the horizoatapression drastically increases in the upper
plate.

Given the importance of mantle flow rates in the definitionhef stress field in the subducting plate
and the uncertainties related with the calculation of altegblate velocities, simulations were performed
assuming mantle flow rates varying between 0 and 8 cm/yr, aaitivergence rates equal to 0 cm/yr and 4
cmlyr.

For simplicity, and in agreement with observations (seeréigulb and d), shallow subductions were
modeled assuming mantle flow sustaining the slab (Figuneahd steeply dipping subductions (see figure
4.1 a and c) were modeled assuming mantle flow opposing th@ustibn (Figure 4.5). These results
confirm our earlier conclusion about the state of stressarsthb, i.e., in the absence of plate convergence,
down-dip extension is enhanced when mantle flow is appli¢hdd@rsame direction of the slab dip (Figures
4.4b-4.4d) and down-dip compression is enhanced when enfioity opposes the dip of the slab (Figures
4.5b-4.5d). However, Figures 4.4 and 4.5 show that mantleriddes are also important, since the control
exerted by mantle flow on the state of stress within the slateases with increasing rates. Although small
variations (with respect to Figures 4.4a and 4.5a) in thk state of stress can be observed for mantle
flow rates of 2 cm/yr (Figures 4.4b and 4.5b), evident chaagesbtained only if mantle flow rates are as
large as 4 cm/yr (Figures 4.4c and 4.5c¢). Faster rates (8ca¥yn Figures 4.4d and 4.5d) further increase
these changes. If convergence is forced, down-dip comipressreinforced in models with mantle flow
opposing the dip of the slab (Figures 4.5f-4.5h), whereagddip extension is only slightly decreased in

models assuming mantle flow sustaining the slab. The statraxs in the upper plate along shallow and
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Fig. 4.4. The effects of variable mantle flow rates on the statof stress of subducting slabs and upper plates are
shown for models with shallow geometry. In agreement with obervations, shallow subductions assuming mantle
flow sustaining the slab. (a—d) The mantle flow velocity is imeased from 0 to 8 cm/yr, while the convergent rate
is kept equal to 0 cm/yr. (e-h) The effects of the same increasof mantle flow rates are tested assuming a
convergence rate of 4 cm/yr.
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Fig. 4.5. The effects of variable mantle flow rates on the statof stress of subducting slabs and upper plates
are shown for models with steep geometry. In agreement withliservations, steeply dipping subductions were
modeled assuming mantle flow opposing the subduction. (a—@he mantle flow velocity is increased from 0 to 8

cm/yr, while the convergent rate is kept equal to 0 cm/yr. (eh) The effects of the same increase of mantle flow
rates are tested assuming a convergence rate of 4 cm/yr. Nodi that the stress scale in panels d and h is different
from that of the other illustrations for a better representation.
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steep subductions (characterized in these simulationsdigising mantle flow) is always compressional

(compression increases with increasing mantle flow rate).

4.1.5 Rheological parameters

The models that were run to consider different rheologieaameters for both the lithospheric mantle
and the asthenospheric layer, are listed in table 4.3. Téwosity of the lithospheric mantle was varied
betweenl0?! Pa s and 02 Pa s, assuming mantle flow rates of 4 cm/yr, either sustamimgpposing the
slab, according to subduction polarity. A low viscosity bétlithospheric mantle (i.e10?! Pa s) induces
a low accumulation of stress within this layer in the slaly(ffes 4.6a and 4.6e). In models characterized
by slabs sustained by mantle flow, a lower magnitude of doiprextension occurs within the lithospheric
mantle when low viscosity is assumed for this layer. In meagth mantle flow opposing the slab down-
dip compression in the slab’s lithospheric mantle vanisttesn low viscosity is assumed for this layer. The
higher the viscosity of the lithosphere the longer the stee®s, i.e. greater extension occurs in sustained
slab (Figure 4.6¢) and greater compression in case of ecturgamantle flow (Figure 4.6g). The effects
on stress magnitudes are also emphasized in the upper ahatéending parts of the slabs.

The effects of introducing a 200 km thick asthenospheres fbrcing a higher decoupling between
the lithosphere and the upper mantle, are shown in Figuéesahd 4.6h. In terms of the pattern, the slab
stress fields predicted by models including the asthenoiplager do not differ significantly from those
of the reference models (Figures 4.6b and 4.6f). The absgfigignificant pattern changes is due to the
fact that the viscosity contrast between lithosphere apeumantle §x1022 versusl 02! Pa s) is sufficient
enough to provide some decoupling between the subductibgesid mantle wedge. However, the models
including the asthenosphere layer show, in the deeper pktite slab, larger amounts of compression in
the crust and weak extension in the lithospheric mantle.

The region characterized by the density contrast, limitedrevious described models to the portion
of the slab deeper than 200 km, was enlarged in one set of sjcgtatting from 100 km depth. The
enlargement of the area of the density anomaly induces aioubincrease of down-dip extension in the
slab when no mantle flow is included (Figures 4.7b and 4.7&is iE due to the increased slab pull force.
In models with mantle flow sustaining the slab, the increadall pull further increases the down-dip
extension in the slab (4.7c); however, for fast mantle floereaching the slab, the amount of down-dip

compression within the slab, although decreased by theased slab pull, is retained (Figure 4.7f).
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimg Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

C-nowind-lit21 X — —

C-nowind-lit23 X — —

C-windW-lit21 X — — X 40
C-windW-lit23 X — — X 40
C-windE-lit21 X — — X 40
C-windE-lit23 X — — X 40
C-nowind-ast17 X — —

C-nowind-ast19 X — —

C-nowind-ast21 X — —

C-windE-ast17 X — - X 40
C-windE-ast19 X — — X 40
C-windE-ast21 X — — X 40
C-windW-ast17 X — - X 40
C-windW-ast19 X — — X 40
C-windW-ast21 X — — X 40
M-nowind-lit21 X — —

M-nowind-lit23 X — —

M-windW-lit21 X — — X 40
M-windW-lit23 X — — X 40
M-windE-lit21 X — — X 40
M-windE-lit23 X — — X 40
M-nowind-ast17 X — —

M-nowind-ast19 X — —

M-nowind-ast21 X — —

M-windE-ast17 X — - X 40
M-windE-ast19 X — — X 40
M-windE-ast21 X — — X 40
M-windW-ast17 X - - X 40
M-windW-ast19 X — — X 40
M-windW-ast21 X — — X 40
C-nowind-heavy X — —

C-windE2-heavy X — — X 20
C-windE4-heavy X — — X 40
C-windE8-heavy X — - X 80
M-nowind-heavy X — —

M-windW2-heavy X — — X 20
M-windW4-heavy X — - X 40
M-windW8-heavy X — — X 80

Table 4.3. Compilation of the results obtained for the shattw (C-type) and the steep (M-type) 2D-geometry con-
sidering variations in rheological parameters or increasng slab pull force (heavy-type models). The lithospheric
mantle viscosity ranges between 10e21 and 10e23 Pa s (lipgymodels), while the asthenosphere viscosity ranges
between 10el7 an 10e21 Pa s (ast-type models). For each solytthe activated forces (X means active) and their
magnitudes are listed.
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Fig. 4.6. The results of models in which a sensitivity analys of lithospheric viscosity (a-c and e-g) and a 200 km
thick asthenosphere (d and h) are compared with those of theaference models (b and f).
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Fig. 4.7. The stress field obtained with models characterizeby shallow (a-c) and steep (d-f) slabs with a density
anomaly starting at a depth of 200 km (b-c and e-f) and at a deght of 100 km (a and d) are compared. Result of
models forcing in addiction a mantle flow are also shown (c ané).

4.2 From 2D to 3D modelling

Proving the consistence between 2D and 3D modelling reisuftsxdamental. At this scope, the end-
members of 2D model results (i.e., forcing only by slab pauistaining or encroaching mantle flow) and
the results obtained with the same kinematics applied ta-Br geometry and to real 3D geometries,
are compared. Stress axes are plotted at 5 km and at 50 km idetpih para-3D result. For the sake of

simplicity the effects of lithospheric convergence areta@&en into account in this phase.
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Only slab pull

No convergence
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Fig. 4.8 (caption in the next page)
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Fig. 4.8. Principal stress axes for 2D (left panels) and par@D (right panels) models. Assuming no convergence
between upper and lower plates, the following model resultare compared: (a) only slab pull (density contrast)
applied, (b) slab pulland 4 cm/yr left directed mantle flow (sistaining mantle flow), and (c) slab pull and 4 cm/yr
right directed mantle flow (encroaching mantle flow). Blue Ines indicate compressional stresses, and red lines
indicate extensional stresses.

In figure 4.8, the left (results for 2D models) and right (farg-3D models) panels show very similar
stress distribution. When slab pullis the only active fothe general down-dip tension observed along the
slab for the 2D geometries, is largely reproduced in thestldienensional case, mostly in the crust. (Figure
4.8a). Also the compression that affect the deeper porfitimecssubducting slab, is observed in both cases.
When mantle flow sustains the sinking lithosphere (FiguBb) longer along-slab oriented tensional axes
are observed in the whole slab in the para-3D simulation.ciimepression, that in the previous case was
generated in deeper slab regions, almost vanishes. Dowendipression is enhanced in para-3D model
likewise for the 2D simulations, when encroaching mantiekiaatics is forced (4.8c).

Compared with 2D results, the para-3D counterparts shothehigpagnitudes of tensional axes, espe-
cially in the shallower slab extrados, certainly induceddeyding forces. This inference is supported by
the evident increase in magnitude of the principal stress abserved in case of greater slab retreat (cf.
Figures 4.8a and 4.8c). When the mantle flow sustains the slagnitude decreases is observed, maybe
because the retreat is not allowed (figure 4.8b).

If slab pull and, even more, if sustaining mantle is forceérall tension characterizes the crust at
shallow depths. Only near the hinge slight compressionmgée®in the lower plate (Figures 4.8a and b).
In case of opposite mantle flow (Figure 4.8c) the same rediows tension axes, while the remaining
shallow crust is in compression. Following these obseowatthe stress field affecting the hinge region, i.e.
the area of most interaction between the upper and the lolate, is controlled by the drag effect of the
mantle over the lithosphere, that pushes or moves away #tespghmong them. In the first case the upper
plate operates as back-stop for the advancing lower pldide w the second case the extension occurs
following the hinge retreat.

An interesting observation is that, at crustal depth, thiizbatal part of the subducting plate is charac-
terized by horizontal trench-perpendicular compressirehcroaching mantle flow, whereas when only
slab pull or slab pull plus sustaining mantle flow are applady trench-perpendicular tension is observed.
In addiction for both the 2D and para-3D cases, the unsubduithospheric mantle of the lower plate (at
depths of ca. 50 km) is always under compression or, at mestral. This is always true, regardless of the
imposed kinematics (cf. panels in figure 4.8). The uppeegkatharacterized by tension or compression
depending on the imposed kinematics. However, the strdslswigich concerns the upper plate will be

better explored in the next sections. Moving along-strikslabs, the results of para-3D models highlight
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Table 4.4. Compilation of the 3D models results. The prefix dhe models name refers to the geometries described
in section 3.8.3 (see table 3.5). For each solution, the agtted forces (X means active) and their magnitudes are
listed.

Model name Slab pull (U)pper/(L)ower Convergence Sustaimg Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

Linear 3D geometries

L3D-1000-nowind X

L3D-1000-windE2 X X 20
L3D-1000-windE2-NoG X 20
L3D-1000-windE2-NoG-convdx L 40 X 20
L3D-1000-windE4 X X 40
L3D-1000-windE4-convdx X L 40 X 40
L3D-1000-windE4-NoG X 40
L3D-1000-windE4-NoG-convdx L 40 X 40
L3D-1000-windE8 X X 80
L3D-1000-windW2 X X 20
L3D-1000-windW2-NoG X 20
L3D-1000-windW2-NoG-convdx L 40 X 20
L3D-1000-windW4 X X 40
L3D-1000-windW4-convdx X L 40 X 40
L3D-1000-windW4-NoG X 40
L3D-1000-windW4-NoG-convdx L 40 X 40
L3D-1000-windW8 X X 80
L3D-1000-nowind-ast17 X

L3D-1000-nowind-ast19 X

L3D-1000-windE4-ast17 X 40
L3D-1000-windE4-ast19 X X 40
L3D-1000-windW4-ast17 X 40
L3D-1000-windW4-ast19 X 40
L3D-500-nowind X

L3D-500-windE2 X X 20
L3D-500-windE2-NoG X 20
L3D-500-windE2-NoG-convdx L 40 X 20
L3D-500-windE4 X X 40
L3D-500-windE4-convdx X L 40 X 40
L3D-500-windE4-NoG X 40
L3D-500-windE4-NoG-convdx X 40
L3D-500-windE8 X X 80
L3D-500-windW2 X X 20
L3D-500-windW2-NoG X 20
L3D-500-windW2-NoG-convdx L 40 X 20
L3D-500-windW4 X X 40
L3D-500-windW4-convdx X L 40 X 40
L3D-500-windW4-NoG X 40
L3D-500-windW4-NoG-convdx L 40 X 40
L3D-500-windW8 X X 80

Table 4.4 (continued)
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimmig Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

L3D-3000-nowind X

L3D-3000-windE2 X X 20
L3D-3000-windE2-NoG X 20
L3D-3000-windE2-NoG-convdx L 40 X 20
L3D-3000-windE4 X X 40
L3D-3000-windE4-convdx X L 40 X 40
L3D-3000-windE4-NoG X 40
L3D-3000-windE4-NoG-convdx L 40 X 40
L3D-3000-windE8 X X 80
L3D-3000-windW2 X X 20
L3D-3000-windW2-NoG X 20
L3D-3000-windW2-NoG-convdx L 40 X 20
L3D-3000-windW4 X X 40
L3D-3000-windW4-convdx X L 40 X 40
L3D-3000-windW4-NoG X 40
L3D-3000-windW4-NoG-convdx L 40 X 40
L3D-3000-windW8 X X 80

Concave 3D geometries

CCV3D-50-nowind X

CCV3D-50-windE2 X X 20
CCV3D-50-windE2-NoG X 20
CCV3D-50-windE2-NoG-convdx L 40 X 20
CCV3D-50-windE4 X X 40
CCV3D-50-windE4-convdx X L 40 X 40
CCV3D-50-windE4-NoG X 40
CCV3D-50-windE4-NoG-convdx L 40 X 40
CCV3D-50-windE8 X X 80
CCV3D-50-windwW2 X X 20
CCV3D-50-windW2-NoG X 20
CCV3D-50-windW2-NoG-convdx L 40 X 20
CCV3D-50-windwW4 X X 40
CCV3D-50-windW4-convdx X L 40 X 40
CCV3D-50-windW4-NoG X 40
CCV3D-50-windW4-NoG-convdx L 40 X 40
CCV3D-50-windws8 X X 80
CCV3D-50-nowind-ast17 X

CCV3D-50-nowind-ast19 X

CCV3D-50-windE4-ast17 X X 40
CCV3D-50-windE4-ast19 X X 40
CCV3D-50-windW4-ast17 X 40
CCV3D-50-windW4-ast19 X 40

Table 4.4 (continued)
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimig Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

CCV3D-20-nowind X

CCV3D-20-windE4 X X 40
CCV3D-20-windE4-NoG X 40
CCV3D-20-windW4 X X 40
CCV3D-20-windW4-NoG X 40
CCV3D-20-nowind X

CCV3D-20-windE4 X X 40
CCV3D-20-windE4-NoG X 40
CCV3D-20-windW4 X X 40
CCV3D-20-windW4-NoG X 40
CCV3D-80-nowind X

CCV3D-80-windE4 X X 40
CCV3D-80-windE4-NoG X 40
CCV3D-80-windwW4 X X 40
CCV3D-80-windW4-NoG X 40
CCV3D-80-nowind X

CCV3D-80-windE4 X X 40
CCV3D-80-windE4-NoG X 40
CCV3D-80-windW4 X X 40
CCV3D-80-windW4-NoG X 40

Convex 3D geometries

CVX3D-50-nowind X

CVX3D-50-windE2 X X 20
CVX3D-50-windE2-NoG X 20
CVX3D-50-windE2-NoG-convdx L 40 X 20
CVX3D-50-windE4 X X 40
CVX3D-50-windE4-convdx X L 40 X 40
CVX3D-50-windE4-NoG X 40
CVX3D-50-windE4-NoG-convdx L 40 X 40
CVX3D-50-windE8 X X 80
CVX3D-50-windW2 X X 20
CVX3D-50-windW2-NoG X 20
CVX3D-50-windW2-NoG-convdx L 40 X 20
CVX3D-50-windwW4 X X 40
CVX3D-50-windW4-convdx X L 40 X 40
CVX3D-50-windW4-NoG X 40
CVX3D-50-windW4-NoG-convdx L 40 X 40
CVX3D-50-windW8 X X 80
CVX3D-20-nowind X

CVX3D-20-windE4 X X 40
CVX3D-20-windE4-NoG X 40

Table 4.4 (continued)
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimig Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

CVX3D-20-windW4 X X 40
CVX3D-20-windW4NoG X 40
CVX3D-20-nowind X

CVX3D-20-windE4 X X 40
CVX3D-20-windE4-NoG X 40
CVX3D-20-windW4 X X 40
CVX3D-20-windW4-NoG X 40
CVX3D-80-nowind X

CVX3D-80-windE4 X X 40
CVX3D-80-windE4-NoG X 40
CVX3D-80-windW4 X X 40
CVX3D-80-windW4-NoG X 40
CVX3D-80-nowind X

CVX3D-80-windE4 X X 40
CVX3D-80-windE4-NoG X 40
CVX3D-80-windW4 X X 40
CVX3D-80-windW4-NoG X 40

Linear 3D geometries - Deeper slabs

L3D-2000-nowind X

L3D-2000-windE4 X X 40
L3D-2000-windW4 X X 40
L3D-z500-nowind X

L3D-z500-windE4 X X 40
L3D-z500-windW4 X X 40
L3D-z600-nowind X

L3D-z600-windE4 X X 40
L3D-z600-windW4 X X 40
L3D-z670-nowind X

L3D-z670-windE4 X X 40
L3D-z670-windW4 X X 40
L3D-z670rlb-nowind X

L3D-z670rlb-windE4 X X 40
L3D-z670rlb-windwW4 X X 40
L3D-z670fwd-nowind X

L3D-z670fwd-windE4 X X 40
L3D-z670fwd-windW4 X X 40
L3D-z800-nowind X

L3D-z800-windE4 X X 40
L3D-z800-windW4 X X 40

Table 4.4 (continued)
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Model name Slab pull (U)pper/(L)ower Convergence Sustaimig Encroaching Mantle flow
plate convergence rate (mm/yr) mantle mantle  rate (mm/yr)

Concave 3D geometries - Deeper slabs

CCV-z500-nowind X
CCV-z500-windE4 X X 40
CCV-z500-windW4 X X 40
CCV-z600-nowind X
CCV-z600-windE4 X X 40
CCV-z600-windW4 X X 40
CCV-z670-nowind X
CCV-z670-windE4 X X 40
CCV-z670-windW4 X X 40
CCV-z670rlb-nowind X
CCV-z670rlb-windE4 X X 40
CCV-z670rlb-windW4 X X 40
CCV-z670fwd-nowind X
CCV-z670fwd-windE4 X X 40
CCV-z670fwd-windW4 X X 40
CCV-z800-nowind X
CCV-z800-windE4 X X 40
CCV-z800-windW4 X X 40

Table 4.4 (continued)

the first evident effects due to the extrusion in the thirdefision. The stress field affecting the lithosphere
shows a clear symmetry with respect to central sectionseafibdel, sliced parallel to the subduction direc-
tion. Moving away from the center (i.e., slices made at c.68; figure 4.8) towards the lateral boundary
planes, the stress axes show a mirror-like evolution regardirections and lengths (which decreases).
This outcome represents the response to along-strike mgodlthe slab that, depending on the enhanced
driving forces, may be towards the upper plate directionamkivard. Slab buckling effects become more

evident in real 3D model results, as it will be shown later.

4.3 3D models results

In this chapter, the main results obtained in the 3D modgltihase will be discussed. The kinematics

adopted in the 2D modelling, were tested also with the 3D grnes. New conditions have also been
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Fig. 4.9. Results of 3D linear model (500 km half width) geontey in which subduction is forced by slab pull plus
an encroaching mantle flow. Results are shown along three css-section of the a) 3D geometry, made at different
distances from the symmetry plane (section AA) and moving twards the lateral termination of the slab (section
CC). b) Results of 2D model obtained with the same kinematictrced in 3D, are shown for comparison. 3D
model stress axes are also plotted in map view at c) crustal §&n) and at d) lithospheric (50 km) depths within
the plates. Blue lines indicate compressional stresses,dared lines indicate tensional stresses.
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stress axes at crustal depths (5 km); d) stress axes at lithgiseric depths (50 km) within the plates of 3D model.
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imposed when necessary to investigate issues understaradp in the three-dimensional case. In table
4.4 the complete list of the models run for the 3D geometr@ashe found.

Infigures 4.9 and 4.10 the results obtained from 2D an reaii@Dlations are compared. The linear3D-
1000 geometry (see table 3.5) is used to build the refererameiFor the 3D case, sections built at
different distance from the tip of the slab are shown bothstmtaining and encroaching mantle flow. As
already well recognized in 2D and para-3D model solutiogsi(és 4.9b and 4.10b), downdip compression
in case of opposing mantle flow and down-dip tension in casastaining mantle flow, are observed within
slabs also in 3D modelling results. In this case, due to thiefiateral extent of the geometry, the stress
components vary moving from the central part towards therddtip of the slab. In figure 4.9, where an
opposite mantle flow is forced, the portion of the slab unaengression increases along-strike moving
from section A to sections B and C. In addiction, a laterardase of tension is observed moving towards
the lateral tip of the slab (from section A to section C in figdr10b) in case of sustaining mantle flow.

The effects of using real 3D geometries are even clearer pieav. At crustal depths of 5 km (figures
4.9c and 4.10c) it can be observed a widespread rotationeo$ttiess axes that affects wide regions of
both plates. This rotation is ruled by the plates geomeitngesits maximum is located close to the lateral
termination of the subducted lithosphere, where the plategie becomes significant. Stress regimes for
the crust of both plates are comparable with results obddm&D simulations. Tension in the upper plate
and compression in the lower plate are reproduced in casgpafsing mantle flow (cf. figure 4.9b and c);
quite the opposite occurs in case of sustaining mantle flwigcire 4.10b and c).

Plate convergence also produces a recognizable effecteostitss regime affecting the upper plate.
The region lying over the projection of the slab experierneigle compression within the crust, regardless
the adopted kinematics (Figures 4.9c and 4.10c). This cessjon decreases or vanishes elsewhere in the
upper plate.

At greater depths (50 km), the stress affecting the lithesp(figures 4.9d and 4.10d) clearly decreases
in magnitude, but the patterns described for the 5 km dejuthsshre retained. The results for the 3D models

will be shown in detail in the next section.

4.3.1 State of stress and slab geometry

Here | show the results obtained for (hereafter called)avafi.e., 250 km half width), intermediate
(i.e., 500 km half width) and wide (i.e., 1500 km half width&ls geometries, characterized by linear or

curved trench trend. Since the shape of the slab is clogédgdi to the dynamics of the subduction system



86 4 Plate scale models results

(see section 2.2), the results shown for the linear, the amand the convex shaped slabs are forced
respectively by the solely slab pull (Figure 4.11), by thebsbull plus an opposing mantle flow (Figure
4.12) and by the slab pull plus a sustaining mantle flow (Fégdir13). However, the three geometries
(linear, concave and convex) were tested with all the pts&ibematic boundary conditions. The results
are shown in the accompanying material and are briefly dészlim the following text as well.

As the linear geometries are concerned, the lateral extém slab controls the stress magnitude due to
the greater volume affected by a negative gravitationafealp. The most evident effect is, in the shallow
portion of the slab, an increment of the length of down-dipstenal axes, as the bending force increases (cf.
figure 4.11a,b and c). The increasing weight of the sinkithg&phere, furthermore enhances compression
in the deeper parts of the slab, which reaches maximum lavéihe wide geometry case (Figure 4.11c).
Moving along-strike, a slight rotation and decrease of twmdip tensional axes is detected close to the
lateral tip of the slabs. The finiteness of the subducteddipfere in the third dimension produces this
lateral variability in the stress field, due to the diffeiahtetreat between the central and the side portions
of the slabs. These border effects vanish within a few hudglog km, and consequently affect mostly the
narrow slab geometry results (Figure 4.11a) and only lichfiarts of the larger slab geometries (Figure
4.11cand d).

In case of subduction forced only by slab pull, the findingsctiéed for the stress field obtained for
linear slab geometries remain valid also when curved getiesetre introduced (as shown in the accompa-
nying material). Major changes occur when a mantle flow idiagpRegardless the mantle flow direction
and the concave or convex shape of the slab, substantiaj-atoike deformation occurs within the sub-
ducted plate. When a mantle flow opposes (encroaches) avasshaped subducting slab (Figure 4.12),
down-dip axes are clearly compressional. Further, twokofdensional axes are distinguishable: those as-
sociated with the down-bending of the lithosphere (as seethé linear trench models) which characterize
the shallow bending region and tend to rotate towards theesidings; those related to the slab differential
retreat induced by the mantle push. The latter is mainlygdsinike directed and affects intermediate and
deeper regions of the slab. Down-dip and along strike axteat depths, form compression-tension cou-
ples that tend to rotate moving towards the slab tips (Figut2). The larger the lateral extent of the plate
the most this effect is evident (cf. figure 4.12a, b and c)il itrtiecomes reversed (i.e., down-dip tension
and along-strike compression) in the outermost parts oftihelucted lithosphere for the wide geometry.

If a sustaining mantle flow is imposed over a convex slab gégnieigure 4.13), the following results
stand out: tension associated with the slab pull and platelibg still takes place at shallow depths (in

this case, however, the inner part of the slab is not chaiaeteby down dip extension); overall down-
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Only slab pull

— 100MPa  Tension
— 100 MPa Compression

Fig. 4.11. Results of 3D linear models in which subduction iforced only by slab pull. Blue lines indicate com-
pressional stresses, and red lines indicate tensional ssges: a) prospective view of the narrow linear geometry
(250 km half width); b) prospective view of the intermediatelinear geometry (500 km half width); c) prospective

view of the wide linear geometry (1500 km half width). Stressaxes are plotted at crustal (5 km) and at litho-
spheric (50 km) depths within the lower plate, and follow theadopted depths within the sinking slabs. Upper
plate is not shown for simplicity.
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Encroaching mantle flow

100 MPa  Tension
100 MPa Compression

Fig. 4.12. Results of 3D curved (concave slab) models in whisubduction is forced by slab pull plus an en-
croaching mantle flow. Blue lines indicate compressional gtsses, and red lines indicate tensional stresses: a)
prospective view of the narrow concave geometry; b) prospéiwe view of the intermediate concave geometry; c)
prospective view of the wide concave geometry. Stress axae glotted at crustal (5 km) and at lithospheric (50
km) depths within the lower plate, and follow the adopted dephs within the sinking slabs. Upper plate is not
shown for simplicity.
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Sustaining mantle flow

100 MPa  Tension
100 MPa Compression

Fig. 4.13. Results of 3D curved (convex slab) models in whigubduction is forced by slab pull plus a sustaining
mantle flow. Blue lines indicate compressional stresses, @med lines indicate tensional stresses: a) prospective
view of the narrow convex geometry; b) prospective view of th intermediate convex geometry; c) prospective
view of the wide convex geometry. Stress axes are plotted atustal (5 km) and at lithospheric (50 km) depths
within the lower plate, and follow the adopted depths withinthe sinking slabs. Upper plate is not shown for

simplicity.
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dip tension is enhanced in slabs at intermediate and deegienis; along-strike tension propagates from
the central towards the lateral slabs domains. The couplepression-tension observed in the results dis-
cussed before, is here replaced by couples tension-tefisgpectively down-dip and along-strike). These
tension-tension couples show the same stress rotatiomagiing the slab sides. This is true especially
analyzing the wide geometry results (Figure 4.13c), whetkeaslab edges some sub-horizontal compres-
sional axes are predicted.

Inverting the adopted mantle flow direction for both curvesbigetries (Figure 4.14), apart for the
extension that persists in the extrados bending areasseegtress states are obtained. If a sustaining
mantle flow forces the subduction of a concave slab (Figuréa), the down-dip compressional and along-
strike tensional axes shown in figure 4.12b become downatipional and along-strike compressional.
The opposite occurs if an encroaching mantle flow pushesisigaiconvex shaped slab, forcing down-
dip compression and along-strike compression within thkisg lithosphere (cf. figures 4.13b and 4.14b).
In both cases the along strike compression is due to theHattlie mantle flow tends to force the slab
back to a linear geometry. Thus the slab is pushed latergbynat the confining mantle and undergoes
compression. In addiction, when the mantle flow tends to balleato the slab interface (e.g., at the lateral
endings of the wide curved slabs; figures 4.12c¢ and 4.13m)gastrike compression or tension occur since
the lithosphere is squeezed or stretched in that direcfiomide variability of stress fields occurs within
the sinking lithosphere, consistent with the depth-valitgin the style of seismicity in slabs.

According to the results described above, the local anglmafience of the mantle flow over the
sinking slabs is the first controlling factor over the statestoess in slabs. When the mantle approaches
perpendicular to the slab (e.g., in the innermost regiorth®turved slabs), along-strike tension or com-
pression come outin response to the flexure (forward or baakvef the lithosphere depending on the slab
longitudinal curvature. In particular along-strike tearsoccurs in case of slabs curved towards the mantle
flow direction (e.g., encroaching mantle over concave stafussustaining mantle over convex slabs; fig-
ures 4.12 and 4.13), while along-strike compression odtthie slab has an opposite curvature relative to
the mantle flow direction (e.g., sustaining mantle over ewrcslabs and encroaching mantle over convex
slabs; figure 4.14).

These findings remark that the stress axes directions grelyanfluenced by the subduction geometry,
but the stress regime affecting the subducted lithospkeotally controlled by the mantle flow. The mantle
flow rate control also the magnitude of both the down-dip dedationg-strike stress; obviously, as already
seen for 2D solutions, the higher the speed the greaterrigélef the stress axes (as shown in the auxiliary

material).
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Sustaining mantle flow
a)

— 100 MPa  Tension

EncroaChlng mantle fIOW » — 100 MPa Compression

Fig. 4.14. Results of the a) intermediate concave model in wh subduction is forced by slab pull plus a sus-
taining mantle flow and the b) intermediate convex model in with subduction is forced by slab pull plus an
encroaching mantle flow. Blue lines indicate compressionaltresses, and red lines indicate tensional stresses.
Stress axes are plotted at crustal depth (5 km) and at lithodperic depth (50 km) within the lower plate, and
follow the adopted depths within the sinking slabs. Upper pte is not shown for simplicity.
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4.3.2 Subduction deepening: how the lower mantle controldie stress in slabs

The viscosity jump and the thermodynamic effects of the pl@dmnge at the 670 km discontinuity
produces viscous resistance to the penetration of slakep#t.dAs first noted bisacks and Molnaf1969,
1971], deep earthquakes (focal depths between 300 km ankh?0ére typically down-dip compressional
in all Wadati-Benioff zones that reach the upper-lower reatransition. As explained in section 2.2, to-
mographic models suggest various scenarios for deep statvioe and slab interaction with the transition
zone, with observed geometries summarized in figure 2.5nmessubduction zones slabs vertically pen-
etrate through the lower mantle, in other cases slabs aieombally deflected by the 670 km boundary.
This deformation produces concave or convex slabs depgodithe advancing-retreating trench behavior
[e.g.,Faccenna et a).20014a].

Curved and linear slab geometries that reach differenthdepind even leaning over or penetrate the
670 km viscous barrier (see figure 3.9), will be used here soudis the interaction between the lower
mantle and the descending lithosphere.

Results for the linear and curved geometries, assuming slaly pull applied (Figures 4.15a-d and
4.16a-d), slab pull and 4 cm/yr mantle flow sustaining thé gRigures 4.15e-h and 4.16e-h) and slab
pull and 4 cm/yr mantle flow opposing the slab dip (Figure$#él®nd 4.16i-1), are shown. In both the
linear and curved geometries, the sinking slab reaches th @épb00-600-670 and 800 km. Since the
stress affecting the lithospheric mantle in slabs maistaomparable stress field distribution and regime
compared with that affecting the subducted crust (seemedtid), to show the results more clearly the
stress axes are plotted only at crustal depths (shallovi-Bki®s of the slab).

Summarizing what we have seen in previous sections, resultés series of models regardless of the

geometry (see figures 4.15 and 4.16) confirm that:

- dueto the slab pull, the bending effects in the stretchungioarc of subducting slabs generate tension

at shallow depths (Figures 4.15a-d and 4.16a-d);

Fig. 4.15. Model results with linear trench geometry and diferent depths reached by the subducting slabs.
Starting from the leftmost column panels to the right, slabsare respectively 500, 600, 670 and 800 km deep. The
three simulations sequences on each row were obtained assgyonly slab pull applied (panels a-d), slab pull
and 4 cm/yr mantle flow sustaining the slab (panels e-h) and &b pull and 4 cm/yr mantle flow opposing the
slab (panels i-l). Black arrows indicate the mantle flow diretion, blue lines the compressional stresses, and red
lines the tensional stresses. Stress axes are plotted at stal depth (5 km) within the lower plate, and follow the
adopted depth within the sinking slabs. Upper plate and marle domains are not shown for simplicity, while the
670 km interface is drawn with thick dashed lines. Ghosted slbs are tracked by black dots.
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Fig. 4.16. Model results with curved trench geometry and diferent depths reached from the subducting slabs.
Starting from the leftmost column panels to the right, slabsare respectively 500, 600, 670 and 800 km deep. The
three simulations sequences on each row were obtained assimgn only slab pull applied (panels a-d), slab pull
and 4 cm/yr mantle flow sustaining the slab (panels e-h) andab pull and 4 cm/yr mantle flow opposing the slab
(panels i-l). Same representation of figure 4.15.

- tension in the bending region increases (Figures 4.15aldd 6e-h) or decreases (Figures 4.15i-l and
4.16i-1) and down-dip tension or compression charactdhieeslabs at intermediate depths, depending
on the adopted kinematics for the mantle (i.e., sustainirgpposing the slab);

- the longitudinal finiteness and curvature of the subdulitiealsphere produces lateral variability in the
stress field, that laterally decreases and rotates;

- along-strike stress axes are more developed in case oferflow forced over curved slabs (Figure

4.16e-l), since a mantle flow oblique with respect to theisigkthosphere is applied.

To optimally understand how the lower viscous mantle aff¢lce stress field of the descending litho-
sphere, only the effects of slab pull are discussed, rulintgaofirst all the other driving forces. The own
weight of the sinking lithosphere enhances compressias itkeieper parts, due to the viscous resistance to
penetration of slabs at depth. Comparing results obtairitdshab depth increasing from 500 km to 800
km (Figures 4.15a-d and 4.16a-d), with the upper-lower feanterface located at 670 km (representing a
one order viscosity jump), lithosphere-lower mantle iat¢ions can be investigated. Despite the slab pull
should create tension in the downgoing lithosphere, a vesfesieep compression already appears when
the slab reaches 500 km depth and exponentially increagktpat more deeply sunken slabs (Figures
4.15a-d and 4.16a-d). In case of slab pull forcing the sutiolugt can be stated that at depth ranging from
500 km to 800 km downdip compression dominates within tte&phere and mildly propagates upward.

The depth of switch between down-dip tension and compregiastically deepens if mantle flow
sustains the slab (Figures 4.15e-h and 4.16e-h). For Islabs, this change occurs only when the lower
plate reaches and exceeds the top of the lower mantle (Bigui®g and 4.16g). Compression affecting
shallower curved slabs (Figure 4.16f and g) is mainly alstrike directed, and therefore not linked to the
viscous resistance to penetration (as previously shown).

When mantle flow encroaches the slab, downdip compressionindes at intermediate and deep
depths of both linear and curved slab geometries (FigurEsi4tand 4.16i-1). The deeper the slab the
greater the compression, that even propagates towardsiaee counteracting the stretching due to the
bending of the plate (cf. figures 4.15i and | and 4.16i and IBbSegions crossing the top of the lower

mantle, always show down-dip compression. An interestasgilt is that the stress rotation and the along-
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Fig. 4.17. Model results with linear and curved trench geomiies with slabs leaning over the upper-lower mantle
interface. The panels of the first and third column show soluibns for convex (i.e. advancing) slabs, while the
panels of the second and fourth column show solutions for carave (i.e. retreating) slabs. The three simulations
sequences on each row were obtained assuming only slab pytigied (panels a-d), slab pull and 4 cm/yr mantle
flow sustaining the slab (panels e-h) and slab pull and 4 cm/ymantle flow opposing the slab (panels i-l). Same
representation of figure 4.15.

strike deformations almost disappear in the deeper cutabd,sas the lithosphere approaching the 670 km
interface (Figure 4.16g-h and k-I). This is explained bysidaring that the mantle flow can not stretch or
compress longitudinally the slab (as for less deep slaldsihwis anchored to the lower mantle. Another
interesting observation is that, for slabs heavily intéracwith the 670 km discontinuity, the slab down-
dip compression is transmitted to the entire subductingeplehis finding is very clear in case of forcing
only slab pull since, also in the horizontal part of the pl&rizontal trench-perpendicular compression
is observed in the bending-domain. The magnitude of suctpoession increases with increasing depth
reached by the slab (i.e., from left to right in figure 4.159n@ression near the slab hinge is often recog-
nizable from stress data in subductions that reach the ttdpedbwer mantle (e.qg., cf. the Peruvian part of
the south America or the kermadec-Tonga subductions indigL8). Anyhow, this compression emerging
from data cannot be attributed with certainty to the lowéraiplate stress, as it could represent the stress
field at the interface or in the overlying compressional wedkhis uncertainty makes it complicated the
correlation between stress data and model results neairtye im the lower intraplate.

As seen in section 2.2, tomographic models suggest vari@amasios for deep slab behavior and slab in-
teraction with the transition zone at 670 km (see figure 2.6 results described above are representative
for slabs that penetrate through the upper-lower mantletaty without any significant deformation (e.g.,
Mariana, Kermadec, Java, central America). Another setadeats reproduce slabs that are horizontally
deflected by that boundary (e.g., Tonga, Izu-Bonin). As satgyl byFaccenna et al[2001a], once slabs
reach the top of the lower mantle, slab-dip angles can beqoogressively shallower or steeper if there is
an advancing-retreating trench migration, because thdogleomes anchored to the higher-viscosity lower
mantle. Both for linear and curved slabs, in figure 4.14 tesare shown for models simulating advancing
and retreating trench subductions, with the lower platehg and leaning over the 670 km interface.
Differently from previous results, unexpectedly tensigpe@ars in the deep regions of the slab for all con-
sidered kinematics (e.g., cf. figures 4.15c, 4.16¢ and 4d) 7Bespite the depth, the elastic bending of the
lithosphere may be invoked as the cause of the stretchimgidieis here completely controlled by geom-
etry, in particular by the bending of the subducting plaimjlarly to what observed for the down-bending

at shallow depths. The tensional axes are emphasized iro€asantle flow (encroaching mantle) that is
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Fig. 4.18. Map view of the principal stress axes at crustal qeh (5 km) within both the lower and the upper
plates for 3D models with linear trench geometries and diffeent depths reached by the subducting slabs (i.e.,
450 km, 600 km and 800 km). The following model results are copared: assuming only slab pull applied (panels
a-c), slab pull and 4 cm/yr mantle flow sustaining the slab (paels d-f) and slab pull and 4 cm/yr mantle flow
opposing the slab (panels g-i). No plate convergence is agsed. Black arrows indicate the mantle flow direction,
blue lines the compressional stresses, and red lines the wonal stresses. The yellow thick edges represent the
symmetry planes of the geometries.

able to drag the lithosphere along the 670 km interface teigul4e-l). For this kind of geometries, small
changes in the stress field also affect the slabs at inteateedepth. Comparing models characterized by
slabs resting vertically over the top of the lower mantlen@gda c,g and k of figures 4.15 and 4.16), with

those where the slabs rest over the same interface (Figlirg &vhat changes in the latter series is that:

- downdip compression decreases (Figure 4.14b and d) onareshes (Figure 4.14a and c) in case of
subduction forced only by the slab pull;

- compressional axes almost vanishes (Figure 4.14e andd@come tensional (Figure 4.14f and g) if a
sustaining mantle flow is added;

- ageneral decrease for down-dip compression is obsenigdré=4.14i-I), when the mantle flow op-

poses the sinking slab.

Further emerges from the results that the deepening of &t ¢and their interaction with the lower
mantle) does not affects the stress field for the lithospbEtiee upper plate (cf. panels of figure 4.18). As
shown in previous sections, this is instead controlled leyttenches longitudinal trend, the plate conver-
gence and the absolute plate motion relative to the undegrigsthenosphere. Nonetheless, all maps with
the stress field within the plates for the models presentedalare included in the accompanying material.

Shallow stress for plates is discussed in the next section.

4.3.3 State of stress within plates and comparison with data

The results so far show that the stress of the upper and Idatspat lithospheric depths, is primarily
controlled by the absolute plate motion relative to the Hea(gtress regime), the mantle flow velocity
(stress magnitude) and the trench geometry (stress axexgidir), rather than by the slab geometry. The
plate convergence and its rate, and the viscosity of thedjthere have a role in determining the stress
magnitude. Different configurations of these parametezs@cognizable in natural cases of subduction

zones. The global mantle flow direction and the slab dip caoward the same or opposite directions either
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with curved or linear trenches (Figure 2.8), and severatikiatics are recognized for the convergence of
plates. A list of the main subductions and their principakéees is provided in table 4.5.

Neglecting the stress magnitude (i.e., plates convergateg or variations in rheologic parameters are
not considered), the results obtained for the three prad&ipematics (i.e., assuming only slab pull applied,
slab pull and 4 cm/yr mantle flow sustaining the slab and sldbamd 4 cm/yr mantle flow opposing the
slab) are here compared with stress data from the WorldsSklep databaseHeidbach et al.2008, see
figure 2.8]. The stress fields generated at shallow depthsn(sbly models forced only by slab-pull or
adding a sustaining or an encroaching mantle flow, are shoigure 4.19 for both the linear and curved
geometries.

Looking at the results for the upper plate, the stress fiabdshihe expected high variability. An overall
trench-normal compression emerges in case of only slalfifiglire 4.19a-c) or if a sustaining mantle flow
is forced (Figure 4.19d-f). These are findings observablehite-type subductions, e.g., the Central and
South America, the Sumatra-Java, the central America am&thomon subductions (cf. figure 4.20a-d).
Modelling results highlight that trench-normal compressis clearly independent on the angle between
the mantle flow direction and the trench, but follows the gdanterface in its along-strike trend. This is
clear comparing results obtained using the same kinemiatiosdels with different initial geometries (i.e.,
with linear or curved slab; figure 4.20e-g). Shallow compi@sal axes have a constant (trench-normal)
orientation above the straight portions of subductionrfates (see figure 4.19a, d and g), and rotate
following the trench curvature to maintain a trench-peenlar orientation in curved subductions (see
figure 4.19b-c and e-f), despite contextually the mantle faway from trench-normalcy. Far from the
upper-lower plate boundary (i.e., in undisturbed regipsisgss axes tend to be everywhere parallel to the
mantle flow. These results are strongly compatible with r@tsubductions worldwide. The lithosphere
in the upper plate of the South America plate margin, showepred trench sub-perpendicular direction
for the compressive SHmax axes (see blue axes in figure 4 Pig)pattern is laterally maintained along
the straight portions of the subduction (e.g., in the Clalgian). A clear reorientation of the stress axes
coincides with the trench deflection moving northward (nethe South Peru area), following the trench
curvature that characterizes the system from then to ththNbBihe same pattern can be recognized in other
subductions. The SHmax compressional axes are perpeadicuihe straight and continuous trench of the
Central America (Figure 4.20c), and to the straight pogiohthe Solomon subduction trenches (Figure
4.20d). The smooth curvature of the Sumatra-Java subdu@tigure 4.20b), means that the compressional
SHmax axes progressively rotate from a NE-SW directiontéirwiestern part) to an approximately N-S

direction (to the East), while remaining perpendiculati®e plate boundary.
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Fig. 4.19. Map view of the principal stress axes at crustal g&h (5 km) within both the lower and the upper plates

for 3D models with linear and curved trench geometries. Thedllowing model results are compared: assuming
only slab pull applied (panels a-c), slab pull and 4 cm/yr matie flow sustaining the slab (panels d-f) and slab
pull and 4 cm/yr mantle flow opposing the slab (panels g-i). N@late convergence is assumed. Black arrows
indicate the mantle flow direction, blue lines the compressinal stresses, and red lines the tensional stresses. The
yellow thick edges represent the symmetry planes of the geatries.

Subduction Reference Trench Sustaining Encroaching Plateonvergence Upper plate
name figure  shape mantle flow mantle flow min/max (mm/yr) stres

South America 2.8a mixed X 14— 78 compressional to neutral

Sumatra-Java 2.8b curved X 32-T77 neutral

Central America 2.8c linear X 29 — 50 neutral

Vanuatu 2.8d mixed X 54 — 84 neutral

Solomon 2.8e mixed X 32 —-50 compressional to neutral

Aleutians 2.8f  curved X 46 — 84 neutral

Kermadec-Tonga 2.8g linear X 145 — 220 tensional to neutral

Ryukyu 2.8h linear X 24 — 63 tensional to neutral

Izu-Bonin 2.8i mixed X 21 — 102 tensional

Philippines 2.8j linear X 97 — 106 neutral to compressional

Table 4.5. Compilation of the main subduction zones of figur@.8 with indications about the trench geometry
(i.e., linear, curved or variable along-strike), the mantk flow (relative to the slab dip), the plate convergence
[HS3 reference frame;Gripp and Gordon 2002] and the kind of deformation affecting the upper plate

Models forced by an encroaching mantle flow (Figure 4.19gkipw for the upper plate results similar
to those outlined above. The direction of the stress axédatiend on the geometry of the plate boundary,
as they are predicted to rotate in order to remain perpelatittuthe trench. Different is the situation con-
cerning the stress field regime. The general compressiatigiee within the overriding plate by models
with sustaining mantle flow, is here turned into overall tensThis finding is consistent with the trench
rollback and the slab retreat associated with the Marigpa-subduction, and represents the prerogative
for the development of back-arc basins (see section 2.4piBethe general tensional stress field, a region
of the overriding plate is characterized by trench-normatpression. This area is located within the litho-

sphere lying above the slab projection, and follow againitrear (Figure 4.199g) or curved trend (Figure

Fig. 4.20. Intraplate stress orientation (0-50 km depth) fo the Chile-type subduction zones. Direction of the
largest compressive horizontal stress (SHmax) for thrusti{lue), normal (red) and strike-slip (green) stress
regimes is shown for the a) South America, b) Sumatra, c) Cendl America and d) Solomon subduction zones
(data after Heidbach et al[2008]. Same representation as in figure 2.8. Map view of therimcipal stress axes at
crustal depth (5 km) within both the lower and the upper plates obtained by 3D models with linear and curved
trench geometries forcing slab pull and 4 cm/yr mantle flow sstaining the slab (panels e-g). Blue lines indicate
the compressional stresses, and red lines the tensional asses. The yellow thick edges represent the symmetry
planes of the geometries.
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Fig. 4.21. Intraplate stress orientation (0-50 km depth) fo the Mariana-type subduction zones. Direction of

the largest compressive horizontal stress (SHmax) for thrst (blue), normal (red) and strike-slip (green) stress

regimes is shown for the a) Mariana, b) Kermadec, ¢) Aleutias and d) Ryukyu subduction zones (data after
Heidbach et al.[2008]. Same representation as in figure 2.8. Map view of thericipal stress axes at crustal

depth (5 km) within both the lower and the upper plates obtaired by 3D models with linear and curved trench

geometries forcing slab pull and 4 cm/yr mantle flow opposinghe slab (panels e-g). Blue lines indicate the
compressional stresses, and red lines the tensional stress The yellow thick edges represent the symmetry
planes of the geometries.

4.19h-i) of the slab. These models can be compared with realaMa-type subduction zones (cf. section
2.3). The trench-normal tension obtained with models, mgarable with the SHmax axes parallel to the
subduction trench in the Stress Map database (see red aigsrm4.21a-d). Best example of this kind of
lithospheric deformation comes from the I1zu-Bonin subthucrone (Figure 4.21a), where the tensional
SHmax pattern can be tracked from North to South parallehéostrike of the whole trench. The same
situation characterizes the Kermadec and the Aleutiandumiions (Figure 4.21b-c), even if it emerges
less clearly from data. The trench-normal compressiortisgdfrom the models over the slab projection
(Figure 4.21e-g), are comparable with stress data froma@adiuctions. Actually, trench-perpendicular
compressional axes are recognizable for the upper plateedkérmadec, the Aleutians and the Ryukyu
subductions (Figure 4.21b-d).

Regardless of the kinematics assumed in the models, siesslaection rotate widely close to the slab
lateral tips. This is mainly due to the local mantle flow iateting with the slab (see section 2.4), and then
associated with local rather then regional mechanismshafdpheric deformation. In these areas, the stress
axes display a circular pattern around the slab edges oflinethr and curved slabs (Figure 4.19a-j). This
is a common feature in natural subductions as outlined Bgstlata. The stress regime is compressional,
strike-slip or tensional depending on the kinematics. Bastmples are the eastern edge of the Central
America (Figure 4.20a), the northern edge of the Kermadega (Figure 4.21b), the eastern edge of the
Aleutians-Alaska (Figure 4.21c) and the western edge oRtheyu (Figure 4.21d).

The modelling results indicate that the stress field affigpthe lower plate at shallow depths is generally
neutral to tensional when the model is forced only by the plalh or in case of sustaining mantle flow
(Figure 4.19a-f). Instead, widespread compression isregdthby mantle flow opposing the sinking slab
(Figure 4.19¢g-i). Stress axes rotation, governed by thectrggeometries, is clear also in the lower plate.
Few stress data concerning the shallow lower plate areadlajland this renders the comparison between
modelling results and natural cases difficult. Availabléadgenerally show SHmax tensional axes lying

sub-parallel to the subduction trenches (Figures 4.20ada21a-d), consistent with the bending of the
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plate prior to subduction. This bending-drived tensioneisognizable in the modelling results, including
the case of encroaching mantle flow (e.g., see figures 4.20elg.21e-Q).

From the results shown so far, it is clear the importance obsing carefully all the initial parameters
that contribute to the genesis of a given stress field. Thdistthon geometry, the plates convergence and
the absolute plates motion relative to the underlying neamtlust be selected as accurately as possible for
an optimal match between the model and the observables.ifrhefahe next chapter is to reproduce a
subduction in a real setting (the central Mediterraneaa)aend to compare the results with all available

data.



5

An application of 3D modelling to the Calabrian - Aegean subdction
system

Guideline to the chapter contents

The outcomes of the plate scale models (investigated inrédwéopis chapter), strongly underline how the stress
field affecting a convergent margin depends on the delicatenice between the involved tectonic forces. The aim
beyond this chapter is to reproduce a subduction in a reairggtusing the observable to constrain the model and
validate or refute the observations previously made forgdeeral cases. The Adriatic micro-plate (also called Adria
and Apulian plate; figure 5.1) is a good candidate to applg thind of viscoelastic model approach, as it is down-bent
into the opposing subduction zones of the Apennines-Galgblab dipping to the west) and Dinarides-Hellenides
(slab dipping to the east) at very short distance (ca. 100-&&). Here | propose a 3D mantle-scale model built to
evaluate the contribution of plate kinematics (convergebetween Africa and Europe and relative motion between
lithosphere and sub-lithospheric mantle) and of the 3D getoyrof Calabria-Aegean subduction zones to the definition
of present day stress field in the Adriatic Sea and Periatriagions of Italy. | also discuss the differences in thestr

fields within the Calabrian and Hellenic subducting slabs.
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5.1 Introduction

The stress field affecting a convergent margin depends oddhleate balance between the involved
tectonic forces and the geometric characteristics of scifrttyiplates. The Adriatic micro-plate is a good
candidate to verify the consistency between models outcamdeobservable, as here different kinemat-
ics and geometric features can be found in such a small re@lom Adria plate (Figure 5.1) formed as
a consequence of the subduction of the lonian oceanic cnagrithe southern margin of the European
plate. Adria peculiar geodynamics is related to its downtlxeto the opposing subduction zones of the
Apennines-Calabria (slab dipping to the west) and Dinaridellenides (slab dipping to the east). In ad-
diction the Adriatic region represents the retro-belt fane of the SE-directed Alpine subductidddglioni
and Carminatj 2002;Dal Piaz et al, 2003], and the foreland basin of the NE-directed Dinarlodsiction
[Di Stefano et al.2009]. Paleomagnetism, propagation of transverse wadested below the Mohorovic
discontinuity, paleoclimatology and palynology suggést tAdria belongs structurally and kinematically
to Africa [e.g.,Mantovani et al. 1990;Channel] 1996;Mele, 2001;Muttoni et al, 2001], whereas histor-
ical seismicity, geodetic and seismic evidence suggesittiaa is at present an independent micro-plate
within the Africa-Eurasia plate boundary zomen[derson and Jacksph987;Nocquet and Calajs2003].

The complex geological history of Adria is evident also glithosphere, which strongly changes from
north to south (along a distance of some 1000 km): it is thiroentinental in the north Adriatic Sea,
thick-continental in the south Adriatic Sea, and likely acie [Catalano et al. 2001;Carminati et al,
2010] in the lonian Sea, although a transitional or contialemature for the lonian basin has been also
proposed Calcagnile and Panzal979; Panza et al. 2007]. Such paleogeographic features controlled
the geometry and evolution of contractional structuresaased with fold-and-thrust belts surrounding
the Adriatic plate. Indeed the tectonic setting (Figure) 2d rheological behavior of Apennines and
Dinarides thrust fronts are largely variable, as shownfatso several arcs developing along the main trend
of both belts. The present-day stress field in the Adriatitepreflects such variability. By means of 3D
numerical model, in this chapter | study the complex statsti@fss in the Adriatic plate, especially along
the Italian Periadriatic area, speculating on the platdessources of stress associated with subduction
processes active in the region and discuss the differemctdseistress fields within the Calabrian and

Hellenic subducting slabs.
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EUROPEAN
PLATE

I:l Alpine-Betic-Dinaric belt
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Fig. 5.1. Simplified geodynamic and tectonic map of the Cenad Mediterranean. The dashed rectangle shows the
location of figures 5.2 and 5.3. Mantle motion relative to thdithosphere in the deep [Gripp and Gordon 2002]
hotspot reference frame (red arrow) and in the shallow [e.g.Cuffaro and Doglioni, 2007] hotspot reference
frame (gray arrow) are also shown (see section 5.3 for explation). Black arrow represents Adria plate motion
relative to Eurasia fixed [Serpelloni et al, 2005].

5.2 The stress field from data

In the northern part of the Adriatic plate, stress orientagishow a complex pattern (Figure 5.3), with
the maximum horizontal stress ,,,,..) at first approximation perpendicular to the Adria surrangd
belts. In the northern part of Adria, the N-S stress axesntat®n is consistent with the compressive
tectonic activity of Southern Alps thrust and with the dekstrike-slip tectonics of the steeply dipping
NW-SE trending faults of northernmost External Dinaridéagtelic et al, 2008].

Also in the Po Plain, compression is generally N-S, althalgirt wave-length variations of stress axis
orientation are determined by the structural undulatidriseburied thrust frontsHerotti, 1991;Doglioni,

1991;Montone and Mariucgil999;Mariucci and Miller, 2003;Carminati and Vadacca2010;Montone
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Fig. 5.2. Simplified tectonic map of the Italian area, includng the main geographical references (modified from
Carminati and Doglioni[2012]) and the major faults in the region from the Structural map of Italy [ Bigi et al.,
1992]. The red arrows illustrate the different tectonic regmes.

et al, 2012]. The N-S orientation & H,,,. in the Southern Alps documents that the ca. N-S convergence
between Africa and Europe is associated with a NW-ward pgyafian of compressional stresses along the
entire Adriatic Plate. The regional state of stress in thetsgern Po Plain is characterized by approximately
NE-SW compressiorHeidbach et al.2008].

The moment tensors of larger earth-quakes, routinely ohétexd based on data I@roup et al.[2010]

and velocity model byHerrmann et al[2011], occur to be compressive with P-axes approximatetpen-
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dicular to the thrust faults along the Apennines frontsduitinder the Po Plain sediments. The fault plane
solutions from polarity analysis of smaller earthquakesdraracterized by large strike-slip components
[Frepoli and Amatp1997] with P-axes compatible with those of larger earttkesa

Stress orientations display a rather continuous compmmesdong the outer front of the Apennines,
from the Po Plain to the offshore of Calabria and Sicily, alothg the External Dinarides, from Croatia to
Albania coastlines. However, the state of stress in theaidmplate is far from being simple. In the Northern
Adriatic, S H,,.. is oriented N-S along the coastline, whereas the maximunpoession is perpendicular
to the active Apennines outer thrust fronts. Accordin@rafa and Barbgd2011] an important role in
determining such stress pattern is played by the laterati@m of the strength of the Adriatic lithosphere.

Inthe Central Adriatic the Apennines front lies adjaceribtoDinarides thrusts§crocca2006] and the
widespread compressive deformation affects the sea boftbencompressive stress regime in the Adriatic
micro-plate is also evident from earthquakes occurredéndbntral Adriatic SeaHerak et al, 2005]. In
the Southern Adriatic, north of the Tremiti Fault (Figur8)% a well-defined cluster of stress measurements
indicate NW-SE compression. Stress data show a prevailx$M orientation o H ... However, some
earthquakes, like the 2002 Molise earthquake or 1991 Patsrzthquake indicate a present-day stress field
characterized by strike-slip deformation mechanisms &V right-lateral faults dissecting the Southern
Apennines beltBarba et al, 2010].

The Southern Apennines are characterized by extension settiments scraped off from the subducted
Adriatic lithosphere. Thé& H,, ... axes along the NW-SE trending foredeep are parallel to the theusts
and suggest that the onshore thrusts may be slightly actiieotive; compression results in continental
transpression in the Gargano promontory and across thanslattfault zone Doglioni, 1994], where
earthquakes show strike-slip mechanisms with a non-nibigigompressive componem¢l Gaudio et al.
2007]. In southern Apulia and offshore the predicfeH,, ., orientations ofBarba et al.[2010] mostly
trend E-W, but fewer data records are available for this.area

The External Dinarides and Albanides, on the other sideefiiriatic, host strong earthquakes (such
as the 1979 M=7.2 Montenegro earthquake), characterizéhbgpressive to reverse mechanisBsie-
tatos and Kiratzj 2006]. Stress data show that External Dinarides and Adteere undergoing compres-
sion perpendicular to the trend of the belt [eHeidbach et al.2008].

In the Calabrian arc, we observe a gradual rotation ofthHg, .. orientations from NW-SE to NE-SW,
following the curvature of the arc. However seismic refi@ctilata support active thrusting perpendicular
to the offshore lonian thrusQatalano et al. 2001;Polonia et al, 2011], where the accretionary prism,

associated with the subduction of the lonian lithosphereumeath Calabria, is located.
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Fig. 5.3. Orientation of SHmax from well breakouts and seismlogical data (data after Heidbach et al.[2008]).
The map shows also the Late Liassic-Hauterivian paleogeogphy of the Italian area (redrawn from Zappaterra

[1994]). The thickness of the lithosphere (in km) in the Italan area is also shown (aftePanza et al[1992]). TF:
Tremiti Fault; MF: Mattinata Fault.

In the Sicily Channel, NE-SW trending thrust sheets of thedygpnes-Maghrebian accretionary prism
crosscut and are crosscut by NW-SE trending normal faudsn@ated with the Malta-Linosa and Pantel-
leria rifts, indicating present-day activity of both fams of structuresCorti et al, 2006]. These features

are poorly constrained by available stress data, but treeglaar from available geological and geophysical
data.
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Finally, sub-crustal seismicity constrains the state kfsst at intermediate depths of subducting slabs.
The East-directed slab of the Hellenic subduction is charaed by down-dip extensiorPipazachos
et al, 2005] whereas the West-directed slab of the Calabrianusiloh is characterized by compression
[Frepoli et al, 2007]. Both slabs consist of the same lithosphere (lomgpresenting a branch of the Tethys
Ocean, probably oceanic and Mesozoic in agathlano et al,2001]. As a consequence, the different state
of stress cannot be related to differential slab pull in the subduction zones. Both subductions occurred
in the framework of a circa N-S convergence between African(hich Adria is kinematically attached)
and Europe, as constrained by paleomagnetic data [ehgnnel] 1996; Muttoni et al, 2001]. As the
Apennines subduction is concerned, the slab retreat et faster in the oceanic lonian corridor than in
the continental parts of the Adriatic Plat€grminati et al, 2010, and references therein]. This, in turn,
produced a larger southeastward advancement (salierfteahtust front in the offshore of Calabria, a
curved Apenninic slab and a first order arc in the Apenninégh@ plate scale, the upper crustal stress
field at the Apennines front is governed by the curved shaplkeoAdriatic slab. In figure 5.3, first-order
rotations of the stress axes are observed passing from tithe3a Apennines to Calabria to Sicily.

The continental portion of the Adriatic plate is also striyrigeterogeneous. As the lithospheric thick-
ness is concerned, the southern part of the plate is rathue (ip to 110 km), whereas the lithosphere
flooring the central and northern Adriatic Sea is thin (ca if().KThe thickening of the lithosphere more to
the north is related to the Alpine orogeny. Thinner and thigsortions of the Adriatic plate show distinct
tectonic signaturesjoglioni, 1994]. The Mattinata and Tremiti E-W faults [e.@gndi et al, 2005] are

the right-lateral lithospheric transfer zones connedtirage two tectonic realms (Figure 5.3)

5.3 Calabria-Aegean model description

For the first time a 3D model including both the ApenninesaBebhn and Dinarides-Hellenides subduc-
tions is proposed. The models are intended to reproduceffdst features of the stress field of the Adriatic
plate and of its subducting slabs. Second order featuresotée reproduced by this kind of model that
include a simplified geometry of the Adriatic and adjaceatgs.

The shape and depth of the Calabrian and Hellenic slabs astramed using the results of the SHARE
(http://diss.rm.ingv.it/share-edsflatabase. This database, which | contributed to bBis[li et al, 2013a]
provides geometric, kinematic and dynamic parametersitokMediterranean subduction (see appendix A).

The deeper portions of the slab subducted beneath Calabreasmnstrained by seismic and tomographic
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Fig. 5.4. Westward plate motions in the Mediterranean regia [after Doglioni et al., 2007] relative to the mantle
in the deep (a) and in the shallow (b) hotspot reference franme(see text for explanation). The relative motion
of the underlying mantle is represented in figure 5.1. Coasithes and contacts between the tectonic plates are
drawn: EU, Eurasian; AF, African; AE, Aegean; AT, Anatolian ; AR, Arabian.

[Barberi et al, 2004;Chiarabba et al. 2008] and SKS splittingBaccheschi et al2011] data. Deep seis-
micity depicts a well-developed near-vertical subducstap up to 500 km depth. Seismicity distribution
and seismic tomography depict a well developed Wadati-<®ernone beneath the Aegean Sea to a depth
up to 300 km Benetatos et al2004;Bohnhoff et al.2005;Papazachos et al2000;Piromallo and Morellj
2003;Rontogianni et al.2011]. The choice of introducing a shallower Apenninids/400 km depth) is
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driven by the occurrence of intermediate seismicity bemtregt northern Apennines [e.@€hiarabba et al.

2005], giving some evidences of subduction in the centi@itiNpart of the Italian peninsula.

Fig. 5.5. Model geometry, materials and boundary conditios used in the 3D calculations. The circles denote
a roller boundary condition. The yellow arrows denote the véocity applied to the mantle boundaries (blue
faces) selected to simulate the relative motion between mé@ and lithosphere (when modelled). The green ar-
row denotes the velocity applied to the south-eastern bouraty of the Adriatic lithosphere (green boundary) to
simulate the motion of the African plate (when modelled). Ifsuch velocities are set to zero, only vertical slip
along the associated lithospheric boundary and free bounds conditions for the mantle are allowed. For the
remaining lithospheric boundaries only vertical slip is pemitted. The springs represent the buoyant restoring
force applied at the surface (Winkler foundation; see sectin 3.5). When a density contrast was applied to simu-
late slab pull, is forced only for the red gridded subdomainsltaly is represented as model scale reference. The
dashed rectangle in the upper panel shows the extension ofé¢hmodel. North is indicated within the reference
axes (red arrow).

Plate kinematics, both in terms of relative convergence/ben plates and in terms of relative motion
between lithospheric plates and deeper mantle, is fundiiiarour modelling. The present-day relative

convergence between Africa and Europe is constrained by daR§ which show Europe-Africa NW di-
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rected convergence rates ranging from 3 to 8 mm/yr at theitioshg of the Calabrian Arc fronCjeMets
et al,, 1994;McClusky et al.2003;D’Agostino and SelvaggR004;Serpelloni et al.2005;Devoti et al,
2008]. At the longitude of the Hellenic arc, velocities 095am/yr were calculatedjeMets et al.1994;
Le Pichon et al.1995;Cocard et al, 1999;Bird, 2003;McClusky et al.2003;Kreemer and Chamot-Rooke
2004;Reilinger et al, 2006;Ganas and Parson2009].

As relative motions between lithosphere and mantle are eroed, the Adriatic-lonian lithosphere
moves “westward” with respect to the mantle in all of the hobts reference frame®pglioni et al,
2007]. It is clear that owing to the dip direction of the slatith respect to the absolute plate motion,
Calabrian West-dipping slab oppose the relative mantle, flawereas the Hellenic East-dipping slab ac-
companies the relative mantle flow, possibly controlling tress field within the slabs. The magnitude
of westward drift of the lithosphere in this region strondpends on inversion choices (see section 2.4).
For the Mediterranean region, if a deep origin is assumetidoispots (figure 5.4a), the Adriatic-lonian
plate generally moves westward (and the relative mantle iBogast-directed) in an E-W direction at ap-
proximately 2.5 cm/yr (represented with the red arrow inriggb.1) according to Model HS&ripp and
Gordon 2002]. If their source is shallow (figure 5.4b), then thet@laoves southwestward (and the rel-
ative mantle flow moves toward N-E as indicated with the gmragvain figure 5.1) at approximately 5.8
cm/yr [e.g.,Cuffaro and Doglioni2007]. Both mantle-lithosphere relative kinematics,riederred to deep
(hereafter kinematics type-1) and shallow (hereafterriaiics type-2) hot spots origin, were tested in our

calculation (Figure 5.1).

5.3.1 Model set-up

Finite element modeling was performed using the softwar®SOL Multiphysics (vww.comsol.com
with a viscoelastic approach (see section 3.1). The comipigtiequilibrium and constitutive equations for
a viscoelastic Maxwell body (see section 3.4 for furtherdamations) are solved simultaneously. Isostatic
forces are addressed in the modelling as adjunctive subdaroaditions (see section 3.5). Following the
approach used for the 3D plate-scale models (see chapta@) layer is characterized by the rheological
parameters and thicknesses showed in table 5.1.

The geometry of the model (Figure 5.5) includes in a realistay the Calabrian and Hellenic sub-
ducting slabs and the portion of the Adriatic plate corresfiog with the Adriatic Sea. The northern part
of the plate (Po Plain and Southern Alps front) is simplifi€de contact between the Adriatic Plate and

the European Plate is modelled as a fixed model boundargdaping the collision in the Alps as a sort


http://www.comsol.com
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of back-stop. This plate scale model includes crust, lphesic mantle, asthenosphere, upper and lower
mantle (Figure 5.5), modelled as viscoelastic layers.

Zhong and Gurni$1994] andZhong et al[1998] showed that the inclusion of a fault along the sub-
duction boundary was important for the reproduction of ¢femorphologyGiunchi et al.[1996] showed
that in viscoelastic models, the unlocking of this platdedault can be obtained by a slip condition on
the nodes of the elements belonging to the slab and uppetanaile maintaining the contact between
the two parts of the fault. | used this approach for the prestmly. The contact between upper and lower
plates is modelled as a single subduction fault, considenéatked in all the calculation. This choice is
motivated as | am interested to the regional stress field icession or tension axes direction), rather than
stress magnitude (controlled by the upper-lower plate lbogp Giunchi et al.[1996] models also showed
that, for the Adriatic region only considering unlockedtplanterfaces reproduce the principal geodynamic
features highlighted by available data.

To avoid boundary effects, our geometries have lateral apdhdextension larger than the interest
domains, that are the subducting slabs and the lithosphéhe iarea representing the Adriatic and lonian
regions. The bottom of the models is located at 1000 km. @uulsitions focus on the stress field within the
slab at shallow and intermediate depths rather than on theattion between the slabs and the viscosity
jump at the upper-lower mantle transition. The model gedegtlso provide a considerable distance

between the tip of the sinking slabs and the 670 km depthfader

Layer Young modulus  Viscosity  Poisson’s Thickness
(Pa) (Pa s) ratio (km)
Crust 6 x 10" 1x10* 0.25  Lower plate:10
Upper Plate35
Lithospheric mantle  1.75 x 10+ 5x 10% 0.27  Lower plate:50
Upper plate50
Asthenosphere 1.27 x 10 5x 10" 0.27 200
1x10%
1x10*
Upper mantle 1.75 x 10t 1x10% 0.27 370
Lower mantle 1.27 x 10" 1x10%2 0.27 330

Table 5.1. Main constants and expressions used for the Caleh-Aegean model.



5.3 Calabria-Aegean model description 121

The Calabrian slab dip approximately°80p to 500 km depth, while the Hellenic slab is less steeper
(35° dipping) and reaches 300 km depth. Slab domains have beetediin subdomains to facilitate the
inclusion of buoyancy anomalies that reproduce slab putids.

Mechanical boundary conditions are the following:

1. The bottom of the model (normally located at 1000 km in thedr mantle) is fixed in the vertical
direction (free horizontal slip is allowed). However, ims® models (to investigate the sensitivity of
the model respect the application of different boundaryd@tions) the mantle flow was simulated
applying a drag to the base of the upper mantle (results shrothie auxiliary material). In these cases,
the bottom of the model coincides with the 670 km discontinui was fixed in the vertical and a
horizontal motion, consistent with the mantle flow vectaras applied along this boundary.

2. The boundaries of the lithosphere are kept fixed in thezbaotal direction (free vertical slip allowed),
with the exception of the lithospheric SE boundary (Figugs Swvhere horizontal velocity was applied
(if not otherwise indicated) to simulate convergence betwie two plates (in both cases slip along
the vertical is allowed). The assumed convergence ratedsgtwpper and lower plates, when applied,
is 6 mm/yr in a NW direction, consistent with previous regibkinematics studied/festaway1990;
McClusky et al.2003;Serpelloni et al.2005], as discussed above.

3. The lateral boundaries of the upper mantle are eithefréadt both in terms of displacement and forces
(when no mantle flow is simulated), or alternatively a homizd velocity (ranging from 1 cm/yr to 10
cm/yr in different models) is applied with different azirhat angles, to simulate the effects of mantle
motion relative to the lithosphere, obtaining a resultamvftirection and magnitude in agreement
with the predictions oDoglioni et al.[2007] for the central Mediterranean region. In the models i
which mantle flow is simulated by a drag applied at the baskefipper mantle, the lateral boundaries
of the upper mantle were left free.

4. The lateral boundaries of the lower mantle are alwayseet f

The finite element mesh consists of ¢84000 tetrahedral elements ars@000 triangular boundary
elements, which provides a total 8802623 degrees of freedom. The mesh is denser (nodal distance
between 10 and 40 km) in the regions of the model of most istére. slabs and lower plate’s lithosphere),
and becomes progressively less dense moving away from doesains (maximum nodal distance of 500

km in the lower mantle). In any case the stability of the solutvas tested against mesh refinements.



Model E directed NE directed Plate Extra features N Adriatic Plate: S Adriatic Plate:  Sicily Channel: Calabrian slab: Héllenic slab:
ID mantle flow mantle flow convergence NW-ward NE-SW NE-SW dowdip downdip
(type 1 (type 2 propagation compression tension compression tension
kinematics) kinematics) of compression
1 No No No Only slab pull No No Yes No Yes
2 No No Yes Yes No No No Yes
3 Yes No Yes No No Yes Yes Yes
4 Yes No No No plate motion No No Yes Yes Yes
5 Yes No Yes No No Yes Yes Yes
6 Yes No No No plate motion No No Yes Yes Yes
7 No Yes Yes Yes No Yes Yes Yes
8 No Yes Yes Yes Yes Yes Yes Yes
9 No Yes No No plate motion Yes No Yes Yes Yes
10 No Yes Yes No slab pull Yes Yes Yes Yes Yes
11 No Yes Yes Yes Yes Yes Yes Yes
12 No Yes Yes Yes No Yes Yes Yes
13 No Yes Yes Yes No Yes Yes Yes
14 No Yes Yes Asthen.0'® Pa s Yes Yes Yes Yes Yes
15 No Yes Yes Astherl0'” Pa s Yes Yes Yes Yes Yes
16 No Yes Yes Asthenl0*® Pa s Yes Yes Yes Yes Yes
17 Yes No Yes No lower mantle No No Yes Yes Yes
18 Yes No No No lower mantle No No Yes Yes Yes
19 Yes No Yes No lower mantle No No Yes Yes Yes
20 No Yes Yes No lower mantle No No Yes Yes Yes
21 No Yes Yes No lower mantle No No Yes Yes Yes
22 No Yes Yes No lower mantle Yes No Yes Yes Yes
23 No Yes Yes No lower mantle Yes No Yes Yes Yes

Table 5.2. Compilation results and first order features of tte stress field in the Adriatic plate reproduced by the variousconfigurations.
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The evolution time of the model is 250 kyr, considered to brapriate to describe the global response
of the system for the represented geodynamic setting. $rithe frame the model evolves towards a steady
state. Especially with regard to the crust, the use of a eisstic rheology does not exclude its elastic
behavior, being the evolution time greater than the crdakegion time. All the model results are shown
for the 250 kyr time.

Several configurations (varying lithosphere and mantlerkiatics, applied forces and rheological pa-
rameters) were tested (list of model results is providedlihet 5.2). Here | display the results for a limited
number of such configurations. The remaining modellingltesue provided in the accompanying mate-
rial. The capability of the various configurations to reprod the first order features of the stress field in
the Adriatic plate is shown in table 5.2. Successful modélishave to reproduce: 1) downdip compres-
sion in the slab subducting underneath Calabrian; 2) dgwedision in the slab dipping under the Aegean
arc; 3) NW-ward propagation of compression in the northedri&ic plate; 4) NE-SW compression in the

southern Adriatic plate; 5) tension in the Sicily Channel.

5.4 Model results

In a first set of models, configurations in which the forcingtéais acting in the region were added one
at a time (first slab pull, then plate convergence and latertiméow) are adopted. This strategy allows to
evaluate the impact of each single forcing factors on thegireday stress field.

Figure 5.6 shows the principal stress axes predicted by e&mivdwhich subduction is forced only
by negative buoyancy associated with the applied densityrast (slab pull), neglecting plate kinematics.
The resulting stress field is produced by the retreat and gawlrof slabs under they own weight. The
different shapes adopted for the Calabrian and Hellenidsetipns, lead to different stress fields within
these slabs. The lithosphere sinking below Calabria sheasath downdip tension (Figure 5.6a), whereas
the slab below the Aegean shows downdip tension at shallahirdarmediate depths (0-300 km) and
changes to downdip compression at greater depths (Figbiog. 2eeper compression is due to the higher
mantle resistance to the penetration of the bigger and teep glarger slab-mantle contact area) Hellenic
slab. The Adriatic plate crust (flat part of the Adriatic jglats characterized by overall tension (Figure
5.6c¢), with stress axes that tend to be perpendicular towsiimeh fronts and then to rotate according to
their geometric shape. Tension at crustal levels propagatthe Adriatic region, albeit with magnitude

that progressively decreases northwards. Within the skdme minor compression grows parallel to the
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Only Slab Pull
Boundaries displacement vector
components
Mantle: A =0.00 cm/yr
B =0.00 cm/yr
L0 osemi C=000 cm/);r
Lithosphere: D =0.00 cm/yr

— 100MPa  Tension
— 100 MPa Compression
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@ Mantle flow velocity vectors
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Fig. 5.6. Results of 3D model in which subduction is forced dn by slab pull. Blue lines indicate compressional
stresses, and red lines indicate tensional stresses: (afhva prospective view from W (Calabrian slab focused);
(b) with a prospective view from NE (Hellenic slab focused)d) in map. Stress axes are plotted at crustal depth
(5 km) within the flat portion of the geometry (Adriatic plate ), and follow the crustal depth of the sinking slabs
(i.e. stress axes are plotted 5 km down the Calabrian and Hedhic subduction interfaces); Upper plate is not
shown for simplicity. (d) Horizontal velocity distributio n; the velocities applied at boundaries are represented
with yellow (for the upper mantle) and green (for the lithosphere) arrows (see figure 5.5). Red and dark-gray
arrows represent the generated velocity field for lithosphee and mantle respectively. In the upper panel are
reported for each boundary the values used for the componertf velocity field. The resultant vectors are also
drawn. Figure shows that, if only slab pull is activated the esulting tensional stress field is controlled by the
retreat and down pull of the slabs under they own weight.
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subduction trench, possibly generated by the along stréaling of the slabs as it occurs in the central
parts of the upper slabs interface (more evident in the siddnbCalabrian). The velocity field at crustal

depths (5.6d) shows a convergent pattern towards the slab$p trench suction force, most clearly around
the Aegean region that exerts a higher pull. The simultaseffect of slab pull and roll-back generates a
non-homogeneous velocity field at higher depths. Veloatters show that a passive flow is generated for
the mantle. Mantle material tend to converge towards the iskerfaces under the suction forces exerted
by slabs sinking and retreat. Slabs retreat also genexatessfthat pushing away the mantle behind them.

If, keeping applied slab pull forces, a northwestward platgion of 6 mm/yr (consistent, both in
direction and amplitude, with GPS data and global plate nsofe the central Mediterranean area) is
applied at SE lithospheric boundary (Figure 5.5), the alusitess field changes radically. A widespread
NW-SE oriented compression characterizes the crust ampgedes northward through the Adriatic region
(Figure 5.7c). Also the region of the Sicily Channel is clttedzed by NW-SE oriented compression.
Tensional axes are predicted with a smaller magnitude, eoetpto the case with only slab pull. The
stress axes rotation along the front of subductions arectihr. The stress field within the slabs does
not undergo substantial modifications compared to the pusvinodel at intermediate depths and deeper
regions. Compression arises at shallower deptliQ km), in response to the opposite forces that stress
the model at the slab hinges due to the effects of plate cgamere and mantle resistance to slabs sinking
(Figures 5.7a and b). The orientation of the principal steeses for the lithosphere is primarily controlled
by the horizontal velocity field of the plate (generally herto northwest-directed), in turn influenced by
the model geometries. Analyzing the velocity field at mad#égths (Figure 5.7d), is clear that it is still
generated in response of slabs sinking and retreat due tetfsive buoyancy of the slabs.

If mantle flow, either simulating the type-1 (as in figure B)he type-2 (as in figure 5.9) kinematics, is
summed to the previous applied forces, then the resultatg sf stress is markedly different. In both cases
mantle flow contrasting the Calabrian subduction inducespression within the slab (Figures 5.8a and
5.9a). The Hellenic slab shows again downdip tension atrimgdiate depths, and a smaller compression
(compared to previous results) near the lower tip of the @Fidures 5.8b and 5.9b). These results suggest
that the state of stress in the slabs is heavily controlletthbyadopted mantle kinematics rather than by the
slab pull. The deformation pattern of the slabs can be segghrato predominant intermediate downdip
compression for the west-directed Calabrian subducti@n,(Encroaching mantle flow) and predominant
intermediate downdip extension for the east-directeddn@lsubduction (e.g., sustaining mantle flow).

The mantle flow direction is crucial, because the amount efratip compression or tension within

the subducted lithosphere depends on the angle of incidertbe flow on the sinking lithosphere. This
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Slab Pull + Plate Convergence

Boundaries displacement vector
components

Mantle: A =0.00 cm/yr

B =0.00 cm/yr
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Fig. 5.7. Results of the 3D model that includes slab pull andlpte convergence. Same representation as in figure
5.6. Assuming a convergence rate of 6 mm/yr between upper aridwer plates, a widespread NW-SE directed
compression characterizes the crust and propagates northavd through the Adriatic region. Overall downdip
tension characterize Calabrian and Hellenic slabs, due tdie slab pull force.
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is evident comparing results obtained from the two différaantle kinematics, i.e. type-1 (the Adriatic-
lonian plate moves westward relative to the mantle in a E-k&¥atlion, consistent with HS3 mod&ripp

and Gordor{2002], and type-2 (the Adriatic-lonian plate moves sowhtward respect the manteyffaro
and Doglioni[2007].

Type-1 Kinematics
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Fig. 5.8. Results of the 3D model that includes slab pull, pta convergence and E-W directed mantle flow (type-1
kinematics; see text for details). Same representation as figure 5.6. Notice that E directed mantle flow produces
downdip compression within the Calabrian slab (as encroaclit).
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Type-1 kinematics (Figure 5.8d) provides a mantle flow thestan the Hellenic slab and generates
main downdip tension within the subducted lithosphere. &alang-strike compression occurs at the east-
ern parts of the slab, where the mantle flow tends to be phtaltee subduction geometry (Figure 5.8b).
With type-2 kinematics (Figure 5.9d), mantle flow sustaia Hellenic slab in a perpendicular direction,
enhancing overall downdip tension (Figure 5.9b). The sklbw Calabria, regardless the adopted kinemat-
ics, shows a large portion of downdip compression (Figurga &nd 5.9a). The magnitude of compression
is larger if the type-2 kinematics is adopted (Figure 5.8a)ing to greater mantle flow velocities (about
twice compared to the type-1 kinematics flow velocity).

Given the importance of the mantle flow rates in the definitibtine stress field in the subducting plate,
simulations were performed assuming mantle flow velociaegjing from 1 to 10 cm/yr (results shown in
auxiliary material), both for type-1 and type-2 kinemati€his investigation highlighted that variations of
the mantle flow velocity do not affect the distribution andedtion of the resulting stress axes, which are,
however, increased proportionally in magnitude (as forftieer 2D and generic 3D models).

The mantle flow direction is also crucial in the definition bétstress field within the crust of the flat
part of the plate. Type-1 kinematics (Figure 5.8d) simatstress field with widespread tension, with the
exception of the SE region of the plate near the Aegean tréffighire 5.8c), where compression occurs.
Here the stress field is related to the interaction of mardle €t is to be noted that longer compressional
axis are near-parallel to the flow vectors) and lithosphesitvergence with the arcuate geometry of the
Hellenic slab (the principal stress axes exhibit variabierdation, accompanying the shape of the trench).
Type-1 kinematics predicts a tensional stress field in thi#ySihannel, but does not provide the northwards
propagation of compression through the Adriatic region.

The model with type-2 kinematics (Figure 5.9d) shows thé fitieg with the observations. Calabrian
and Hellenic slabs show respectively downdip compressimmhtansion (Figures 5.9a and b), consistent
with available data for the regions and previous studies (Erepoli et al.[2007] for the Calabrian sub-
duction; Papazachos et a[2005] for the Hellenic subduction). The modelled state toéss within the
Adriatic crust, shows all the variability in orientationdastyle observed from data: NW-ward propagation
of compression in the northern Adriatic plate; NE-SW conspien in the southern Adriatic plate; NE-SW
tensional axes characterize the Sicily channel.

The sensitivity of the solution on the adopted viscositytfa asthenosphere was also tested. In dif-
ferent simulations, viscosity was varied betwééhPa s and '® Pa s (see additional material). Similarly

to what was observed for different velocities, a decreasésmosity produces the same distribution of
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stress axes but with smaller magnitude. This is due to thecesticoupling between the lithosphere and

underlying mantle (lower drag force affects plates).
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Fig. 5.9. Results of the 3D model that includes slab pull, pta convergence and SW-NE directed mantle flow
(type-2 kinematics; see text for details). Same represeritan as in figure 5.9. Notice that the NE directed mantle
flow enhances downdip compression within the Calabrian slakincreases downdip tension in the Hellenic slab
and predicts: NW-ward propagation of compression in the nothern Adriatic plate; NE-SW compression in the
southern Adriatic plate; NE-SW tensional axes in the Sicilychannel.
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From modelling results, it is evident that the mantle flow iprame actor in the definition of state
of stress, both within slabs and Adriatic Plate. Applyingey2 kinematics to the model (i.e., referred to
shallow hot spots reference frame aginffaro and Doglion{2007]), all the principal stress field features
are reproduced. The lithospheric convergence does natt affibstantially the resulting state of stress, if
mantle flow is simulated. This is explained by the fact that¢bnsidered plate convergence is one order
of magnitude smaller with respect the mantle velocitieds Téads the Adriatic plate to get dragged by
the faster mantle flow. Drag forces are fundamental to ctbatéensional field in the Sicily channel, and
is a mechanism that can explain the development of riftimg@sses in a mainly convergent setting. The
viscosity of the asthenosphere does not affect the styl@deadtation of the stress field, but it controls the
magnitude of the principal stresses. Slab pull, if @dsajhdmayr et al.2011] is a secondary actor, because
it is easily counteracted in case of slab encroaching mélotie(e.qg., for the Calabrian subduction), or its

effects add up to those of sustaining mantle flow drag (eogthe Hellenic subduction).
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Discussion and conclusions

In this thesis, by means of 2D and 3D viscoelastic numericadiets, | studied the state of stress
characterizing subduction zones worldwide, and discufisedole of driving/resisting forces and plate
geometries in generating the stress field. Finally, | comganodels results with available geophysical
observations from different subduction zones worldwide.

2D modeling results show that, if slab pull is the only acfioece the resulting stress field in the slab
is controlled by the flexural bending of the sinking plate. éxpected, it is characterized by down-dip
tension in the upper part (stretching outer arc) and by cesgion in the lower portion (shortening inner
arc) of the slab. Irrespective of the slab geometry, if a heaiidw sustaining the dip of the subducting
slab is added, prevalent down-dip tension occurs withirstab. Mantle flow contrasting the subduction
induces down-dip compression, which also affects the dipheric mantle portion of the slab. In models
characterized by mantle flow contrasting the subductiam hibrizontal tensional component increases in
the upper plate, whereas in models in which mantle flow sustsibduction, the horizontal compression
drastically increases in the upper plate. These resulesgiained by the fact that, mantle flow encroaching
the slab pushes the slab backward and downward, inducinger leetreat of the deepest part of the slab
and larger sinking of the slab bottom with respect to modetsdd only by the density anomaly. The
consequent greater slab bending implies an higher strejafithe outer arc and shortening of the inner
arc of the slab. In contrast, mantle flow sustaining the slahps the tip of the slab forward, unbending
and stretching it. In addition, the upper plate is stretabvecompressed following respectively the retreat
or advance of the lower plate, which results in the obsergasion or compression. The mantle flow rates
are also important, since the control exerted by mantle flowhe state of stress within the slab increases

with increasing rates.
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If convergence between the upper and subducting plategissed, the lithosphere at shallow depths
undergoes an overall compression, while the slabs retairstiiess field (i.e., down-dip tension or com-
pression) governed by the imposed mantle flow direction, §@staining or encroaching the slab). The
higher the convergence rate the greater the magnitude obtheression affecting the lithosphere. It is fur-
ther emphasized that the compression related to the platemence does not propagate deep within the
down-going lithosphere. However, convergence influenicestate of stress of the upper plate, inducing
overall horizontal compression, even when mantle flow oppadle slab, provided that the convergence
rate is comparable or larger than the mantle flow velocitgsEresults indicate that the stress field regime
in the upper plate can be significantly affected by plate eocgence, whereas the state of stress in the slab
is mainly controlled by the absolute motion of the mantlehwispect to the plates.

The retreat or advance (depending on the direction of thelenéow) of the slab is larger if an astheno-
sphere low-viscosity zone is included in the model. Thisqgl@&ned by the faster velocity with which the
mantle flow impacts the slab, due to the more efficient dedogbetween the lithosphere and underlying
mantle. The larger slab distortion associated with modetkiding the low-viscosity zone explains the
larger stress magnitude predicted by these models, coshpatbat predicted by models not including a
strong decoupling between the lithosphere and the mamtigrins of the pattern, the slab stress fields
predicted by models including the asthenospheric layeraldiffer significantly from those without the
asthenosphere. The absence of significant pattern chasdas to the fact that the viscosity contrast be-
tween lithosphere and upper mantle, in the latter caseffisisat to provide effective decoupling between
the subducting slab and mantle layer.

Focusing on 3D model results, if the slab-pull is the onlyragiag force, the lateral extent of the slab
controls the stress magnitude. Larger slabs correspomggeristresses, due to the greater volume affected
by a negative gravitational anomaly. The most evident &fface a greater tension in the shallow portion
of the slab, as the bending increases, and a greater conaprésthe deeper parts of the slab. Because of
the finite lateral extent of the geometry, the stress compisnary moving from the central part towards
the lateral tip of the slabs. Major changes occur when mdiatieis applied. Regardless the mantle flow
direction and both in the case of linear or curved shaped stalbstantial along-strike deformation occurs
within the subducted plate. The finiteness of the subdudtiedsphere in the third dimension produces
this lateral variability in the stress field, due to the diffietial retreat or advance between the central and
the side portions of the slabs. When mantle flow opposes theéusting slab, down-dip axes are clearly
compressional, while they are down-dip tensional in casglaif sustained by mantle flow. Further, two

kinds of stress axes are distinguishable: those assoaidtedhe down-bending of the lithosphere, that
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will always generate in the slab shallow regions regardi¢tise slab geometry and the mantle kinematics;
those related to the slab differential retreat/advancadad by the mantle push. The latter are mainly along-
strike directed, affect intermediate and deeper regiotiseo$lab and depend on the adopted geometry; the

following cases can be recognized:

- linear slah along-strike tension generates in case of sustaining@aoeaching mantle flow;

- concave downward slatalong-strike tension generates in case of encroachinglenfiow, while
along-strike compression generates in case of sustaingmgleflow;

- convex upward slabalong-strike compression generates in case of encrogichantle flow, while

along-strike tension generates in case of sustaining m#atl.

Down-dip and along-strike axes at intermediate and deepgthd, form couples that tend to rotate
approaching the slab sides. The larger the lateral extethiegblate the most this effect is evident, until it
becomes reversed (i.e., the down-dip axes become sulshtaig and the along-strike axes become sub-
verticals). According to these findings, along-strike tenr compression come out in response to the
flexure (forward or backward) of the lithosphere dependimthe slab longitudinal curvature. Along-strike
tension occurs in case of slabs curved towards the mantledi@gtion while along-strike compression
occurs if the slab has an opposite curvature relative to gratleflow direction. 3D results suggest that the
stress axes directions are largely influenced by the sulotugptometry, but the stress regime affecting the
subducted lithosphere is totally controlled by the mandevfl

The viscosity jump associated with the transition betwegmen and lower viscous mantle affects the
stress field within slabs, when the descending lithosphgpecaches the 670 km interface. Due to the
viscous resistance to penetration of slabs at depth, thevasight of the sinking lithosphere enhances
compression in its deeper parts. In case of slab pull forttiegsubduction, already when the slab reaches
depths of 500 km, downdip compression dominates within ithedphere and propagates upward. The
depth interval of the slab in which stress is affected by thnek mantle-slab interaction drastically deepens
if mantle flow sustains the slab. When mantle flow encroadieslab, downdip compression dominates at
intermediate and deep depths of slabs. The deeper the sl@vehter the compression. If the subducting
lithosphere approaches or penetrates the upper part obtver imantle, the previously discussed stress
rotation and the along-strike deformations almost disappethe deeper parts of curved slabs. This is
obvious considering that the mantle flow can not stretch onress longitudinally the slab that is anchored
to the more viscous lower mantle. Further, if sinking slatesrerizontally deflected and lie onto the upper-

lower mantle boundary, tension appears in the deep regibtteecslab. Despite the depth, the elastic
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bending of the lithosphere may be invoked as the cause oftthtclsing. Tension is here completely
controlled by geometry, in particular by the deep bendinthefsubducting plate.

The results for the upper and the lower plate at crustal dth, 5-50 km), are strongly compatible
with stress data from natural subductions worldwide (thee,World Stress Map databas¢gidbach et al.
[2008]). Models results predict trench-normal compreassiithin the upper plate and neutral to tensional
down-dip stress in the lower plate, when only slab pull ob giall plus sustaining mantle flow is forced.
Trench-normal axes follows the plates interface in itsdir@r curved along-strike trend. Far from the upper-
lower plate boundary, stress axes tend to become paraltbbetmantle flow (when active). Stress axes
rotation, governed by the trench geometries, occurs alsioeitower plate. These findings are consistent
with stress data from the Chile-type subductions (e.g.Qéetral and South America, the Sumatra-Java,
the central America and the Solomon). For example, thedjthere in the upper plate of the South America
plate margin, shows preferred trench sub-perpendicutactitbn for the compressive SHmax axes. This
pattern is laterally maintained along the straight pogiofithe subduction (e.g., in the Chile region). A
clear reorientation of the stress axes coincides with thectr deflection moving northward (i.e. in the
South Peru area), following the trench curvature that adtar&es the system from then to the North. The
same pattern can be recognized in other subductions wftrelift geometries (Central America, Solomon
and Sumatra-Java).

Models forced by an encroaching mantle flow, show again a gé&iycontrol over the stress field
at shallow depths, as the stress axes are predicted to iotatder to remain perpendicular to the trench.
Instead, the stress field regime differs. Overall tensidhéupper plate and compression in the lower plate
are predicted. These findings are consistent with the treztchat and the slab roll-back associated with
the Mariana-type subduction, and is the prerogative fodielopment of back-arc basins. This kind of
lithospheric deformation is found from stress data in theBonin subduction, where the tensional SHmax
pattern can be tracked from north to south, parallel to thikesbf the whole trench. The same situation
characterizes the Kermadec and the Aleutians subductions.

Close to the slab lateral tips, mantle flow highly interacithwhe slab edges. The local toroidal and
poloidal components of the mantle flow produce significargitmal deformation in the lower plate. For
this reason, in these areas the stress axes display a cipatiiern around the slab edges, regardless of the
slab geometry and the imposed kinematics. This is a comnatariein natural subductions as outlined by
stress data. Best examples comes from subduction zonestfraC&merica, Tonga and Aleutians.

The models results are also consistent with the stress filddroed from data within the upper plate

of natural subductions. Available data generally show Skiteasional axes lying sub-parallel to the sub-
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duction trenches, consistent with the bending of the plate o subduction. This pull-driven tension is

recognizable in all the modelling results.

The outcomes of the plate scale models underline how thsssfied affecting a convergent margin
depends on the delicate balance between the involved tedtooes. For this reason a 3D mantle-scale
model, in a real tectonic setting, was built to evaluate thetribution of plate kinematics (convergence
between Africa and Europe and relative motion betweendphere and sub-lithospheric mantle) and of
the 3D geometry of Calabria-Aegean subduction zones, ierdaddefine the present day stress field in
the Adriatic Sea and Periadriatic regions of Italy. The shapd depth of the Calabrian and Hellenic slabs
were constrained using data collected in the SHARE datafbdige//diss.rm.ingv.it/share-edgfivhich |
contributed to build (see appendix A).

3D models for the Mediterranean area include Africa-Earasinvergence and slab pull forces, but
show that mantle flow with respect to the lithosphere is a migjctor forcing the state of stress of the
Apennines and Aegean slabs and of the Adriatic Plate. Thidfitesy 3D model, simulating a southwest-
ward motion of the Adriatic plate with respect to the subdipheric mantle at approximately 5.8 cm/yr
[e.g.,Cuffaro and Doglioni 2007], reproduces the main features of the stress fielceif\thiatic Sea and
surrounding areas, namely: downdip compression for the-diescted Calabrian slab (due to encroach-
ing mantle flow) and downdip tension for the East-directetidtiéc slab (due to sustaining mantle flow);
NW-ward propagation of compression in the northern Adriptate; NE-SW compression in the southern
Adriatic plate; tension in the Sicily Channel. From my 3D rebiksults it is also clear that mantle drag at
the base of the lithosphere is fundamental to create thteaddield in the Sicily channel. This mechanism
can explain the development of rifting processes in a maiolyergent setting. The results of numerical

models performed for the Mediterranean subductions, ath@ito conclude that:

1) the relative motion between lithosphere and mantle ecdstie onset of NW-SE oriented compression
within the Adriatic plate, consistent with compressiongibmicity in the eastern Southern Alps, and
of ENE-WSW tension in the Sicily channel, consistent witkivacrifting in the area;

2) downdip compression in the slab below Calabria and dowextiension in the slab below the Aegean

are controlled by the eastward mantle flow in the region.

Summarizing, the results of 2D and 3D models presentedsrthieisis highlight or confirm that:


http://diss.rm.ingv.it/share-edsf/SHARE_WP3.2_Database.html
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due to the slab pull, the bending effects generate tensisimadiow depths in the stretching outer arc of
subducting slabs;

tension in the bending region of the slab increases or dseseand down-dip tension or compression
characterize the slabs at intermediate depths, dependiticecadopted kinematics for the mantle, i.e.,
sustaining or opposing the slab, respectively;

the longitudinal finiteness and the curvature of the sutetlilithosphere produce lateral variability in
the stress field, that decreases and rotates towards the thps slabs;

along-strike stress axes develop in case of mantle flonetbower curved slabs, since a mantle flow
oblique with respect to the sinking lithosphere is applied;

along-strike tension or compression at intermediate a®gper regions of curved slabs depend on the
interaction between the subduction geometry and the m#aotledirection. Tension generates in case
of sustaining mantle flow and convex upward slabs or in casmofoaching mantle flow and concave
downward slabs; compression is predicted in case of sursgamantle flow and concave downward
slabs or in case of encroaching mantle flow and convex upwaiog;s

at intermediate and deeper regions of curved slabs, dégvardi along-strike axes form couples that
tend to rotate approaching the slab sides. The more thal&eend of the slab the most this effect is
evident;

the higher viscosity of the lower mantle affects the stfesdd within slabs enhancing compression in
their deeper parts that can also propagates upward withisuhducting lithosphere;

the results for the upper and the lower plate at crustalhdefpie., 5-50 km), are consistent with stress

data from subductions worldwide.
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The database of the active Mediterranean subductions

A.1l Introduction

Subduction zones are known to generate earthquake rumtfiseseral types: those generated at the
slab interface, those generated within the slab (intrb-ated outer-rise), and those that propagate from
the slab interface into the upper plate [e.g., megaspBatake and Tanioka 999]. Subduction-related
earthquakes follow different scaling lawStfasser et a).2010] zand rheologyHilek and Lay 1999] with
respect to crustal earthquakes.

Despite in subduction zones is released most of the worlelgéismic energy, hazard studies do not
take subduction sources into the right consideration. Adtep to involve subduction into hazard studies,
requires knowledge of the geometry of the interfaces andl ifegeometric and seismic parameters. Sev-
eral authors have described the variability in mechaniebblvior and geometry of subduction plates [e.g.,
Ruff and Kanamoril980;Peterson and Sen@984;Pacheco et a).1993;Conrad and Lithgow-Bertelloni
2004], and compilations for subductions geometries aridedola in literature, such as the SLAB 118dyes
et al, 2012], the SubMAPHeuret and Lallemand?005], or the RUM Gudmundsson and Sambridge
1998] databases. In spite of this, our knowledge of thissserfind related geometric and behavior parame-
ters, is still uncertain for the Mediterranean region. Thedierranean is located at the intersection between
the Eurasian, African, Aegean, Anatolian and Arabian gléfiegure A.1). In three regions, namely the Cal-
abrian, the Hellenic, and Cyprus arcs, deep and intermeg@smicity defines Wadati-Benioff zones well
described in literature [e.glsacks and Molnar1971]. To take into account the contribution of potential
earthquakes in the Mediterranean area and, to provide ddoektimating the seismic-tsunamic hazard
and to provide a reference of data for geodynamic modelsyaa@ was developed, integrated as a layer

of the European Database of Seismogenic FaBi&sili et al, 2013a]. It was specifically designed dur-
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Fig. A.1. a) Seismotectonic map of the central-eastern Mewirranean. Earthquake hypocenters are from the
National Earthquake Information Center catalog NEIC. The red lines are the main tectonic features; AD,
Adria plate; AE, Adria escarpment; CB, Catanzaro basin; MS, Messina strait; MA, Malta escarpment; KL,
Kephallonia-Lefkada fault; MR, Mediterranean ridge; CR, C rete; RH, Rhodes; ES, Eratostene seamount; PH,
Paphos fault; DS, Dead Sea fault; EAF, East Anatolian fault;NAF, North Anatolian fault. b) tectonic plates
sketch-map. The blue lines represent the boundaries of teahic plates. Plates: EU, Eurasian; AF, African; AE,
Aegean; AT, Anatolian; AR, Arabian.

ing the course of the project SHARBt{p://www.share-eu.orly/to which | participated as the regional
database manager for the Northern Africa area, for the suimtuiayer implementation and the Calabria
slab compilationBasili et al, 2011]. The Subduction source is a simplified represemtatithe plates in-
terface at convergent boundaries, based on geologicaleoumhgsical data. The subduction interfaces are
fully-parametrized, and following the philosophy of DIS®atabase of Individual Seismogenic Sources
[Basili et al, 2008], subductions have been characterized by geomstriks|, dip, depth), kinematic and

dynamic (rake, convergence rate, seismic coupling, maxirearthquake magnitude) parameters.

A.2 The Mediterranean active subductions - tectonic settig

The central portion of the Mediterranean sea is tectonjicedminated by the interaction of the African,

Eurasian, and Aegean plates (Figure A.1b). It is mainly titaied by an ancient oceanic crust (called
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lonian) ranging in age from Triassic to Cretaceobmétti et al, 1982; Catalano et al. 2001; Finetti
and Del Ben2005], connected with the African and Adriatic plate. Theian oceanic crust is subducted
beneath the European plate in the Calabrian Arc, below tlge & plate in the Hellenic Arc and below
the Anatolian Plate in the Cyprus Arc (Figure A.la). The kaany between Africa and Eurasia crosses
the Mediterranean basin with an articulated shape and uaitbaracteristics due to differences in the
crustal nature and the presence of microplates such as tleaA@nd Anatolia plates. Along this boundary,
the presence of well-developed slabs of subducting oceanst is known essentially in three segments,
namely the Calabrian, the Hellenic and the Cyprus (or Cypraecs.

Although the slabs belong to the same plate, the Calabrialtetic and Cyprian subductions are dif-
ferent in terms of geometry and behavior. The well know Hetleslab and the less investigated Cyprean
slab dip to the northeast at a shallow angle [c@a- 30°, Papazachos et al2000;Suckale et a].2009],
whereas the Calabrian slab is much steeper [cifca 80°; e.g.,Chiarabba et al. 2008] and dips to the
northwest, as a consequence of the different orientatitim nespect of the global plate motion according
to Doglioni [1990] (see section 2.2). Convergence rates are in the of&5 mm/yr in the Hellenic Arc
[Reilinger et al, 2006] and 1-5 mm/yr in the Calabrian A@’Agostino and Selvagg004;Devoti et al,
2008;Serpelloni et al.2010;D’Agostino et al, 2011], difference due to the fast SW motion of the Aegean
and Anatolia plates. Wide and thick accretionary wedgesgld@ed in both zones as a consequence of the
subduction processes thereby deforming the thick sedioegr accumulated over time onto the lonian
crust. Away from the subduction of the lonian oceanic creasltijsion of continental crust is active along
the coast of northern Greece and Albania, in Sicily, and éonibrth of the Calabrian Arc. Intracontinental
deformation occurs in the Sicily Channel and continues énSirt Gulf [Libya, Corti et al., 2006;Serpel-
loni et al, 2007]. A promontory of continental crust of the African f@laoften referred to as the Adria

microplate, separates the northward continuation of tHaliTian-Hellenic subduction zones.

A.2.1 The Calabrian arc

The Calabrian Arc represents a portion of the complex platentdary between the Eurasian and Adria
plates formed as a consequence of the subduction of thenlon&anic crust under the southern margin of
the European plate. Paleomagnetism, S-waves refracted et Mohorovic discontinuity, paleoclimatol-
ogy and palynology suggest that Adria belongs structuialigt kinematically to Africa [e.gMantovani
et al, 1990;Channell 1996;Muttoni et al, 2001;Mele, 2001], whereas historical seismicity, geodetic

and seismic evidence suggest that Adria is at present apémdient microplate within the Africa-Eurasia
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plate boundary zon&nderson and Jacksp©987;Nocquet and Calai2003]. The Calabrian subduction
process occurred in the framework of a circa N-S convergbatgeen Africa (to which Adria is kinemat-
ically attached) and Europe, as constrained by paleomiagtesta [e.g. Channel] 1996;Muttoni et al,
2001]. The subduction zone is located between the TyrrheBéa (to the East) and the lonian Sea (to
the West) and stretches for about 300 km between the Soutfpenmines and Sicily (Figure A.1b). The
subduction of oceanic crust, as highlighted by seismieippears to be still active only in a narrow por-
tion of the Calabrian Arc, near its southwestern end, batviiee Catanzaro Basin and the Messina Strait,
where a steep NW dipping Wadati-Benioff zone is recogniZel\faggi and Chiarabhal995]. In geo-
dynamic reconstructions it is a segment of the larger ApssiMaghrebides subduction zoi&ueguen

et al, 1998;Faccenna et aJ.2004]. To the North, although convergence is still actite, sedimentary
cover of the African continental margin has been wedgedtimaCalabrian Arc and thrusted towards the
foreland. Seismic profiles across the lonian Sea highlightfold-and-thrust structure of the eastern mar-
gin of the Calabrian Arc and of the 300 km wide accretionaryw8iging wedge that spans into the lonian
Sea for about 400 kmMinelli and Faccenn@2010;Polonia et al, 2011], laterally confined by the Apulia
and Malta escarpments. The complex geodynamics of therrégieflected in the variability of the defor-
mation styles that affects the Italian peninsula. In an aVveonvergent settings, the Calabrian subduction
zone is also characterized by extensional and transcueealms. An active back-arc basin developed in
the Tyrrhenian Sea since the Middle MioceN¥ortel and Spakmar2000;Faccenna et a).2005], related

to the retreat of the Calabrian slab toward SE. The narrodigaration of the slab may have been attained
by lateral tearing during the last phases of the slab ratkljBaccenna et a).2011], but a control of paleo-
geography has been suggested (Carminati et al., 2012)sIvi¢hw the narrow Wadati-Benioff zone occurs
where a narrow corridor of Mesozoic oceanic lithospherdnefiieotethys subducted. The slab retreat oc-
curred faster in this corridor than in the continental paftie Adriatic Plate Carminati et al, 2010, and
references therein]. This, in turn, produced a larger ssagtward advancement of the thrust front in the

offshore of Calabria.

A.2.2 The Hellenic arc

The Hellenic Arc is the active boundary where the Africant@ldo the south, is subducted beneath
the Aegean plate, to the north. It stretches NW-SE betweetKéphallonia-Lefkada shear zone and the
southeastern corner of the island of Crete, where it chaalgesptly its strike and continues towards the

NE to the island of Rhodes (Figure A.1b). Here, this struetinks with the Cyprus arc. The Hellenic
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subduction zone is characterized by an active volcanicettta Aegean Sea, a non-volcanic arc along the
lonian Islands, Crete and Rhodes, a forearc basin knownealddhenic Trench and a large accretionary
wedge in its outer part, called the Mediterranean Ridge.aldueetionary wedge extends above the lonian
oceanic crust for more than 200 km to the African continentatgin Huguen et al. 2001; Kukowski

et al,, 2002;Polonia et al, 2002;Chamot-Rooke et al2005;Yem et al.2011]. The northwestern end of
the Hellenic Arc is located in the lonian Islands and is chemazed by a large NE-SW striking shear zone,
which accommodates the different styles and velocitiesedémination occurring to the north and south.
The main fault in this zone is the Kephallonia-Lefkada &tr#itip fault that marks the boundary between
the oceanic subduction domain to the South and contineoli&dion to the North, this last caused by the
presence of the thick continental Apulian blo&haw and Jacksor2010]. At the opposite end, in the
Rhodes Basin, the relationship with the Cyprus Arc is stiitiar of debate, also for the unclear nature of

this structure.

A.2.3 The Cyprus arc

The Cyprus arc is the active boundary where the African ptatéhe south, is subducted beneath the
Anatolian plate, to the north. It stretches NW-SE betweenDbad Sea Fault, to the SE, and the Rhodes
Basin, to the NW. Here, this structure links with the HelteArc (Figure A.1b). The Cyprus subduction
zone is probably the less known in the Mediterranean areav®liedefined volcanic arc exists. It seems
to be evolving towards continental collision, at least séastern portionifnprescia et al.2012], as the
crust in the Levantine Basin is not properly oceanic but nppodably thinned continental in nature. The
accretionary wedge is in part deformed by the impact withBretostene Seamount, which is entering the
subduction zone. The eastern end of the Cyprus Arc is locgathst the Dead Sea Fault zone, which in
turn ends against the Eastern Anatolia Fault zone. At thesifgend, in the Rhodes Basin, as previously
mentioned, the relationship with the Hellenic Arc is stilhtter of debate, also for the unclear nature of the
Cyprus subduction itself. The continuity of the subducfiamt is interrupted west of the Island of Cyprus
by the dextral strike-slip Paphos Fault, which marks thenawy between the oceanic domain subducting

to the west and the collision to the east.
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Fig. A.2. Schematic representation of subelements that cstitute the subduction interface.

A.3 Technical description of the subduction layer

The subduction database was designed using the softwarlafdand MapBasicl{ttp://www.mapinfo.conj/
The idea was to integrate the SHARE database, with a layeintlades a model of the plates interface
at convergent boundaries, based on geological and geaahgsita. The plate interfaces are mapped as
collection of free-form polygons with a variable number aides (Figure A.2). Each single polygon, or
sub-element, represents a portion of the entire surfadeeo$tbducting plate from the outer limit of the
trench to the lower tip of the dipping slab. This scheme idekiportions of the slab at depths that probably
exceed those useful for hazard assessment. However, thilition has to be determined a posteriori. In
addition, modeling techniques (e.g., finite elements agghf this thesis) benefit from the availability of
data about the whole subduction. Each sub-element hasstemsjjeometric and kinematic characteristics
and is bounded by lines of constant depth except for the app&rine when it coincides with the seafloor.
Similarly to crustal seismogenic sources provided by th8$8.1 databas®hsili et al, 2008], subduc-
tions are characterized by geometric (strike, dip, deptid) lzehavior (rake, slip rate, seismic coupling,
maximum earthquake magnitude) parameters (see figure Al.2abite A.1). These parameters are given
for all sub-elements and their range of variability withiretentire subduction is also stored in a summary

table.
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Field name Description Units

Min Depth Depth of the sub-element upper edge from sea level m k
Max Depth Depth of the sub-element lower edge from sea level m k
Min Strike Minimum direction (betweef and2r) clockwise from North degrees
Max Strike Maximum direction (betwedhand2) clockwise from North degrees
Min Dip Minimum dip angle (betweefi andx/2) from the horizontal degrees
Max Dip Maximum dip angle (betwedhand=/2) from the horizontal degrees
Convergence azimuth  Convergence direction (betvoemd27) clockwise from North degrees
Convergence Rate Range of values of convergence as a futione mm/yr
Seismic Coupling Seismic/aseismic factor (between 0-1) aléc

Max Magnitude {/,,) Value of the maximum observed magnitude of the sub-elemertcalar

Table A.1. Parameters provided for each subdomain of the sutuction.

Differently from crustal seismogenic sources, some patara&ave a peculiar role. Seismic coupling,
although very difficult to estimate, is supposed to providelation between plate convergence and earth-
guake production at the slab interface (i.e., gives an eséimf how much of the available tectonic energy is
released as earthquakes). Earthquake magnitude paransetapplied to capture the maximum observed
magnitude produced at single sub-element of the slab aderdind taken as a reference for the whole sys-
tem. In the subduction table, also NULL values are allowdds Tondition is acceptable because various
parameters may not be applicable in every sub-element tredtitute a subduction record, e.g., in the
deeper portion of the slab or in case of slab windows. TakklAustrates the specific attributes stored for
the whole subduction system. The parametric informatiorest for each sub-element, an used to charac-
terize the whole subduction to which they belong, are dbedrin table A.1. Geological and geophysical
data used for estimating the values of parameters includgpireted seismic profiles, gravity and tomogra-

phy data, receiver function Moho depth determinations amthquake focal mechanisms and hypocenter

Field name Description Units
General Information

ID Source ID assigned to the record -

Source Name Subduction system name -

Compilers Name(s) of the compiler(s) of the record -

Contributors Name(s) of the contributor(s) of the record -

Latest Update Date of the last update of the record -

Parametric Information
Min Seismogenic Depth Depth of the subduction interfacesugpismogenic edge from sea level  km

Max Seismogenic Depth Depth of the subduction lower seigmiogedge from sea level km
Dip direction Cardinal dipping point -
Convergence azimuth Values of convergence direction @&t and27) clockwise from North degrees
Convergence Rate Range of values of convergence as a fuioftione mm/yr
Max Magnitude Value of the maximum magnitude calculatedfsub-elements (Mw) Scalar

Table A.2. General and parametric informations describingthe subduction system.
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determinations. To give an idea of available density of tr@imsing data, those used for the Calabrian slab

are reported in table A.3 and also graphically shown in figuB

A.4 Interface geometries

The geometries defined for the three active subductiongiM#éditerranean region, are shown in figure
A.4. Shape and depth of the subducting Calabrian slab o inageneral, of the contact between the two
plates, are constrained by gravity, seismic and tomogcagdia and seismicity data as well (see Table A.3
and Figure A.3 for details). The geometry of the first 50 kmtepinferred from regional geological and
seismological data, mainly seismic profil&ap Dijk et al, 2000;Finetti and Del Ben2005;Scrocca et al.
2005;Minelli and Faccenna2010;Pepe et al.2010], P-waves velocitie®j Stefano et al.1999], residual
topography Gvirtzman and Nur2001], gravity anomaliesTjberti et al, 2005] and paleomagnetic data
[Cifelli et al., 2007;Mattei et al, 2007;Cifelli et al., 2008]. In the lonian Sea, this portion of the plate

contact dips toward NW about 2-8 degrees under the accesgtiamedge and becomes steeper (up to 20

Geologic/Geophysic | General constrained | Specific constrained | References and number/color as
method features parameters represented in figure A.3
inversion of body tomography slab Chiarabba et al[2008]
waves profiles geometry [1-light green]
seismicity distribution of slab Chiarabba et al[2005]
location seismicity geometry [2-yellow]
high resolution tomography velocity model Faccenna et al[2011]
regional array [3-light blue]
interpretation of seismic accretionary wedge Minelli and Faccenng2010]
seismic lines profiles geometry [4-dark blue]
interpretation of seismic accretionary wedge Pepe et al[2010]
seismic lines profiles geometry [5-brown]
interpretation of seismic accretionary wedge Scrocca et al[2005]
seismic lines profiles geometry [6-orange]
seismic and wells seismic structural Van Dijk et al.[2000]
database profiles model [7-purple]
S waves anisotropy slab Baccheschi et a[2011]
splitting maps position [8-dark green]
topography and isobaths moho depth and Gvirtzman and Nuf2001]
isostasy map lithospheric thickness [9-pink]
inversion of surface vertical cross Structural model and Pontevivo and Panzg006]
waves data sections Vs distribution [10-red]
moment focal geometric and behaviopr Serpelloni et al[2010]
tensors mechanisms parameters [11-black]

Table A.3. List of methods and references selected for conisined parameters of Calabria slab interface.
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Fig. A.3. Schematic representation and data coverage for thCalabrian subduction zones. Boxes and lines are
numbered and outlined by different colors following the references used in this study as reported in table A.3.

degrees) at depth greater than 10-12 km. It is assumed tatef®r nearly pure thrusting and represents the
region where interface earthquakes took place. Earthgoakéions are consistent with the slab geometry
model derived from other data. Deeper portions of the sutimluinterfaces were constrained by seismic
and tomographicBarberi et al, 2004;Chiarabba et al. 2005, 2008] SKS splitting dat®pccheschi et al.
2008, 2011]. Deep seismicity and tomography data depict ladeeeloped slab up to 500 km depth.
Intermediate and deep earthquakes are distributed algng B-NW dipping Wadati-Benioff plane that
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can be followed down to 450 km deptBliarabba et al. 2005]. The seismically active portion of the
slab has a lateral extent of only 250 km from the southern Ajers to the western Aeolian Islands.
Tomographic images reveal the presence of a continuousveigicity body beneath the Calabrian Arc,
confirming the northwestward subduction of the lonian lghloere beneath the southern Tyrrhenian Sea.
The slab is sub-horizontal at shallow depth, then dips sty in the upper mantle, and finally flattens
to lie on top of the upper-lower mantle discontinuity beltw Tyrrhenian Sed cente et al.2006;Wortel

and Spakmar2000;Cimini, 1999;Piromallo and Morelli 2003;Montuori et al, 2007;Chiarabba et al.
2008;Monna and Dahm2009;Piana Agostinetti and Amat@009].

In the Hellenic region, the seismicity distribution depiet Wadati-Benioff zone beneath the Aegean
Sea down to a depth of about 180 khigtzfeld and Martin 1992;Benetatos et al2004;Bohnhoff et al.
2005; Papazachos et g12000; Rontogianni et al.2011]. Earthquake locations are consistent with the
slab geometry model derived from other data such as seismiitgs or tomographyNleier et al, 2004;
Suckale et a).2009]. Interface earthquakes concentrate at depth betheand 45 km in the center of
the arc [15-20 at the northwestern terminatidaymaz et aJ.1990; Shaw and Jackser2010; Heuret
et al, 2011]. P-axes azimuth of interface earthquakes geneagilye with the plate convergence direction
indicated by GPS velocity vectordMgKenzie 1978;Jackson and McKenzid 988; Taymaz et a).1990;
Papazachos et 311999;Benetatos et al2004], also in the eastern Hellenic arc where plate comrarg
is taken up by oblique slip motion on the subduction pleBtegw and Jacksg2010]. Shape and depth of
the subducting slab beneath the Aegean plate are also aimestiby gravity and seismic data, as well as
seismicity data. The African oceanic crust lies beneatll#fermed sediments of the Mediterranean Ridge
at a depth of 16 kmNlakris and Yegorova2006], then, approaching Peloponnese and the Island ¢, Cre
it begins to dip beneath the Aegean plate with an angle oftaltisuas imaged by seismic lines (Bohnhoff
etal., 2001), receiver functions analysis (Meier et alg2@nd results from combined seismic techniques
models Meier et al, 2004] or velocity-gravity modelgJasten and SnopeR006;Makris and Yegorova
2006]. The hinge of the slab is approximately located bdnteg Hellenic Trench. In the western portion
of the Hellenic Arc, the crusts of the two plates are in cont@aa depth of about 30-35 km, which roughly
corresponds to the thickness of the Aegean crust. Conyeisehe eastern portion of the Hellenic arc,
where the slip motion is mainly oblique, a mantle wedge seend#/ide the two plates to the hinge of the
subducting slabQasten and SnopeR006;Makris and Yegorova2006]. The position of the subducting
slab beneath the Aegean plate is constrained by receivetidms analyses of P and S waves that show
the topography of the Africa Moho discontinuity at a depthasen 35 and 200 knHodoudi et al.2006].

Also tomographic images of P and S velocity variations canfine presence of a slab dipping with a
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shallow angle until a depth of at least 120 kBapazachos and Nolet997;Li et al., 2003;Suckale et aJ.
2009]. Tomography elaborations image the presence of a fagj body beneath the Aegean Sea, reaching
the 660 km discontinuity beneath the northern border of Gresnd the eastern coast of the Black Sea

[Piromallo and Morellj 2003;Dilek and SandvoR009;Suckale et a).2009].
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Fig. A.4. Main subduction zone interfaces colored accordig to depth. Black dots are drawn over the slab hinges
projection. The thick black lines represent the subductionfronts.

The Cyprus slab belongs to the eastern Mediterranean atthe@uction. Seismicity distribution indi-
cates the occurrence of a slab beneath Anatolia down to & @épibout 140 km in the western part of
the arc, while in the eastern portion no earthquakes arededdoeyond 60 km deptiKglyoncuglu et al,
2011]. The shallowest structures of the Cyprus Arc are irdagahe seismic lines. The plate contact is
clearly imaged only in the central portion of the arc, imnagelly south of the Cyprus Islan¥fifal et al,
2000;Schattner2010]. The bouguer gravity anomaly pattern seems to bastenswith the presence of
a subducting slab until at least 50 km de#ndin et al, 2005]. At greater depth, tomography highlights a
fast body beneath Anatolia down to about 400 km in correspooe with the southern coast of the Black
Sea. A deeper cold body is also imaged at depth between 4080fhkin Dilek and Sandvol2009]. In

the eastern portion of the Cyprus arc, a discontinuity ircthld body is interpreted as an indication of slab
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detachmentfaccenna et a).2006], maybe induced by the collision of the Eratostenar®eent with the

Anatolia plate margin.

A.5 Kinematic and behavior parameters

According to GPS velocities and current plate models, isedahotion between the subducting African
plate and the Calabrian arc itself results in a convergeaimeaf 2-5 mm/yr D’Agostino and Selvaggi
2004;Devoti et al, 2008;Serpelloni et al.2010;D’Agostino et al, 2011]. Information on seismic coupling
values [i.e., qualitative measures of the interaction keetthe two plates at subduction zones;Re# and
Kanamorj 1983, for explanations] is not available in the literatforethe Calabrian subduction interface,
due to the lack of well constrained seismic events for therefiHeuret et al, 2011]. For this reason it has
been chosen to use a zero value (i.e., minimum interactiome®m plates at the interface) for the entire
subdomain deeper than 125 km. A seismic coupling value a&l, (haximum interaction between plates
at the interface) was used for the plate interface as it sgits the region of higher interest for hazard. In
the past centuries, the area has been stuck by se\grab 6 earthquakes [CPTI1Rovida et al. 2011].

A maximum magnitudé/,, 7.1 was adopted for the Calabrian subduction zone, based onabaitade
of the largest historical earthquake that took place in tea.a

At longitudes of the Hellenic arc, the subducting Africatplanoves toward N-NW at 5-9 mm/yr
while the overriding Aegean plate moves toward the SW at 30a31/yr, both values relative to fixed
Eurasia PeMets et al. 1994;Le Pichon et al. 1995;Cocard et al, 1999;Bird, 2003; McClusky et al.
2003;Kreemer and Chamot-Rook2004;Reilinger et al, 2006;Ganas and Parson2009]. These relative
motions result in a convergence rate of 35 mm/y in the wegiarhof the arc. In the eastern part, where
relative motion becomes oblique, and here the lateral compois of about 10 mm/yr. GPS velocities
of the Aegean plate progressively decrease toward thewesthwhere the subduction zone approaches
its lateral termination in the lonian Islandddllenstein et al.2008]. The subduction rate of the Western
Hellenic Arc is estimated at about 40 mm/yr Agostini et al[2010], considering a convergence rate of 50
mm/yr. Seismic coupling of the Hellenic subduction is gafigiconsidered to be weaBgcker and Meier
2010;Reilinger et al, 2010;Rontogianni2010;Shaw and Jacksg2010;Heuret et al, 2011].Laigle et al.
[2004] suggest a possible lateral variation of seismic ngmlong the Hellenic Arc structurd_gigle
et al, 2004]. The Hellenic subduction is supposed to have gezgiate of the largest earthquake of the
entire Mediterranean, which occurred in the 365 AD, with stineated)M,, larger tharg [e.g.,Guidoboni
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Calabrian Arc

General Information

ID Source ITSD001
Source Name Calabrian Arc
Compiler(s) Petricca P.
Contributor(s) Petricca P.

Tiberti M.M.

Basili R.
Latest Update 30/05/2011
Parametric Information Evidence
Min Seismogenic Depth (km) 10 Inferred from tectonic andseilogical considerations
Max Seismogenic Depth (km) 60 Inferred from tectonic andreelogical considerations
Dip direction NwW Based on geophysical data from various ansth
Convergence azimuth (deg) 275-310 Based on geodetic aetevarious authors
Convergence Rate (mm/yr) 1-5 Based on geodetic data frolmugauthors
Max Magnitude (/,,) 7.1 Inferred from regional tectonic considerations

Hellenic Arc

General Information
ID Source GRSDO001
Source Name Hellenic Arc
Compiler(s) Tiberti M.M.

Tiberti M.M.

Kastelic V.

Basili R.
Latest Update 13/05/2011
Parametric Information Evidence
Min Seismogenic Depth (km) 15 Based on seismological data frarious authors
Max Seismogenic Depth (km) 45 Based on seismological data ffarious authors
Dip direction NNE Based on geophysical data from varioubens
Convergence azimuth (deg) 20-40 Based on geodetic datavirdpus authors
Convergence Rate (mm/yr) 23-35 Based on geodetic data fanious authors
Max Magnitude {/,,) 8.4 Based on the largest associated earthquake

Cyprus Arc

General Information
ID Source CYSDO001
Source Name Cyprus Arc
Compiler(s) Tiberti M.M.

Kastelic V.
Contributor(s) Tiberti M.M.

Kastelic V.
Latest Update 13/05/2011
Parametric Information Evidence
Min Seismogenic Depth (km) 10 Inferred from tectonic andseilogical considerations
Max Seismogenic Depth (km) 60 Inferred from tectonic andreelogical considerations
Dip direction NNE Based on geophysical data from variousanst
Convergence azimuth (deg) 30-40 Based on geodetic datavirdpus authors
Convergence Rate (mm/yr) 9-18 Based on geodetic data froimugaauthors
Max Magnitude (/,,) 7.5 Inferred from regional tectonic considerations

Table A.4. General and parametric informations describingthe subduction systems.
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et al, 2007]. Whether this earthquake occurred on the subdupteore or not, is still a matter of debate
[Papadimitriou and Karakosta2008;Ganas and Parson2009;Stiros 2010].

In the Cyprus region, the subducting Africa plate moves toMi&NW at 5-9 mm/yr while the overrid-
ing Anatolian plate moves westwards at 21 mm/y relative tedikurasialReilinger et al, 2006]. These
relative motions result in convergence ranging from 7 to I8/ym moving along the trench from east
to west Reilinger et al, 2006;Wdowinski et al.2006]. The subduction rate is estimated to be about 10
mm/yr by Agostini et al[2010]. The Paphos fault is thought to accommodate aboutrhfynof differen-
tial velocity between east and west. The Cyprus area hasdftsated by many destructive earthquakes in
historical times Cagnan and Tanircar2010]. The largest known earthquakes in the Cyprus arcthase
occurred inl 222 with M, 6 andM,, 7.5 [CFTI4Med,Guidoboni et al.2007]. Seismic coupling estimates
are not available for the Cyprus subductidtepret et al, 2011]. The specific attributes for the Calabria,
the Hellenic and the Cyprus subduction systems are provitedble A.4.

The described subduction database is currently integiated layer of the European Database of
Seismogenic FaultBfasili et al, 2013a]; it is published on-line and accessible via theofwihg link:
http://diss.rm.ingv.it/share-edsf/

The significance of such a tool is evident, for example, byubke that was made in this thesis to
constrain the model geometries of the numerical modelscdésli to the Mediterranean area (see section

5). It was also used as the basis for studies of tsunami haar¢Basili et al, 2013b].
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4.16 Model results with curved trench geometry and different deghs reached from the

subducting slabs. Starting from the leftmost column paneldo the right, slabs are

respectively 500, 600, 670 and 800 km deep. The three simutats sequences on each

row were obtained assuming only slab pull applied (panels &), slab pull and 4

cm/yr mantle flow sustaining the slab (panels e-h) and slab guand 4 cm/yr mantle

flow opposing the slab (panels i-l). Same representation offure 4.15.. .. ............ 95



List of Figures

4.17 Model results with linear and curved trench geometries withslabs leaning over the
upper-lower mantle interface. The panels of the first and thid column show solutions
for convex (i.e. advancing) slabs, while the panels of the aend and fourth column
show solutions for concave (i.e. retreating) slabs. The tlee simulations sequences on
each row were obtained assuming only slab pull applied (panea-d), slab pull and 4
cm/yr mantle flow sustaining the slab (panels e-h) and slab puand 4 cm/yr mantle
flow opposing the slab (panels i-l). Same representation ofjfire 4.15.. . .............

4.18 Map view of the principal stress axes at crustal depth (5 km) ithin both the lower
and the upper plates for 3D models with linear trench geometies and different
depths reached by the subducting slabs (i.e., 450 km, 600 knmé 800 km). The
following model results are compared: assuming only slab guapplied (panels a-c),
slab pull and 4 cm/yr mantle flow sustaining the slab (panelsd) and slab pull and 4
cm/yr mantle flow opposing the slab (panels g-i). No plate caergence is assumed.
Black arrows indicate the mantle flow direction, blue lines he compressional stresses,
and red lines the tensional stresses. The yellow thick edgespresent the symmetry
planes of the geometries. . ... e e

4.19 Map view of the principal stress axes at crustal depth (5 km) ithin both the lower
and the upper plates for 3D models with linear and curved trerth geometries. The
following model results are compared: assuming only slab duapplied (panels a-c),
slab pull and 4 cm/yr mantle flow sustaining the slab (panelsd) and slab pull and 4
cm/yr mantle flow opposing the slab (panels g-i). No plate carergence is assumed.
Black arrows indicate the mantle flow direction, blue lines he compressional stresses,
and red lines the tensional stresses. The yellow thick edgespresent the symmetry

planes of the geometries. . . ... e

169

97



170

List of Figures

4.20 Intraplate stress orientation (0-50 km depth) for the Chiletype subduction zones.

Direction of the largest compressive horizontal stress (Sidax) for thrust (blue),
normal (red) and strike-slip (green) stress regimes is showfor the a) South
America, b) Sumatra, c) Central America and d) Solomon subdation zones (data
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Direction of the largest compressive horizontal stress (Sidax) for thrust (blue),
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and in the shallow [e.g.,Cuffaro and Doglioni, 2007] hotspot reference frame (gray
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plate motion relative to Eurasia fixed [Serpellonietal, 2005]... ..................... 112
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Orientation of SHmax from well breakouts and seismologicaldata (data after
Heidbach et al.[2008]). The map shows also the Late Liassic-Hauterivian
paleogeography of the Italian area (redrawn fromZappaterra[1994]). The thickness
of the lithosphere (in km) in the Italian area is also shown (éter Panza et al[1992]).
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Westward plate motions in the Mediterranean region [afterDoglioni et al., 2007]
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in figure 5.1. Coastlines and contacts between the tectonidgtes are drawn: EU,
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Model geometry, materials and boundary conditions used inlie 3D calculations. The
circles denote a roller boundary condition. The yellow arravs denote the velocity
applied to the mantle boundaries (blue faces) selected tasulate the relative motion
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Results of 3D model in which subduction is forced only by slalpull. Blue lines

indicate compressional stresses, and red lines indicatertsional stresses: (a) with a
prospective view from W (Calabrian slab focused); (b) with aprospective view from

NE (Hellenic slab focused) (c) in map. Stress axes are plotiet crustal depth (5
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and Hellenic subduction interfaces); Upper plate is not shan for simplicity. (d)
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and mantle respectively. In the upper panel are reported foreach boundary the
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Results of the 3D model that includes slab pull, plate convgience and SW-NE
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a) Seismotectonic map of the central-eastern Mediterranea Earthquake

hypocenters are from the National Earthquake Information Center catalog

NEIC. The red lines are the main tectonic features; AD, Adria plag; AE, Adria
escarpment; CB, Catanzaro basin; MS, Messina strait; MA, Mdta escarpment; KL,
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Eratostene seamount; PH, Paphos fault; DS, Dead Sea fault;AF, East Anatolian

fault; NAF, North Anatolian fault. b) tectonic plates sketch-map. The blue lines

represent the boundaries of tectonic plates. Plates: EU, Easian; AF, African; AE,

Aegean; AT, Anatolian; AR, Arabian. . ........... i 144
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Schematic representation and data coverage for the Calabain subduction zones.
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