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Nur durch Zusammenfassung aller Geo-Wissenschafen

dürfen wir hoffen, die "Wahrheit" zu ermitteln.

(Only by combining all geo-sciences may we hope to find

the "truth")

Wegener [1929]
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Abstract

Abstract

The aim of this Thesis is to study the physics of subduction and to develop a

dynamical model for back-arc extension in the Central Mediterranean. This is achieved

combining 2-D numerical and 3-D laboratory models as well as geological and

tomographic data of the Central Mediterranean. Concerning the physics of subduction

two key problems have been addressed, the influence of rheology on slab dynamics and

the feedback of slab-mantle deformation. The strategy of the approach is to formulate

the simplest setup allowing the separation between the effects of slab rheology and the

effects of slab mantle interaction.

In the 2-D numerical models (Chapter 3), forces external to the slab are replaced by

simple analytical functions to isolate the role of rheology on trench dynamics. A

systematic analysis of the slab dip, dynamics of interaction with the 660 km

discontinuity, trench retreat, assessment of steady state conditions, forebulge uplift is

comprehensively assessed on the grounds of the full rheological spectrum of slabs

(elastic, viscous, and non-linear visco-elasto-plastic). It is found that only a very narrow

rheological parameter space can satisfy the full range of observations from near surface-

to deep deformation within a single model. Numerical solutions close to nature are

obtained by models with significant elastic deformation (mapped by a local Deborah

number De >0.5).

The complementary 3-D laboratory study (Chapters 4 and 6) focuses on the

interaction of the slab with induced passive mantle flow by widely varying the slab-

mantle feedback boundary conditions. It is found that mantle-lithosphere interactions

play an important controlling dynamics of subduction. Slab dynamics can be strongly

influenced by horizontal and vertical mantle stratification. Lateral component of mantle
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outflow can also influence modeling results, restricting their possible application to

natural systems (Chapter 6).

Plate tectonic history, geological timing, and modeling results are combined to

reconstruct the evolution of the Central Mediterranean subduction over the last 80 Ma

(Chapter 5). A fast, episodic retreat of the Central Mediterranean oceanic slab can be

explained by purely gravity-driven subduction and interaction of the slab with the 660

km discontinuity.
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Zusammenfassung

Zusammenfassung

Das Ziel dieser Arbeit ist, die Physik von Subduktion zu studieren und ein dynamisches

Modell fur Back-Are Extension im Zentralen Mittelmeer zu entwickeln. Dieses wird

durch 2-D numerische und 3-D Labormodelle, unter Nutzung von geologischen und

tomographischen Daten des Zentralen Mittelmeers kombinierend gewonnen.

Hinsichtlich der Physik von Subduktion werden zwei Schlüsselprobleme genauer

untersucht. Dies sind der Einfluß der Rheologie auf die Plattedynamik und die

Rückkopplung der Platten/Manteldeformation. Es wird der einfachste Ansatz gewählt,

der eine Trennung der Effekte der Plattenrheologie von den Effekten der

Platten/Manteldeformations Rückkopplung erlaubt. In den 2-D numerischen Modellen

(Kapitel 3), werden die externen Kräfte, die auf die Platte wirken, durch analytische

Funktionen ersetzt, um die Rolle der Rheologie auf Subduktionsdynamik zu

untersuchen. Eine systematische Analyse des Abtauchwinkels der Platte, der Dynamik

der Abhängigkeit mit der 660 Kilometern Diskontinuität, desTrench Retreat, der

Einschätzung der Lagezustände, des Forebulge-Uplifts wird umfassend auf Grund des

vollen rheologischen Spektrums von visko-elasto-plastischen Platten durchgeführt. Es

wird gefunden, daß nur ein sehr enger Theologischer Parameterraum das volle Spektrum

an Beobachtungen von der nahen Oberfläche zur tiefen Deformation innerhalb eines

einzelnen Modells erfüllen kann. Numerische Lösungen welche die Natur

wiederspiegeln werden durch Modelle mit bedeutender elastischer Deformation erreicht

(beschrieben durch eine lokale Deborah Zahl De > 0,5). Die ergänzende 3-D

Laborstudie (Kapitel 4 und 6) untersucht genauer die Abhängigkeit der Platte mit dem

durch Plattenbewegung verursachten passivem Mantelfluß, der durch die

Modellrandbedingungen stark verändert werden kann Mantel-
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Lithosphäreabhängigkeiten kann eine wichtige steuernde Rolle in der Dynamik von

Subduktion spielen. Die Plattendynamik wird jedoch ebenfalls durch horizontale und

vertikale Mantelschichtung ,
sowie seitwärtiges Mantelfliessen stark beeinflußt. Diese

Faktoren können, wenn sie nicht richtig erkannt wurden eine mögliche Anwendung auf

natürliche Systeme (Kapitel 6) einschränken. Die tektonische Geschichte, die

geologische Entwicklung, und die Labor- und numerischen Resultate werden

kombiniert, um die Entwicklung der zentralen Mittelmeersubduktion über die letzten 80

Ma (Kapitel 5) zu rekonstruieren. Trench Retreat des Zentralen Mittelmeerozeans kann

die schnelle, episodische, geologische Entwicklung erklären, wenn Subduktion in

Abhängigkeit mit der Interaktion der Platte und der 660 Kilometer-Diskontinuität

berücksichtigt wird.
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Chapter 1

General introduction

1.1 Preface

Subduction drives plate tectonics. Wadati-Benioff zones [e.g. hacks and Barazangi,

1977; Giardini and Woodhouse, 1984; Jarrard, 1986] and the distribution of

tomographic anomalies [e.g. Bijwaard et al., 1999; Fukao et al., 2001] illustrate short-

term conditions: the cold solid lithosphère sinks into the convective fluid-like mantle

with different dips and shapes. But the long-term evolution of subduction is still

uncertain due to its transient character. Hence, to understand the dynamic of subduction

better, seismic data have to be integrated with other constraints: indirect observables

(penological, geochemical and structural studies of the trench-backarc system) and

numerical and laboratory models. Only modeling, in fact, provides a dynamic picture of

the slab.

The Central Mediterranean offers an ideal laboratory for studying the subduction

process. This area is characterized by a very complex structure: both a northwest

dipping arced subduction zone which produced the Apennine chain, and the Tyrrhenian

Sea, an extensional domain which can be thought of as the system's recent backarc

basin [Malinverno and Ryan, 1986; Royden, 1993; Faccenna et al, 1996], Generally,

this geodynamical setting is considered within the interaction of the Eurasian and

African plates which started around 80 Ma ago. The net convergence of the incoming

African plate at the trench has always been very low {Dewey, 1989; Dercourt et al.,

1993; Van der Voo, 1993; Ward, 1994; Silver et al., 1998], allowing joint study of
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Chapter 1: General introduction

subduction and back-arc opening. In fast converging areas, where the incoming plate

absolute velocity is higher or at most comparable to that of a rapidly retreating trench

(5-10 cm/y; Jarrard, 1986), kinematic reconstructions of subduction history are often

complicated by confusing or missing geological signatures either hidden by subsequent

accretion or dragged down in the trench. By contrast, surface geological remnants of

past subduction can be better preserved in slow converging areas, hinting at the

evolution of subduction. These useful examples of geological observations would be

unconformities and marine depositions on the upper plate, which sign initial phases of

subduction [Cohen, 1982; Mitrovica et al, 1989]; siliciclastic over hemipelagic deposits

in the trench area; high pressure/low temperature metamorphic faciès [Peacock, 1996],

and the activity ofthe volcanic arc [Jacob et al, 1976].

Until now three different approaches have been used to unravel the dynamics of

Central Mediterranean subduction. The first combined the seismic velocity structure of

the subducted lithosphère with its regional tectonic history [Wortel and Spakman, 1992,

2001]. The second approach used 2-D finite element models to investigate the surface

[Bassi and Sabadini, 1994; Negredo et al, 1997; Bassi et al, 1997] and deep strees

field [Giunchi et al 1994; Marotta and Sabadini, 1995; Giunchi et al, 1996]. The third

approach is based on laboratory experiments focused on how subduction begins

[Faccenna et al, 1999] and extends in a back-arc [Faccenna et al, 1996].

But other questions about the evolving ofthe Central Mediterranean remain:

-Which mechanism produced trench migration rates of 6 cm/y with convergence

rates ofonly a few mm/y?

-Why did the process occur episodically, causing the opening of two distinct basins

(Liguro-Provençal and Tyrrhenian) after a pause of 5 Ma?

2



Chapter 1: General introduction

-Can we reconcile the tomographic images of the deep mantle with the available

geological record?

Answering these questions will help understanding subduction in general and its

particular case in the Central Mediterranean.

1.2 Outline of thesis

To address such considerations, I will investigate physical processes governing

subduction and establish a dynamic model to explain the Central Mediterranean's

tectonic history of subduction and back-arc extension over the last 80 Ma. I will

combine numerical and laboratory models and, subsequently, join geological and

tomographic data of the Central Mediterranean in a dynamic evolution model based on

the insights of numerical and laboratory models.

After briefly reviewing the methodology of both numerical and laboratory modeling

and their previous application to subduction (Chapter 2), I will focus on the dynamics of

retreating slabs. This category represents the most frequent natural case [Chase, 1978;

Uyeda and Kanamori, 1979; Dewey, 1980; Garfunkel et al, 1986], and is the key to

subduction in the Central Mediterranean. The surface expression of long-term retreating

behavior is found in backarc basins [Uyeda and Kanamori, 1979] whose opening is

kinematically linked with the retreat of the trench towards the subducting plate and/or

the motion of the upper plate away [Chase, 1978; Dewey, 1980; DeMets et al, 1990].

The evolution of these basins is irregular and limited in time [Karig, 1971]. A very good

example of such episodic back-arc opening in the Mediterranean is the Liguro-

Provencal Tyrrhenian basin: the most detailed natural application in this Thesis.
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Chapter 1: General introduction

Two fundamental problems remain for subduction modeling. The first question

concerns the rheology typical of the lithosphère. In particular, do we need to incorporate

elasticity? The second question concerns the role of secondary flow triggered in the

mantle by slab motion. How does it in turn affect the slab's morphology and motion?

These two issues have been approached with two different modeling techniques: one in

which the slab is assumed to be elasto-plastic (the solid-mechanical approach) and the

other in which the slab is essentially fluid (fluid-mechanical approach). This separation

led to the interpretation of observational constraints by completely different physical

processes. My work attempts to bridge this gap. These two problems are separated out

and are analyzed systematically by means of2-D numerical and 3-D laboratory models.

The philosophy of the numerical approach (Chapter 3) is to formulate the simplest

setup for separating the effects of slab rheology from those of slab-mantle feedback. I

entirely suppress the slab-mantle feedback. This simple setting allows me to explore

how the subduction system respond to a selection of slab rheologies presented in earlier

numerical studies: the purely elastic, the linear visco-elastic, and the visco-elasto-

plastic.

This study is complementary to 3-D laboratory study (Chapter 4), which focuses on

the meaning of the interaction of the slab with the induced passive mantle flow by

widely varying the slab-mantle feedback boundary conditions but only with visco-

elastic rheology. In comparison of experiment to nature the base of the box may

reproduce the bottom of a converting system whereas the lateral box boundary the

presence of other nearby slabs. A simple fixed yet representative rheology guided by the

validity field assessed by the numerical investigation. The effect of flow boundaries is

analyzed and parameterized in a 3-D setting.

4



Chapter 1: General introduction

An application to the Central Mediterranean case is presented in Chapter 5 where

plate tectonic history, geological timing, and modeling results are combined. The result

reconstructs evolving central Mediterranean subduction over the last 80 Ma.

To generalize the modeling results for worldwide subduction zones, a second set of

laboratory models is presented in Chapter 6. There the velocity of the incoming plate is

varied with the aim of exploring the widest field of conditions in the subduction system.

The important application to natural cases represents future areas ofwork.

Finally, Chapter 7 summarizes and discusses the results obtained in this study.

Chapters 3, 4, 5 and 6 are structured as papers already published or submitted.

Unfortunately, this format entails unavoidable duplications, especially when

experimental assumptions are presented.

5



Chapter 2

Background to modeling

2.1 What is a geodynamic model and why is it important?

A geodynamic model is a simplified scaled representation of nature. Physical

parameters are chosen to mimic geometrical, kinematical and dynamical natural

conditions ("similarity criteria"). Experimentations are most powerful when both

numerical and laboratory experiments are combined. Numerical and laboratory

experiments, in fact, are complementary. The numerical models have the advantage of a

straightforward quantitative approach and the possibility to be conducted with precise

boundary conditions. Nevertheless computational capacities necessary to simulate

unlike experiments, more realistically geologic features using complex rheologies

and/or three dimensions settings are not yet optimal. Laboratory models can in principle

obviate these limitations permitting also a useful direct control on the evolution of the

studied physical process. The advantages of laboratory experiments make this

methodology a valid tool in studying a wide range of natural processes.

2.2 Laboratory models

The use of experimental tectonics to study tectonic processes is not a novelty in Earth

Science. Following Sir James Halls pioneer work [1815], many modelers used

materials like sand, clay, oil, painters's putties, gelatins, wax, paraffin, syrups and

polymers to simulate geological structures present in nature with the aim to determine
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Chapter 2: Background to modeling

parameters that control their origin, development and final geometry. However only

recently the experimental analogue modeling had been advanced considerably. Thanks

to the proper scaling relationships and the improvement in the knowledge of the

rheology of both natural and model materials, experimental tectonics is proving to be a

useful and relatively cheap technique to study tectonic processes. Experimental

tectonics has examples both in large-scale geodynamic applications (subduction,

evolution of thrust belts, formation of basins, pluton emplacement, mantle and crustal

convection) and in smaller scale structural geology (faults, folds, diapirism, boudinage).

2.2.1 How to design a laboratory model

Laboratory models have to be built following carefully precise sequence of steps

(Figure 2.1):

1. identification ofthe problem to study;

2. application of the "similarity criteria" ;

3. determining ofthe materials that satisfy the similarity criteria;

4. running the experiments;

5. verifying repeatability of salient observables;

6. interpretation of the obtained results;

7. definition ofa "globalized" theory.

Before planning experiments one has to choose what to model (phase 1). Laboratory

experiments are real physical systems that have the advantage to be easily manipulated.

Nevertheless only a narrow number of materials can properly scale the range of natural

mechanical and thermal values. Hence laboratory models can model only partial aspects

ofthe natural system.

7



Chapter 2: Background to modeling

A crucial requirement for laboratory experiments is the ability to scale natural

processes to laboratory environment. Similarity analysis (phase 2) is the central step in

1. identification ofthe problem to study

2. application ofme similarity criteria

3. determining materials that satisfy the similarity criteria '.

4. running ofexperiments

5.ensure repeatability

6. interpretation of obtained results

; 7.definition ofa theory

Figure 2.1: Flow chart of different phases of modelization.

the model design helping to select analogue materials, dimensions and rate of

deformation. In order to scale an analogue model to a natural process, the model should

be geometrically, kinematically, dynamically and rheologically similar to the prototype

[Hubbert, 1937; Ramberg, 1981]. The application of the similarity theory starts with the

identification of the most relevant physical parameters active into the natural system.

Then each variable (length, velocity, force and material specific parameters) is

normalized by means of a dimensionless number. Each set of dimensionless parameters

defines a family of equivalent solutions, which only differs by a scale factor. The

solution characterized by the most relevant scaling can be used to select material and to

design a properly scaled analogue model (phase 3). Dimensionless parameters, which

are frequently used in experimental tectonics, are summarized in Table 2.1. Available

materials to satisfy similarity criteria are limited. Moreover the material has to be

inexpensive and manageable in sufficient quantities.
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Chapter 2: Background to modeling

Geometric parameter

lo=lm/ln (length scale factor) (1)

Rheologieparameters

E0=Em/En (Young modulus scale factor)

Po=pm/Pn (density scale factor)

T1o=nn/nn (viscosity scale factor)

(2)

(3)

(4)

Kinematic parameters

to=tm/tn=no/cfo (time scale factor)

vo=vm/vn=a0 Io/tjo (velocity scale factor)

go=gm/gn (gravity scale factor)

(5)

(6)

(7)

Dynamicparameters

a0=CTm/an (stress scale factor)

Ar=forces arising from density contrast/total strength

F=gl2Ap/T|v (buoyancy force/viscous force)

Re=vlp/r(=vi/M. (inertial force/viscous force)

Ra=D3gpaAT/KTi=D3gTi/K

Pr=n/k (viscous/thermal diffusivity)

Pe=vl/K (advection ofheat/conduction ofheat)

(8)

Argand number (9)

Buoyancy number (10)

Reynold number (11)

Rayleigh number (12)

Prandtl number (13)

Peclet number (14)

Nu=H1/k(T2-Ti) (heat transfer/heat transfer which would occur by conduction) Nusselt Number (15)

Table 2.1: List of the most common dimensionless parameters used in the similarity analysis for

laboratory experiments. Robust scaling implies that characteristic dimensionless ratios are the same for

the model (subscript m) and its prototype (subscript n). / is length, p is density, n is viscosity, |J. is the

kinematic viscosity, g is gravity acceleration, t is time, v is velocity, cris stress, E is Young's modulus, D

is depth of convective mantle, Ap is pressure difference, k is thermal diffusivity, k the thermal

conductivity, H is heat transfer per unit area, T is the temperature, a is the thermal expansion coefficient.

9



Chapter 2: Background to modeling

Commonly, the brittle behavior is modeled by quartz sand with uniform grain size. This

is a Coulomb material with an internal frictional coefficient similar to nature ((p~0.6)

and a negligible value of cohesion. Silicone putties and plasticines are materials that are

mostly used to simulate the ductile creep behavior of rocks (lower crust, lithosphère,

magma evaporitic and clay levels). They are viscoelastic materials but the elastic

component is never involved in scaled geological experiment. In first approximation the

silicone putty can be considered a Newtonian fluid with stress that increases linearly

with strain rate [Weijermars, 1986]. It is composed of a pure polymeric substrate

(polidimethylsiloxane-PDMS) with the addition of solid particles (galena or barites

powder) to calibrate both the density and the viscosity of model materials. Finally, the

astenosphere is frequently modeled by honey or syrups (sucrose, corn) which are

Newtonian low viscosity and high-density fluids.

Experimental models can be performed (phase 4) in a natural gravity field

(gmodei=gnature) or in a centrifuge to create an increased gravitational field. In the first

case the natural prototype is reproduced in a apparatus like a squeeze or shear box.

Techniques to construct and deform the model are a function of the analyzed

geodynamic problem and of the selected material. External forces are driven at constant

rates by step or computer-controlled motors. It is useful to analyze a process making

models only progressively more complex so that is possible to separate the contribution

of single variables. Moreover, experiments have to be repeated several times under the

same boundary conditions to ensure repeatability (phase 5). The documentation of the

history of the model is crucial. Photographs and/or the use of a video camera permit to

monitor and record the time-evolution ofthe model. Other more sophisticated tools can

be added to the set-up to monitor specific quantities (i.e. small-scale laser scanning

profiler: topography; particle image velocimeter. flow field analysis; X-ray tomography:

10



Chapter 2: Background to modeling

no destructive analysis of internal deformation). Sand and paraffin models are wetted

(or frozen) after the end of the experiment the system and cut in different sections to

study results. For better deformation visualization the material is dyed in different

colored layers. In experiments in centrifuge the model is subjected to a centrifuge force

able to produce acceleration up to 20000g. This approach gives emphasis to the role ofg

permitting to decrease and optimize the experimental time and to use materials

independently from their strengths.

Final steps (phases 6 and 7) consist in interpreting results with the aim to formulate a

theory. Scaled models should be only considered as an idealized and simplified physical

guideline from which a theory (geometrical, kinematical or dynamical relationships) can

be deduced for interpreting tectonic processes.

2.2.2 Laboratory models ofsubduction

The subduction of oceanic lithosphère is the dominant process in the dynamics of the

Earth [Chappie, 1977]. A subducting slab sinks into the mantle because of its negative

buoyancy. The temperature difference between the cold slab and the surrounding warm

mantle and the low lithospheric thermal diffusivity causes a negative density anomaly

and, consequently, a downwards directed body force. Subduction involves a wide

variety of physical and chemical processes: earthquakes, volcanism (dehydratation,

melting and melting migration), phase transformations, thermal effects, mantle

circulation, and plate motion. Understanding the way in which a cold solid lithosphère

plunges into a convective mantle therefore can be addressed from several sides.

Seismology offers the only direct indication of the size, the geometry and the

deformation of the down going slab. Zones of high seismicity and high velocity suggest

11



Chapter 2: Background to modeling

that oceanic lithosphère sinks into the mantle with different dips and shapes that

apparently cannot be explainable by a simple rule [Jarrard, 1986]. Other

interdisciplinary constraints from geology, geochemistry, petrology and mineral add

complexities to our database. For all we know it rest assured that present day subduction

features are not consequence of a steady state phenomenon. Subduction may ends up in

a "quasi-steady" state but it certainly does not initiate as such. Several authors studied

the dynamical forces acting on the slab-mantle system [Forsyth and Uyeda, 1975;

Chappie, 1977; McKenzie, 1977; Davies, 1980; Conrad and Hager, 1999]. It has been

found that the driving slab pull arising from the negative buoyancy of the slab and the

bending resisting force represent the main forces controlling the subduction process. A

secondary role is played by ridge push (active force) and resistance to sliding along the

subduction fault and both shear and normal slab-mantle interface forces (resisting

forces). Nevertheless in a dynamic setting the absolute magnitude of these forces and

their mutual interaction are still poorly understood. Numerical and laboratory models

therefore represents a key-tool providing the only useful dynamic connection between

material properties and seismological observables.

Unfortunately the predictive power of this methodology is limited by the strong

uncertainty in the study of rheological properties of materials [Karato et al, 2001].

However on the base of the assumed value of the strength of slab vs. mantle we can

distinguish two end-member approaches: "strong-" and "weak slab" experiments

(Figure 2.2).

The classical vision of subduction envisages a rigid slab sinking trough a passive

fluid mantle. The slab hence is considered separated and decoupled from the

surrounding mantle in which it is embedded [Debremaecker, 1977]. In this case the

viscosity or strength ratio between the lithosphère and the mantle assume high values.
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Chapter 2: Background to modeling

Strong slab Weak slab
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-dip explained by Pmantle

-earthquakes explained only qualitatively

Figure 2.2: The strong and the weak slab formulations.

The alternative view recognizes the slab as an integral part of convection with a

strength that does not significantly affect mantle flow. Consequently, the dip of

subduction and the orientation of the slab as indicated by seismicity reflect the mantle

flow field [Tao and O'Connell, 1993]. In this case the slab is weak and coupled with the

surrounding mantle. It can be modeled using a viscosity ratio between the slab and the

mantle of less than 103. Numerical studies of mantle convection, in fact, show that if the

viscosity contrast is above 102-103, surface plates are slow enough that they cannot

actively participate in global scale convective flow, which occurs instead beneath a

"sluggish lid" [Ratcliffetal, 1997; Solomatov andMoresi, 1997].

The lithosphère has probably got an intermediate behavior showing "strong" or

"weak" phases during the different stages of subduction. These two different approaches

influence the design and final results of geodynamic models. However in

spite of differences both approaches are able to simulate observables at subduction

zones.
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2.2.2.1 Stiff slab experiments

This approach is based on the idea that the slab maintains a plate-like behavior

during the subduction. The estimates of temperature contrast between the subducting

lithosphère and the mantle suggest, in fact, that the slab must be much stronger than the

surrounding mantle. This influence is supported by the fact that the slab represents the

main source of dissipation of deep seismic energy [Isacks and Barazangi, 1977].

Moreover the double seismic zone of the descending lithosphère that shows evidence of

a paired down-dip compressional and extensional focal mechanisms can attributed to

the "unbending" of the slab [Samowitz and Forsyth, 1981]. Another independent factor

that support this view is the possibility to successfully simulate models of bending of

elastic plates to reproduce trench-forebulge, bathymetry and gravity of subduction zones

seawards of trench axes [Watts and Talwani, 1974; Caldwell et al, 1976; Turcotte et

al, 1978; Watts et al, 1980].

The pioneering works of Wolf Jacoby [Jacoby, 1973; Jacoby, 1976; Jacoby and

Schmeling, 1982] and Turner [1973] belongs to this category of experiments. These

studies were the first attempts to create a "laboratory subduction". Jacoby [1973]

compared the mode of sinking of a heavy elastic rubber sheet into water in a system

governed only by the gravity with the subduction of the slab into the mantle in absence

of active mantle convection. Similarity criteria used were purely mechanical.

Afterwards the setup had been improved including thermal convection with the aim to

clarify the role of lithosphère in mantle convection. In this case a material has been used

with a strong thermal dependent viscosity (paraffin wax) uniformly heated from below

and cooled from above. The resulting top frozen skin and the underneath molten wax

simulated the lithosphère and the convective mantle, respectively. The viscosity ratio of
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skin and melt was at least 106 providing a strong decoupling in the slab-mantle system.

Results showed that the negative lithospheric buoyancy force largely govern the

subduction process. Shear forces between lithosphère and mantle, on the contrary, are

second order effects. Consequently the main conclusion of this work highlights the

importance of stiff plates for mantle convection. It has been recognized that the strong

mechanical lithosphère has a crucial role in influencing mantle flow modifying

dimensions and geometries of convection cells. The idea that plates are an integral part

of mantle convection and the inference of a plate scale flow controlled and triggered by

the presence ofplate only got popularized much later [Davies, 1999].

Turner [1973] used a similar setup in which the convection was produced by stream

ofbubbles ofcold CO2 released by dry ice put at the bottom ofthe system.

General aspects of subduction from initiation to collision to back-arc extension have

been analyzed by Chemenda and his collaborators [Shemenda, 1992; Shemenda and

Grocholsky, 1992; Shemenda, 1993; Chemenda et al, 2000]. All the experiments were

designed with a common 2-layers set-up. A temperature dependent elasto-plastic layer

composed by a solid matrix of hydrocarbons and powder in oil simulates the

lithosphère. An essentially inviscid water tank is the analogue of the asthenosphere.

Considering the strong uncoupling of the slab-asthenosphere system the only role of the

asthenosphere is to maintain hydrostatic pressure beneath the slab. Models are purely

mechanical (isothermal). Subduction was investigated with different boundary

conditions and values of model parameters. It has been postulated that the horizontal

compression produces, in sequence, buckling instabilities, localization of deformation,

the failure of the lithosphère and, as a final result, the initiation of subduction. However,

the subduction did not initiate without the presence of pre-existing discontinuities. The

15
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analysis of stress-strain state in the model was capable to reproduce both positive

gravity anomalies on the frontal part of the overriding plate and bending of slab as well

as geometry of the deep-sea trench A particular success of these models is their ability

to produce enhanced back arc opening along pre-existing fault zones The hydrostatic

suction between plates has found to be the reason of focusing of deformation far away

from the potential weak interface between the subduction and the overriding plate

Buttles and Olson, [1998] on the contrary, focused their attention only on the upper

mantle in trying to determine parameters that control the orientation ofthe olivine a-axis

('seismic anisotropy") The role of the laboratory slab was simply to impose the down-

dip and the rollback motion components in the mantle (Figure 2.3). For this reason it

was successfully simulated by means of a rigid Plexiglas plate which is free to be

moved and rotated along the trailing edge The mantle has been modeled with

INITIAL CONDITION , ,
?<>•"" FINAL CONDITION

ts"' ftfftft -

Figure 2.3: Top view of two different phases of the experiment performed to model subduction zone

anisotropy Small cylindrical whiskers represent analogue for olivine a-axis The slab rollback influences

the initial random onentaüon of the whiskers creating orientated whisker domains [modified from Buttles

and Olson, 1998].

Newtonian corn syrup and the equivalent olivine a-axis traced by using whiskers The

scaling to mantle slabs use dimensionless number 1, 4, 5, 6, 7, 8. It has been
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demonstrated that the amount of roll back is the most important parameter in the

development of trench-parallel a-axis alignment. On the contrary the orientation in the

mantle wedge has been found to be quite sensitive to slab dip angle.

2.2.2.2 Weak slab experiments

The concept underlying this experimental approach is that the lithosphère behaves

like a viscous fluid at large temporal and spatial process scale. This approach uses an

alternative explanation to the elastic bending of the lithosphère. Hence, trench

morphology has been explained only by viscous forces [Debremaecker, 1977; Melosh

and Raefsky, 1980; Gurnis et al, 1996]. Complexities recognized in the geometry of

slab at depth [Bevis, 1986; Giardini and Woodhouse, 1986] were taken to suggest that

plate can be weakened at subduction zones to behave like a viscous fluid. A fluid-like

slab model can also reproduce qualitatively the pattern of seismicity and the variation in

seismic focal mechanisms with depth [Tao and O'Connell, 1993], although a viscous

slab cannot generate earthquakes.

The first attempt to model subduction with a weak slab was done by Kincaid and

Olson [1987] with the aim to illustrate and quantify the fate of a migrating slab at the

660 km transition zone (Figure 2.4). A sucrose solution with a strong T-dependent

viscosity and a concentration-dependent density has been selected to simulate a three-

layered system satisfying geometrical (1), rheological (3, 4), kinematic (7) and dynamic

(12) similarity criteria. The initial set-up consists of a slab and an overriding plate,

detached as an analogue of the trench gap, overlying a two-layer viscous fluid with a

jump in density and viscosity representing the 660 km discontinuity. The slab subducts

under its own weight and always shows a characteristic retrograde motion while the net

prograde motion is a rare and extreme case.
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Figure 2.4: Experimental study ofsubduction and trench migration during the sinking ofthe slab into the

upper mantle and the interaction with the 660 km boundary. This sequence shows the case for which the

deep discontinuity is rigid and the plate is fixed to the right boundary. The marker dye highlight the flow

pattern induced in the back arc region [from Kincaid and Olson, 1986].

This peculiar kinematics of the trench has been recognized as the main cause for

development of back-arc basins. The fate of the slab at the 660 km discontinuity has

been found to be sensitive on both viscosity and density ratios with the possibility to

have deflection, partial or total slab penetration into the lower mantle as a fonction of

the resistance offered at the boundary.
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The question about slab behavior in the upper mantle and during the interaction with

the transition zone has been tackled also by Griffiths and Turner [1988] and Griffiths et

al [1995]. They use pure golden syrup extruded with different shapes (tabular and

cylindrical) dips by a fixed or migrating outflow pipe into a two-layer fluid achieved as

mixture of golden, syrup and water with different densities. Similarity criteria (Table

2.1: 1, 3, 4, 6, 7, 10) allow comparing the laboratory set-up to the natural slab-upper

mantle-lower mantle system. Similar problem, and similar set-ups have been a topic

alternative models of Guillou-Frottier et al [1995]. Corn syrup, a strongly temperature

dependent viscosity material, was chosen as the appropriate modeling material.

Temperature dependency allows to consider also the Peclet number {Fe) as

dimensionless scaling parameter. Both sets of experiments confirmed the importance of

the contrast of material properties at the interface of the 660 km discontinuity.

Nevertheless, the main result is the identification of the primary role of the speed of

trench migration controlling the deep behavior of the slab. Significant rates of trench

motion, in fact, prevented the direct descent of the slab into the lower mantle, enhancing

slab flattening and deformation at depth.

The set of experiments performed by Pinet and Cobbold [1992] and Pubellier and

Cobbold [1996] have to be included in this class of models. Their models shed light on

consequences of oblique subduction. The natural rheological has been simulated profile:

dry quartz sand for the brittle part of the lithosphère, Newtonian Rhodorsil silicone

putty for the ductile part of the lithosphère and natural honey for the astenosphere. The

use of dimensionless parameters (Table 2.1: 1, 3, 4, 5, 6, 7, 8, 9, 10) allowed scaling the

geodynamic process to nature. It has been found that internal deformation was

controlled by boundaries between oceanic and continental lithosphère.
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The same materials have also been used by Faccenna et al [1996], Becker et al.

[1999] and Faccenna et al [1999] to study the entire subduction process from initiation

to interaction with the upper- lower-mantle boundary. Subduction initiation can be

achieved without initial weakness but simply by compressive thickening of the negative

buoyant lithosphère. After a critical amount of thickening has been accrued, the oceanic

lithosphère plunges into the mantle in a style of Rayleigh-Taylor instability. After the

initiation phase, the subduction into the upper mantle becomes a transient process

dominated by the balance between slab pull force and viscous resistance due to the

deformation at trench. The retrograde trench motion, in fact, follows an exponential

trend with time.

2.3 Numerical models

In the following paragraphs the basic elements of computer modeling the will be

outlined, focusing only on tectonic problems.

2.3.1 Equation solved

The first step of each numerical simulation is the choice of the mathematical model

appropriate for the target application. The construction of a complete tectonic model

requires the solution of equations expressing:

-conservation of mass;

-conservation of momentum;

-conservation of energy;

-constitutive relations of material (Rheology).
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2.3.1.1 Conservation of mass

The continuity equation expresses a conservation law by equating a net flux over a

closed surface with a loss or gain of material within the surface [Turcotte and Schubert,

1982; Ranalli, 1995].

For an infinitesimal volume element, it can be expressed as:

^
+ pduL = o (2.1)

dt dxj

where p is the density, t is the time, x is the position vector and u the fluid velocity

(Lagrangian formulation). For a special case of an incompressible fluid being —=0,
dt

(2.1) reduces to:

duj
0 (2.2)

dxj

This relation can be applied to all the cases in which the density variations are

sufficiently small. This is known as the "Boussinesq approximation^.

2.3.1.2 Conservation of momentum

The balance of pressure, viscous and gravity forces on a unit volume and the neglect

of inertial forces lead to the equation for conservation of momentum. The governing

equation is [Turcotte and Schubert, 19S2; Ranalli, 1995]:

da
^- + pBi=0 (2.3)

dx
j

where a is the stress tensor, p is the density and Bi the body force for unit mass.
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2.3.1.3 Conservation of energy

The energy balance must take into account all the equations that describe the

production and transport of heat and that govern the variation of temperature of the

system. The fundamental energy equation expressed for a unit volume is:

where T is the temperature, cp is the specific heat at constant pressure and Q terms

represent the different heat contribution recognizable in the Earth system.

In particular:

Qc=kV2T (2.5)

is the heat transfer by heat conduction, where k is the thermal conductivity.

Qh is the local heat generation (e.g. radioactive).

Qd is the heat transfer by convection:

Qd=cppy Vr (2.6)

where v is the velocity vector.

Qpi is the frictional heating ofthe body associated with the resistance to flow.

Qpl = Z<*ije (2.7)

where ^ is a scalar factor able to convert efficiency of plastic work into heat and s is

the plastic part ofthe strain rate tensor.

Finally, the heat production can be influenced also by chemical reactions Qr and other

factors X (e.g. heat of solution). QT can be either exothermal or endothermal as a

function ofcomposition and P-T conditions.

In the outer core Joule heating Qj due to electrical currents play a role.
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2.3.1.4 Constitutive relations

The constitutive relations (or rheological equation of state) describe the relationship

between basic kinematic and dynamic quantities and material parameters. For the

principle of "frame indifference", the constitutive equations must be independent of the

reference system. Hence, they are always formulated in Lagrangian coordinates as:

R(e,è,<r,&, |M}) = 0 (2.8)

In the following section a short and simple description of constitutive equation for

elasticity, viscosity and plasticity is introduced. More detailed informations can, among

others, be found in Drozdov [1996] and Chakrabarty [2000].

Elasticity

Elastic media can be defined as material where stresses depend on the current strain

only, and where the history of deformation can be neglected in the constitutive relation.

Therefore elastic strains are reversible and elastic deformations conserve energy. The

elastic constitutive relations for the simplest linear body (Hook body) are given by

[Chou andPagano, 1992; Ranalli, 1995]:

vy
= ^kksij + 2M£ij (2-9)

where crl} and stJ are the Cauchy stress and the elastic strain tensor, respectively, Skk is

the isotropic part of the strain tensor, b\3 is the Kronecker delta, and A and p. are two

elastic parameters called Lame's constant. In particular //is called the rigidity o the

shear modulus. The one-dimensional analogue model of an elastic body is the spring

(Figure 2.5a).
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Viscosity

A viscous fluid has a time dependent behavior. Viscous strains are not reversible and

viscous deformations dissipate energy. For a linearly viscous (or Newtonian) body the

constitutive law is [Drozdov, 1996]:

Oij=2nèij (2.10)

where eu is the deviatoric strain rate tensor and n the viscosity. The one-dimensional

analogue model of an elastic body is the dashpot (Figure 2.5b).

WVWV-*
a

Figure 2.5: Rheological one-dimensional model for (a) elastic body (the deviatoric component); (b)

viscous bodv.

For nonlinear viscous rheologies the most important strain rate-deviatoric stress relation

is the power-law creep equation, where strain rate is related to the wth power of the

stress.

Visco-elasticity

The simplest rheological models to represent a visco-elastic behavior are obtained

combining linear elastic and linear viscous element in series or in parallel. The former

leads to the Maxwell model (Figure 2.6a), the latter to the Kelvin-Voigt model (Figure
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2.6b) [Drozdov, 1996]. A typical visco-elastic medium shows both elastic and viscous

features. A strong importance is assumed by the viscoelastic relaxation time.

For a Maxwell model, the relaxation time ("Maxwell time") x, is defined as:

M

(2.11)

A Maxwell body behaves mainly elastically on time scales shorter than r and mainly as

a Newtonian viscous fluid on time scales longer than r.

£4

a

2li
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(b)

^nAAMH

Figure 2.6: Rheological models and strain-time diagrams, (a) The Kelvin-Voigt body. The Kelvin-Voigt

body shows an essentially delayed elastic effect, (b) The Maxwell body. The general behavior shows an

instantaneous elastic strain followed by a linear viscous deformation.

Plasticity

In the plastic regime the material yields and deforms permanently. The beginning of the

plastic flow is governed by a yield criterion. It defines a stress limit beyond that a

material deforms without limits. Two main criteria are used for three-dimensional stress.

The Tresca yield criterion asserts that plastic flow occurs when the maximum shear

stress reaches the shear strength ofthe material [Ranalli, 1995]:

°"y =t(o7-0"3) (2.12)

The von Mises yield criterion is the second invariant of the deviator stress tensor

[Turcotte and Schubert, 1982] (Figure 2.7):
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a y
= {<7j-02) +(0-7-0-3) +(0-2-0-3)

2
(2.13)

A simple constitutive law is given by:

£nl =<
*P*

(7 < a
y

(2.14)

spi
= c non a > cj

y

where c is a material constant and n the hardening coefficient that give stress-strain

relationships.

Figure 2.7: The von Mises yield criterion can be visualized graphically as a cylinder around the isotropic

stress vector/?. The function is usually plotted in the principal stress space. The von Mises yield criterion

is independent of/?, the graphical representation can be done also in the 2-D plane (called rc-plane), which

passes through the origin of the coordinate system and is perpendicular to the cylinder. Inside the von

Mises cylinder (or circle, in 2-D) the material behaves elastically. If the cylinder is reached the material

assumes an ideal plastic rheology [from Regenauer-Lieb and Yuen, 2002].

2.3.2 Discretization method

The basic and most characteristic aspect in the computational modeling is the

discretization of the physical domain in which the studied process occurs. It implies the

approximation of the variables of the system by means of algebraic equations at space

discrete locations. There are many different approaches, the most important of which

are finite difference (FD), finite volume (FV) and finite element methods (FE).
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In the FD method [Smith, 1985; Ferziger and Peric, 1997], differential equations

describing the physical problem are replaced by equivalent finite difference

approximations on a regular discretization of space. This methodology is simple and

successful but limited to model systems characterized by simple geometries and limited

variations in properties between adjacent points.

In the FV method [Ferziger and Peric, 1997], the solution domain is divided into a

finite number of small control volumes for each of which conservation equations are

solved. Variable values are calculated at the center of each volume. In the FE method

(Table 2.2; Zienkiewicz, 1977; ABAQUS/Standard, 2000) the domain is discretized into

small subdomains called elements interconnected by nodal points. The key-unknown

Pre-processing

(defining the case study)

Define keypoints/lines/areas/volumes

Define element type and material/geometric properties

Mesh of lines/areas/volumes

Solution

Specify loads

Specify constraints

Solution of the resulting set of equations

Post-processing

(viewingfinal results)

Lists ofnodal displacements

Element forces and moments

Deflection plots

Stress contour diagrams

Table 2.2: Stages of a finite element analysis.

parameters for the problem are solved at the nodes of the elements and are integrated

over the entire domain. Stiffness matrices define relationships between key-parameters

and associated variables (e.g. displacement-force, temperature-heat flux). The ability of

the FE method to deal with arbitrary geometries makes it one of the most powerful

techniques used for solving complex problems.
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2.3.3 Explicit and implicitprocedures

In unsteady problems the time needs to be discretized. Time-dependent solutions are

obtained dividing the process in steps and solving equations for each time step. The

time discretization is dependent on the relative speeds of the phenomena and their

coupled interactions. It can be defined with explicit or implicit methods. The explicit

algorithm identifies variable increment sizes, which depend by the natural frequency of

the model (generally elastic). On the contrary, in implicit methods the magnitude of

time-steps, is given by the maximum time necessary to solve all the equations. For this

reason implicit simulations are solved with fewer increments than explicit ones.

Nevertheless the computational time of the implicit simulations can be affected by the

necessity to solve the complex global set of equations in each increment.

2.3.4 Eulerian, Lagrangian andALE modelformulations

Two conventional descriptions of motion are the Lagrangian (or "material") and the

Eulerian (or "spatial") formulations [Ranalli, 1995]. In the Lagrangian description the

observer follows the material motion. Hence in a Lagrangian numerical model the grid

moves with the dynamic variables. However this formulation cannot be applied to

processes involving large deformations, if an appropriate remeshing procedure is not

applied. This description is commonly used in solid-mechanical calculations.

In an Eulerian numerical model the grid is fixed and the material and the associated

dynamic quantities pass through it. This description is used in fluid-dynamic

calculations allowing to model large strains.

A third description combines the Eulerian and the Lagrangian one. This is also

known as the ALE, acronym for Arbitrary Lagrangian-Eulerian [i.e. Fullsack, 1995]. In
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the ALE description a transformation from Lagrangian to Eulerian grids is performed.

This automatic regridding allows large deformations. Hence in the ALE numerical

models the node points are advected but not at the some rate as the flow.

2.3.5 Numerical models ofsubduction

The recent increase in computing power has strengthened the potential use of

numerical simulations to model tectonic processes at various scales. For the subduction

problem two different approaches have been used: fluid-dynamics and solid-mechanics.

The fluid dynamics approach considers the subducting slab as a weak body part of the

convective mantle system [Garfunkel et al, 1986; Tao and O'Connell, 1993; Davies,

1995; Zhong and Gumis, 1995a; Christensen, 1996]. It has hence formally equivalent to

the weak slab family of laboratory models. The approach provides lithosphere-mantle

coupling but supplies only limited choice of slab rheology. In contrast, the solid

mechanical approach allows a wide choice of rheology and has been performed in

formal analogy to the strong slab models described in the laboratory section. [Yoshioka

and Wortel, 1995; Houseman and Gubbins, 1997; Hassani et al, 1997; Buiter et al,

1998]. Solid mechanical models permit detailed analysis of stresses inside the slab.

Because of the sheer amount of numerical analysis of subduction a comprehensive

list of models cannot be discussed. In the following the different transient stages of the

process from the initiation [Cloetingh et al, 1982; Toth and Gumis, 1998; Cloetingh et

al, 1989; Regenauer-Lieb et al, 2001] to the interaction with the 660 km discontinuity

[Christensen and Yuen, 1984; Gumis and Hager, 1988a; Davies, 1995; Zhong and

Gumis, 1995a; Christensen, 1997; Zhong and Gumis, 1997] shell be described using

selected papers.
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2.3.5.1 Initiation ofsubduction

Subduction initiation is one of the most enigmatic problems of geodynamics. The

lack of clear present-day evidences of subduction initiation and the difficulty to preserve

witness of early stages of deformation makes this process elusive to systematic studies.

For this reason numerical models are useful tool of research.

The pioneering work by Cloetingh et al. [1982, 1989] has shown how difficult

spontaneous initiation of subduction is by aging of passive margins. Using their simple

2-D elasto-plastic model, they demonstrated that subduction initiation required external

plate-tectonic forces. Their model appeared to be much more efficient on young

margins deformed by thick sedimentary wedges.

Toth and Gumis [1998] reproduced subduction initiation using a 2-D thermal model

with viscoelastic rheology and a pre-existing weak zone. Analyzing a time window of

20 Ma they found a relation between the ridge push force and the shear stress acting on

the subduction fault. The ridge push necessary to start the process is on the same order

as analytically predicted by McKenzie [1977] for fault strength lower than 10 MPa.

Recently, Regenauer-Lieb et al [2001] studied the non-linear elasto-visco-plastic

failure of the lithosphère from linear incremental loading of sediments by means of a

high-resolution hybrid solid-mechanical-fluid model. They obtained a weak fault and

recognized the key role played by water and thermo-mechanical feedback on initiating

the subduction process.

2.3.5.2 Interaction with the 660 ion discontinuity

Numerical models have been widely used to unravel another intriguing issue of

geodynamics regarding interaction of the slab with the 660 km discontinuity. Numerical
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models provide a link between material properties and geometries suggested by

seismology and give answer to the questions: "what does happen at the 660 km

discontinuity where the slab structure is surprisingly complex?", "which are the factors

able to influence the variable deep behavior of the slab?". The nature of the 660 km

seismic discontinuity represents one of the most important constraints on any model of

deep subduction [Schubert et al, 2001].

Models with a density interface

An early attempt to model deep subduction zones considers the 660 km as a chemical

transition achieved by means of a compositional density contrast between the upper and

the lower mantle [Christensen and Yuen, 1984]. A temperature-dependent non-

Newtonian rheology simulats the sinking thermal and mechanical boundary layer. It has

been found that the slab can penetrate the 660 km discontinuity only if the density

contrast does not exceed 3%. A significant deflection and a consequent stagnation of the

slab on the transition zone developed only for larger density differences. Nevertheless,

the meaning of these results can be affected by recent studies which indicate the 660 km

discontinuity primarily as the effect of the transition from spinel to perovskite and

magnesiowustite [Stixrude et al, 1992]. It opens a crucial questions about whether an

additional chemical contrast is involved. Moreover a shortcoming of this approach is

represented by the forced vertical symmetry ofthe downwelling.

Houseman and Gubbins [1997] focused their attention on the role of the slab

rheological parameters on the dynamics of subduction. They considered a uniform

viscous slab impinging onto a density contrast at the 660 km level. It has been found

that the deformation style of the slab results from the balance between the negative

buoyancy ofthe lithosphère and the stress associated with viscous deformation.
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Models with a viscosity interface

An increase in viscosity across the 660 km discontinuity by a factor of 10-100 has

been postulated on the base of models of the wavelength of the geoid [Hager, 1984;

Hager andRichards, 1989; King andHager, 1994] and postglacial rebound [Mitrovica

andForte, 1997].

Assuming a simple viscosity discontinuity, Gumis and Hager [1988] modeled the

subduction process finding that the viscous stratification can strongly inhibit the direct

slab penetration into the lower mantle. The slab kinks in dip at the interface and

thickens on entering in a more viscous layer. Simulations indicate also that a viscosity

increase by a minimum factor of 10 can fruitfully predict the down-dip compression

dominant in the transition zone as determined from focal mechanism studies.

Gaherty and Hager [1994] extended the analysis considering a layered slab

composed of a dense eclogite and buoyant harzburgite. They confirmed the folding and

buckling behavior of the slab at the 660 km discontinuity. This result was strengthened

by the identification ofthe limited contribution offered by the compositional buoyancy.

The effect of trench migration on the subduction zone geometry was studied by

Olbertz et al. [1997]. Imposing the rate of migration of a temperature-dependent slab,

they found that small differences in the rate of trench motion can affect significantly the

style of subduction. The increase in retrograde motion decreases the dip of the slab and

its capacity to penetrate directly into the lower mantle.

Models with phase changes

Several studies recognized the 660 km discontinuity essentially as an endothermic

phase transition from y-spinel to perovskite and magnesiowiistite (dP/dT—2.8/-4.0
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MPa/K; Ito and Takahashi, 1989; Ito et al, 1990). Dynamic implications of this

phasetransformation affect convective mantle motion as well as slab buoyancy.

Early models with phase boundary [Moore and Weiss, 1973; Richter, 1973]

considered a simple 2-D isoviscous convection and showed that the presence of a phase

boundary with a negative Clapeyron slope induced a temporarily double layered

convection. However the analysis of Christensen and Yuen [1985], based on the

thermodynamic parameters available at that time, indicated that only unrealistic

negative high values of the Clapeyron slope were able to produce a convective layering.

The penetrability of the 660 km discontinuity has been also analyzed in a 3-D set-up in

terms of wavelength components of flow [Tackley et al, 1994]. It has been found that

the passage from a penetrative to a non-penetrative style is favored for long and short

wavelengths of flow, respectively. This finding suggested the tendency for an episodic

behavior. It involved the accumulation of cold downwelling on the phase boundary and

the following flushing when the critical amount of piled material is reached (the so-

called "avalanche" model). This model is able to explain large-scale periodic events in

Earth's history [Pysklywec andMitrovica, 1998]. However in 2-D models the degree of

episodicity of these instabilities is much more increased [Machetel and Weber, 1991;

Peltier and Solheim, 1992; Weinstein, 1993]. The 3-D geometry of the downwelling, in

fact, influences the ability of penetration favoring more cylindrical than planar shapes

[Bercovici et al, 1993]. Nevertheless isoviscous models do not represent properly the

subduction process because the slab rheology is not distinct from the mantle and the

subduction is not a symmetric and fixed downwelling [Christensen, 1996].

First models with rheological complex slabs have been proposed by Christensen and

Yuen [1984] and Zhong and Gumis [1994a]. When cold downwellings are stiffened

with a temperature-dependent rheology to obtain plate-like behavior, slab penetration is
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enhanced. Davies [1995] extended the analysis to both slabs and plumes finding that the

former have a stronger tendency to penetrate the phase boundary. But results of these

studies are still affected by the stationary position ofupwellings/downwellings.

To overcome this important limitation Zhong and co-workers incorporated plates

with mobile converging margins simulated by a fault both in 2- and in 3-D

configurations [Zhong and Gumis, 1995b; Zhong and Gumis, 1996; Zhong and Gumis,

1997]. In these models the self-consistent motion of the plate conditioned the behavior

of subduction, influencing the morphology of the slab and its possible penetration

across the transition zone (Figure 2.8). In fact, it has been found that subduction with a

stationary trench is more likely associated with a slab with a steep dip angle and the

propensity to extend into the lower mantle. On the contrary, a subduction with a

retreating trench is associated with a slab with a shallow dip and the tendency to be

temporarily stagnant on the transition zone.

The influence of trench migration on the dynamics of subducted slab has been

confirmed also by results of Christensen [1996] who quantified in 2-4 cm/a as the

cupper limit of trench retreat for penetration of the discontinuity. A shortcoming of

these models is that the trench kinematics is imposed a priori.

Phase transitions can influence also the compositional buoyancy of the slab.

Focusing on the role of this effect on the dynamics of slab, Christensen [1997] modeled

phase reactions in the basaltic and residual harzburgite component of the oceanic

lithosphère. It was found that the influence of chemical buoyancy is a second order

effect, except that for young slab that had low thermal buoyancy.

Schmeling et al [1999] and Tetzlaff and Schmeling [2000] studied the effect of the

olivine-spinel transformation and ofthe metastable olivine with systematic variations of

34



Chapter 2: Background to modeling

Figure 2.8: Example of numerical model of subduction [Zhong and Gumis, 1995a]. The figure shows

temperature (T), effective viscosity (p.), dynamic topography (H), plate velocity (v„), and heat flux (q) for

three different snapshots: (A) 55 Ma, (B) 210 Ma, (C) 300 Ma.

thickness and age of the slab. Only mature lithosphère (> 70 Ma) is able to develop

metastable olivine. However, this phenomenon does not appear to produce a

considerable slow down ofthe subduction.

2.4 Adopted modeling strategy

The review of laboratory and numerical modeling of subduction has demonstrated

open issues in the present state of the art. Each model by itself can explain quite well

some fundamental features ofsubduction, however, a global model does not yet exist.

The strongest shortcoming concerns the possibility to model the same process with

two apparently distinct approaches: "stiff" and "weak". As a consequence each
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experiment is able to explain, by completely different physical processes, only a narrow

field of parameters that characterize the subduction system (Figure 2.2). This Thesis

attempts to give a generalized view of the subduction process. Using advantages of a

combined laboratory-numerical modeling approach, an attempt is made fill the gap

between the stiff and weak slab approaches. The full range of slab rheology from weak

to stiff is explored numerically, while the problem of slab mantle coupling is analyzed

with a weak slab in the laboratory.

A second important aspect of the modeling strategy is the choice of Cartesian

degrees of freedom of the system and its influence on the subduction process.

Subducted plates in nature can be reproduced, in spite of their irregular geometry in

three dimensions, to first order by a plane strain configuration. This simplification fails,

however, for the mantle flow around the subducting plate. Numerical models have

limited efficiency to simulate complex three dimensional settings. Laboratory

experiments are by their nature conducted in the 3-D space, although the lateral

confinement produced by the box boundaries, as well as the simulation of the slab by

means of a feeding pipe can transform the system into an essentially 2-D setup. In this

work, the role of the Cartesian degrees of freedom on the dynamics of subduction is an

another issue dealt with by combining 2-D numerical and 3-D laboratory models.
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Dynamics of retreating slabs (part 1):

Insights from 2-D numerical experiments

Abstract

We use 2-D numerical experiments to investigate the long-term dynamics of an oceanic

slab. Two problems are addressed: one concerning the influence of rheology on slab

dynamics, notably the role of elasticity, and the second dealing with the feedback of

slab-mantle interaction to be resolved in Part 2. The strategy of our approach is to

formulate the simplest setup that allows us to separate the effects of slab rheology (Part

1) from the effects of mantle flux (Part 2). Therefore, in this paper, we apply forces to

the slab using simple analytical functions related to buoyancy and viscous forces in

order to isolate the role of rheology on slab dynamics. We analyze parameters for

simplified elastic, viscous, and non-linear visco-elasto-plastic single-layer models of

slabs and compare them with a stratified thermo-mechanical visco-elasto-plastic slab

embedded in a thermal solution. The near surface behavior of slabs is summarized by

assessing the amplitude and wavelength of forebulge uplift for each rheology. In the

complete thermo-mechanical solutions vastly contrasting styles of slab dynamics and

force balance are observed at top and bottom bends. However, we find that slab

subduction can be modeled using simplified rheologies characterized by a narrow range

11

of selected benchmark parameters. The best fit linear viscosity ranges between 5x10

Pa s and 5xl023 Pa s. The closeness of the numerical solution to nature can be

characterized by a Deborah number >0.5, indicating that elasticity is an important

ingredient in subduction.

This chapter is in press on Journal ofGeophysical Research.
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3.1 Introduction

The process of subdurtion of oceanic lithosphère is central to modern geodynamics.

Understanding the way in which a cold solid lithosphère plunges into a converting

fluid-like mantle has been addressed using several avenues ofresearch.

Methods of studying slab dynamics comprise observational studies

(seismology/tomography) of the present Earth [e.g. Isacks and Barazangi, 1977;

Giardini and Woodhouse, 1984; Grand et al, 1997; Bijwaard et al, 1998] as well as

numerical [e.g. Tao and O'Connell, 1993; Zhong and Gumis, 1995a and b; Christensen,

1996; Pysklywec andMitrovica, 1998; Zhong et al, 1998] and analogue modeling [e.g.

Kincaid and Olson, 1987; Shemenda, 1993; Faccenna et al, 1999] of the subdurtion

process. Seismological observations give static snapshots of the subdurtion process.

These need to be complemented by means of numerical and laboratory models to

develop a dynamic picture ofthe evolution of slabs.

The dynamic processes involved in subduction have been analyzed using two

fundamentally different approaches: namely fluid-dynamics and solid-mechanics

approaches. The fluid-dynamics approach considers the dynamics of the subdurtion

process under the assumption of a viscous slab (between two and four orders higher

viscosity than the upper mantle) without elasticity [Garfunkel et al, 1986; Tao and

O'Connell, 1993; Davies, 1995; Zhong and Gumis, 1995; Christensen, 1996; Pysklywec

andMitrovica, 1998; Zhong et al, 1998; Schmeling et al, 1999]. In this case, slabs are

incorporated as a natural component of the mantle convection process. The approach

allows dynamically controlled trench motion without imposing kinematic boundary

conditions other than the initial position of a weak zone [Gumis and Hager, 1988;

Zhong and Gumis, 1995a; Zhong and Gumis, 1997]. However, this method generally

permits a limited choice of rheology to simulate processes within slabs. In particular,
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the critical role played by elasticity is difficult to assess within an Eulerian framework.

The solid mechanical Lagrangian approach allows a wide choice of rheologies but it is

difficult to simultaneously include large-scale viscous flow, as is required by convection

in the upper mantle.

Three different solid mechanical approaches have been formulated. In the first, the

upper mantle is implemented as an inviscid body, with a rate-independent pressure

function on the boundaries in contact with the upper mantle. This pressure function

involves a depth dependent force equilibrium, sometimes taking into account sediment

and/or water related buoyancy forces. No strain-rate or strain-dependency, and no

feedback between the mantle and the slab, are included [Hassani et al, 1997; Garcia-

Castellanos et al, 2000; Buiter et al, 2001]. The neglect of such time dependent forces

allows one to model steady state processes alone. An extension ofthe above approach to

include viscous shear acting on the lithosphere-mantle boundary has been presented

without the inclusion of a elastic lithosphère [Houseman andGubbins, 1997].

The second solid mechanical approach comprises modeling the lithosphère and the

upper mantle as a visco-elasto-plastic continuum. In this case, two different solution

techniques have been pursued. One in which a small deformation time window of 100

ka is considered and the large-scale flow is avoided [Giunchi et al, 1996]; the other in

which an extended time frame of 20 Ma is modeled through remeshing techniques [Toth

and Gumis, 1998]. Thus far, the latter technique has only been applied to conditions

following subdurtion initiation. The third method is to consider a hybride Lagrangian-

Eulerian framework, that allows to model large strain [Pysklywec, 2001]. This technique

has been applied to kinematically controlled subdurtion with a purely fluid visco-plastic

rheology. The approach is, however, also available for solids [Knothe et al, 2001].
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Two fundamental problems remain in models of subdurtion. The first problematic

issue involves choice of the rheology representative of the behavior of the lithosphère.

For example, it remains unclear what the role of elasticity is in the evolution of the

subduction process. A prominent example is the observation of forebulge uplift, often

considered to be the mechanical response of a bending elastic core of the slab [Caldwell

et al, 1976; Hassani et al, 1997; Buiter et al, 1998]; other approaches consider this

uplift to be entirely controlled by slab-mantle interaction [Zhong and Gumis, 1994b;

Billen and Gumis, 2001]. Therefore, topography cannot be used as unequivocal

constraint on slab rheology. The role of plasticity in subduction remains unresolved. It

is evident that some form of plasticity is necessary for subduction initiation [Regenauer-

Lieb et al, 2001]; but, is plasticity a necessary ingredient for the continuation of the

process?

The second problematic issue concerns the feedback between mantle flow and slab

behavior. This issue cannot be tackled in 2-D fluid and solid mechanical models: in any

such 2-D Cartesian or spherical subduction simulations a problematic situation arises

when the slab touches the base ofthe box. Even without such volumetric constraints, the

physics of the 2-D system is strongly influenced by accelerating mantle flux beneath the

slab [Garfunkel et al, 1986; Schmeling et al, 1999]. While the locking of mantle flow

for a retreating slab might be a scenario conceivable in interaction of several narrowly

spaced slabs (i.e. Mediterranean) it is not a general scenario. Efforts to circumvent this

problem involve invoking periodic boundary conditions or Lagrangian outflows, but

these introduce an artificial (periodic) scaling length. In 3-D situations those volumetric

constraints are prevented through the admission oflateral flow in the mantle.

In this work we aim at analyzing systematically these two open problems for

modeling subduction process. We do not attempt to formulate a generalized method for
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subduction modeling, but separate out the two problems into two approaches in Parts 1

and 2. The philosophy of our approach is to formulate the simplest setup that allows us

to separate the effects of mantle flux from the effects of slab rheology. Therefore, we

eliminate in Part 1 the contribution of mantle flux entirely, other than imposing an

analytically controlled dynamic time scaling for the process (Appendix 1). With this

setting, we explore the response of the system to a wide selection of slab rheologies,

including elasticity. This analysis is complementary to a 3-D laboratory study (Part 2)

that focuses on the discussion of the effects of volume flux with a fixed, but

representative rheology.

3.2 Setup

In our numerical analysis we only consider subduction systems in which the slab

retreats. This is the most general case of subduction [Chase, 1978; Uyeda and

Kanamori, 1979; Garfunkel et al, 1986; Jarrard, 1986], and it is also the simplest setup

we could choose (Figure 3.1). The following list of assumptions allows us to

comprehensively model the influence ofrheology on the subdurtion problem.

1. No external kinematic boundary conditions are applied, to the system. The system is

driven only by the slab pull force.

2. We assume a mantle with no trench-relative motion as a reference frame. We do not

consider the effect of global [Ricard et al, 1991] or local background flow that is not

generated by the subducting slab.

3. The slab is fixed in the far field of subduction. This implies that the slab is attached

in the far field to the above reference frame.

4. The upper mantle is not physically included in the model domain. We use a rate-

dependent analytical function to simulate the viscous behavior of an infinite half-space
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i\ ID'km)

Figure 3.1: 2-D plane strain model setup showing two stages of evolution of a three layer oceanic

lithosphère - upper/lower-mantle system. Gravity is applied as a body force. The oceanic slab has

negative buoyancy which is dynamically supported by x-z dashpots that represent the upper mantle,

which is infinite in the x-direction (dotted line). This setup allows us to avoid the volume flux problem

described in the text. Kinematic boundary conditions fix the oceanic slab in the far field (dotted line) and

the lower mantle boundaries in the x and z direction, as indicated by the frictionless rollers. A maximum

water layer of 10 km (reached at the trench) covers the model. Symbols and their values are given in

Table 1. Different deformation domains for which particles have distinct "residence times'', tru, are

defined by boxes.

upper mantle as explained in Appendix A. The incorporation of a viscous time scale is

novel to the solid-mechanical community, which previously used a quasi-elastic

foundation, also known as the Winkler foundation [Hetenyi, 1946]. In our viscous

model we replace the one-dimensional springs of the Winkler foundation by a buoyancy

pressure in combination with x-z one-dimensional linear dashpots (Figure 3.1). In

calculating buoyancy pressure we allow a maximum water depth at trenches of 10 km

(Table 3.1). The dashpots at the lithospheric base introduce, in analogy to simple
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postglacial uplift models, a time scale that is governed by the viscosity of the upper

mantle and not by the rheological characteristics ofthe lithosphère alone.

PARAMETER MODEL

G Gravitational acceleration ms"2 9.9

Thickness

hi Oceanic lithosphère

m

70000

hw Water 10000

Ho Upper mantle 660000

Density

Pi Oceanic lithosphère

kg m3

3300

Pum Upper mantle 3220

Plm Lower mantle 3220

Density contrast (pi-fw) 80

Viscosity

"Hum Upper mantle Pas lxlO21

nim Lower mantle Pas 3xl022

Poisson ratio

V| Oceanic lithosphère - 0.25

Table 3.1: Fixed parameters and their values

Furthermore, in the upper mantle, we are able to bypass the volume flux problem

entirely by the use of nodal dash-pots instead of 2-D viscous elements. Thus, our

solution becomes independent of box boundaries in the upper mantle. In summary, the

advantage of this setup is that it overcomes two problems common to previous

subdurtion models: 1) the lack of a time scale governed by upper mantle viscosity (solid

mechanical models); 2) subdurtion influenced by the boundary effects of passively

driven mantle flux (fluid dynamical models). The limitation of this approach is that it
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fails to capture the feedback of mantle flow on slab behavior. The model therefore can

only be understood as an end-member useful to isolate the role lithosphère rheology on

slab dynamics. A direct comparison to Earth can only be done when considering

possible additional effects of mantle flow feedback processes which will be discussed in

details in Part 2.

5. The system does not include an overriding plate. This limitation has two

consequences. The first consequence is that the plate boundary is weak, having the

viscosity of the upper mantle. This assumption can influence the rate of the process but

not its general behaviour [King andHager, 1990]. Therefore, ifwe consider the possible

range of resistance given by the subdurtion fault zone [Zhong and Gumis, 1994b; Toth

and Gumis, 1998], the rate of subduction in the model setup has to be considered as an

upper bound [King and Hager, 1990; Conrad and Hager, 1999]. The second

consequence is that the overriding plate is assumed to passively move with the

retreating trench. Therefore, this model setup can be considered as appropriate for all

cases where the motion of the overriding plate towards the trench is lower than the

velocity of trench retreat (i.e. the western Pacific, the Mediterranean). For this reason,

our model applies only to subdurtion systems where back arc basins are present.

6. The lower mantle is modeled explicitly as a visco-elastic half space. Focusing here

on the influence of rheology on the dynamics of a retreating slab, we have physically

introduced a lower mantle to investigate visco-elastic feedback. We consider elasticity

because the short time-scale of deformation at the contact invokes a short-time elastic

response. The visco-elastic rheology is capable of incorporating this elastic effect. The

contact of a visco-elastic-plastic slab with a visco-elastic lower mantle has not been

investigated to date. However, viscous models are available [Davies, 1995; Christensen,

1996; Zhong and Gumis, 1997] that show that within the time frame of our model runs
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the slab can never penetrate directly when it is in a retreating mode. As a second point,

we want to provide benchmark comparisons for the models described in Part 2.

Therefore, we parameterize the lower mantle by a viscosity that is 30 times higher than

the upper mantle and a density contrast between lithosphère and lower mantle between 0

and 40 kg/m3 [Kincaid and Olson, 1987]. Using these parameters we initially

experiment with the full depth extent of the lower mantle and, subsequently, we reduce

the depth for parameter runs such that the effect of the bottom boundary is not felt. In

this case a reduced depth of 1020 km is used for the bottom ofthe lower mantle.

We use a Lagrangian finite element code [ABAQUS/Standard, 2000] that handles the

top free surface problem [Gurnis et al, 1996; Zhong et al, 1996]. User subroutines are

developed to incorporate lithospheric rheology, thermal boundary conditions and

buoyancy constraints. Material tables are provided as a function of depth, temperature

and strain-rate.

The analysis starts after the initiation of an imposed finite-amplitude instability. We

analyze geometrical and kinematical parameters and fit these observables with all three

combinations ofrheology.

In the results section we will apply our model to:

1. examine the dynamic evolution of slab dip for trench retreat and compare our

results with observations [Caldwell et al, 1976; Turcotte étal, 1978; Jarrard, 1986];

2. provide a dynamic representation of the interaction of the slab with the 660 km

discontinuity;

3. obtain an assessment of trench retreat after interaction of the slab with 660 km

discontinuity;

4. investigate whether constant velocity (steady-state) subduction can be achieved;
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5. predict a reasonable wavelength and amplitude of forebulge uplift for roll-back

situations.

In Table 1 and Appendix B we list, respectively, parameters that have been set fixed at

the outset and the governing equations.

3.3 Results

Prior to extending our modeling technique to a sophisticated laboratory derived

rheology and a realistic thermal structure for the slab, we perform a systematic analysis

of the effert of elastic, viscous and plastic rheologies on slab dynamics. The purpose of

this analysis is to consider whether a simple single-layer rheology can satisfy

observations. The advantage of a single-layer rheology is that no temperature solution

for slab subduction is required.

We classify the solutions in terms of viscous versus elastic deformation in

comparison to the local non-dimensional Deborah number, De (Appendix C). An

independent verification of the usefulness of De as a delimiter between dominantly

elastic and viscous deformation is also shown by the global response of the system in

the domain diagrams (Figures 3.3, 3.6, 3.7, 3.8, 3.10). Following a similar approach as

Muhlhaus et al [1998] and Schmalholz and Podladchikov [1999] we introduce the

concept of a local "observation time scale", t0, for comparison with the Maxwell time

(Appendix C). For simplicity we discuss only two different deformation domains

(Figure 3.1), one in which the slab is bent and the other where the slab is dipping in a

straight line. The bent domain has a characteristic length scale of about 10-20 km and a

characteristic deformation speed of 10 cm/a; thus we estimate a "characteristic residence

time scale" of deformation, tr, of a particle within this deformation regime of about 0.1-
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0.2 Ma. The "characteristic residence time scale", as we define it here, is dependent on

the choice ofthe observer. We have chosen a conservative reference time scale obtained

from a definition of a large bent area and we have defined a value of 0.13 Ma. If we

were using a more refined definition of our observation box the De would increase

because of the decrease of tr. Hence, it is clear that the exact value of the transition from

dominantly solid to dominantly fluid behavior is slightly subjective but consistent

within the initial choice ofthe reference box.
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Figure 3.2: Three (3) rheological cases shown by their equivalent 1-D rheological models: a) shows the

pure elastic spring model (E = Young's modulus); b) the visco-elastic linear Maxwell body (spring and

dash-pot in series, ij
= viscosity); c) the visco-elasto-plastic model, a nonlinear (strain rate - dependent)

Maxwell body in series with the plastic frictionless slider representing the strain rate dependent yield

stress 0y at constant temperature T; and d) the same model as in c), but temperature dependent.

The straight downgoing slab has an average length of400-1000 km and the residence

time scale is again governed by the subdurtion velocity; hence, we obtain tr > 10 Ma.

This simple classification is adequate for defining the observation time in slow

geodynamic processes.
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For processes with faster strain-rates (e.g. earthquakes) an additional time scale has

to be considered. This time is represented by the "deformation time scale", U, obtained

from the inverse of observed strain rates within the individual deformation domains. We

analyze in our experiments both time scales and find that tj » tr, hence we define tr as

the observation time t0 that is to be compared with the Maxwell time.

3.3.1 Elastic rheology (Figure 3 2a)

The elastic approach considers a much thinner effertive thickness of the slab than

other rheologies described later in the paper. The effective thickness, Te, governs the

mechanical properties of the slab through a scaling defined by the flexural rigidity

D=ETe3/12(1-v2). For our calculations we treat the average effertive thickness as a fixed

parameter and choose elastic parameters that cover a linear range of inferred flexural

rigidities. Elastic solutions based on equilibrium static bending are commonly adopted

to match the upper portion of a subducting slab with observed forebulge uplift and

wavelength [Turcotte and Schubert, 1982; McAdoo and Sandwell, 1985; Buiter et al,

1998; Watts and Zhong, 2000]. In this work, we model the behavior ofthe slab at depth

[Hassani et al, 1997] extending the approach in a dynamic environment. We use

parameters adopted in previous work on the subject [Turcotte et al, 1978]; i.e. an elastic

lithosphère of 20 km thickness and a Poisson ratio, v, of 0.25. Young's modulus, E, was

taken as the only free parameter. An example of the model evolution with £=10n Pa is

shown in Figure 3.3. In this case a very high stress level is reached in the slab.

We summarize the results of the entire data set in terms of a plot of the amount of

trench retreat (km) versus time (Ma) (Figure 3.4). In the elastic case we obtain

following results:
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1. The dip of the slab is quasi-stationary and always much shallower than 90°.

£=109 Pa corresponds to 49° dip and £=10u Pa to 23°. The slab appears to be too stiff if

the above specified classical trench profile parameters are selected. A more reasonable

dip can be obtained with a thinner elastic lithosphère or lower Young's modulus than

inferred in classical static studies. This is due to the fact that the incorporation of

viscous resisting stresses (Appendix B) yields in a dynamic environment, an additional

impediment to subdurtion.

Figure 3.3: Elastic slab time sequence showing contour lines of the second invariant of the deviatoric

stress tensor (von Mises stress). Because of the high rigidity of the elastic slab it bends under its own

weight to a shallow dip of 23°. Therefore we have increased the vertical scale in the plot by a factor of 2.

This scaling only applies to the elastic case. The inset shows a snapshot of the von Mises stress

distribution inside the upper bending portion of the slab.

2. The time for interaction of the slab with the 660 km discontinuity is independent

of the Young's modulus, i.e. it is only controlled by the viscosity of the upper mantle.

This is because the elastic bending energy does not change during the experiment. The

energy is introduced in the initiation phase, that is in imposing the finite amplitude

instability (Appendix A), and it stays constant throughout retreat. A stiffer slab has a
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lower dip and consequently creates a large slab pull to compensate elastic bending at

initiation. The continuation of the subdurtion process is then governed only by the time

0 16 32 48 64 80 96

time (Ma)

Figure 3.4: Elastic slab trench retreatversus time. The only free parameter is Young's modulus. The bold

curve refers to the case shown in Figure 3.3. Stars highlight the time of contact of the slab with the 660

km discontinuity. This time does not depend on the adopted Young's modulus. We start the analysis

subsequent to the finite amplitude instability and for this reason the first part ofthe curve is grayed out.

scale introduced by the analytical solution described in Appendix A. The typical

deformation lime of the elastic slab is controlled by the speed of sound; hence for the

elastic case alone the internal bending of the slab, calculated on the basis of equations

(Appendix B), does not introduce a correction to the analytical solution (Appendix A).

3. Steady state conditions are reached only after interaction with the 660 km

discontinuity; before interaction there is an exponential acceleration oftrench retreat.

4. There is no noticeable break in the slope ofthe curve oftrench retreat versus time

at the point of interaction with 660 km discontinuity. There is a continual change from

an exponential to a linear trend of trench retreat versus time after interaction.
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5. A realistic trench profile can be obtained with a lower flexural rigidity than

adopted in classical work on the subject [Caldwell et al, 1976; Turcotte et al, 1978]

(Figure 3.5).

300

Elastic (E=lE+llPa)

Visco-elastic (T)=lE+23 Pa s)

Elasto-visco-plastic

(T dependent)

Figure 3.5: Comparison oftrench profiles: A projection ofthree major trenches (redrawn from Turcotte

et al, 1978) onto some model results. The elastic solution can fit the forebulge uplift and its wavelength,

however it rails to model the slab dip at depth (not shown in the figure). The viscous solution rails to

predict forebulge uplift, but can model slab dip. The complete visco-elasto-plastic temperature dependent

solution satisfies the slab dip and forebulge uplift

3.3.2 Visco-elastic rheology (Figure 3.2b)

The lithosphère has commonly [Beaumont, 1978; Watts and Zhong, 2000] been

modelled using a linear visco-elastic Maxwell body (Figure 3.2b) (Appendix C). We use

the Deborah number to separate dominantly solid from dominantly fluid solutions to

internal bending of the slab. Previous fluid dynamic approaches have assumed

lithospheric viscosities between 1022-1024 Pa s [Davies, 1995; Zhong and Gumis, 1995;

Christensen, 1996; Houseman and Gubbins, 1997]. A visco-elastic rheology enables us

to model an evolving thickness of the subdurting slab by allowing some viscous

deformation to make the thick slab malleable for bending. We note that the viscous
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Figure 3.6: Visco-elastic trench retreat time sequence with fixed viscosity of 1023 Pas The slab is

thinmng m the middle and thickemng at the tip dunng the descent into the mantle The inset shows the

von Mises stress distnbution which is very different from the elastic case
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Figure 3.7: Visco-elastic slabs in contact with the lower mantle for various viscosity cases. A

mechamcally coherent slab requires a viscosity above 1023 Pas
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solution, as opposed to the elastic one, predicts a continual dissipation of energy in the

bend throughout subduction.

We test the approach in our dynamic setting using the same setup as for the elastic

case. We increase the lithosphère thickness to a value of 70 km and systematically vary

the viscosity between 10-10 Pa s and the shear modulus between 10 -10 Pa. This

suite of calculations spans results with Maxwell time ranging between 3x10 and 3x10

years. Recall the observation time scale is >10 Ma in the straight downgoing part of the

slab and of 0.13 Ma in the bent section of the slab. This implies a range oiDe between

0.0003 and 2.4. We conclude that the straight part can be safely classified as a viscous

domain, while viscous and elastic deformation is of the same order of magnitude in the

bending parts of the slab for cases with a viscosity higher than 1023 Pa s. For lower

viscosity cases the entire slab deforms viscously.

Visco-elastic models allow the adoption of a realistic slab thicknesses. We show

results obtained with fixed a thickness of 70 km and fixed E and v from the PREM

model [Dziewonski and Anderson, 1981] using viscosity as the only free parameter.

Figure 3.6 shows the dynamic evolution of subdurtion for the case of a viscosity of 10

Pa s. Figure 3.7 shows a comparison of results obtained after interaction with the 660

km discontinuity for different viscosities.

Summarizing the visco-elastic case (Figure 3.8) we obtain the following results:

1. The dip of the slab can reach 90° for a viscosity less than 5 x 1022 Pa s, while a

viscosity of 1024 Pa s yields a 30° dip.

2. The time for interaction of the slab with the 660 km discontinuity depends on the

viscosity of the slab. It does not depend on mantle viscosity alone. The process is 20-

30% faster than the elastic case due to viscous stretching ofthe slab during the descent.
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Figure 3.8: Visco-elastic trench retreat versus time The only free parameter is the viscosity of the

lithosphère, Young's modulus is set fixed to 10u Pa The bold curve relates to the case shown in Figure

3 6 For a higher \iscosity. steady state can be achieved after interaction with the 660 km discontinuity

(elastic domain) For a lower viscosity, the inset shows the tendency of the slab to override the trench

position (viscous domain) It should be noted that slab dynamics can be characterized by the most

important deformation regime - bending deformation For this region we have separated dominantly

elastic from dominantly plastic domains in all subsequent diagrams

3 There is a break in the slope of the curve of trench retreat versus time at the point

of interaction with the 660 km discontinuity This reorganization is due to the partial

penetration of the slab into the 660 km interface and the deformation associated with

this penetration in both slab and mantle

4 Steady state constant trench retreat velocity conditions are reached only in high

viscosity cases (>1023 Pa s) where elasticity plays a role For viscous cases, the rate of

trench retreat is very low

5 A realistic trench profile cannot be reached, owing to the lack of surface uplift

(Figure 3 5) when we only vary the viscosity as a free parameter For cases with a

smaller effective thickness of the lithosphère the elastic solution presented above can of
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course be recovered by increasing the De. We remind the reader here of the alternative

possibility of obtaining a realistic dynamic topography with a purely viscous slab

through feedback from an active mantle, which is not included in these calculations.

3.3.3 Non-linear visco-elasto-plastic rheology (Figure 3.2c and d)

We now consider the more realistic non-linear material behavior specified in

Appendix B. Early work on linear visco-elastic flexure of the oceanic lithosphère has

already shown that the Maxwell relaxation time can attain the geological time scale

[Beaumont, 1978], De » 0.5; i.e. essentially elastic solutions are obtained. Results from

laboratory experiments of olivine rheology [Kohlstedt et al, 1995] confirm this finding

and additionally indicate that the Maxwell time is not constant but decreases with

increasing strain-rate; this produces a shear thinning flow, which is well known in fluid

dynamics [Karagiannis et al, 1988]. This result prompted the development of

alternative, solid mechanical approaches, that use idealized non-linear rheologies such as

elasto-plastic [Chery et al, 1991] and full non-linear elasto-visco-plastic formulations

[Regenauer-Lieb and Yuen, 1998; Albert et al, 2000; Branlund et al, 2001]. Elasto-

plastic failure of the lithosphère at trenches has been postulated to explain the trench

profile in the Aleutians, Kuriles, Mariana and Tonga regions. In those cases plasticity is

necessary to locally remove the excessive rigidity of an elastic slab and produce sharp

bends in the downgoing slab [Turcotte et al, 1978; Hassani et al, 1997; Garcia-

Castellanos et al, 2000].

We expand the above analyses to a dynamic setting and investigate the role of non¬

linear viscosity in a simple single layer approach. A non-linear visco-elastic response is

obtained by using the complete temperature-dependent laboratory rheology Regenauer-

Lieb and Yuen, 2000], but fixing the temperature ofthe slab.
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In this single layer model we use a reference temperature to change the effertive

viscosity of the slab with respect to the underlying mantle. It is important to note that

we do not consider, in this case, the dependence ofthe rheology on temperature but only

the change of effertive viscosity with strain rate. Moreover, we do not change the

density with temperature in analogy with what we did in our laboratory analysis (Part

2). We use a very low initial yield stress of 3 MPa to be able to compare the full non¬

linear viscous rheology to the linear viscous rheology treated in the previous section.

For temperatures larger than 850 K, this non-linear rheology is essentially governed by

power-law creep. We also take the analysis to an extremely high stress case by choosing

a lithosphère temperature of 800 K. For this temperature the lithosphère rheology is

governed by a high stress yield criterion, hence elasto-plastic material behavior occurs.

For the single layer non-linear-visco-elastic set of models we use a realistic dry

olivine rheology [Mei andKohlstedt, 2000a; Mei and Kohlstedt, 2000b; Regenauer-Lieb

et al, 2001]. Furthermore, we do not solve the temperature equations, but rather vary

temperature as a free parameter (Figure 3.9 and 3.10). The highest temperature for our

single layer non-linear-visco-elastic models was chosen to be 921 K. Since the rheology

is nonlinear, we calculate the local viscosity, which is a function of the local strain rate,

and obtain an effective local Maxwell time. In the bent domain this time ranges from

0.03 Ma (921 K), 0.1 Ma (890 K) to 1 Ma (850 K); we obtain a range oîDe between 0.2

and 75. From this we can identify the boundary between elastic and viscous deformation

at the temperature of 890 K (Figure 3.11) where the local De is 0.5. For the case of 800

K, the effertive Maxwell time is ~ 10 Ma (De>10), hence viscous deformation does not

play a role (the slab is essentially elasto-plastic). For a comprehensive discussion of

57



Chapter 3: Numerical experiments

t=6.4 Ma

70km

t=36.9 Ma

T=890K S Ml ts

De,~l.t >

K

1=73.9 Ma

De,~0.01

Figure 3.9: Non-linear visco-elastic case; the temperature of the slab is set to 890 K. Because of the non¬

linear rheology, the Maxwell relaxation time becomes strain-rate dependent; thus, the effective value

depends on the domain of deformation. We show the De number within the strong core of the bent area.

This dimensionless number governs bending deformation in the non-linear visco-elastic case.
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Figure 3.10: Non-linear visco-elasto-plastic case, final results varying the slab temperature from 800 K to

921 K A mechamcally coherent slab requires an average slab temperature lower than 890 K

59



Chapter 3: Numerical experiments

non-linear visco-elasto-plastic rheology an additional non-dimensional number is

required (Bingham number) which describes a transition from viscous to plastic

behavior. A complete discussion of the effects of this additional high-stress transition is

beyond the scope ofthe present paper.

In comparison with the pure visco-elastic slab, a more localized solution is obtained

that is characterized by a necking deformation that occurs below the upper bend area.

Considering, for instance, the case of the 921 K, where there is a strong gradient of

viscosity in the slab. In the necking region the viscosity is very low and the system is

governed by viscous deformation. In contrast, in deeper region, strain-rates are very

0 16 32 48 64 80 96

time (Ma)

Figure 3.11: Visco-elasto-plastic trench retreat versus time. The only free parameter is the temperature of

the slab. The bold curve relates to the 890 K solution shown in Figure 3.9. For a temperature lower than

890 K steady state can be achieved. As in the linear case steady state is again linked to the presence of the

elastic domain. We have also highlighted a plastic and viscous domains.

low and consequently the system is deforming elastically because of the non-linear

viscosity. This shielding of small deformation by non-linear rheology triggers a

differentiation between solid-like and fluid-like deformation at large time scales. The
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full range of viscous models to elasto-plastic models is covered by the domain diagram

in Figure 3.11. Summarizing this first non-linear visco-elasto-plastic case (Figure 3.11)

we obtain following results:

1. The dip of the slab can reach 90° for a temperature greater than 900 K. The

shallowest dip (33°) was obtained for a temperature of 800 K.

2. The time for interaction of the slab with the 660 km discontinuity depends on the

temperature of the slab. The process is 20-40% faster than the elastic case due to shear

thinning flow that produces necking of the slab during its fall. A special case is the slab

with the fastest interaction, obtained for the elasto-plastic case (800 K). Here the fast

velocity is obtained because yielding the elastic core during subdurtion releases the

highest elastic strain energy from the initial elastic bending released through elasto-

plastic collapse ofthe upper bend.

3. There is a break in the slope of the curve of trench retreat versus time for

temperatures above 890 K at the point of interaction with the 660 km discontinuity.

4. Steady state conditions are reached only in low temperature cases (i.e. below 890

K) where the local De is larger than 0.5.

5. A realistic trench profile can be obtained.

3.3.4 Non-linear stratified visco-elasto-plastic rheology (Figure 3.2c and d)

In the stratified visco-elasto-plastic models we use the same dry rheology of the

oceanic lithosphère as for the previous case, but also allow for a temperature dependent

yield-stress [Regenauer-Lieb et al, 2001]. Furthermore, we implement the full dynamic

thermal solution to the problem of a slab falling into the upper mantle. We obtain a

dynamic thermal solution similar to the simple analytical solution given by [McKenzie,
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1969]. We present here only the case of a dry rheology slab that has a core temperature

of 1100 K at 660 km depth and a shallow dip of around 30°. The temperature increase

with depth governs the depth-dependent strength ofthe lithosphère (Figure 3.12a).

Figure 3.12b shows the von Mises stress distribution. In the upper portion, the von

Mises stress traces the cold elastic part of the slab while in the lower part the stress

intensity diminishes due to heating of the slab. Figure 3.12c shows a strain-rate

geometry that is significantly more complicated than in the previous rheologies. There

is a clear difference in strain-rate between the upper- and lower-bend region. The lower

bend now has a much more localized deformation, taking place on a plastic hinge line.

Because of the high strength of the slab at 660 km there is no small scale folding. The

complexity of multi-domain rheological behavior separating regions of dominantly

elastic, viscous or plastic responses in the slab (Appendix B) becomes apparent when

considering the effective Maxwell time and effective viscosity in the strong middle part

ofthe slab (Figure 3.12d).

3.4 Discussion and Conclusions

We now return to the main issues raised in the introduction. What is the appropriate

rheology for modeling the subdurtion problem? What is the role of elasticity? Can the

long-term behavior of the slab be described by non-linear viscosity alone? Is plasticity

needed for realistic trench retreat velocities? Our numerical approach is not designed to

solve the generalized subdurtion problem; rather, using the most basic numerical

boundary conditions for the case of retreating trenches, we have designed a complete

rheological setup (Appendices A and B) whose aim is to answer the above questions.

For this purpose, five parameters have been used to compare our results to observation:
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1. Slab dip. Observed slab dips range between 30°-90° [Jarrard, 1986]. We find

that a purely non-linear viscous case fails to reproduce the shallow dips. In order to give

the slab some long-term bending strength, the addition of elasticity is required. Hence,

the value of De in the bend has to be larger than 0.5. Purely viscous models can only

achieve shallow dips by external forcing through mantle currents. To obtain steep slabs,

viscosity and/or plasticity are, however, required.

2. Time for interaction of the slab with the 660 km discontinuity. No direct

observation is available. We have provided an extreme benchmark case without mantle-

slab feedback for reference in the discussion in Part 2. This benchmark helps us to

differentiate between rheological and slab-mantle feedback effects.

3. Trench retreat versus time. This is also a key point discussed in Part 2. We find

that the behavior of the slab can be differentiated into two phases. The first prior to the

interaction and the second phase after interaction with the 660 km discontinuity. When

comparing the curves of trench retreat versus time in Figures 3.4, 3.8 and 3.11 with

observations (which typically range between 1 and 5 cm/a; Garfunkel et al, 1986) we

find that realistic trench retreat velocities are only achieved for the elastic case. The

highest value is predicted using the elasto-plastic case in Figure 3.11. The solutions with

a De value lower than 0.5 all have trench retreat velocities lower than observed in

nature. This is because a dominantly viscous lithosphère has a tendency to flow forward

into the slab, thereby canceling or decreasing the trench retreat (Figure 3.7). The effect

of trench retreat has been shown to also exist in purely viscous models of subdurtion

[Zhong and Gumis, 1995a]. However, the important difference in the fluid and solid

mechanical models is that in the viscous model the velocity of trench retreat is governed

by the viscosity of the slab, while in the solid mechanical models it is governed by the

viscosity of the mantle. Since the latter viscosity is always smaller by orders of
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magnitude than the former, solid mechanical models also produce orders of magnitude

faster trench retreat velocities.

4. Steady state (velocity) conditions for subdurtion can only be obtained for De

values larger than 0.5. Elasticity stabilizes the subduction process and introduces

coherency within the slab (Figure 3.11).

5. Trench profile. Elasticity is a necessary ingredient for obtaining a realistic trench

profile if mantle-feedback is neglected. For application to natural trench profiles

obtained with geodynamic models of subduction both mantle slab feedback and

elasticity needs to be considered [Toth and Gumis, 1998]. A quantitative comparison

between trench profiles obtained under the same boundary conditions by full solid-fluid

feedback calculations and those obtained in this work is a promising future field of

investigation.

We obtain a very narrow parameter range for acceptable solutions owing to the

compromise of modeling near surface and deep deformation with a simple single-layer

rheology. Previous analyses have concentrated on either one or the other and have

therefore derived a wider range of permissible parameters, allowing the neglect of

important rheological ingredients [Hassani et al, 1997]. For the near surface we use

trench profiles as the best observable, while the deep deformation is interpreted on the

basis of slab dip and slab geometry. Ultimately, subdurtion should reach quasi-steady

state in order to obtain a stable plate tectonic regime, which is a strong prerequisite for

modeling deep deformation.

We have shown that a full visco-elasto-plastic treatment is required to

comprehensively model slab dynamics. The stress solution inside the slab (Figure

3.12b) is very much different from other solutions; we, therefore, conclude that single-

layer models should not be used to investigate processes that occur within the slab.

Nevertheless, single-layer models can be useful for modelling slab-mantle interactions
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because they can assume geometry similar to observable. For our simplified laboratory

analyses of the process we find that a viscosity range between 5 x 1022 Pa s and 5 x 1023

Pa s is suitable for reproducing complex material behavior with a single-layer model in

a smoothed fashion. The elastic properties should have a value of the order of 1011 Pa to

obtain De numbers of the order of 0.5. The shortcoming of the laboratory rheology is

that it cannot be used to give suitable trench profiles and cannot be scaled to obtain

realistic elastic properties.

Our approach can be utilized as a tool for investigating oceanic lithosphère

subduction. A clear limitation is that it has been developed to consider the scenario of

subduction without restrictions on mantle flux. We have provided a suitable design for

geodynamic models at lithospheric level by extending previous approaches to include a

rate sensitive upper mantle and by comprehensively assessing the role of slab rheology

on the subduction process. We use the approach as a benchmark for our mantle flux

controlled laboratory experiments (Part 2) and for on going, fully coupled, convection-

solid mechanical numerical calculations.

In summary, we need elasticity for top and bottom bending problems in the slab and

for modeling the interaction with the 660 km discontinuity. These processes have a

short time scale of deformation, which is sufficient to push the De number above 0.5. It

is found that the De value of these short-term processes is very much larger than the De

value within the straight part of the downgoing slab. In the domain diagrams (Figures

3.4, 3.8, 3.11) the response of the whole subdurtion system is measured. The bending

part of the slab governs this response. This finding is in qualitative agreement with

earlier findings using purely viscous models [Houseman and Gubbins, 1997; Conrad

and Hager, 1999] with the important difference that a significant part of the
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deformation is governed by elasticity instead of viscosity only. This distinction has

important implication for the dissipation of energy in the slab. In the viscous models,

there is a continual large dissipation of energy in the bend, while in the visco-elastic

model the bending energy is supplied initially during initiation of subduction and the

elastic fraction is preserved during the subduction process. The elastic solution relies on

a non-dissipative process inside the lithosphère, while the viscous solution dissipates

energy both inside and outside the lithosphère.

Appendix A; Equations solved outside the slab

Starting from a solid slab without internal strength (i.e. no energy inside the slab and

no resistance to bending) we obtain a distribution of forces shown in Figure 3.13. We

are here calculating the response of a mantle as an infinite half

Figure 3.13: Distribution of forces outside the slab.

space without considering any feedback between mantle fluxes and deformation in the

slab. Consider forces acting on the downgoing part of the lithosphère. Subduction

behavior evolves from static (before initiation of subdurtion) to dynamic equilibrium

(after initiation).
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We identify three main forces applied to the slab as:

- Fsp, the slab pull force

Fsp = ApsgS (Al)

where Aps is the density contrast between lithosphère (ps ) and mantle (p ), g is the

acceleration due to gravity and S represents the area ofthe subducted lithosphère.

-Rw, water-restoring force

Rw = Apwgzw (A2)

where Apw is the density contrast between mantle {p ) and water (p ), w is the

thickness of the slab and z is a variable (from 0-10 km) expressing the water depth

above the trench. In the following linear analysis its maximum value is derived from the

condition for finite amplitude instability. We estimate the integral of the resisting forces

acting in our model as a pressure from below the subducting plate to be a maximum of

2.2 x 10 Nm"
.
This value is by a factor of three lower than the lower bound of

resisting shear force, Rs, induced by dynamic shearing after finite amplitude instability.

This agrees well with values cited in the literature (4.8 xlO12 - 3 xlO13 Nm"1)

[McKenzie, \911, Mueller andPhillips, 1991; Ericksson andArkani-Hamed, 1993].

-Rs, the shear force between the sides ofthe slab and the surrounding-mantle

Rs = 2tju (A3)

where n is the mantle shear viscosity and u(t) is the subdurtion velocity.

Before initiation of subdurtion we describe the system without considering the

equation ofmotion, i.e. a condition of static equilibrium governs the solution. The slab

pull force before instability is smaller than the water-restoring force:
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Fsp * Rw (A4)

We note that our basic assumption is to neglect the overriding plate and treat the

bending forces numerically. The subduction initiation instability arises upon equality of

slab pull and restoring forces. Solving the equation (A4) with respect to S, defined in

equation (Al), we find the critical amount ofmaterial necessary to initiate the

subdurtion process. In our numerical experiment we apply an external force until we

reach this critical instability. At this point the slab dip has values that range between 30°

and 45°, corresponding to a critical depth, h0, between 135 and 190 km.

After the initiation of subdurtion we solve the dynamic equilibrium of forces. The

dynamic resisting force is Rs. Dynamic equilibrium is given if:

Fsp=Rs (A5)

In the equation we consider S equal to wxh where h is the depth of the subdurting

slab and u(t) = d% .
We can solve equation (A5) with respect to h and, integrating

over time, we obtain the time evolution of the depth of the strengthless slab in a semi-

infinite mantle as:

h(t)=h0ec(t-t<>) (A6)

where c is equal to PsS^y ^ to js the tjme needed to reach ho in the subdurtion

initiation instability.

The time derivative of equation (A6) predicts, for the strengthless slab in a viscous

mantle (77 values between 1><1021 and 1><1022 Pa s), a subduction velocity at the 660 km

discontinuity between 3-30 cm/a. Since we do not consider the energy

released in the bending process of the lithosphère, these velocities represent an upper

bound.
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The contribution offered by different lithospheric rheologies is the principal topic of

this paper. In the elastic bending case the energy expended inside the slab bend is stored

after the subdurtion initiation instability and the subsequent derivative of this energy

with time is zero. In the elastic case we therefore obtain the same solution as for the

strengthless slab and the time necessary to reach the 660 km discontinuity is given by:

t-t0 = l-lnh-L (A7)
c h0

Where h^eo is the depth of the 660 km discontinuity. This analytical solution is

formalized in the numerical setup by two families of dash-pots (x-z). This procedure

enables us to extend the analysis to any dip in the slab since only the vertical component

influences the time scale of the process. The situation is similar to a fluid dynamic

Rayleigh-Taylor instability with a fixed width w corresponding to the thickness of the

downgoing lithosphère. Here we assume that the horizontal viscosity is equal to the one

used for the above analysis. This isotropic viscosity assumption is a first order approach

to an anisotropic drag tensor obtained from full mantle flow feedback calculations

(Morra et al, in prep).

Appendix B: Equations solved inside the slab

While Appendix A describes the equations solved outside the slab we consider here the

full set of equations solved numerically within the slab. For this we need to consider the

full tensorial form. Assuming continuity, we neglect inertial forces and describe a

balance of all forces in a unit volume by momentum conservation:

da
—^- + Bi=0 (Bl)
dx

j
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Where B} is the body force, here represented by gravity. We introduce a composite

elasto-visco-plastic flow rule. An elastic stress state exists if the shear stress is below a

given yield stress and the elastic stress-strain relationship without flow is fully described

by:

£< =(i + v)ai + (l-2v)a„Sw + ^a(^-r'ai (B2)

where se,l is the elastic strain tensor, cxjj
is the deviatoric stress tensor

,
E is Young's

modulus, v is Poissons ratio and ôt} is the Kronecker delta. In the plastic state above the

yield stress, the strain rate, éf/ ,
is given by a function of the viscous flow potential

defined by the second invariant ofthe deviatoric stress tensor, J2 = S—o*}o*

è$'= B a J?^expf-^-1 (B3)
\ RT )

where B is a material constant, Q is the activation energy, R the ideal gas constant and a

is the water content. A minimum strain rate of 10"16 s"1 has been used for the adopted

dry rheology. Equation (3B), inverted for the stress and assigning a minimum strain-

rate, is also used to calculate the lower elasto-visco-plastic yield stress. Above this

stress the material properties are non-linear visco-elastic. We include an upper limiting

yield stress above 500 MPa to mimic the upper yield stress of the Peierls mechanism

[Regenauer-Lieb et al, 2001]. In the nonlinear visco-elastic- field, above the yield

stress, we use additive strain rate decomposition:

év = ét + é? (B4)

where the total strain-rate is a composite of elastic and visco-plastic rates. We also solve

the temperature equation by neglecting thermal-mechanical feedback for simplicity.

Here it is useful to introduce the Lagrangian framework (with large strain and rotation)
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implemented in the finite element calculations. In this framework, the temperature

equation is written as:

TiT

pCp^ = KpCpV2T (B5)

where k is the diffusivity, p the density, and Cpthe specific heat. Within the

Lagrangian framework the advection of heat is considered naturally. However, we

emphasize here that care has to be taken for the advection of stresses when large

rotation and displacement, as in subdurtion zones, occurr. Under these conditions it is

necessary to consider conjugacy of rotating stress and strains in the internal virtual work

rate over a Lagrangian reference volume. We note that the spin of the stress is not

commonly discussed in geophysical finite element methods [e.g. Toth and Gumis,

1998]. However, its importance in the solid mechanical community has long been

isolated, together with consideration of the plastic spin [Dafalias, 1985]. The stress over

the reference volume is known as the Jaumann stress ry
and is defined by the true

Cauchy an stress with respect to the Jacobian of the elastic reference volume V0 and

the current volume V:

t,
=—

*, (B6)
dVo

the elastic spin of such a reference volume is:

dx, dx/
dxj dx,*-2

lr
(B7)

where xs is the position vector and x} the velocity. This defines the corotational rate fë

ofthe Kirchhoff stress in the new rotated reference frame as defined by the stress rate:

i^Uj-TikÜ^rjkOi
A

= ji.. _„., r>el + „ ., r^el (Eg)
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where ÇXJ is the elastic part of the local spin tensor for the Jaumann reference frame

[Drozdov, 1996]. An analogue correction can be made for the plastic spin \Dafalias,

1985].

APPENDIX C: "Solid versus Fluid Deformation: The Deborah number"

A Maxwell visco-elastic body, whose one dimensional analogue is a spring and a

dashpot in series, can be characterized by the Maxwell relaxation time Tm=rj/G where n

is the shear viscosity and G the elastic shear modulus of the spring. Deformation is

assumed to be dominantly viscous for a time scale greater than zm and dominantly

elastic for times smaller than rm.

A non-dimensional number has been suggested which describes the transition from

solid to fluid behavior. This fundamental quantity is known as the "Deborah

number"(Zte) [Reiner, 1964]:

De =
^ (CI)
*0

where x0 is the time scale of observation. In polymer sciences, the time scale of

observation has been derived from the background strain-rate èf, of the deforming

medium and the Deborah number has been simplified to

De = Tmèfj (C2)

In polymers the inverse of this strain rate is always larger than 10 s, hence it is always

the shortest time scale of observation. In geodynamics this simplification

cannot be used because the background strain rate is usually rather small (except for

earthquakes) and times scales of several millions years are the rule. We show here that

the time scale for definition of the Deborah number is the time scale of observation of a

particle within a deforming area. The Deborah number thus becomes a local rather than
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a global quantity defining, within the same body, areas of dominantly solid deformation

and areas where dominantly viscous deformations occur. Therefore, we suggest that the

original formulation ofthe Deborah number (equation CI) be adopted.

74



Chapter 4

Dynamics of retreating slabs (part 2):

Insights from 3-D laboratory experiments

Abstract

A laboratory analogue of a three layer linear viscous slab-upper mantle-lower mantle

system is established in a silicone putty, honey and crystallized honey tank experiment.

The same setup as in the numerical investigation (Part 1) is used. We focus on the

interaction of the slab with the induced passive mantle flow by widely varying the

mantle volume flux boundary conditions (lateral volume flux boundary conditions were

not considered on numerical experiments). In direct comparison between experiment

and nature the base of the box may reproduce the bottom of a converting system

whereas the lateral box boundary the presence of other nearby slabs. Dynamic force

equilibrium, assessed on the basis of an analytical review of forces, is described for four

different phases, 1) the subdurtion initiation instability, 2) the accelerating dynamic free

fall phase of the slab, 3) the dynamic interaction with the 660 km discontinuity 4) a final

phase of steady-state trench retreat. Phase 3) is an important feature, not observed in the

numerical experiments. This highly dynamic phase of interrupted trench retreat can

therefore be attributed to boundary conditions of mantle volume flux. On the basis of

integration constants of force equilibrium in phases 2) and 4) we identify two different

classes of volume flux. One in which the lateral boundary can be considered open and

This chapter is in press on Journal ofGeophysical Research.
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the other class where it is "closed". Closed boundary condition cases are obtained if any

of the lateral box boundaries are 600 km away from the slab. Assuming a one-to-one

relation between trench retreat and back arc spreading, enigmatic observations of

episodic opening ofback arc basins can be explained by our experimental observations.

4.1 Introduction

Trenches represent areas of localized downwellings, where one plate dives beneath

another into the mantle. Trenches are not stationary. Most of them moved and move in

the hot spot reference frame towards the subducting plate in a "retrograde" fashion as a

direct consequence of the negative buoyancy of the subducting oceanic lithosphère

[Chase, 1978; Uyeda and Kanamori, 1979; Dewey, 1980; Garfunkel et al, 1986]. The

Pacific boundaries represent the most prominent case of "retreating" trenches (Figure

4.1).

The most direct evidence of retreat is the formation of backarc basins [Uyeda and

Kanamori, 1979]. Their opening is kinematically linked with the retreat of the trench

towards the subducting plate and/or with the motion of the upper plate away from the

trench [Chase, 1978; Dewey, 1980; DeMets et al, 1990]. The average rate of spreading

of these basins is variable, ranging presently between few mm/yr up to a maximum of

16 cm yr"1 [Jarrard, 1986; Bevis et al, 1995], but spreading rates are not constant. The

evolution of a backarc basin is irregular in time and restricted to a few tens of Ma

[Karig, 1971]; the evolution ends in some cases, with the jump of the spreading center

towards the trench, after a period of complete inactivity, and the beginning of a new

spreading cycle (Figure 4.1). This non-steady-state behavior has to be related to the

kinematics of trench retreat that, in turn, is thought to be a direct consequence of the

dynamics ofthe subdurtion process [Garfunkel et al, 1986; Zhong and Gurnis, 1995a].
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Figure 4.1: Cartoon showing present-day subduction zone boundaries (full line) and the situation at 40

Ma (dotted line); continental boundaries are shown in their present-day position. Trenches are not

stationary and have a characteristic retrograde motion towards the subducting plate. One ofthe results of

this behavior is the formation of back-arc basins. Areas characterized by episodic back-arc activity are

highlighted.

The knowledge of the kinematics of trench retreat represents, also, a key-point to

clarify the way in which the lithosphère material is distributed in the mantle. Moreover,

experiments show that the ability of the slab to penetrate into the lower mantle can be

strongly influenced by trench motion. Penetration through the 660 km is favored by

stationary trenches, which are an exception rather than a rule [Christensen and Yuen,

1984; Kincaid and Olson, 1987; Griffiths and Turner, 1988; Davies, 1995; Guillou-

Frottier et al 1995; King and Ita, 1995; Zhong and Gumis, 1995b; Christensen, 1996;

Christensen, 1997 Houseman and Gubbins, 1997; Olbertz et al, 1997].

In this work we describe laboratory experiments that investigate the long-term

kinematics of retreating slabs falling into a uniform or viscous, stratified, passive

mantle. We choose a visco-elastic material (silicone putty) as a slab analogue and a

mixture of different honeys as a rheological representation of the viscous stratification

in the mantle. In the numerical experiments presented in Part 1, we explored the effect

produced by a wider range of rheological parameters. The same experimental setup is
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used, in which no imposed kinematic constraints are applied, i.e. the slab is driven by

gravity, only. In this laboratory work we focus on two important coupled problems that

have not been solved numerically. First, we investigate the feedback between

lithosphère deformation and mantle flow in the presence of finite flow boundaries. We

then parameterize the effert of flow boundaries by integration constants in terms of 2-D

dynamic force equilibrium. Finally, we extend the analysis and describe a 3-D

configuration.

The aim of this study thus is to investigate systematically the factors that influence

the dynamics of trench retreat. The effect of slab rheology has been studied in Part 1,

while mantle-slab interactions and 3-D configurations are investigated in Part 2. An

application of these results to the Central Mediterranean case is presented elsewhere

[Faccenna et al, 2001 ].

4.2 Previous models

Over the two last decades numerical and laboratory experiments were performed to

analyze the way the lithosphère subducts into the mantle and interacts with the deep

transition zone [Christensen and Yuen, 1984; Davies, 1995; King and Ita, 1995; Zhong

and Gumis, 1995b; Christensen, 1997; Houseman and Gubbins, 1997; Olbertz et al,

1997; Pysklywec and Mitrovica, 1998]. It has been found that the ability of the slab to

penetrate into the lower mantle is influenced by parameters like age, rheology, chemical

buoyancy of the lithosphère, thermodynamics of the phase changes and, especially, by

the kinematics oftrench motion. Most ofthe latter models have been constructed to test

the ability of slabs to penetrate into the lower mantle by imposing the motion of the

trench a priori [Christensen and Yuen, 1984; Davies, 1995; Griffiths et al, 1995;

Guillou-Frottier, 1995; Christensen, 1996; Christensen, 1997] and using Cartesian or

spherical box boundaries [Christensen and Yuen, 1984; Kincaid and Olson, 1987;
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Macheteland Weber, \99\, Davies, 1995; Griffiths et al, 1995; Guillou-Frottier, 1995;

Zhong and Gurnis, 1995b; Christensen, 1996; Houseman and Gubbins, 1991, Olbertz et

al, 1997; lia and King, 1998]. For these reasons, previous models have been unable to

predict 3-D aspects of slabs such as their irregular shape, changes of dip angle, strike

and state of stress along their length recorded in observational data [Isacks and

Barazangi, 1977; Giardini and Woodhouse, 1984]. Similarly, the 3-D role of the mantle

flow induced in the mantle wedge by the retrograde motion of the slab cannot feasibly

be considered. The strong effect of this flow has been demonstrated in a 2-D geometry

by [Garfunkel et al, 1986] and is thought to be recorded in mantle anisotropy under the

slab [Russo and Silver, 1994].

Our models are constructed to investigate the long-term dynamics of a retreating

slab, with the trench motion being the consequence of the dynamic interaction between

the slab and the passive mantle in a 3-D configuration. Our models are inspired by the

experimental work of Kincaid and Olson [1987]. As a new element we remove the

lateral constraints present in their experiments, and we enlarge our investigation to the

analysis ofthe evolution ofthe slab-mantle interaction in different 3-D configurations.

4.3 Model setup

Analysis of the parameters that control the oceanic lithosphère subduction bighUghts

the difficulty of extracting general rules [e.gJarrard, 1986]. Three main characteristics

can be considered common to most of the subdurtion zones and they guide the design of

our models.

The first feature common to most of the trenches is their oceanward, retrograde

motion in the hot-spot reference frame [Chase, 1978; Uyeda and Kanamori, 1979;

Garfunkel et al, 1986; Jarrard, 1986]. A large part of the Eurasian plate, from the

Kurile to Indonesia trench, the North and South Americas (from the Aleutian to Chile
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trench), the western Indian plate (along the Tonga trench) and the Pacific plate (along

New Hebrides and Solomon trench) move toward their respective trenches,

accommodating the progressive closure of the Pacific Ocean [Garfunkel et al, 1986]

(Figure 4.1). An exception to the retrograde behavior is found along the Tethyan slab,

where the action of Indian and Arabian indenters in Eurasia caused localized

advancement of the trench [Le Pichon, 1982; Patriot and Achache, 1984]. The

Marianna trench has also been treated as another a case of an "advancing" trench during

the last 5 Ma [van der Hi1st andSeno, 1993].

The second feature is the strong variability of the lateral geometry of the slabs. The

length of trenches is variable (Figure 4.1). Some slabs, like the Scotia, the Caribbean,

the Cascades, the Banda, the Tyrrhenian, and the Aegean slab, are very narrow with a

horizontal extent of the order 100-300 km (see e.g. Jarrard, 1986). On the contrary

others slabs, like the Andean and the Mariana-Izu-Bonin-Japan-Kurile-Kamchatka

system are very long, extending for a few thousands of kilometers. Moreover single

Benioff-zones usually display very irregular shape, changing dips, strike and state of

stress along their length and forming arcs and cusp [Isacks and Barazangi, 1977;

Giardini and Woodhouse, 1986; Yoshioka and Wortel, 1995]. A striking example is the

Chilean-Peru slab where flat portions border a steeper portion correlated with the

Bolivian orocline [Cahill andIsacks, 1992].

Finally the majority of slabs have extended their travel through the upper mantle and

therefore interacted with the 660 km discontinuity (e.g., Uyeda and Kanamori, 1979).

The 660 km discontinuity is attributed to the phase transition from ß-spinel to

perovskite and magnesiowustite [e.g. Bina, 1991; Kirby et al, 1991]. It is accompanied

by a density increase (between 102-103 kg m"3, e.g. PREM) and a viscosity jump by a

factor of 10-100). [Hager, 1984; Davies and Richards, 1992; King andMasters, 1992;

Forte and Mitrovica, 1996; Mitrovica and Forte, 1997]. Tomographic images and the
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analysis of deep earthquakes provide additional information on the interaction between

the slab and the phase boundary. In particular, tomographic images indicate that some

of these slabs penetrate into the lower mantle whereas others do not [van derHilst et al,

1991; Li andRomanowicz, 1996; Grand et al, 1997; Bijwaard et al, 1998]. Therefore

the kinematics of trench motion of most slabs may be connected with the interartion

problem at the upper-lower mantle discontinuity.

These observations suggest to us that a meaningful simulation of trench motion

should take into account the following: it should be able to retreat during its evolution

(no kinematic constraints); it should consider 3-D complexities; and finally the mature

slab should interact with the 660 km discontinuity.

Our experiments are set up in the following framework:

1. no external forces are imposed to the system;

2. we assume a mantle with no trench-relative motion as a reference frame;

3. the slab is fixed in the far field of subdurtion;

4. the system is isothermal;

5. the system does not include an overriding plate.

A more detailed explanation ofthese laboratory assumptions is noted below.

(1) The system is driven only by the slab pull force and by an equivalent ridge push

force, implemented by lateral density contrast between plate and mantle. No external

kinematic boundary conditions are applied. Our goal is to capture the essence of the

behavior ofretreating trenches while removing all dynamic complexities.

(2) We are interested to isolate the effect of advection inside the mantle produced by the

subdurting slab. Flow is only generated by subdurtion and we do not consider the effert

of global [Ricard, et al, 1991] or local background flow that is not generated by the

subducting slab.

(3) This implies that the slab is attached in the far field to the above reference frame.
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(4) There are three consequences of this important experimental constraint: One is that

we consider an end-member model where the system is governed by the negative

buoyancy of the subducting slab alone; no positive buoyancy from plumes is included.

This negative buoyancy is implemented chemically. The second implication is that the

density contrast of the slab is preserved during the whole subdurtion process. This

situation is equivalent to quasi-adiabatic conditions. Our velocity of the subduction

process is much higher than 1 cm/y. Under these conditions, we effectively neglect

temperature changes during subduction [Wortel, 1982; Bunge et al, 1997]. The third

consequence is that we neglect the role of the endothermic phase changes at the

transition zone [Christensen and Yuen, 1985; Tackley et al, 1993; Pysklywec and

Mitrovica, 1998]. The possible effect of impediment for the slab to penetrate into the

lower mantle is here reproduced only by the increase in viscosity with depth.

(5) The system does not include an overriding plate. This limitation has two

consequences. The first consequence is that the plate boundary is weak since it has the

viscosity of the upper mantle. Assumption influences the rate of the process but has less

influence on its general behaviour [King and Hager, 1990]. Therefore, if we consider

the possible range of resistance given by the subdurtion fault zone [Tichelaar and Ruff,

1993; Zhong and Gumis, 1994; Bunge et al. 1997; Toth and Gumis, 1998], the rate of

plate subduction within the experiment has to be considered as an upper bound [King

and Hager, 1990; Conrad and Hager, 1999]. The second consequence is that the

overriding plate is assumed to passively move with the retreating trench. Therefore, this

experimental setting can be considered as appropriate for all the natural cases where the

motion of the overriding plate towards the trench is lower than the velocity of trench

retreat (i.e. the western Pacific, the Mediterranean). For this reason our model applies

only to subdurtion systems where back arc basins are present.
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Following the approach used in previous analogue studies, the rheology of the

lithosphère, upper- and lower mantle is approximated by linear viscous multi-layer

regions [Kincaid and Olson, 1987; Griffiths and Turner, 1988; Griffiths et al, 1995;

Guillou-Frottier et al, 1995; Faccenna et al, 1996; Becker et al, 1999]. The analogue

materials, a silicone putty-honey composite, are selected to scale to the slab-mantle

system, as described by Faccenna et al, [1999]. A lower mantle layer has been added

PARAMETER NATURE

REFERENCE

MODEL

(exp.Cl)

g Gravitational acceleration ms"2 9.81 9.81

Thickness

h Oceanic lithosphère
m

70000 0.012

H Upper mantle 660000 0.11

Scale factor for length 1-Tnodel'l-liature-t-O 1"

Density

Pi Oceanic lithosphère

kg m"3

3300 1482

Pum Upper mantle 3220 1383

Pin. Lower mantle 3220 1380

Density contrast (pi-pum) 80 99

Density ratio (pi/pum) 1.025 1.072

Viscosity

Til Oceanic lithosphère
Pas

4 10"3 1.6 10s

*|um Upper mantle 4 1021 459

Tllm Lower mantle 1.2 10Z3 1.8 104

Viscosity ratio (ni/rium) 10' 3 102

T
Characteristic time

s

3.1*1013

(IMa)

60

(lmin)

Table 4.1: Scaling of parameters in nature and in laboratory.

as a new feature. Silicone putty is a visco-elastic material. For the applied experimental

strain-rate the silicone putty can be considered as a quasi-Newtonian fluid where stress

increases linearly with strain rate [Weijermars, 1986]. It is composed of a pure

polymeric substrate (polidimethylsiloxane-PDMS) with galena and barium sulphate

powder to vary both density and viscosity. The upper mantle has been modeled by

honey, which is a Newtonian low-viscosity fluid (Table 4.1). The increase in viscosity

in the lower mantle has been reproduced by a mixture of pure honey and white sugar
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prepared below the crystallization temperature. The viscosity and density of each layer

are constant and are considered as average effective values. The viscosity ratio between

the slab (ns) and the upper mantle (O is varied between 350 and 1000, and the

Figure 4.2: Experimental setup and 4 different boundary conditions adopted to explore the role of

volumetric mantle displacements.

viscosity ratio between upper and lower mantle ( i]lm) is varied between 1 and infinite.

Viscosity ratios njn^ and ij^/n^ in nature are assumed to range between 10 -10 and

10-100, respectively [Hager, 1984; Davies and Richards, 1992; King and Masters,

1992; Forte andMitrovica, 1996; Mitrovica andForte, 1997].

The multilayered system is arranged in a rectangular Plexiglas tank (34 cm high, 58

cm long and 14 to 30 cm wide). Vertical walls are lubricated by a homogeneous layer of
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Vaseline in order to minimize edge effects. To start the process, the silicone plate is

initially bent inside the syrup to reach the critical amount of an unstable wedge

(corresponding to about 200 km in nature) to initiate subdurtion (Figure 4.2). The

problems linked to initiation of subduction are beyond the scope of this paper

[McKenzie, 1977; Mueller and Phillips, 1991; Ericksson and Arkani-Hamed, 1993;

Faccenna et al, 1999; Regenauer-Lieb et al, 2001].

The models are constructed using geometric and dynamic similarity criteria of Davy

and Cobbold [1991], Faccenna et al, [1999]. Parameters and values for nature and the

experimental system are listed in Table 4.1.

A total number of 50 different experiments were performed using variable combinations

of thickness, viscosities, densities of the slab and mantle and different boundary

conditions. Experiments were performed 2-6 times to ensure reproducibility. Each

experiment was monitored using a sequence of photographs taken in time intervals

(from 1 to 4 minutes) in the lateral and top view. Trench retreat and dip of the slab was

measured using image-processing tools. The presence of tracers in the mantle allowed

us to define the behavior of volumetric mantle displacements identifying the geometry

of induced streamlines and their evolution in time.

4.4 Assessment of Forces

Many authors have analyzed the forces acting on the slab during the subduction

process [Forsyth and Uyeda, 1975; Chappie and Tullis, 1977; McKenzie, 1977; Davies,

1980; Conrad and Hager, 1999] assuming steady-state conditions. In a dynamic setting

the absolute magnitude and interaction between these forces is still poorly understood.

An analytical assessment of forces acting on a dynamically retreating slab is not feasible

on the basis of our present knowledge of slab dynamics. Here, we present the following

approach: first, we begin by reviewing steady-state conditions in the subdurtion process
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in a 2-D dip parallel cross section through the slab. Next, we sum the dynamic forces

expected in the retreating setting.

4.4.1 Review offorces with afixed trench

4.4.1.1 Driving forces

Fsp Slab pull force A mature oceanic lithosphère is gravitationally unstable with

respect to the underlying mantle. After formation of an initial instability, the density

contrast between the oceanic lithosphère and the mantle becomes the main engine of the

subduction.

The force per unit length due to the sinking slab, Fsp, may be expressed as

[McKenzie, 1977]:

Fsp = Apgzh (4.1)

where Ap is the density contrast between lithosphère (ps) and mantle (pm\ g is the

acceleration due to gravity and z and h are the depth and the thickness of the slab,

respectively. The density contrast is not constant but depends on the age of the oceanic

lithosphère and on the phase changes that occur in the slab during the subduction

process [e.g. Vlaar and Wortel, 1976; Turcotte and Schubert, 1982].

In the experimental system the results of thermal aging of the oceanic lithosphère is

reproduce chemically by imposing a density contrast between the slab and the mantle. It

is modeled by imposing a lithosphère denser than the mantle with Ap ranging between

50 and 100 kg m"3. As discussed before, the initial density contrast is assumed to be

preserved during all the subdurtion process. In our experiments Fsp is the main force

that drives subduction. Its value increases with depth and reaches 4.6 1013 Nm'1 for 660
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km depth. The value is in agreement with the published values in the literature

[McKenzie, 1977; Davies, 1980; Turcotte and Schubert, 1982].

Fry Ridge push force Mass conservation requires a balance between consumption

and plate generation. The horizontal force due to ridge push, Ftp, can be expressed

[McKenzie, 1977] as:

Frp = Apg^ (4.2)

where Ap is the density contrast between mantle (pm) and slab (ps), g is the acceleration

due to gravity and h is the thickness ofthe slab.

In our laboratory experiments a force similar to ridge push arises as an initial

condition. This force is due to the density contrast between lighter honey (the mantle)

juxtaposed against the denser silicone putty (the lithosphère). Its value is constant

throughout the experiment. For a plate with h of 1.2 cm and Ap of 100 kg m"3 in a

natural gravity field (gmodergmawe) Frp is equal to 0.07 Nm"1. This value corresponds, in

nature, to 1.9 1012 Nm'1. This result is in agreement with published estimates of the

ridge push force, which vary between 3-7 xlO12 Nm"1 [Parsons andRichter, 1980; Toth

and Gumis, 1998]. The value ofthe Frp is low compared to Fsp.

4.4.1.2 Resisting forces

Rb Slab Bending force The force necessary to bend the plate at a trench represents,

in the mature stages of subduction, the main resisting force controlling the subduction

process [McKenzie, 1977; Houseman and Gubbins, 1997; Becker et al, 1999; Conrad

andHager, 1999].
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Following England and McKenzie [1982] we assume that the elastic deformation

over long time-scales can be incorporated in a viscous theory. Hence the force necessary

to bend a plate can be expressed by developing the theory for the bending of a viscous

plate of thickness h [Turcotte and Schubert, 1982]. The order of magnitude of the

viscous bending force is:

Rb*^ (4.3)
r

where ns, h and r are the viscosity, the thickness and the radius of curvature of the

bending ofthe slab, respectively, and u is the subdurtion velocity.

For our linear viscous slab model the same relationship holds when the slab bends at

the 660 km discontinuity. In the dynamic experimental setup, steady-state conditions

are, however, reached only after interaction with the 660 km discontinuity. For this

reason we postpone the analysis and the comparison with previous models to the next

section 4.6.

Rf Resistance to sliding along the subduction fault: In analytical models the role

of resistance to sliding along a subdurtion fault is considered as the principal factor

inhibiting the initiation of subdurtion [McKenzie, 1977; Mueller and Phillips, 1991;

Ericksson and Arkani-Hamed, 1993]. In the literature cited above its value has been

estimated to be in the range of 4.8 xl012-3 xlO13 Nm"1. Toth andGumis [1998] using a

1 *?

numerical code conclude that for subdurtion to initiate Rf should be less than 1.7 x 10

Nm"1. Zhong and Gumis, 1994b, found that shear friction value of between 15-30 MPa

can match the dynamic topography at trench, consistently with the values of Tichelaar

andRuff[1993] from frirtional heating model of subdurtion fault.

Recent numerical model support the idea that subduction fault zone is particularly

weak if a wet olivine rheology is assumed [Branlund et al, 2000; Branlund et al., 2001 ;
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Regenauer-Lieb et al, 2001]. Finally, as previously discussed, in our model we assume

that the fault has the same viscosity as the upper mantle. Hence, in the force balancing,

the shear friction along this weak fault is of one order of magnitude less than that ofRb.

Rs. Rn Shear and normal slab-mantle interface forces: Here, we do not consider

active mantle convection, but instead investigate passive mantle flux driven by the

subducting plate. The displaced mantle exerts a viscous resistance on the subdurting

plate. For the case of a stationary slab this force has been expressed in terms of corner

flow theory for a fixed dip [Turcotte and Schubert, 1982; Dvorkin et al, 1993]. In our

case, complexity is added due to possibility of trench retreat and change of dip. For the

purpose of assessing the order of magnitude of the resistance as a function of the

induced mantle flow we decompose it in terms of shear and normal components without

solving the füll fluid dynamic problem.

Rs shear force: The viscous shear slab-mantle interface force is defined as

Rs^rjmu (4.4)

where rjm is the mantle shear viscosity and u is the subduction velocity. The shear

resistance is directly proportional to the viscosity of the mantle. For this reason its

importance increases in the lower mantle, where the viscosity is at least one order of

magnitude larger than in the upper mantle [Hager, 1984; Davies and Richards, 1992;

King and Masters, 1992; Forte and Mitrovica, 1996; Mitrovica and Forte, 1997].

Conrad and Hager [1999] estimate that at least 30% of the energy dissipated in the

upper mantle is connected with this mechanism.

Rn normal force: The normal component of slab motion is set to zero in previous

steady-state calculations and therefore this force does not appear. In our case, however,
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some trench normal energy is dissipated and Rn has to be evaluated. In fixed slab cases,

Rn controls only the dip of the slab [Dvorkin et al, 1993; Turcotte and Schubert, 1982].

The negative and the positive value of the forces on the top and on the bottom of the

descending slab, respectively, exert a pressure torque that lifts the slab against the force

of gravity. The sum of the lifting torque per unit length is defined, like the shear force,

as

Rn*r/mu (4.5)

where the proportionality depends on slab dip.

4.4.2 Summary ofForces with retreating slab

For a dynamically retreating slab, additional forces arise owing to the mass

redistribution within the convecting mantle. The corner flow approximation can no

longer be used and a more complex approach is required. For a retreating slab, in fact,

there will be an added component to the non-hydrostatic pressure-drop on the top and

bottom of the slab that is associated with a substantial mass flux. 2-D situations have

been analyzed numerically by Garfunkel et al [1986], where a solid slab has been

introduced into a passively convecting uniform viscous fluid. Instantaneous streamlines

of the induced mantle flow show that, for the case of a retreating slab, the slab becomes

part of the convection cell and does not separate two independent cell systems. That is,

streamlines no longer run parallel to the slab as in the corner flow model. In fact, they

cross the slab at a small but finite angle as that is a function of the trench retreat

velocity. In this case, Rn is no longer negligible and its intensity is a function of a

characteristic length scale.

A more realistic 3-D configuration adds complexities to the mantle flow pattern. To

restore the hydrostatic equilibrium on both slab sides, it has been suggested [Luyendyk,
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1970] that mantle material escapes into the corner region between the slab and the

overriding plate: this escapes occurs from a region of high pressure to a region of low

pressure, with flow that has both dip-parallel and trench parallel components.

In a 3-D setting the in plane bending of the slab is another force that is caused by

along strike lateral deformation of the slab This force is responsible for the shape of

arcs and/or cusps of several trenches.

4.5 Experimental Results

Ten experimental setups (Table 4 2) with a total of 50 experiments have been

selected to describe: A) the role played by volumetric mantle displacement; B) the role

played by slab strength.

4.5.1 Observation ofvolumetric mantle displacement

4.5.1.1 Upper mantle unconstrained laterally and vertically

To define the degrees of freedom of the system, we identify 2 different parameters:

the ratio b/w between the box width (b) and the plate width (w) for the lateral condition

p ht

(g/cm3)
P um

(g/cm3)
Plm

(g/cm3)
Hht

(Pas)

M> um

(Pas)

Him

(Pas)
Wm/ Mum

So
O

hlit
(cm)

hum

(cm)

a 1

(cm) (cm)

b w

(cm) (cm)

Al 1448 1383 1383 4 6*105 459 459 1 30 12 20 60 42 30 14

Bl 1482 1 383 1383 1 6*105 459 459 1 36 12 27 60 42 30 30

B2 1482 1 383 1383 1 6*105 459 459 l(net) 33 12 56 42 30 30

CI 1482 1383 =138 1 8*105 459 =\ 5*104 32 59 12 56 42 30 14

Dl 1482 1383 =138 1 8*105 459 =4 6*103 10 32 12 56 42 30 30

D2 1482 1383 - 1 6*105 459 00 oo 31 12 56 42 14 14

D3 1482 1383 =138 1 6*105 459 sl 5*10" 32 30 12 56 42 14 14

El 1487 1383 =138 4 6*105 459 =1 5*104 32 20 12 56 42 14 14

E2 1452 1 383 - 1 8*105 459 oo oo 55 12 56 42 14 14

E3 1482 1383 =1 38 1 8*105 459 =1 5*104 32 39 1 5 56 42 30 30

Table 4.2: Description of materials and parameters used in the selected experiments.
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and the ratio rjum^nlm between the viscosities of the upper and the lower mantle for the

vertical condition (Figure 4.2)

Experiment Al (Figure 4.3, Table 4.2) is characterized by a lateral aspect ratio b/w

=3 and by a viscosity ratio num/î]lm=\. These conditions treat the case of an upper

mantle that is volumetrically unconstrained (within the limits of our laboratory

approach). During the development of the experiment, the rate of trench retreat is fast

and it increases progressively in time with the amount of subdurted material. The dip of

the slab also increases with time reaching a steady-state condition («70°) in 5 Ma

b)
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Figure 4.3: (a) Lateral view of four stages of evolution of the experiment Al. This experiment is

characterized by an unconstrained upper mantle with respect to the horizontal and vertical directions, (b)

Plot of the amount of trench retreat and dip vs. time. The arrow indicates the time of interaction with the

660 km discontinuity Hereafter 1 minute and 1 centimeter in the experiment correspond to 1 Ma and 60

km in nature, respectively.

(Figure 4 3b). As the plate moves with a retrograde motion a normal pressure force

drives a poloidal fluid motion in the upper mantle. These mantle fluxes are directed

from the region of high-pressure to the region of low-pressure and in the horizontal

plane they are directed toward and around the retreating trench (Figure 4.4a). The
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majority of fluid deformation occurs in a localized region extending 600 km on both

sides of the plate. During the entire process the trench preserves its straight shape

4.5.1.2 Upper mantle unconstrained only vertically

Experiment Bl (Figure 4.5, Table 4.2) is characterized by a lateral aspect ratio b/w=\

and by a viscosity ratio rjum^ïïlm^ Under these conditions the upper mantle is

unconstrained only in the vertical direction. In this case the rate of trench retreat and the

velocity of slab also increase progressively in time with the increase of subducted

material. The rate is slower than in the case described in section 4.5.1.1 and the slab

reaches a near-vertical dip in less than 20 Ma (Figure 4.5b). Subsequently, the

Figure 4.4: Top and lateral view of 2 experiments to show the horizontal and the vertical components of

the 3-D mantle flow pattern, a) Toroidal mantle flow pattern observed when the slab hits the 660 km

discontinuity. Trench parallel components are in direct juxtaposition to trench normal components, b)
Poloidal mantle flow component with a dip parallel component. Because of the retreating motion of the

trench, the poloidal streamlines have a shallow angle with respect to the subducted lithosphère. Garfunkel
et al. [1986] described the same distribution of instantaneous streamlines. The component a) is the most

important when the slab falls into the upper mantle While the component b) becomes dominant when the

edge of the slab reaches a more viscous layer in the deep mantle.

laboratory limitation imposed by the bottom of the box causes a divergence from this

behavior. The slab progressively shallows and decreases its rate of descent. The laterally

constrained boundary condition imposes a mantle pressure, induced by the retrograde

motion, that directs mantle flow below the tip of the slab forming a shallow angle with

the subducted lithosphère (Figure 4.4b). The trench preserves its straight shape during
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Figure 4.5: (a) Lateral view of four stages of evolution of the expenment Bl This expenment is

charactenzed by an upper mantle unconstrained only vertically (b) Plot of amount of trench retreat and

dip\s time

the entire process

Experiment B2 (Table 4 2) is similar to Bl but the upper-lower mantle discontinuity is

represented by a 1 cm2 wide-mesh net This ensures circulation in the whole

(laboratory) mantle but inhibits the possibility of the slab penetration into the lower

mantle The slab behavior is similar to the previous case, accelerating exponentially and

increasing its dip to reach an angle of 90° during its descent into the upper mantle When

the leading edge touches the net, the trench retreat velocity is halved The trench

preserves its linear shape, and retreats at constant rate while the slab dip keeps a steady-

state value of 90°
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4.5.1.3 Upper mantle unconstrained only laterally

In the next set of experiments we test the behavior of a subducting slab that is

unconfined only in the lateral direction. In comparison with previous experiments, the
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Figure 4.6: Plot of experiment CI (mantle unconstrained only laterally) in terms of amount of trench

retreat- and dip vs. time.

width of the box is doubled. This configuration can be adapted to areas where the slab is

not continuous as in the Scotia arc, Caribbean, Tonga. In the experiment CI (Figure

4.6, Table 4.2), as in the experiment Al, the subdurtion starts by increasing trench

retreat velocity and dip and quickly reaches the bottom of the upper mantle (after 9 Ma)

with a steep dip (-70°). The tip of the slab folds and deforms when the slab interacts

with the 660 km discontinuity and the trend of subdurtion changes. The trench retreats

with a new steady-state trend after 2 Ma of slowing. The trench preserves its cylindrical

shape (i.e. no top view arc) at the surface (Figure 4.7). Surface mantle material shows

flow lines diverging laterally outside the slab/lithosphere sides and progressively

converging towards the trench.
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Figure 4.7: Top view oftwo different experiments characterized by a viscosity jump at the upper/lower

mantle discontinuity. Consequently the system is in both cases vertically constrained. The shape of the

trench is sensitive to the lateral boundary conditions when the slab reaches the 660 km discontinuity. If

the system is laterally confined (a), the slab forms an arc (in top-view) after the interaction with the lower

mantle discontinuity, (b) The trench preserves its cylindrical shape at surface during the whole process if

the system is laterally unconfined

4.5.1.4 Upper mantle totally constrained

This group of experiments is characterized by a lateral aspect ratio b/w=\ and

different viscosity ratios between upper and lower mantle for different experimental

runs (Figure 4.8, Table 4.2).

Experiments Dl, D2 and D3, are characterized by viscosity ratio rjum^lm equal to

10, 30 and infinite (i.e., depth of the box restricted to the upper mantle), respectively

(Table 4.2). The behavior of the slab during its upper mantle dive is similar to the Bl

case: the slab falls into the upper mantle accelerating exponentially, (Figure 4.8a panel

1-3, 8b) and its dip increases up to a maximum angle of 72°, 65°, 54° for the experiment

Dl, D2 and D3, respectively. When the slab approaches the upper/lower mantle
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transition, at an equivalent depth of about 500 km, its dip decreases by 5° to 10° while

the slab decelerates (Figures 4.8a panel 4-5, 8b)

Subsequently, the slab touches the transition zone, and the trench migration halts for

about 5 Ma. The trench starts to form an arc in the top view allowing lateral circulation

Figure 4.8: (a) Lateral view of seven stages (1-7) of evolution of the experiment D2. This experiment is

characterized by an upper mantle constrained laterally and vertically The vertical discontinuity is a

viscosity increase of 30 times m the lower mantle, (b) Plot oftrench retreat (1) and dip (2) versus time for

experiments Dl, D2, D3. Experiments are characterized by different viscosity ratios between lower and

upper mantle from 10 to infinite.

of mantle material and restoring the induced convecting process (Figure 4.8a). From this

moment, the trench retreat velocity progresses constantly and the slab dip reaches

steady-state values of about 50°, while its tip lies horizontally on top of the lower mantle

(Figures 4 8a panel 6-7, 8b). The general features of the system evolution are relatively

insensitive to the choice of viscosity imposed for the 660 km discontinuity. We obtain
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similar results by imposing any viscosity ratio between lower and upper mantle higher

than 10 (Figure 4.8b).

4.5.2 Observation ofslab strength

The dynamic forces arising within the slab are connected principally only to viscous

resistance to bending at the trench and at the 660 km discontinuity [Houseman and

Gubbins, 1997; Becker et al, 1999; Conrad and Hager, 1999]. We test the influence of
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Figure 4.9: Plot of trench retreat (a) and dip (b) vs. time for experiments El, E2, E3. These experiments

are characterized by different slab strength obtained by changing, respectively, viscosity, density and

thickness.
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slab resistance by changing viscosity (exp. El), density (exp. E2) and thickness (exp.

E3), respectively in a setup characterized by an upper mantle that is totally constrained.

In the experiment El the viscosity ratio ï]s/num is increased to 1000 (Table 4.2) to

simulate a stiff slab. The general behavior of the system is similar to that of the

experiment D3 but the process is slower. In fact, the time needed to reach the 660 km

transition zone increases (30 Ma) as well as the time gap during which the process

interacts with the discontinuity (10 Ma) (Figure 4.9a). The maximum and the final dips

ofthe slab decrease, attaining values of 52° and 45°, respectively (Figure 4.9b).

Experiments E2 and E3 show a behavior similar to experiment El that can be

obtained by either increasing the thickness of the slab by about 10% or by decreasing

the density contrast by about 30%, with respect to experiment D3 (Table 4.2). All these

configurations cause a slowing down ofthe process (Figures 4.9a and b).

We also test the behavior of a very weak slab simulating it by decreasing the

thickness to about 30% of its original value. In this case we find that the slab can be

deformed laterally by the induced mantle displacement, even during the very first stage

ofdescent into the upper mantle.

4.6 Interpretation of the experimental results

In the experiments we recognize a typical sequence of events. In both uniform and

layered configurations we identify the first stage, (a) subdurtion initiation instability

(manually induced by deflecting the plate to a characteristic depth), and a second phase

(b) during which the slab falls through the upper mantle or the uniform mantle.

In the layered configurations two additional phases occur. During a third stage, (c),

the slab interacts with a viscosity discontinuity at depth and the trench retreat process

temporarily slows down. During the fourth stage, (d), the system reaches a steady-state
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configuration within the experimental time characterized by slab reorganization and by

a constant retreat velocity.

Stage a: The subdurtion initiation instability is in our case only controlled by the

resistance to bending deformation of the slab and the driving slab pull and ridge push

forces. The use of McKenzie 's [1977] linear stability analysis in absence of a overriding

plate reduces to following simple balance of forces.

Rb=Fsp + Frp (4.6)

If the active forces are larger than the bending resistance, the slab can subduct freely.

Active forces can be obtained using the method laid out in the steady-state assessment

of forces (chapter 4.4.1) while a reliable estimate of the lower bound of the resisting

bending force can be derived from equation (6). We observe that the slab starts to

subduct freely when it is pushed down to between 150-200 km depth. Using this

information, and estimating a constant ridge push force of 1.9xl012 Nm"1 (chapter

4.4.1.1), we obtain an Rb of about 1.2 ± 0.2 xlO13 Nm"1. Previous experiments,

including a brittle layer on the top of the oceanic lithosphère and an overriding plate,

found similar values [Faccenna et al, 1996] emphasizing the major role of the viscous

resistance to bending the plate at trench [Faccenna et al, 1999].

Stage b; Once the subdurtion initiation instability is formed, the plate starts to sink

into the upper mantle and the trench starts to retreat. The velocity and dip of subdurtion

increases progressively with time. The forces that drive the subdurtion process are

mainly the negative buoyancy of the slab (Fsp, eq. 4.1) and the ridge push (Frp, eq. 4.2)

whereas the forces that resist the process are represented by the force needed to bend the

plate at the trench (Rb, eq 4.3) and by the shear and normal slab-mantle interface forces

(Rs, Rn, eq.4.4-4.5). The force related to the lateral (3-D) bending of the plate can be
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neglected during this stage because we observe that the trench always preserves its

original straight shape. Dynamic equihbrium can thus be written as:

dFsp+dFrp^dRb+dRs+dRn (4.7)

It is impractical to derive a complete analytical framework for subdurtion. In particular,

the feedback between dynamically evolving forces and trench dip poses a problem. It is,

however, possible to assess the basic dynamic evolution in this stage on the basis of our

simplest case of a volumetrically unconstrained system. In this case, the slab dip is a

steady 90°. Owing to mass conservation, the subdurtion velocity u is equal in magnitude

to the trench retreat velocity v. Furthermore, considering a snapshot of the evolution of

subduction process, we obtain from (4.7) an instantaneous trench retreat, subduction

velocity:

4pgzmh+Apg-

>v«r „3
<48>

Crh^%+CrSii)"m+Cm(,)''m

Neglecting small terms for the first phase of dynamic trench evolution, this equation

can be simplified. The only major forces, at this stage, are slab pull and bending

resistance. Since the dip is uniform viscous slab bending is constant in time. Its value is

principally governed by the viscosity of the slab, ns, because the radius of curvature, r,

is of the same order as magnitude of h. Together with the integration constant Crb it

gives a value close to unity. The second and third terms on the denominator have an

increasing value as a function of penetration depth. This is expressed in terms of time

dependence of integration constants of shear component Crs [Conrad andHager, 1999]

and normal component Cm [Turcotte and Schubert, 1982] of flow, respectively. These

terms are also governed by viscosity values. However, the mantle viscosity nm is about

two orders of magnitude smaller than that of the slab ns. For this reason the mantle

resistance can be treated as negligible in this phase. In the numerator, the second term
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that corresponds to ridge push, Rp, can also be neglerted, because it is one order of

magnitude lower than slab pull. Equation (4.8) now becomes:

"or^r-f- (49)

r

Since u(t)=dx(t)/dt, v(t)^dz(t)/dt, Eq. (9) can then be integrated [Becker et al. ,1999] to

yield:

(4.10)
z(tyx(t)*zQv c^-t

V
s

J

Equation (4.10) is used to fit the experimental data (Figure 4.10). In this case, the

integration constant C is a fix parameter and both the radius of curvature and induced

initial depth ofsubdurtion zoare observables.

For the family of experiments with laterally unconstrained convection systems, a

good fit is obtained using a value of C=1.2. On the contrary, experiments done with

laterally confined boundary conditions yield an integration of C=0.2. Similar results

have been obtained for a laterally closed system using numerical experiments of Becker

etal [1999].

C appears to be independent on the way the mantle is stratified and it does not

depend on the rheology ofthe slab.

Although this provides a satisfactory first order approach, the kinematic consequence

of the balance of the dynamic equilibrium between Fsp and Rb is always a retrograde

migration of the descending slab. This retrograde motion of the slab produces a

significant mass flux in the mantle [Garfunkel et al, 1986], which has to be discussed.

The mantle flow is directed from the region of high pressure to the region of low
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Figure 4.10: Best fit of the experimental data of amount of trench retreat vs. time during the descent of

the slab into the mantle, (a) Exponential curves obtained during the dynamic free fall stage fitted by

equation (4.10). (b) Linear fits obtained after the interaction with the 660 km discontinuity using equation

(4.12).

pressure (Figure 4.4). The interartion between the mantle induced flow and the slab

depends upon the strength of the slab, its viscous coupling with the mantle and velocity

boundary conditions.

A striking example of this interaction is observed before the slab bits the 660 km

discontinuity. In stage b) we always note that about 150 km above the mantle

discontinuity, the slab appears to sense it and decreases its dip by 10°-20° while its

retreat velocity continues to increase (Figures 4.3, 4.5, 4.6, 4.8). We interpret this

change in the slab behavior as a direct consequence of enhanced mass flux concentrated

in the window between the slab tip and the upper/lower mantle discontinuity. The

mantle circulation, is confined in a critical narrow channel that divides the upper mantle

reservoir in two distinrt parts. The high pressure behind the slab causes shallowing of

the slab as predicted by Luyendik [1970], Garfunkel et al. [1986] and Dvorkin et al.
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[1993] and it deforms the plate as it approaches the deep discontinuity (Figure 4.8a

panel 4).

This interpretation is confirmed by our experimental run using a net at the same

depth of the upper-lower mantle discontinuity. The netting allows mantle circulation

while inhibiting slab penetration. This experiment shows a steep slab during the whole

process as the mantle can freely circulate thought the net. The influence of mantle flow

is observed in all the layered systems, but it is more pronounced for laterally

constrained systems.

Stage c; The slab reaches its minimum dip, and the subdurtion process is temporarily

delayed for about 5-10 Ma when the slab interacts with the mantle discontinuity. The

plate, then, bends at depth: in a laterally constrained system, bending at depth occurs

only after the slab deforms horizontally into an arc shape, whereas in laterally

unconstrained systems trench retreat halts for about 5 Ma but the trench preserves its

straight linear shape (Figure 4.7).

This system evolution is a direct consequence of the high viscosity of the lower

mantle. Over the time scale of the experiments, convection inside the lower viscosity

layer is slow, and our slab does not penetrate into the lower mantle. In such a case, the

slab obstructs the circulation of the upper mantle material. To restore the mantle

circulation upon conserve mass the material can only flow on the lateral sides. The time

necessary for this process is a function of the lateral boundary conditions, the strength

of the slab and the mantle viscosity. As expected, the time gap is drastically reduced in

the case of laterally unconstrained slab/plate or for a very weak slab/plate that can easily

deform. Once the system reaches this new dynamic equilibrium, the slab starts to bend

and lies down on the deep discontinuity, the dip of the slab increases and the trench

resumes its retrograde motion.
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This third stage, characterized by the "stop-and-go" of subdurtion, is dynamically

related to the increase of slab normal force inside the mantle (Rn), so that it becomes the

dominating force in equation (4.7). The system halts for the time necessary to deform

the slab laterally allowing the mantle to escape. Figure 4.11 shows the evolution of the

trench during the formation of the arc after the slab encounters the viscosity

discontinuity.

2100 r i i i i I i i i i I i i i i I i i i i I i i i i I i i i i | i i i i I i i i i I i i i i I 1500

1200

o
c
s

900 2

600

300

3

o

cr
-s

a

er
ft

0

0 10 20 30 40 50 60 70 80 90

experimental time (Ma)

Figure 4.11: 3-D evolution of the trench during the fall of the slab into the upper mantle and the

interaction with the viscous discontinuity in a volumetric constrained system (experiment D2). The trench

starts to bend into a top view arc shape at around 18 Ma, just after the interaction with the 660 km. The

radius of curvature of the trench progressively decreases with time: it follows first an exponential trend

and then it remains constant. The time needed to bend the slab and the minimum value of radius of

curvature reached are controlled by the slab strength and by the length ofthe trench. The amount ofthe

trench retreat after the interaction is inversely proportional to the length of the radius of curvature: The

trench stops as long as it maintains its initial straight shape. Only when the trench is able to bend laterally

does it reassume the retrograde motion. Steady-state trench motion (stage d) is reached for minimum

values ofradius of curvature.

Stage d: The system ultimately reaches a steady-state configuration characterized by

slab reorganization and a constant retreat velocity. The velocity of retreat is slower with
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respect to the last part of stage b). The driving force of the system, which was

responsible for the exponential increase in velocity, is now constant and equation (4.7)

can be written as a steady-state force equilibrium:

Fsp+Frp=2xRb+Rs+Rn (4.11)

The resisting force due to bending of the slab is constant but doubled, owing to

symmetric bending at surface and at depth. The resistant shear Rb reaches its maximum

value and remains constant. The resistant normal force Rn now becomes a reartive force

and it is constant through time. On the base of this force equilibrium we can integrate

the trench retreat velocity to obtain via eq. (4.12), as:

's

where xo is the total amount of trench retreat accumulated in stages a) and b) and H is

defined in Table 4.2. Equation (4.12) is used to fit the experimental data (Figure 4.10)

using the integration constant D as a free parameter.

In analogy with the second stage (b), we find different values ofD as a function of

the volumetric boundary conditions. For experiments with laterally unconstrained

convection a good fit is obtained using a value ofD = 1.2 while experiments done with

a lateral closed boundary condition give an integration constant ofD = 0.4.

4.7 Discussion and comparison with natural system

The results of our experiments show that a deep discontinuity can delay the descent

of a freely subducting slab into the mantle and cause a temporary interruption of its

retrograde motion and a possible reorganization of the slab-mantle system. After

initiation of subdurtion (stage a) the trench moves backward in three stages (stages b-d).

Stage b) is a dynamic phase of accelerated trench retreat that occurs during the "free"
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fall of the slab into the upper mantle. We have shown that this stage is primarily

controlled by the resistance of the slab to bending at the trench. However, we obtain

different results for lateral flow boundary conditions. The laterally open system shows a

much faster retreat than the closed system. We have obtained consistent results with an

integration constant of C=1.2 for an open system versus 0.2 for a closed system. Stage

b) lasts typically 6-30 Ma and ends when the slab interacts with the 660 km

discontinuity. A striking observation is that stage b) ceases when the slab reaches about

150 km from the lower mantle discontinuity, and we believe this change is due to

accelerating mantle flow in the gap between slab and 660 discontinuity. Stage c) is

another dynamic phase characterized by the interaction of the slab, the deep

discontinuity and induced mantle flow. The latter flow of mantle material is the

controlling factor in this phase. In a volumetrically locked upper mantle system, the slab

and trench retreat velocities drop significantly. After this dynamic phase and re-

equilibration of mantle flow pathways stage d) occurs. It is characterized by steady-state

trench retreat with a velocity that is up to two times smaller than the maximum velocity

recorded in stage b).

In comparison with the numerical results (Part 1) we have following conclusions.

The dynamic acceleration stage b) and the steady trench phase d) are recorded in both

the numerical and experimental results. They can therefore be considered a robust result

of our experiments. An intriguing difference between the numerical and the

experimental results is evident in stage c) between the dynamic "free fall" and steady-

state trench retreat phases. This phase is not recorded in the numerical results where the

volumetric mantle flow is not present. This suggests to us that the stage c) is entirely

governed by the volume flow into the mantle.

It is important to note that even in the laterally unconstrained laboratory experiments,

which should be closest to the numerical model, this intermittent phase shows up as a
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less significant but still important process. In summary, we conclude that subdurtion

cannot be treated as a steady-state process and that there are phases of episodicity

embedded in the nature ofmantle-lithosphere interaction.

Another result from numerical and analogue experiments is that a slab does not

penetrate across the lower discontinuity if kinematic boundary conditions are not

imposed. This inference holds if the viscosity of the lower mantle is an order of

magnitude larger than the upper mantle and the time scale of deformation is less than 30

Ma. Similar results have been obtained for kinematic boundary conditions [Davies,

1995; Guillou-Frottier et al, 1995; Christensen, 1996] in which penetration only

occurred 100 Ma after the initiation ofthe process [Davies, 1995].

A primary test for the validity of our experiments is to determine, whether natural

systems show the characteristic episodic behavior of trench retreat. Under the

assumptions of a one-to-one relation between back-arc spreading and trench retreat we

can test the observation of episodicity of back arc extension/trench retreat. The direct

comparison between experiments and nature has been performed for the Central

Mediterranean region [Faccenna et al, 2001]. In this area two basins, the Liguro-

Provençal and the Tyrrhenian, opened one after the other, with a pause of about 5 Ma.

We can extend the comparison to other cases of episodic back arc extension, although

the available data set is not that accurate. Here we extend this model to the case of the

Tonga trench with the South Fiji and Lau Basins and to the Mariana trench with the

Parece-Vela Basin and the Mariana Trough. Despite differences between these back arc

systems, such as the convergence velocity (ranging from 0-2 cm/a in the Central

Mediterranean to about 10 cm/a in the West Pacific basins), the lateral dimension of the

slab (ranging from 200-500 km in the Tyrrhenian slab to the thousands of km for the

Marianna and Tonga-Kermadec slabs), some features appear to be common and can be

interpreted dynamically using our experimental results. For example, the life of these
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basins is never longer than 30 Ma [Uyeda and Kanamori, 1979; Taylor and Kamer,

1983], the phase between the two extensional episodes ranges 5-20 Ma [Hussong and

Uyeda, 1981; Park et al, 1990; Hall, 1996; Balance, 1999]. These time-scales are ofthe

same order of magnitude than those observed in the laboratory. In addition, as observed

in the experiments, in most of the cases the opening of the first back-arc basin occurred

soon after the initiation of subduction, while the slab was still plunging into the upper

mantle [Jolivet et al, 1989; Rangin et al, 1990; Stem and Bloomer, 1992; Hall et al,

1995]. Finally the closure of the first basin is associated, in the experiments, with a

decrease in the dip of the slab to a minimum value. This relationship possibly holds also

for the case ofthe Japan Sea, where from 20 Ma ago [Isezaki, 1986; Jolivet et al, 1994]

the former back arc spreading center became inactive while the slab attained a shallow

dip of about 40° [Isacks andMolnar, 1971].

Another observable is the seismic anisotropy that is interpreted as indication of flow

direction in the mantle [Russo and Silver, 1994]. Trench parallel orientation of the fast

polarization direction is preferentially found on the seaward side of trenches, while on

the wedge side a trench normal component has been observed. A striking example of

this behavior is recognizable beneath the Nazca Plate along the Chilean-Peru slab

[Russo and Silver, 1994]. In our experiments we find a similar trench parallel trend in

the wake ofthe retreating slab [see also Buttles and Olson, 1998].

4.8 Conclusions

The key aspect of the dynamics of trench retreat for a gravity driven slab is governed

by bending deformation and slab-mantle interartions. We have shown here that this

system has a highly dynamic evolution with distinctly different phases of deformation.

We have classified two families of dynamic results with different parameters of
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integration constants C and D. These families are categorized by the presence of open or

closed boundary conditions.

A characteristic lateral length scale of 10 cm across the slab, corresponding to about

600 km in nature, is observed as the critical distance separating the closed from open

boundary cases. Below this length scale the subdurting slab feels the effert of the

boundary and is considered a closed system. In our experiments closed boundary

condition cases are more prone to episodicity. In the above comparison to nature we

have discussed episodic behavior observed in Tonga, the Marianas the Central

Mediterranean cases. All of these cases are relevant to our closed laboratory system

since the next subduction zone is closer than 600 km away.
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Episodic Back-arc Extension

during Restricted Mantle Convection

in the Central Mediterranean

Abstract

In the Central Mediterranean, during the last 80 Ma Africa has been slowly converging

toward Eurasia, with an average relative velocity of less than 1 cm/y For 50 Ma this

slow convergence lead to the build-up of the Alpine orogenic belt and to the initiation of

consumption of the former Tethys ocean, in the last 30 Ma, however, the whole central-

western Mediterranean has been swept by rapid episodes of trench migration (up to 6

cm/y) and back-arc opening, which consumed the whole former Tethys ocean We

combine plate tectonic history, geological timing, and laboratory modelling to

reconstruct the subdurtion history and the evolution of the central Mediterranean over

the last 80 Ma We find that the dynamic evolution of the subducting oceanic lithosphère

can reconcile the rapid, episodic back-arc migration with the slow African convergence,

but only ifthe subduction process is restricted to the upper mantle

5.1 The tectonic puzzle of the Central Mediterranean

Most of our knowledge about subduction comes from present-day data, such as

earthquakes in Benioff zones or tomographic images, which trace out snap-shot images

Reprinted from Earth and Planetary Science Letter, 187, C Faccenna, F Funiciello, D Giardini P Lucente,

Episodic Back-arc Extension dunng Restricted Mantle Convection in the Central Mediterranean, p 105-116,2001
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of slabs. The long-term evolution of subdurtion is far more uncertain. In fast converging

areas, kinematic reconstructions of subdurtion history are often complicated by the lack

of geological signatures; in slow converging areas, remnants of past subdurtion are

better preserved, offering the possibility to constrain the evolution of the subduction

process. For example, the dynamic evolution of back-arc basins and their ephemeral life

is still poorly understood [Taylor and Kamer, 1983] and difficult to unravel in

subduction areas, where the absolute velocity of the incoming plate is higher or at most

comparable to that of a rapidly retreating trench (5-10 cm/y; Jarrad, 1986). In the

Central Mediterranean, however, the average net convergence of the incoming African

plate at the trench has always been very low (few mm/y; Dercourt et al, 1993; Dewey,

1989; Silver et al, 1998; Van der Voo, 1993; Ward, 1994), providing a unique occasion

to study the interaction between the subdurtion process and the back-arc opening.

Over the past 80 Ma, Africa has been slowly converging toward stable Eurasia - at

about 1-2 cm/y on average - on a NNE path until about 40 Ma, then on a northerly path,

and finally rotating to a N20°W convergence [Dewey, 1989; Dercourt et al, 1993; Van

der Voo, 1993]. At about 20 Ma, the already slow convergence decreased, and in the

Central Mediterranean is now of the order of at most few mm/y [Ward, 1994; Silver et

al, 1998], The total convergence of Africa toward Eurasia over these last 80 Ma can be

estimated in 400-500 km in the Central Mediterranean [Dewey, 1989] and led to the

orogenic Alpine build-up as well as to the consumption of the former Tethys ocean

(Figure 5.1a). The tectonic evolution of this convergence took a very different course

west and east of the present position of the Western Alpine Arc (the main phases of this

evolution are depicted in Figure 5.2a-e). To the East, the incoming African plate was

characterized by buoyant continental lithosphère - the Adriatic indenter; the continent-
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continent collision led to the build-up of the Alpine arc and to the slow, south-verging

subdurtion ofEuropean lithosphère. Over the past 80 Ma, the Alpine belt shifted to the

North, and more recently to the NW, by 300-350 km; today the lithospheric roots of the

Alps can be traced to the South to depths of over 300 km [Schmid et al, 1996]. To the

West the former African plate indenter was composed by oceanic lithosphère, and for

over 50 Ma the gravitationally unstable lithosphère subdurted slowly under the European

margin at the present location of Provence [Jolivet et al, 1998a]. Then, about 30 Ma

ago the geodynamic evolution ofthe whole area changed style and pace, as a succession

of short and fast episodes of southward trench migration (up to 6 cm/y) and back-arc

opening consumed all the remaining Tethys ocean creating the new small oceanic basins

we see today (Liguro-Provençal, Tyrrhenian) [Burrus, 1984; Malinverno and Ryan,

1986; Patacca et al, 1990; Chamot-Rooke et al, 1999; Seranne, 1999] and moving the

Africa-Eurasia border to the present Maghreb-Sicily-Calabria-Apennines line.

Key questions have remained unanswered: What produced the trench migration rates

of 6 cm/y with the incoming African plate moving at a mere few mm/y? Why trench

migration occurred episodically causing first the opening of the Liguro-Provençal basin

and then, after a pause of 5 Ma, the opening ofthe Tyrrhenian basin?

To answer these questions, we unravel the tectonic history of subdurtion and back-arc

extension in the Central Mediterranean combining the geological data with the

tomographic images of the mantle. We then test the tectonic model using laboratory

experiments. Our results show that the fast and episodic retreat of the Central

Mediterranean trench is dynamically consistent with the gravity-driven subdurtion of an

oceanic lithosphère interacting with the 670 km discontinuity, in a restricted converting

upper mantle.
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5.2 Tectonic history and deep mantle images of the Central

Mediterranean

We use different geological data set to calibrate the tectonic evolution of the Central

Mediterranean and to reconstruct the rifting and spreading events of the backarc

Tyrrhenian and Liguro-Provençal basins. In particular, to identify the main tectonic

episodes and to estimate the amount of backarc extension, we subtract from the present

geological cross-section (Figure 5.1c) the oceanic crust and, using an area balancing

technique, we restore the thinned continental crust to the thickness of its shoulders

(Figure 5.1b). The restoring technique is based on the assumption that the locus of

extension at the surface corresponds to the locus of maximum crustal thickening (pure

shear mechanism) and that the pre-rift thickness of the crust was about 30-35 km, as

presently observed on the basin shoulders in Sardinia and in Provençal area [Burrus,

1984; Chamot-Rooke et al, 1999] (where the amount of extension is considerably lower

with respect to the basin itself). In addition, we neglect the role of erosion and possible

lower crustal flow that might complicate the relationships [Burov and Cloething, 1997].

For these reasons, a large error bars have been adopted. However, our results are in

good agreement with previous estimation for both the Liguro-Provencal [Burrus, 1984;

Mauffret et al, 1995; Chamot-Rooke et al, 1999] and Tyrrhenian region [Malinvemo

andRyan, 1986; Patacca et al, 1990; Spadini et al, 1995].

We identify five key moments in the evolution of the Central Mediterranean, marked

in the space-time diagram in Figure 5.1b; the corresponding plate configurations are

shown in Figure 5.2a-e (although the geodynamic evolution ofthe Central Mediterranean

is eminently three-dimensional, we look at all processes in a NW-SE cross-section

oriented along the direction of opening of the main basins and of the recent subdurtion

under the Calabrian arc).
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Figure 5.1: Present day tectonic framework and deep structure of the Central Mediterranean region, (a)

Topography and tectomc features; the white line indicates the reference section Calabria-Gulf of Lyon

used in the following figures and discussions, (b) Age of back-arc extension phases (rifting and

spreading) and magmatism (modified from Faccenna et al, 1997) (c) Lithospheric cross-section and

tomography model along the reference section Calabna-Gulf of Lyon The tomography model is inverted

from over 6000 high-quality teleseismic P and PKP-wave arrival times, picked by waveform correlation

[Lucente et al, 1999], lithospheric and crustal models after Chamot-Rooke et ai, 1999 and Jolivet and

Faccenna, 2000

80-30 Ma Flysch deposition and High Pressure-Low Temperature metamorphism

represents the first signatures of subduction and its slow, continuous progression during

the early Paleogene [Jolivet et al, 1997]. Only in the Oligocène, around 32 Ma ago we

see the first indication of a dynamic evolution, when arc volcanism appears in the

Sardinia-Provencal regions [Beccaluva et al, 1989], and extension starts at the back of

the accreting Apennine wedge. The appearance of surface volcanism indicates that

subdurted material reached an average depth of -150 [Jacob et al, 1976]; the large

distance between the volcanic arc and the trench (around 300 km, see also the paleo-

reconstruction ofBeccaluva et al, [1989]) indicates that the slab had reached that depth

with a rather shallow dip. Therefore, we can infer that at least 350 km of oceanic

lithosphère has been subducted in 50 Ma

30-16 Ma The formation of the first extensional basin by rifting at the back of the

orogenic complex begins An initial phase of lithospheric rifting and thinning in the

forming Liguro-Provençal basin lasts ~8 Ma and is marked by the deposition of
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Oligocène to late-Aquitanian syn-rift deposits [Cherchi, 1982; Burrus, 19S4; Malinvemo

and Ryan, 1986; Patacca et al, 1990; Gorini et al, 1994; Mauffret et al, 1995; Burov

and Cloething, 1997; Seranne, 1999] (-30-22 Ma); then new oceanic crust appears in

the center ofthe basin, and post-rift deposits unconformably overlie the syn-rift sequence

during the ~6 Ma long episode of oceanic spreading [Burrus, 1984], accompanied by a

25°-30° counter-clockwise rotation ofthe Corsica-Sardinia-Calabria block [Van der Voo,

1993]. The average velocity of back-arc extension from 30 to 16 Ma is estimated in 3-4

cm/y (Figure 5.1b).

16-10 Ma As attested by paleomagnetic data, the rotation of the Sardinia-Corsica

block end about 16 Ma ago [Van der Voo, 1993]; this marks the termination of the

drifting and oceanic spreading ofthe Liguro-Provençal area. In the southern Tyrrhenian

sea, the oldest syn-rift deposits are Upper Tortonian [Kasten et al, 1988; Sartori et al,

1989], and only very limited outcrop of Serravallian deposits have been recently

described on the Calabrian margin [Argentieri et al, 1998]. Between 16 and 10 Ma,

stretching and subsidence was restricted to very limited portion and no significant

changes take place on the surface, while the African plate continues its slow

convergence. The timing of deformation of the southern Tyrrhenian region differs from

that of the Northern Tyrrhenian region where syn-rift deposits are as old as the Early

Miocene [Jolivet et al, 1997].

10 Ma-todav Extensional rate and subsidence resumes in the Tortonian, marking the

beginning ofa new extensional episode. Lithospheric rifting separates the Calabria block

and initiates the opening of the Southern Tyrrhenian basin, leaving behind the

lithospheric blocks of Sardinia and Corse Islands. Syn-rift deposits on both Sardinia and

Calabria [Kasten et al, 1988; Sartori et al, 1989] mark a new 5 Ma long rifting episode.
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Figure 5.2: Tectonic reconstruction of the evolution of subduction and back-arc extension in the Central

Mediterranean. Five crucial time steps are shown (a-e): 80, 30, 16, 10 Ma ago and today. In the left

panels, schematic tectomc reconstructions of the Central Mediterranean are displayed with respect to a

fixed Europe reference (modified from Dercourt et al, 1993; Africa motion from Dewey et al, 1989);

only prime tectomc elements are schematically displayed, including the location of the Alpine and

Calabria-Apennine margins and the areas of rifting and of new oceanic crust (indicated with hatched

areas). On the right are the corresponding five stages of reconstructed lithospheric subduction along the

reference section Calabria-Gulf of Lyon; back-arc extension has been estimated subtracting the ocean-

floored area and balancing the continental stretched crust to the thickness ofthe basin shoulders; in each

panel we display also (dashed line) the shape and location of the slab from the next panel; white arrows

indicate the approximately constant and very reduced amount of African convergence, while black

arrows identify phases of trench migrations; the present-day distribution of the slab is derived from the

tomographic image shown in Figure 5.1c. The deep geometry of the slab is also inspired from the result

ofthe laboratory experiment ofFigure 5.3.
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This event is followed by the appearance of localized spreading centers of new oceanic

crust (Vavilov basin, 4-5 Ma age; Marsili basin, 2-3 Ma age; Kasten et al, 1988; Sartori

et al, 1989) and drifting and arching of the Calabria block [Cherchi, 1982]. During the

last 5 Ma, average spreading rate reaches ~6 cm/yr [Malinvemo and Ryan, 1986;

Patacca et al, 1990].

Today On the surface, the present lithospheric structure shows two thinned regions

(30-40 km) locally floored by oceanic crust, separated by the 80 km thick lithosphère of

the Sardinia continental block [Suhadolc andPanza, 1989] (Figure 5.1b). The extimated

total amount of extension (-800 km) is partitioned rather equally between the two basins

with alternating episodes of rifting (5-8 Ma) and oceanic spreading (5-6 Ma). At depth,

the subdurtion history in the Central Mediterranean is indicated by the presence of deep

seismicity and by tomographic imaging of cold remnant lithosphère down to 700 km

depth in the Southern Tyrrhenian. Seismicity (Figure 5.1c) is distributed along a

continuous 200 km wide, 40-50 km thick Benioff zone, dipping to the NW at about 70°

down to a depth of about 400 km and then bottoming off to depths of 600 km [Isacks

andMolnar, 1971; Giardini and Velonà, 1988; Selvaggi and Chiarabba, 1995]. Recent

tomographic investigations of the mantle beneath the Italian Peninsula [Spakman et al,

1993; Piromallo andMorelli, 1997; Lucente et al, 1999] reveal an almost continuous

high velocity body extending down below Calabria with a NW dip of 70°-80° and then

turning horizontally in the transition zone. Velocity perturbations reach up to +5-6%

with respect to the surrounding mantle in the upper 250 km, and the well-resolved

flattened portion in the transition zone still exhibits +3-5% velocity anomalies extending

to the NW at least until underneath Sardinia. The high-velocity anomaly has an average

thickness of about 80 km, with small variation with depth, and the estimated total length,

including the well-resolved flat portion, is ofabout 1200-1400 km. Lucente et al. [1999]
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interpreted this image in terms of subdurted lithosphère confined to the upper mantle.

Same geometry has been observed by other recent tomographic analysis performed to

greater depth [Spakman et al, 1993; Piromallo and Morelli, 1997; Piromallo et al,

2000]. In the last 500-800 Ky, the geodynamics of the region probably changed, as

marked by the rapid elevation of the Calabrian block [Westaway, 1993] with and the

hypotized locking of the Calabrian trench and possible detachment of the subducting

lithosphère in the surrounding region [Wortel and Spakman, 1992].

5.3 Unravelling the subduction process: laboratory experiments

To reconcile the present tectonic setting and deep mantle structure in a coherent

evolution scheme, we first calibrate an accurate timing of subdurtion and back-arc

extension for the last 80 Ma (Figure 5.3). We infer the total amount of subduction from

the current length of the slab imaged by tomography (Figure 5.1c), using the well-

resolved (R>0.6) 3-5% velocity anomaly contour and correcting for the minor

contribution due to plate convergence. Further constraints in Figure 5.3 are given by the

onset of arc volcanism 32 Ma ago, requiring a minimum 300 km of shallow-dipping

subdurtion. By using these data we obtain specific timing calibrations at 30, 22, 16, 10,

7, 5, and 2 Ma ago (displayed in Figure 5.3 with their error bounds). We note the

increase in the rate of trench migration between 30 and 16 Ma ago, the decrease at 16

Ma ago for about 6 Ma, and the final phase of fast opening of the Tyrrhenian basin until

today. We overlap on the geological timing curve in Figure 5.3 the subdurtion histories

obtained in laboratory to model the free fall of the slab into the mantle and its interaction

with the transition zone at the lower mantle boundary. We also incorporated results of
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previous set of laboratory and numerical models of initiation and development of slab

[Becker et al, 1999; Faccenna et al, 1999].

Following previous experimental approaches [Griffiths et al, 1995; Kincaid and

Olson, 1987], we use a viscous rheology constant over depth to simulate lithosphère

behavior and no net plate convergence, to simulate the Central Mediterranean conditions.

Since we focus on gravity-driven processes, temperature dependence is not included. An

example of laboratory simulation of lithospheric subdurtion restricted to the upper

mantle is shown in Figure 5.3 (details and scaling laws are given in the Figure caption, in

Table 5.1, 5.2 and in Faccenna et al, 1999 and Funiciello et al, 1999). The results of

four laboratory models are compared with the geological timing in Figure 5.3, in terms of

net subduction versus time, using as time baseline the end ofthe opening ofthe Ligurian-

Provencal basin 16 Ma ago, which we find corresponding to the moment when the

subdurted slab hit the 670 km discontinuity.

We identify three separate phases, characterized by different styles of dynamic

evolution; the corresponding lithospheric configurations are compared in Figure 5.2 with

surface tectonics.

Phase I, 80-30 Ma: subdurtion initiation. In this initial phase, lithospheric subduction

is entirely pushed by the slow plate convergence. About 300-400 km of cold lithosphère

subduct at low angle, reaching a depth of 150 km and allowing the development of arc-

volcanism. This means that until a critical gravity anomaly is reached, subdurtion will not

be driven by gravity, but only by the incoming plate velocity [Faccenna et al, 1996].

Phase H, 30-16 Ma: free falling slab. The presence of arc volcanism signals that a

sufficient length of subducted lithosphère is available to allow the gravitational pull to

become the driving force of the subdurtion. Back-arc opening starts, aided by (i) the

weakening ofthe lithosphère due the volcanic activity in the back-arc region, and (ii) the
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decrease ofthe confining horizontal compression on the Alpine orogen associated to the

decrease in absolute motion of the African plate [Jolivet and Faccenna, 2000].

Subduction velocity rapidly increases up to 4 cm/y during the rifting and spreading

phases of the opening of the Liguro-Provencal basin. We model in laboratory

experiments the evolution of the slab falling into the mantle under the effert of

gravitational pull, starting at 35 Ma ago, and display in Figure 5.3 the length of

subducted lithosphère with time.

Figure 5.3: (a) Five stages of evolution of model B08. Models are constructed inside a rectangular

plexiglas tank (34 cm high, 58 cm long, 14-30 cm wide), illuminated from the side. The long-term

viscous behaviour of the lithospheric slab is simulated using silicone plates (silicone putty is a

Newtonian fluid obeying a creep law where deviatoric stress increases with strain rate); mantle is

simulated using glucose syrup, whose viscosity was varied by mixing with pure white sugar. Viscosity

ratios for slab/upper mantle and lower/upper mantle viscosity ratio are 350 and 30, respectively. Note

that the transition from stage 111 to IV is accompanied by the lateral arcuation of slab; (b) Diagram

comparing the geological timing of trench migration in the Central Mediterranean during the last 40 Ma

with the results from different models. We show four laboratory experiments (A03, B08, B07, C01)

using the scaling rules listed m Table 5.1 (1 Ma corresponds to about 1 min of experiment, and 60 km

correspond to 1 cm) and in Table 5.2; the timing of the five snapshots I-V of curve B08 displayed in

panel a are marked). We also show the best-fitting exponential curve to experiment A03, simulating a

gravity-driven subduction in a homogeneous mantle.
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We first show here the results oftwo experiments (out of 50 performed) characterized

by same lithospheric structure but by different upper/lower mantle conditions: A03, with

no differentiation between upper and lower mantle, and B08, with a lower mantle 30

times more viscous than the upper mantle and a laterally restricted upper mantle cell. For

both experiments the subdurtion curves for the first 20 Ma are very similar (equal within

the bounds of laboratory repeatability), showing than when the subdurtion is gravity-

driven in an unrestricted upper mantle the pattern is not sensitive to lower mantle

conditions. We observe that after the first phase of shallow-dipping subdurtion initiation,

the gravity-driven slab increases its dip to about 70° while both slab sinking and back-arc

opening accelerate (Figure 5.3). Confirming the laboratory and numerical modeling of

Becker et al. [1999], we find that during the free fall descent into the upper mantle the

slab length H(t) scales exponentially as

H(t)ccH0exp
rC-^^-t

r>'. R1 J

(5.1)

where Ap is the density contrast between the ocean and the upper mantle, g the

gravitational acceleration, r the bending radius, R the halfwidth ofthe plate, H0 the initial

length and n0 the viscosity of the oceanic plate [Becker et al, 1999]. The scaling

indicates that gravity is the driving force, increasing with the increasing length of

subdurted slab, resisted mainly by the viscous dissipation due to bending of the oceanic

lithosphère at the trench [Conrad and Hager, 1999]. Higher lithosphère viscosity or

lower density slab result in a slower evolution.

Phase HI, 16 Ma-todav: interartion slab/transition zone. At about 16 Ma ago in the

absolute time scale in Figure 5.3 - the slab bits the 670 discontinuity and impinges in the

lower mantle. In the simpler case of a whole, undifferentiated mantle (A03; Figure 5.3),

the subdurting slab sinks freely into the lower mantle, increasing its depth and the rate of
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ms"2

Nature

9.81

Model

Gravitational acceleration g 9.81

Oceanic lithosphère thickness h m 70000 0.012

Upper mantle thickness hu m 670000 0.11

Oceanic lithosphère density p0 kg m"3 3300 1482

Upper mantle density /w kg m3 3220 1380

Lower mantle density pim kg m3 3220 1380

Oceanic lithosphère viscosity n0 Pas 4 xlO23 1.6 x10s

Upper mantle viscosity n^ Pas 8 x 1021 460

Lower mantle viscosity rjbn Pas 2.4 x 1023 1.5 xlO4

Characteristic time / s 3.1xl013(lMa) 60 (1 min)

Table 5.1: Scaling ofparameters in nature and laboratory system corresponding to experiment B08.

back-arc opening. A single exponential scaling reproduces accurately this behavior, but

cannot in any way reproduce the reduction of the rate of subdurtion recorded 16 Ma ago

at the end of the Liguro-Provençal opening, nor the second episode of Tyrrhenian

opening. For this reason we then simulate a restricted upper mantle convection by

applying a viscosity ratio of 30 between lower and upper mantle (B08 in Figure 5.3).

When the slab reaches and anchors at the 670 km boundary, it decreases its dip to 50°

while subdurtion and trench migration stop; then, under the pull of its own weight, the

slab/lithospheric system starts to bend laterally attaining an arcuate shape allowing lateral

escape of mantle material. From this moment, the lower portion of the subducted

lithosphère starts rotating and folding down in the transition zone and the middle portion

of the slab steepens again to 70°. After 5 Ma the slab tip lies horizontally in the transition

zone, the locus ofback-arc extensionjumps trenchward following the new, steep
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configuration of the slab and subdurtion and trench migration resume. The experimental

curve B08 fits well the geologic timing in Figure 5.3, showing that indeed the episodic

trench migration in the Mediterranean can be explained by the interaction between the

subdurting slab and the transition zone.

The results of these two first experiments show how the kinematic ofthe slab strongly

depends upon the mantle stratification. In the cross section shown in Figure 5.3, we see

how, when the slab reaches the 670 km boundary, it seals off the convective cell under

the incoming plate in the upper layer. At the observed timescale, this process is almost

insensitive to what type of boundary we impose between upper and lower mantle; we

achieve rather similar results by imposing a rigid boundary or any viscosity ratio between

Experiment Oceanic lithosphère Upper mantle Lower mantle

A03 h=0.012m H=0.11m p=1383kgrn3
p=1482 kg m"3 p=1383kgrn3 r|=460 Pa s

rpl.6xl05Pas r|=460 Pa s

B07 h=0.012m H=0.11m p=1383 kg m3

p-1487 kg rn3 p-1383 kg rn3 r|=1.5 104Pas

ri=4.6xl05Pas ry=460Pas

B08 h=0.012 m H=0.11m p=1383kgm'3
p=1482 kg m"3 p=1383 kg m"3 11=1.5 104Pas

ry=1.6xl05Pas rr=460Pas

C01 h=0.012m H=0.11m p=1383kgm"3
p=1482 kg rn3 p=1383 kg rn3 r|=1.5xl04Pas
rr=1.6xl05Pas
/I j. 11 f* \

rr=460Pas

WÏÏÏWWWW«- WAV.. . . -ÏWWÏ

(laterally free)
i.w«««««m««.vw««*r«. Wi-> . . . f*m.•.-.-.-.-.-.-.-.-.-.-.^. .WWMWHHnW.HAM

Table 5.2: Physical parameters of the expenments shown in Figure 5.3. H and h represent the thickness,

p the density and r\ the viscosity of the layers. The rheological properties are measured at room

temperature.

lower and upper mantle higher than 10. If the mantle material is free to flow laterally

around the slab, it will not hinder the trench migration; but if the slab effertively

separates two distinct cells, subdurtion will resume only after the slab bends laterally,

allowing the flow from one cell to another. Here it is indeed the gravitational pull ofthe
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slab that applies pressure on the closed cell volume, thereby forcing the mantle to

laterally bend and arcuate the lithospheric slab and open an escape (see also Garfunkel et

al, 1986; Silver et al, 1998). The importance of the convection process in restricted

mantle configuration is further illustrated by the result of another set of experiments,

settled with an unbounded upper mantle circulation. These experiments have been

performed by doubling the width of the box while the width ofthe plate remains constant

(14 cm), ensuring lateral circulation ofthe mantle during the whole process. The result of

one of these experiments (C01) is shown in Figure 5.3. As predicted by previous

calculation [Dvorkin et al, 1993], the process increases remarkably its velocity (rate

similar to experiments A03), but the general picture is preserved. In particular, the

subdurtion process is interrupted only for few Ma during the slab-670 km interartion and

the final dip ofthe slab is higher.

In the Central Mediterranean, a partially bounded upper mantle circulation provides a

good fit to the timing history of the episodic back-arc opening (B08 is marginally slower

than the geological curve in Figure 5.3), in agreement with the continuous surface

geological signature and with the high-velocity anomaly imaged in the transition zone

along the entire Calabrian Arc- Apennine line, but also with the possible partial lateral

detachment of the slab proposed [Wortel and Spakman, 1992; Dvorkin et al, 1993;

Carminati et al, 1998; Gvirtzman and Nur, 1999] for the last evolutionary phase of

subduction.

Finally, it is important to note that the characteristic velocity of the subdurtion and

trench migration in a restricted upper mantle is very sensitive to the lithosphère viscosity.

For higher viscosities the bending forces are higher, the stopping phase in the transition

zone becomes longer, the final subduction velocity slower and the dip of the slab

shallower. We select one experiment (B07) to show the role oflithosphere/slab strength.
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This experiment has been performed with a mantle configuration similar to B08 but with

a slab/upper mantle viscosity ratio of 1000. While the general behavior of the system is

similar to the previous one (B08), slab velocity is slower. The interaction with the 670

km causes a cessation of the convection process for about 50 Ma and the final dip ofthe

slab is of 45°. This experiment thus indicates that the viscous resistance to bending the

lithosphere/slab system controls the velocity of the whole process. In this case, the

second phase of subdurtion is retarded because ofthe high resistance offered by the slab

to bend laterally. To reconcile the experimental curves for both the free falling slab in the

upper mantle (A03 and B08, Figure5.3), the timing of the stop-and-go interaction in the

transition zone (B08, Figure 5.3) and the dip of the slab (Figures 5.1c and 5.3), a ratio of

lithosphere-mantle viscosity of 350 is required. Similar viscosity ratio has been used in

previous numerical experiments [Becker et al, 1999] obtaining realistic configuration

and plate velocity. Of course, for many lithospheric phenomena a pure viscous rheology

would not apply; for example, modeling of subdurtion initiation requires a brittle-ductile

or plastic rheology [Faccenna et al, 1999], but for long-term evolution of the

interaction between subdurting lithosphère and mantle we find that a viscous rheology

provides a good analogue (in agreement with e.g. Kincaid and Olson, 1987; Gumis and

Hager, 1988; Zhong and Gumis, 1994b; Griffiths et al, 1995). Finally, conductive

heating is neglerted in the experiments. Heating will decrease the effertive viscosity of

the slab plunging into the transition zone and diffuse the thermal and gravity instability

associated to the subducted lithosphère, with significant effects only in the first phase

(80-30 Ma) of slow convergence, and not on the fast time scale of deep and fast

subduction evolution [Toth and Gumis, 1998].
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5.4 Discussion

The results ofthe laboratory experiments allow us to tie the main tectonic episodes in

the Central Mediterranean with the evolution of the subducted lithosphère in the mantle

(Figure 5.2). Indeed the Mediterranean offers a unique chance to study the evolution of

subdurtion over a long, uninterrupted period of time (more than 80 Ma), and to gain

insight on the different physical phenomena responsible for different phases of this

evolution. The main culprit for the whole evolution of the Central Mediterranean (Figure

5.2) is the slow convergence of the African plate, which dominates the first evolution

phase starting 80 Ma ago and builds up the critical amount of gravitationally unstable

lithosphère. At 30 Ma, gravity takes over, resisted only by the lithospheric bending at the

trench, and drives the exponential growth of lithospheric subdurtion and the opening of

the Liguro-Provençal basin. The third key physical factor is the inability of the

subducting lithosphère to penetrate across the 670 km discontinuity, bringing to a sudden

decrease of the subduction rate and trench migration between 16 and 10 Ma ago. After

the slab folds horizontally in the transition zone, while mantle material escape laterally,

subdurtion and trench migration resume again leading to the opening of the Tyrrhenian

basin.

We cannot reconcile the tectonic history of the Mediterranean with whole mantle

circulation. The tomographic imaging of the upper mantle agrees well with the length

and location of subducted lithosphère expected on the basis of regional tectonics and

required to explain the episodic tectonics. What's more, the timescale and the typical

wavelength of subdurtion evolution associated to whole mantle circulation do not fit

those observed not only in the Mediterranean but around the world, where back-arc

basins are often characterized by episodes offast opening, with rate comparable to the
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velocity of the subdurting plate (5-15 cm/y; i.e. South Fiji and Lau basins) and by typical

length scales of 1000 km. The fast timescale of back-arc opening and trench migration

can only be reconciled with the dimension and the characteristic rate of processes

restricted to the upper mantle. In the central Mediterranean, the 670 km discontinuity

remains impenetrable to the subducted lithosphère for the whole 80 Ma reconstructed

through tectonic timing and tomographic imaging. However, this scenario cannot be

extended to the whole Mediterranean. In fart in the eastern Mediterranean, back-arc

extensional processes are slower (about 350 km in 30 Ma; Jolivet et al, 1998b), and

tomographic images define trace of subducted slab well below the 670 km discontinuity

[Spakman et al, 1993]. Finally, on the base of the reconstructed scenario we cannot

speculate on the nature of the discontinuity, as any reasonable viscosity increase in the

lower mantle (a ratio of 10 or more to the upper mantle) would stop the slab penetration

at the observed timescale, nor can we make inferences on the fate of the subducted

lithosphère beyond the 80 Ma we see today.
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Role of Lateral Mantle Flow in the

Evolution of Subduction System:

Insights from Laboratory Experiments

Abstract

Subduction zones are complex 3-dimensional (3-D) structures. They vary both in lateral

and depth extent and have irregular vertical and horizontal geometry. Nevertheless these

geodynamic structures have been always interpreted on the basis of laboratory and

numerical models bearing a fundamental 2-dimensional (2-D) geometry. We present here

the first systematic laboratory setup that focuses on the feedback of mantle flow and slab

dynamics as constrained by 3-D boundary conditions. These experiments are conducted

with a composite silicone-honey system. The velocity ofthe incoming plate is varied with

the aim of exploring the widest field of conditions in the subdurtion system. We find that

the behavior of the slab during the fall into a stratified mantle is always characterized by

three distinct phases, independently by applied boundary conditions: 1) the fall ofthe slab

into the upper mantle; 2) the dynamic interaction phase with the 660 km discontinuity; 3)

the final phase of steady state when the slab lies flat on the upper/lower mantle transition

zone. Forces active into the system, whose distribution is influenced by the choice ofthe

adopted boundary conditions, govern the nature ofthese phases. Nevertheless our results

highlight also that the highly dynamic behavior of subdurtion is strongly function of the

This Chapter has been submitted for publication to GeophysicalJournal International.
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effects of slab-mantle interactions and of the possible mantle flow restrictions both

vertically and horizontally.

6.1 Introduction

Slabs are complex 3-D entities. The most evident proof is shown by the strong

variability of their lateral extension. In the earth system, in fact, the length of slabs

varies over order of magnitudes. Some slabs are very narrow with a horizontal extent of

the order of 100-300 km (the Scotia, the Caribbean, the Cascades, the Banda, the

Tyrrhenian, and the Aegean slabs) while others are very long extending for a few

thousand ofkilometers (the Andean and the Mariana-Izu Bonin-Japan-Kurile-Kamchatka

slab, see e.g. Jarrard, 1986). The very irregular shape of a single Benioff zone

represents an additional evidence of the 3-D character ofthe subduction process. A slab

changes dip angle, strike and state of stress along its length allowing the formation ofarc

and cusp geometries [Isacks and Barazangi, 1977]. A striking example of this feature is

represented by the Chilean-Peru system where flat portions ofthe slab border the steeper

portion recognized below the Bolivian orocline [Cahill andIsacks, 1992]. Moreover, the

geometry of the Wadati-Benioff isobaths shows without doubts that the slab deforms

laterally. The analysis of the moment tensor solution for deep earthquakes of the Tonga

slab reveals the presence of a systematic shear deformation superimposed on the mode of

down-dip deformation, which is characteristic of all the subdurtion zone [Giardini and

Woodhouse, 1984]. This unique data set shows that mass of material within the slab can

flow also along its strike in response ofthe interaction with a horizontal shear flow in the

mantle. A similar inference has been also obtained by recent shear waves anisotropy

studies and confirmed by laboratory models riighlighting the role ofthe lateral escape of
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mantle material in retreating trench systems [Russo and Silver, 1994; Buttles and Olson,

1998].

Most of these observations have been interpreted on the basis of analogue and

numerical geodynamic model bearing a fundamental 2-D geometry [Christensen and

Yuen, 1984; Kincaid and Olson, 1987; Griffiths and Turner, 1988; Gumis and Hager,

1988; Davies, 1995; Griffiths et al, 1995; Guillou-Frottier et al, 1995; Zhong and

Gumis, 1995a; Houseman and Gubbins, 1997; Olbertz et al, 1997] thus ignoring the

above described 3-D geometry and mantle flow-slab interaction. Numerical approaches

to 3-D subduction are still not producing satisfactory results for long-term subdurtion.

Although an initially 3-D geometry can be maintained in models with purely viscous

downwelling [Zhong et al, 1998], the long-term structure still resumes unrealistic two-

sided symmetrical subduction [Tackley, 2000a; 2000b]. Laboratory experiments are

naturally 3-D. However, a true spherical setup has only been used in simple experiments

used to reproduce the shape of subdurtion zones without slab-mantle interaction

[Yamaoka et al, 1986]. Nevertheless, experiments that include the mantle are formulated

to suppress such 3-D aspects. The models are confined to 2-D by using a laterally

homogenous slab structure controlled by the laterally confined box boundaries [Kincaid

and Olson, 1987; Shemenda, 1992] or by using 2-D feeding pipes to inject the slab into a

fluid of lower viscosity [Griffiths and Turner, 1988; Griffiths et al, 1995; Guillou-

Frottier et al, 1995].

In a previous paper [Funiciello et al, 2003b] we have presented the first laboratory

setup that includes a feedback of mantle flow and slab dynamics as constrained by 3-D

boundary conditions. These experiments have analyzed the dynamics of retreating slabs
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showing the key role of the lateral boundary conditions in controlling the behavior ofthe

subduction. We have found that the difference between laterally constrained and

unconstrained models is particularly evident when slab encounters a deep barrier

representative of the 660 km discontinuity and the natural downflow component of

mantle material is halted. This volumetric constrain generates a strong overpressure in

the sub-mantle material which is high enough to slow down the slab retrograde motion.

From this moment, the retreat of the slab can be achieved only by the lateral escape of

sub-mantle material from the sides of the slab. When the mantle is allowed to escape

along-strike away from the retreating slab in an unconstrained way, the effect of mantle

overpressure is minimal. However, if the along-strike flow components are stopped by

laterally constrained boundaries, the slab-mantle feedback influences the dynamics of

subdurtion. We have finally argued that any lateral mantle outflow can influence strongly

modeling results, restricting their possible application to natural systems.

Here we expand the analysis to a more general case of subdurtion where all possible

motions of the incoming plate are considered. In fart, in Funiciello et al. [2003b] we

have chosen a reference frame fixed to the box (analogue of the hot-spot reference

frame) and we attached the trailing edge of the subducted plate in the far field to this

reference. This ensured a system purely driven by the physics of trench retreat. Here, we

use the same reference frame but we allow the incoming plate to be also detached or

driven by a stepping motor.
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6.2 Model Setup

6.2.1 Model definition

We set-up our experiments under the following framework:

1. Viscous rheology

The still rather elusive knowledge of the slab/lithosphere rheology [Karato et al, 2001]

does not allow to constrain univocally this variable of the subduction simulations. In this

work we follow the experimental choice adopted by previous authors [Kincaid and

Olson, 1987; Griffiths and Turner, 1988; Griffiths et al, 1995; Guillou-Frottier et al,

1995; Faccenna et al, 1996; Becker et al, 1999; Faccenna et al, 1999] and we model

the slab as a viscous body. The concept at the base of this experimental approach is that

the lithosphère in first approximation behaves like a viscous fluid in process characterized

by large temporal and spatial scale, such as the subduction is [Tao and O'Connell, 1993].

We further simplify the slab rheology using a Newtonian fluid whereas laboratory data

indicates that upper mantle materials should obey to a creep power law of deformation

[Brace and Kohlstedt, 1980]. As a Newtonian material has a strongest response to

deformations than a power-law fluid [Ranalli, 1995], the velocities observed in

laboratory should be considered as a lower bound.

2. Passive mantle

For the aim ofthis work we are interested to isolate the mantle advection produced by

the subducting slab. Hence we assume that the mantle is convectively neutral so that the

only moment within it is that caused by the plate/slab system.
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3. Referenceframe

The reference frame ofthese experiments is the box boundary. It can be considered as

the experimental analogue ofthe fixed hot spot reference frame.

Rq (shear friction along jr

(bending) the subdurtion fault) ^/^

>
*#t. v .— fsp Rd

(slab pull) (mantle drag)
"
^

/?
/ Rn

n (normal slab-mantle force)

(shear slab-mantle force)

Figure 6.1: Forces at work in the subduction factory.

4. System isothermal

We are forced by laboratory limitations to neglect thermal effects during the subdurtion

process. This implies that the model represents an end-member essentially governed by

the negative buoyancy of the slab (Fsp, Figure 6.1). Temperature is translated into

chemical density contrast, staying constant throughout the experiment. In this view the

slab is thought to be in a quasi-adiabatic condition. The high velocity of subdurtion (>1

cm/y) recorded in our experiments justifies this assumption ensuring that advection

overcomes conduction (Peclet number > 20; Turcotte andSchubert, 1982).

The isothermal system implies also the impossibility to consider the fundamental role of

phase changes in slab dynamics [Christensen and Yuen, 1984; Pysklywec andMitrovica,

1998]. In particular we simulate the impediment ofthe slab to penetrate directly into the
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lower mantle only by the increase of viscosity with depth. This approximation is in

agreement with the results of previous simulations where the effect of a viscosity

increase with depth overcomes the one exerted by phase transformations [Bunge et al,

1997; Lithgow-Bertelloni andRichards, 1998].

5. Lower mantle impermeable

We simulate the 660 km discontinuity as an impermeable barrier. The validity of this

assumption is confirmed by previous studies which found that the direct penetration of

the slab through the transition zone is inhibited if the time-scale of the analyzed process

is limited (order of few tens of million years) and if the viscosity increase in the lower

mantle is at least of an order of magnitude [Davies, 1995; Guillou-Frottier et al, 1995;

Christensen, 1996; Funiciello et al, 2003b].

6. Lack ofthe overridingplate

The overriding plate is not modelled in order to keep the set-up as simple as possible.

Hence we assume that:

-the effective viscosity of weak zone (fault) is comparable with the upper mantle

viscosity. This choice is able to influence the rate of the subdurtion process but not its

general behaviour [King andHager, 1990];

-the shear friction along this weak fault (Rf, Figure 6.1) has a secondary role in the

modelling force balance of a mature subdurtion process confirming what already

suggested by Zhong and Gumis [1994a] and Tichelaar andRuff [1993],

-the velocity of the overriding plate is negligible respect to the velocity of the trench.

Therefore the applicability field of our experimental results is limited to natural cases

characterized by this specific condition (i.e. EurAsian plate).
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7. Forces at work

Although our models are simplified representations of the subdurtion, they have to be

built to reproduce all the main forces of this natural process (Figure 6.1). These forces

can be presented as driving and resisting ones.

Following previous seminal papers [Forsyth and Uyeda, 1975; Chappie and Tullis,

1977; McKenzie, 1977; Davies, 1980; Conrad and Hager, 1999; Funiciello et al,

2003b] we identify in the slab pull (Fsp) and in the ridge push (Frp) the driving forces of

the subdurtion. In the experimental setup the body force, Fsp, is implemented by

imposing a lithosphère denser than the underneath mantle. As discussed before, the initial

constant density is assumed to be preserved during all the subduction process. The

horizontal compressional stresses originated from the cooling oceanic lithosphère, Frp,

are simulated using a rigid piston displaced at a constant horizontal rate to the plate

margin.

The foremost resisting forces of the subdurtion process are the force necessary to bend

the plate at the trench (Rb), the mantle drag force acting on the bottom ofthe subducting

plate (Rd) and the slab-mantle interface forces (Rs,Rn) [Forsyth and Uyeda, 1975;

Chappie and Tullis, 1977; McKenzie, 1977; Davies, 1980; Conrad and Hager, 1999;

Funiciello et al, 2003b]. The slab bending force can be expressed developing the theory

for the bending ofa viscous plate [Turcotte and Schubert, 1982]. Hence we assume that

the elastic deformation over long timescales can be incorporated in the viscous theory

[EnglandandMcKenzie, 1982] The order ofmagnitude ofthe viscous bending force per

unit length is:

*-=^ (6.1)
r
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where rjiu„ h and r are the viscosity, the thickness and the radius of curvature of the

bending slab and u is the subduction velocity. The mantle drag, Rd, on a plate should be

proportional to the plate width and to the velocity of the plate and, also, to the viscosity

of the underneath mantle [Forsyth and Uyeda, 1975]. In the force balancing this term

can be neglected when RcK<Rb. It occurs ifthe width ofthe slab bearing plate is at least

2 orders of magnitude less than the length of its trench. This inference holds since the

radius of curvature of the subdurting lithosphère at trench is about of the same order of

the thickness ofthe lithosphère [Becker et al, 1999] and rpn is two orders ofmagnitude

smaller than nlit [Hager, 1984; Davies andRichards, 1992; Mitrovica andForte, 1997].

Finally, the shear and normal slab-mantle interface forces, Rs and Rn, are the result ofthe

viscous resistance exerted by the displaced mantle on the slab. Both of them can be

expressed in terms of corner flow theory for a fixed dip [Turcotte and Schubert, 1982;

Dvorkin et al, 1993]:

R. = "um" (6-2)

where rjum is the upper mantle viscosity and u the averaged subdurtion velocity.

6.2.2 Materials

Following previous approaches [Kincaid and Olson, 1987; Griffiths and Turner,

1988; Griffiths et al, 1995; Guillou-Frottier et al, 1995; Faccenna et al, 1996; Becker

et al, 1999; Faccenna et al, 1999] we use a multi-layered set-up. We select visco¬

elastic silicone putty (Rhodrosil Gomme, PBDMS + iron fillers) and Newtonian pure

honey as analogue ofthe lithosphere-upper mantle system (Figure 6.2).

Silicone putty is a visco-elastic material but the elastic component is negligible for the

applied experimental strain rate [Weijermars, 1986]. Hence, the silicone putty can be
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considered as a quasi-Newtonian fluid where stress increases linearly with strain rate

[Weijermars, 1986; Weijermars and Schmeling, 1986. The upper mantle has been

»)
.

/ FIXED RIDGE

jiexigiasstaric

b) FREE RIDGE

Figure 6.2: Sketch of the experimental setup. We show the 3 different boundary conditions adopted, (a)

The subducting plate is fixed to the box in the rar field ("fixed ridge" sensu Kincaid and Olson, 1987).

This configuration simulates a system driven only by the negative buoyancy of the slab (Fsp) and

resisted by the slab bending force (Rb) and the slab-mantle interrace forces (Rs, Rn). (b) The subducting

plate is detached from the box boundary in the rar field ("free ridge" sensu Kincaid and Olson, 1987).

This configuration simulates a system driven by the slab pull (Fsp) and resisted by the slab bending

forces (Rb), the mantle drag (Rd) and the slab-mantle interrace forces (Rs, Rn). (c) The trailing edge of

the subducting plate is displaced with a rigid piston which pushes at constant horizontal velocity with

reference to the box boundary. This simulates the case where subduction is essentially driven by plate

motion, (d) Top view of the system. To express the lateral degree of fieedom of the slab-mantle system

we identify the ratio R between the difference of the box width (b) and the plate width (w) and the

thickness ofthe convective mantle (H). We analyze two ramifies ofexperiments, one in which the lateral

mantle flow components are inhibited by lateral box boundaries (R=0) and the other where they are

permitted (/?=/).

modelled by honey, which is a Newtonian low-viscosity and high-density fluid (Table 1).

These materials have been selected to simplify the stratified temperature dependent Earth

rheological profile respecting the standard scaling procedure for stress scaled down for

138



Chapter 6: Mantle flow in laboratory subduction

length, density, viscosity in a natural gravity field (gmodei=gnature) as described by

[Weijermars andSchmeling, 1986; Davy and Cobbold, 1991].

Viscosity and density are taken constant over depth of the individual layers

considering them as an average of effective values. The viscosity ratio of the oceanic

lithosphère (tji„) over the upper mantle (n^) is fixed to 300 to ensure a reahstic viscous

coupling [Hager, 1984; Davies and Richards, 1992; Mitrovica and Forte, 1997]. The

density contrast between the oceanic lithosphère and the upper mantle is set to 100 kg m

[Molnar and Gray, 1979; Cloos, 1993].

PARAMETER NATURE
REFERENCE

MODEL

g Gravitational acceleration ms'2 9.81 9.81

Thickness

h, Oceanic lithosphère 70000 0.012

H

Upper mantle m
660000

0.11

Scalefactorfor length ^moder'-'nature =1.6 Iff7

Density

p,
Oceanic lithosphère 3300 1482

p„m Upper mantle kg ni3 3220 1383

p,m
Lower mantle 3220 1383

Density contrast (prPum) $0 99

Density ratio (p/pum) 1.025 1.072

Viscosity

ni Oceanic lithosphère 4 1023 1.6 105

r|um Upper mantle Pas 4 1021 460

nim Lower mantle 1.2 1023 00

Viscosity ratio (n/rjum)
102 3 1Ö2

t
Characteristic time 3.1*1013 60

(tnatw/tmodel=0'm,tur^amodel=(Apgh) ^aan/i Apgh) „„&!

s

(IMa) (1 min)

Table 6.1: Scaling ofparameters in nature and in laboratory for a reference experiment.

Materials parameters and the scaling relationships of a reference experiments are listed in

Table 1. From the simple scaling equations of Table 1 we find that 1 minute and 1

centimeter in the experiment correspond to 1 Myr and 60 km in nature, respectively.
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6.2.3 Experimentalprocedure

The two-layer system is assembled in a rectangular Plexiglas tank (34 cm high, 58 cm

long and 30 cm wide) (Figure 6.2). All the experiments are performed with an upper

mantle scaled to have a thickness corresponding to 660 km.

We analyze two families of experiments, one in which the lateral mantle flow

components are inhibited by lateral box boundaries and the other where they are

permitted. We find that a laterally unconstrained system can be achieved by imposing,

simultaneously (Figure 6.2d):

-the plate width (w) lower/equal than the thickness ofthe convective layer (H);

-a distance between the plate/slab and box sides ((b-w)/2) greater than the size of the

convective cell, which in first approximation scales with the thickness of the convective

layer (H).

In particular in the laterally constrained setup, the lateral effect of friction between plate

slab and box is reduced by lubricating lateral walls with Vaseline.

In interpreting the results relative to the Earth, a laterally constrained set-up may

reproduce all the situations in which the work done by a mantle particle to move from

the mantle wedge overlying the slab is minimized if achieved along down-dip directions

(i.e. the inner portion of a wide subducting slab, a subduction system characterized by

the presence of other nearby slabs). On the contrary, laterally unconstrained set-up may

be representative of natural systems in which 3-D subslab mantle flow develop

preferentially trench-parallel mantle pathways (i.e. small slab with length lower than the

thickness ofthe convective mantle).
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Different boundary conditions are apphed at the trailing edge of the subdurting plate

to explore a representative field of conditions occurring in the subdurtion system (Figure

6.2):

A. Fixed subducting plate ("fixed ridge" sensu Kincaid and Olson, 1987; Figure

6.2a). The slab bearing plate is fixed to the box in the far field. This configuration

simulates a system driven only by the negative buoyancy of the slab (Fsp) and

resisted by the slab bending force (Rb) and the slab-mantle interface forces (Rs,

Rn). We have analyzed this case with application to subduction zones which

belong to stable plates (ex. Africa) and/or which have a lateral extension, at least,

102 times greater than the width ofthe slab-bearing plate.

B. Free subducting plate ("free ridge" sensu Kincaidand Olson, 1987; Figure 6.2b).

The trailing edge ofthe subducting plate is detached from the box boundary. This

configuration simulates a system driven by the slab pull (Fsp) and resisted by the

slab bending forces (Rb), the mantle drag (Rd) and the slab-mantle interface

forces (Rs, Rn). This simulates natural cases case which occur in subdurtion

zones where the width of the subdurting plate is, at least, 102 times greater than

the length ofthe trench (ex. Western Pacific subdurtion zone).

C. Imposed plate motion (Figure 6.2c). The trailing edge ofthe lithospheric plate is

displaced with a rigid piston which pushes at a constant horizontal velocity with

reference to the box boundary. This push adds to the forces presented in the case

b) and mimics the horizontal tectonic stresses resulting from the combined effert

of ridge push (Fr) and plate re-organization. This case simulates a subdurtion

essentially controlled by high rates of convergence of the incoming plate (ex.

Himalaya).
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Experiments are performed analyzing the behavior of these three different systems

both with laterally constrained and unconstrained systems (Figure 6.2d).

In the initial configuration the leading edge of the silicone plate is forced downwards

to a depth of 3 cm (corresponding to about 200 km in nature) inside the pure honey as a

means to start subdurtion process. Problems linked to initiation of subdurtion

[McKenzie, 1977; Mueller and Phillips, 1991; Ericksson and Arkani-Hamed, 1993;

Faccenna et al, 1999; Regenauer-Lieb et al, 2001] are beyond the scope ofthis paper.

Experiments are executed at least twice to ensure reproducibility. Each experiment is

monitored with a sequence ofphotographs taken in regular time in lateral and top views.

6.3 Experimental results

We perform 30 experiments to simulate the subdurtion ofthe oceanic lithosphère in a

stratified mantle under a wide range of boundary conditions and using both laterally

constrained and laterally unconstrained configurations. Here we describe the most

representative experiments (Table 2) collected in three distinct classes.

6.3.1 Platefixed in thefarfield

In this set of experiments the trailing edge of the subdurting plate is fixed to the box.

As a consequence, the movement ofthe plate is inhibited and the mantle drag force, Rd,

is inactive.

Experiment Al (Figures 6.3a and c, Table 6.2) is laterally constrained. The behavior

of the system during the free sink of the lithosphère into a stratified mantle is similar to

what has been already described in details in our previous experiments [Faccenna et al,
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M-lit

(Pas)

Rum

(Pas)
Vital Hum Hum/ Wm

l>ltt

(cm)

hum

(cm)

R
Boundary conditions

1.6*105 459 392 00 1.2 10 0 Plate fixed

1.6*105 459 392 00 1.2 10 1
««

1.6*105 459 392 OO 1.2 10 0 Plate detached

1.6*105 459 392 00 1.2 10 1
M

1.6*103 459 392 00 1.2 10 0 Plate forced

1.6*105 459 392 OO 1.2 10 1
"

1.6*105 459 392 00 1.2 10 0
Forced motion, periodic

boundary condition

1.6*105 459 392 00 1.2 10 1
«4

1.6*105 459 392 00 1.2 10 1
Forced motion, periodic boundary

condition, overriding plate

Table 6.2. Description of materials and parameters used in the selected experiments.

2001; Funiciello et al, 2003b]. The lithosphère sinks into the mantle accelerating

exponentially and its dip increases up to a maximum angle of 65°. Since the slab motion

is retrograde, the process is always associated with a significant displacement of the

mantle driven by the subdurting lithosphère. Resulting streamlines (traced by tracer

particles in the mantle) are organized in two different cells above and beneath the

subducting plate, respectively. Streamlines appear to be at a shallow angle to the slab in

the vertical plane in accordance with the inference of Garfunkel et al. [1986].

A particular situation arises when the leading edge ofthe slab approaches the bottom

boundary. At an equivalent depth of about 500 km, in fact, the slab already decelerates

and its dip decreases by 10°. Simultaneously a strong upper mantle flow is forced to pass

beneath the tip of the slab. Afterwards, the slab touches the bottom boundary and the

trench retreat stops for about 5 Myr. After the interartion the trench starts to bend

laterally into an arc shape allowing lateral circulation of mantle material around the slab

and resuming the trench retreat (Figure 6.4a). From this moment, the trench retreat

velocity is approximately constant and the slab dip reaches steady state values of about

50°, while the slab tip lies horizontally on top ofthe lower mantle.

Al 1.482 1.383

A2 1.482 1.383

Bl 1.482 1.383

B2 1.482 1.383

CI 1.482 1.383

C2 1.482 1.383

C3 1.484

C4 1.484

C5 1.484

1.383

1.383

1.383
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Figure 6.3: Stages of evolution of the expenment AI (a) and A2 (b) characterized by a fixed trailing

edge as boundary conditions andby laterally constrained and unconstrained setting, respectively (c) Plot

of the amount oftrench retreat and dip vs time for both the expenments The arrow indicates the time of

interaction with the 660 km discontinuity

In the experiment A2 (Figures 6 3b and 6 3c, Table 6 2) only the width of the

subdurting plate is varied allowing investigation of the behavior of the same setup in a

laterally unconstrained configuration As in the experiment Al, the subduction starts by

increasing trench retreat velocity and dip The bottom of the upper mantle is reached

rapidly (after 9 Myr) with a steeper dip (-70°) than in the constrained case The trend of

subduction changes again when the slab interacts with the 660 km discontinuity

Subdurtion slows down while the tip of the slab folds and deforms at depth The trench

re-starts to retreat after only 2 Myr and it does not deform preserving its initial linear
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Figure 6.4: Top view of two expenments Al (a) and A2 (b) performed m laterally constramed and

unconstrained configurations, respectively The shape of the trench is strongly sensitive to the lateral

dimensions of the system (a) In a laterally constramed system the trench forms an arc when the slab

reaches and interacts with the 660 km discontinmty (b) On the contrary, in a laterally unconstramed

configuration the trench preserves its cylmdncal shape at surface dunng the whole process

shape during the whole duration of the experiment (Figure 6 3b) Results of these two

simple experiments illustrate the importance of lateral mantle flow components in the

dynamics of subduction

6.3.2 Plate detached in thefarfield

In this set of experiments the trailing edge ofthe incoming plate is detached from the

box Hence, the plate is free to move and the mantle drag force at the base of the plate,

Rd, is active

Experiment Bl (Figures 6 5a and c, Table 6 2) is laterally confined The behavior of

the slab during the free fall into the mantle is the same as observed previously the rate of
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the amount of trench retreat and dip vs. time.

trench retreat increases progressively in time with the amount of subducted material. At

the same time also the dip of the slab increases catching up the maximum value of about

85°. The intensity of the induced mantle flow is less than observed for cases A. This

condition arises from the motion of the incoming plate, which allows compensating the

retreating motion of the trench. As a consequence, less overpressure is created beneath

the subducting plate. When the slab reaches the bottom box boundary the system

decelerates and the trench shows a prograde motion (Figure 6.5c). After this interartion

phase lasting about 10 Myr, the slab bends at depth and the trench starts moving again in
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a slow retreating mode. This phase can be described by a linear and smooth increase of

trench retreat and by an increase of the dip that reaches values higher than 90° giving the

slab an overturned shape.
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Figure 6.6: Plot plate motion vs. time of experiments Bl and B2, characterized by laterally constrained

and laterally unconstrained configurations, respectively.

Experiment B2 (Figures 6.5b and c, Table 6.2) is similar to the previous one but the

plate/slab system is laterally unconstrained. During the fall into the upper mantle the

trench retreats with a velocity that increases linearly with the length of subducted

material and the slab increases its dip to reach an overturned configuration. Once the slab

reaches the 660 km discontinuity (after about 10 Myr) the tip of the slab folds at depth

and, simultaneously, the trend of subduction changes to a forward migration. The trench

advances considerably for about 20 Myr while the slab attains an open reclined U-shape.

Afterwards, the open U closes due to hinge collapse and the dip of the slab stabilizes at

around 60°. Subsequently, the trench starts to retreat again at a constant velocity. In both

experiment Bl and B2 the trench keeps its initial linear shape at surface.
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An interesting difference between the two models appears when the trend of plate

motion is analyzed (Figure 6.6). The plate velocity of the laterally constrained case

(Experiment Bl) is significantly larger than the velocity of the unconstrained case

(Experiment B2), especially after the interaction phase at 20 Myr. This is because the

overpressure produced beneath the slab propels the plate at faster rate during the

overturning of the slab. This effect is smoothed out once the mantle overpressure behind

the slab is decreased due to the possibility for the mantle to flow on the lateral sides of

the plate/slab.

6.3.3 Imposedplate motion

In this set of experiments we study the effect of pushing the plate at a constant

horizontal velocity against the subdurtion zone, by displacing a rigid piston on the

trailing edge ofthe oceanic lithosphère.

In the first set of experiments we add a horizontal convergence velocity of 1.5 cm

min"1 (corresponding to about 10 cm yr"1 in nature, e.g. Western Pacific Plate). Once

more experiments laterally constrained and unconstrained (Cl and C2, respectively)

differ. The behavior of Cl (Figures 6.7a and c, Table 6.2) can be separated in two

different domains, before and after the interartion with the transition zone, while the

variations of the position of the trench are contained to only about 30 km. The position

of the trench is characterized by an initial limited forward trend that becomes retrograde

when the leading edge of the slab is close to the upper-lower mantle discontinuity.

Trench migration stops when the slab interacts with the lower boundary. From this

moment, the imposed plate velocity is distributed between the sliding of the slab on the

bottom and buckling deformation ofthe lithosphère near the piston. Note that the slab
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laterally constrained and unconstrained configuration, respectively (b) Plots that show the evolution in

time of the trench retreat

assumes circular radius of curvature corresponding to about 300 km already before

interaction with the 660 discontinuity This allows the minimization of energy dissipation

inside the slab

The geometric evolution of experiment C2 (Figure 6 7b and c, Table 6 2) is quite

similar to what has been already observed in Cl However, a significant difference

appears in terms of kinematics where laterally constrained system like Cl leads to trench

arrest while the laterally open case C2 allows an advancing trench after the interaction

with the 660 km discontinuity
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Obviously volumetric locking of the system controls these results. We observe that in

the laterally constrained case Cl vertical mantle streamlines interact with box boundaries

giving rise to strong anomalous overpressure and a bulk slowing down of subdurtion

owing to buckling deformation in front ofthe piston.

To verify if and how the volumetric locking plays the key role in these results, we

perform a second set of experiments in which we introduce periodic boundary conditions

for the mantle (Figure 6.1c). This configuration can be obtained by adding a rigid

platform to the standard set-up. This platform hes parallel to the bottom ofthe box from

which is about 8 cm distant (see Figure 6. lc).

Once more, we perform a series of experiments characterized by lateral constrained

and unconstrained conditions, respectively. In both of them the advancing piston moves

at an averaged velocity of 0.8 cm min"1 (corresponding to about 5 cm yr"1 in nature).

The behaviour of the laterally constrained experiment C3 (Figure 6.8a and c, Table

6.2) differs substantially from the one observed in Cl. The experiment shows a typical

sequence of three distinct phases. During the first phase the slab falls into the upper

mantle while, simultaneously, the trench retreats and the dip of the slab increases

reaching a near vertical configuration. Once the slab reaches the 660 km discontinuity, it

folds at depth. In this second phase the trench motion slows down for few Ma while the

slab assumes a reclined shape. From this time, the third phase occurs during which the

geometry of the system becomes invariable and the trench advances at a near-constant

velocity.

On the contrary, the laterally unconstrained experiment, C4 (Figure 6.8b and c, Table

6.2), does not differ from C2. Although the imposed horizontal convergence velocity C4

is only half of the value adopted in C2 there appears to be a rule the presence of three

phases, the first two characterized by a transient behaviour and the third of steady-state.
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time of the trench retreat

Summing up, the prograde motion of the trench after the interaction with the 660 km

discontinuity and the consequent reclined shape is a rule of experiments performed with

periodic boundary conditions

In order to confirm the general validity of our result, we test the possible influence of

the presence of an overriding plate that is attached to our reference frame In the
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experiment C5 (Figure 6 9, Table 6.2) a fixed plate with a lower mean bulk density than

the honey is added to the system as analogue of the overriding plate. A 0 5 cm-wide

lubricated Vaseline zone separates the two plates

q\ overriding plate ubducting plate forced motion

b)
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g
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-240-

-360
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••
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exj»nmental time (Myr)

Figure 6.9: (a) Lateral view of four stages of evolution of the experiment C5 charactenzed by a forced

trading edge, a laterally unconstrained configuration and the presence of the overndmg plate, (b) Plot

that show the evolution in time of the trench retreat.
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The slab behaviour is similar to the previous cases. We note that the presence of the

overriding plate affects only the time scale of our results but not its general style. An

interesting aspect of this experiment is an underplating of the overriding plate

corresponding to 200-300 km, which does not appear to affect the gross evolution ofthe

process.

6.4 Interpretation of experimental results and discussion

We set up experiments in laboratory to test the influence of the lateral boundary

conditions on subduction dynamics, imposing three different conditions at the trailing

edge of the plate/slab system to cover a wide range of geodynamic configuration: fixed,

free or pushed with respect to the reference frame ofthe box.

Independently from the adopted boundaries conditions, we identify three distinct

phases in the evolution of the subdurting slab: 1) the sink of the slab into the upper

mantle; 2) the interaction with the 660 km discontinuity; 3) the final phase ofsteady state

with the slab that lies on the upper/lower mantle transition zone. These three different

phases vary as a function of the boundary conditions imposed at the trailing edge of the

subducting plate. Comparison between laterally constrained and unconstrained models

also shows that the style of subdurtion can be largely modified by the possibility for the

flow to turn around the slab. The lateral migration of the subducted plate produces a

significant and geometrically complex mantle circulation. The moving plate, in fact,

produces a non-hydrostatic pressure-drop in the two separate convection cells produced

on the top and on bottom of the slab by the slab-mantle viscous coupling. To re-balance

the equilibrium of the system, mantle flow laterally from high to low-pressure area.

Induced mantle flow has different characteristics before and after the slab reaches the
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base of the convective system. In according with experimental results of Buttles and

Olson [1998], we find that the poloidal component prevails during the subdurtion into

the upper mantle (stage 1). Mantle fluxes are preferentially oriented beneath the slab. The

poloidal flow is inhibited when the slab starts to interact with the stiff impermeable

bottom layer (stage 2-3). Dissipation of overpressure into the upper mantle is, therefore,

only possible if the flow moves sideways assuming a prevalent toroidal component. This

mass redistribution within the mantle creates an additional pressure into the system that

should be included in the force equilibrium. In fact, our results show that rate of

subduction and oftrench migration is slower ifthe lateral mantle flow is inhibited.

In particular, stage 1 is characterized by a progressive increase of the rate of trench

retreat and of the dip of the slab. Different rate of trench retreat is a function of the

adopted boundary conditions. A plate fixed in the far field (exp. A) produces a fast

trench retreat. A detached (exp. B) or pushed (exp. C), results in a slower trench motion

(particularly for exp. C), as the amount of subduction is now partitioned between trench

and plate motion. Of course, in the case of exp. C, the imposed motion of the plate

absorbs a larger portion of the subduction. During stage 1, we do not observe

remarkable difference between laterally constrained and unconstrained, indicating that

mantle material flow preferentially below the slab, attaining a poloidal component.

During stage 2, the tip of the slab interacts with the 660 km-discontinuity. In this

stage we note a large difference between constrained and unconstrained models, showing

the presence of important out-of-plane component of mantle flow.

In the "fixed" plate experimental set (exp. Al; Figure 6.3 a and c), the overpressure

produced by the retreating slab triggers a flow in the mantle which is forced (due to the

fart that the plate is fixed) to pass through the closing channel between the lower tip of
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the slab and the bottom ofthe box (Figure 3 a; 17 Myr). The flow becomes overly strong

and deforms the geometry of the tip of the slab that assumes a typical foot shape. Once

the channel is closed the system halt for the time necessary to deform the slab laterally

allowing the mantle to escape and to resume its circulation. Both the time of arrest and

the amount of arcuation of the trench are proportional to the slab strength [Funiciello et

al, 2003b]. Allowing lateral circulation (exp. A2; Figure 6.3 b and c), these effects are

minimized and we note only a slow down of the system related to the deformation at

depth of the slab tip and by the simultaneous dynamic re-equilibration of mantle

pathways. Moreover, the shape of the trench is maintained straight. During stage 3, the

model attained a similar behavior as plate is deformed enough to ensure the presence of

lateral mantle flow.

When the plate is detached in the far field (exp. B; Figure 6.5), overpressures

produced in the mantle beneath the slab can be dissipated also by means of plate motion.

In fact, plate start moving when the slab is close to the 660 km boundary. The largest

amount of plate motion is in fact recorded in the laterally constrained setting, where

lateral flow is inhibited. Under this condition, in fart, it is energetically more suitable to

generate a considerable drag of the plate rather than the lateral arcuation. The shape of

the slab represents another intriguing difference between laterally constrained and

unconstrained models. In the first category of models, in fact, mantle streamlines are still

forced to pass trough the channel between the lower tip of the slab and the base of the

circulating system supporting the steepening of the slab. On the contrary, the slab

assumes always a reclined U-shape in laterally unconstrained models. After the

interaction with the 660 km discontinuity both models present a limited interval

characterized by the advancing motion of the trench followed by a retreating trend. The
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rate of trench retreat during the last stage is sensible to the possibility for the flow* to

escape laterally from beneath the slab: unconstrained setting shows higher rate oftrench

retreat and lower rate of plate motion. This derives from the fart that in constrained

setting the overpressure created beneath the slab is dissipated in the form of flow

dragging the plate toward the subdurtion zone (Figure 6.6). In the laterally

unconstrained model, instead, dissipation during the transitional phase of re-equilibration

of mantle fluxes the trench clearly advances while the slab tip is folded again for the third

bending. The passage from a behavior of trench advancing to a behavior of trench

retreating is controlled by the compatibility with the deep folding testability.

When imposed plate motion is applied to the system (exp. C; Figures 6.7, 6.8, 6.9),

the amount of trench motion during the fall into the upper mantle is limited and able to

create only small pressure differences. The slab interacts with the viscous discontinuity

always assuming a reclined shape. At the moment of interaction the double bending at

depth governs the resistive force of the system. Additional energy is provided by the

pushing piston, giving an essentially advancing trend of the trench. Owing to the

controlling role of the piston exp. C always resumes a steady state both in laterally

constrained and unconstrained models. The velocity in case C translates into slab velocity

as a function of the lateral boundary conditions. The highest value is recorded in the

laterally unconstrained model, where the displaced mantle can freely flow backwards and

very little buckling deformation occurs adjacent to the piston. For the completely closed

case Cl the lowest value is obtained due to significant partition between sliding and

buckling deformation.

This common general behaviour is insensitive to the lack of the overriding plate. In

agreement with King and Hager [1990], we find that higher resistance of subdurtion
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fault influence the time scale of the process but not the general character ofits evolution

(exp. C5; Figure 6.9). Nevertheless results produced by this category of models can be

strongly affected by the volumetric locking of the system. For example, the trench

advance can be inhibited in a laterally constrained system that is not implemented with

periodic boundary conditions able to easily dissipate eventually anomalous overpressures

(i.e. exp. Cl). The slab imposes an artificial volumetric locking between the 2 distinct

upper mantle cells. In the absolutely impossibility ofthe slab to be laterally bent because

ofthe extreme rapid velocity ofthe process, strong anomalous mantle overpressures are

produced at the top of the subdurtion plate. Their action resists the advancing motion of

the trench producing a fake effect of stationary trench and a progressive increase of the

dip at trench. These stationary conditions can sustain the direct penetration of the slab

into the lower mantle. But it is necessary to keep in mind that it is only an effect

produced by the volumetric limitation.

Summarizing our results we can say that the episodic behavior of the slab during the

subduction and the interaction with the upper/lower mantle transition zone is controlled

by forces active into the system whose distribution is influenced by the choice ofadopted

boundary conditions. Retreating motion of the trench emerges to be the general rule.

Advancing motion of the oceanic plate is possible but only under specific conditions. We

also highlight the significance and consequences of slab-mantle interactions. The lateral

escape of mantle material produced by the migration of the subducting slab has an

important role on the kinematics of subduction. The possibility to dissipate mantle

overpressure produces a general increase in the rate oftrench migration.

The models presented here have been designed to investigate the style of subduction and

trench migration under different boundary conditions. We believe that our results have
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important consequences if compared with subduction models that have been performed

under the assumption that material cannot flow laterally out-of-plane (2-D conditions or

3-D laterally constrained setting). In the light of our results, the choice of the most

appropriate model that can be apply to natural cases should be done considering the

expected pathway of the mantle material. One can imagine that in the centre of a very

wide and continuous subduction zone the approximation to a perfectly 2-D setting can

hold on. But also this kind of approximation has to takes into account that the rate of

migration of mantle material scales with its viscosity. For the case of narrow slab,

conversely, we are forced to consider that material can easily escape out of the plane,

facilitating the retreating process that proceeds at faster rate. We can evaluate the critical

length able to differentiate laterally constrained and unconstrained subduction zone by

means of a simple calculations. Assuming that the trench-parallel mantle flow is

equivalent to a simple channel flow [Turcotte and Schubert, 1982], it is possible to

express the averaged flow velocity, u, as:

„ =
-A* (6-3)

12/7 dx

where n is the viscosity, / the thickness of the channel and ap/dt the pressure gradient.

We further assume that dp/dt is related to the slab pull force, dp/dt=Apgh/D, where Ap is

the density contrast between the lithosphère and the underneath mantle, g is the

gravitational acceleration, h is the thickness of the subducting lithosphère and D is the

half length of the slab. Assuming r/=1021 Pas, Ap=%0 kg m"3, h=10 km and / the

thickness of the upper mantle (660 km), we can estimate that even a 10000 km long

subduction slab should be consider as a laterally open structure, as on its side it would be

affected by a mantle flow at rate of about 1 cm/y. In other words, It is likely that the
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trend and evolution of subdurting slabs are likely to be shaped and influence by lateral

motion of sub-slab mantle material. Hence, their evolution should be simulated using a 3-

D setting.

Our results also confirm previous finding that slabs preferentially show a retreating

motion [Chase, 1978; Uyeda and Kanamori, 1979; Dewey, 1980; Garfunkel et al,

1986; Richards and Engebreston, 1992]. Advancing trenches are only limited to cases

where the mantle can easily flow laterally and the subducting plate is governed by the

energy supplied by plate motion. However, we find that none of our single-slab

experiments is suited to simulate appropriately the Pacific case, where the subducting

plate is moving forward and trenches are roiling back. A possible explanation of this

behavior can be related to the particular plate jig-saw like geometry of plates in the

Pacific. There are numerous slabs that show a wide variety of deformation styles at the

transition zone. Hence, we can argue that the subduction velocity is controlled by the

ensemble of slabs and cannot be described by a single slab model. Other possible

improvements for future laboratory modeling of slabs are increasing the elastic strength

of slabs and varying laterally viscosity and density to mimic natural settings. Since our

experiments give an appropriate account of magnitudes of driving and resisting forces the

central conclusions concerning the physics of subdurtion should, however, considered

valid.

6.5 Conclusions

We describe laboratory experiments that investigate the long-term kinematics of a slab

falling into the mantle in laterally constrained and unconstrained systems. We find that

the plate/slab system has a highly dynamic equilibrium during the fall into the upper
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mantle and the interaction with the 660 km transition zone with distinrt characteristic

phases of behavior. The character of these phases is governed by forces active in the

system whose distribution is influenced by the choice of adopted boundary conditions.

Our results show that a strong contribution is offered by the effect of slab-mantle

interartions. The lateral slab migration, in fact, generates a complex 3-D flux in the

mantle characterized by a time dependent behavior. This additional component cannot be

ignored and its importance is fundamental when the slab reaches the limit of the

convective system. Our results illustrate how a subducting slab can be influenced not

only in its shape but also its kinematics through the presence or absence of possible

lateral pathways where the mantle can escape. On the base of these results we highlight

the importance of a suitable simulations of lateral viscosity variation to obtain realistic

simulation ofthe history of subdurtion.
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Conclusions

The novel approach of combining laboratory and numerical analyses to investigate

the dynamics of subdurtion has given new insights into the physics of this important

geodynamic process. In the following the basic findings are summarized and open

issues, highlighting further crucial research areas are suggested.

7.1 Role of slab rheology

2-D numerical experiments described in Chapter 3 have been designed to investigate

the role of slab rheology for the dynamics of subduction process. It was found that

rheological effects can overlap hidden effects from boundary conditions and feedback

of mantle convection and slab deformation. Therefore the rheological aspects have been

separated out from the mantle convection within a synthetic end-member model. A

systematic analysis of the slab dip, dynamics of interaction with the 660 km

discontinuity, trench retreat, assessment of steady state conditions, forebulge uplift has

been comprehensively assessed on the grounds of the full rheological spectrum used in

previous models of subduction.

A widely different rheological approach has been suggested previously ranging from

essentially viscous (weak slabs) to essentially elastic (strong slabs). In this work it is

found that only a very narrow rheological parameter space can satisfy the full range of

observations from near surface- to deep deformation within a single model. The reason

for this difference with previous models lies in the earlier restriction of the

observational space. When abandoning this restriction it is possible to come up with a
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combined strong and weak slab solution achieved by a more complete rheology. The

key parameter separating weak (fluid) like from strong (solid) like portions ofthe slab is

found to be the Deborah number.

It has been found that the closeness of numerical solutions to nature is characterized

by a local Deborah number in the bend of the slab De >0.5. This proves the importance

of elasticity in the subdurtion process. Elasticity is also required for minimizing

dissipation in the bending process, which is known to have a foremost resisting control

on the subdurtion process. This result is in qualitative agreement with earlier findings of

purely viscous models by Houseman and Gubbins [1997], Becker et al. [1999] and

Conrad and Hager [1999] with the important difference that a significant part of the

deformation is governed by elasticity rather than only viscosity. This solves the

subdurtion dissipation dilemma, where for realistically strong slabs the viscous energy

dissipation is found to be larger than the potential energy release by negative buoyancy

ofthe slab. The elastic component stores and does not dissipate the energy for bending.

Numerical results have been also used as a benchmark for laboratory experiments

(Chapters 4 and 6). It has been shown that only a full visco-elasto-plastic treatment is

required to comprehensively model slab dynamics. Nevertheless, simplified rheologies

characterized by a narrow range of selected benchmark parameters can be meaningful

for a weak slab modeling in the case of trench retreat. The best fit linear viscosity for

such weak slab ranges between 5xl022 Pa s and 5X1023 Pa s.

7.2 Role of lithosphere-mantle feedback

Taking advantage of the 3-D character of the laboratory approach, analogue models

have been design to study the process of feedback of the slab with the induced passive

mantle flow (Chapters 3 and 5). In 3-D configurations mantle flow shows both poloidal
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and toroidal components. The systematic study of the role of the coupled toroidal-

poloidal mantle flow has been carried out, assuming a fixed visco-elastic rheology for

the slab and widely changing mantle volume flux boundary conditions.

It has been found that the behavior of the slab strongly depends upon the horizontal

and vertical mantle stratification. In the absence of horizontal stratification (equivalent

to a semi-infinite mantle in vertical direction) the subdurtion process is chiefly

controlled by the balance between the negative buoyancy of the slab and the bending

force. The induced mantle flow does not play a significant role. In this case the lateral

degree of freedom is equally unimportant and the subdurtion process can be essentially

described in 2-D. It features a poloidal roll underneath the slab driven by an exponential

increasing trench retreat.

The incorporation of a horizontal stratification in terms of a high viscosity lower

mantle gives a much richer solution space. The interartion of the slab with the limit of

the upper mantle convective system acts like a toggle switch, between poloidal and

toroidal mantle flow. Results of Chapters 4 and 6 illustrated how a subdurting slab with

horizontal discontinuities can be influenced in its geometry and in its kinematics by the

presence or absence of possible lateral pathways where the toroidal components of

mantle flow can escape. In this case there is indeed a strong feedback of mantle flow

and slab dynamics and subdurtion has to be described in 3-D.

In summary, subdurtion cannot be treated as a steady-state process. There are phases

of episodicity embedded in the nature of mantle-lithosphere interaction in a natural 3-D

system. This finding has been supported by comparison to the 2-D numerical results

where the volumetric mantle flow is not present and the episodic phase is less

pronounced.
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This result has also strong implications for numerical and analogue modeling setups.

It has been shown that lateral component of mantle outflow can influence strongly

modeling results, restricting their possible application to natural systems (Chapter 6).

Hence, reahstic simulation of the history of subduction system requires suitable

simulation oflateral viscosity pathways.

In addition to the above findings, numerical and laboratory results have confirmed

that a slab never penetrates directly into the lower mantle [Davies, 1995; Guillou-

Frottier et al, 1995; Christensen, 1996] without the consideration of external kinematic

boundary conditions.

7.3 History of the central Mediterranean region

In Chapter 6 an application of these results to the central Mediterranean case is

presented. The tectonic history of subdurtion and back-arc extension for the central

Mediterranean has been obtained combining the geological data with the tomographic

images of the mantle. Subsequently, the tectonic model has been tested using laboratory

experiments. Results showed that the fast and episodic retreat of the central

Mediterranean trench is dynamically consistent with the gravity-driven subdurtion of an

oceanic lithosphère interacting with the 660 km discontinuity.

We find that the dynamic evolution of the subdurting oceanic lithosphère can

reconcile the rapid, episodic back-arc migration with the slow African convergence only

if the subdurtion process is restricted to the upper mantle and constrained laterally by

nearby slabs.

7.4 Suggestions for future work

While the present study solves most problems addressed in the introduction it also

opens, new avenues for future investigation.
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a. Subdurtion is a coupled volumetric solid-fluid interaction problem, but 3-D

numerical codes for lithosphere-mantle coupling are only emerging. The dynamics of

the subduction processes is chiefly analyzed in the numeric methods using two extreme

approaches, the fluid-dynamical and the solid-mechanical techniques. These approaches

reflect the dual nature of slabs and mantle, which are solid in highly stressed parts and

fluid in others. However, a solid or fluid only model can part of the physics of

subdurtion. Here only the slab has been modeled with a complete rheology. Future

work should be directed to a fully coupled implementation of convection/slab

mechanics system.

b. Present limitations of laboratory subdurtion have to be seen as potential avenues

of future development. It has been pointed out that to study all the aspects of the

subdurtion, from the initiation to the interaction with the 660 km to penetration into the

lower mantle, only a fully coupled T-dependent 3-D slab-mantle model is suitable.

Hence, possible future laboratory applications have to be principally directed towards

the selection of new analogue material with T-dependent behavior. Obviously the

improvement ofthermal aspects of convection is a promising area of future work.

c. In the current study modeling results have been applied only to the natural case of

the central Mediterranean characterized by the physics of trench retreat. Future

applications should consider a wider scope, analyze the full spectrum of possible plate

motion and applications to the Pacific and other plate tectonic scenarios.
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