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”Water is the driving force in nature.”
Leonardo da Vinci
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Abstract
Although subduction is the central process driving plate tectonics on Earth,
it remains an enigmatic phenomena we still have to learn a lot about. In
this process water is widely perceived by the geodynamic community as a
”joker”, which assumed by virtue of its chemical and rheological properties
to play one of the key roles in the whole tectonic engine.
In this thesis by means of numerical modelling we have investigated the
influence of water, fluids and melts on different phases of subduction process, such as initiation and collisional orogens formation.
At first we have performed arc-continent collision modelling using a
complex numerical petrological thermomechanical code I2ELVIS accounting,
apart from surface processes and integrated phase transformation, as well
for such fluids/melts-related phenomena as partial melting, melt extraction
and aqueous fluid transport which is implemented by means of kinematic
approximation. Despite many mountain belts have been formed as results
of continent-arc-continent collision, no numerical modeling study reproducing the whole process has been performed so far. We have derived the
key influential parameters which determine the behavior of the process and
style of the resulting orogen. Without additional tuning we could compare
our results with natural examples of collisional orogeny and were able to
reproduce the predicted course of the orogen formation.
Next, we have created a new hydro-thermo-mechanical (HTM) numerical model accounting for the two-phase solid-fluid flow, where visco-plastic
solid deformation is fully coupled with the fluid porous percolation. Although process of spontaneous intra-oceanic subduction initiation has been
successfully numerically modeled before, all of the existing models assumed
excessive rheological weakening of the plates interface, which does not reconcile with laboratory measurements. This weakening was anticipated to be
caused by fluids present along tectonic fractures, however no self-consistent
model has been created so far. With help of our HTM code we have demonstrated, that while subduction fails to nucleate in the absence of fluids, it
naturally starts when lubricated by the fluid present in the upper oceanic
i

crust and along the plates boundaries. Thus we have proved the water to
be the driving force not only for animate but also for inanimate nature on
Earth.
Our HTM model, although being simple, opens the door for investigating the influence of fluids and melts on many multiscale geodynamical processes. At the end of this thesis we discuss possible future improvements
and directions of our model development, as well as various applications,
both to subduction and to alternative problems.
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Zusammenfassung
Obwohl die plattentektonische Subduktion die treibende Kraft der Tektonik
auf Erden ist, bleibt sie ein enigmatisches Phänomen, über das wir noch viel
erfahren müssen. Im Zuge dieses Prozesses wird Wasser von der geodynamischen Gesellschaft oft als ein ”Joker” wahrgenommen, das auf Grund
von seinen chemischen und rheologischen Eigenschaften, eine Schlüsselrolle
in der tektonischen Plattenbewegung zu spielen scheint.
In dieser Arbeit haben wir mittels numerischer Modelle den Einfluss von
Wasser, Fluiden und Schmelzen auf die verschiedene Stadien der Subduktion, wie z.B. Initierung von Subduktionszonen und Kontinent-Kontinent
Kollisionen untersucht.
Zuerst haben wir die Kollision zwischen magmatischen Bögen und Kontinenten mittels eines komplexen numerischen petrologisch-thermo-mechanischen
Modells untersucht. Der I2ELVIS Kode behandelt neben Oberflächenprozessen
und Phasenumwandlungen auch Schmelz und Flüssigkeits bezogene Probleme, wie z.B. partielles Aufschmelzen, Schmelzextraktion und Fluidtransport, mittels einer kinematischen Annäherung. Obwohl viele Bergzüge im
Rahmen von Kontinent-(magmatischer)Bogen-Kontinent Kollisionen geformt
wurden, gab es bisweilen keine numerische Studie die diesen Prozess als
Ganzes reproduziert hat. Wir haben die Hauptparameter die die Entwicklung dieses Prozesses steuern bestimmt. Unsere Ergebnisse sind im Einklang mit natürlichen Beispielen von Kollisionsorogenen. Desweiteren ist es
uns gelungen, die vorausgesagte Entwickling der Gebiergsbildung vorherzusagen.
In einem weiteren Schritt haben wir ein neues hydro-thermisch-mechanisches
(HTM) numerisches Modell entwickelt, welches die zweiphasen Strömung
berücksichtigt, bei der die visko-plastische Verformung von festen Gesteinen
mit der Perkolation von Fluiden gekoppelt ist. Die Initierung von Subduktionszonen wurde bereits in vergangenen Studien erfolgreich simuliert. Jedoch haben all diese Modelle eine übermässige rheologische Schwächung
entlang der Plattengrenze angenommen, für die es keine (labortechnischen)
Hinweise gibt. Diese Studien basierten auf der Annahme, dass Fluide entlang von tektonischen Brüchen eine Materialschwächung hervorrufen. Ein
iii

Modell das diesen Prozess selbstständig/konsistent simuliert gab es bisweilen
nicht. Mit Hilfe unseres HTM-Models konnten wir zeigen, dass während
die Initierung von ”trockenen” Subduktionen nicht möglich ist, diese sich
spontan entwickelt, wenn Fluide aus der oberen Kruste oder entlang von
Plattengrenzen freigesetzt werden. Somit haben wir bewiesen, dass Wasser
eine treibende Kraft nicht nur für das Leben auf der Erde ist sondern auch
für die Plattentektonik.
Obwohl unser HTM Modell vereinfacht ist, eröffnet es viele Möglichkeiten
den Einfluss von Fluiden und Schmelzen auf geodynamische Prozesse zu
untersuchen. Am Ende dieser Arbeit besprechen wir, wie unser Modell in
Zukunft verbessert und ausgebaut werden kann und sprechen einige geodynamische und alternative Anwendungsmöglichkeiten an.

iv

Contents

Contents
List of Figures

v
vii

List of Tables

x

1

Introduction

1

1.1

Water and fluids in zones of subduction . . . . . . . . . . . . .

3

1.2

Subduction initiation . . . . . . . . . . . . . . . . . . . . . . . .

9

1.3

Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . .

17

2

Mathematical and numerical models
2.1

3

19

Complex petrological-thermomechanical modeling with simplified fluid transport: I2ELVIS . . . . . . . . . . . . . . . . . .

19

2.2

Governing equations for fully-coupled solid-fluid flow . . . .

26

2.3

Numerical implementation of fully-coupled solid-fluid flow .

34

2.4

Numerical benchmarks . . . . . . . . . . . . . . . . . . . . . . .

42

Numerical modelling of arc-continent collision

51

3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

52

3.2

Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

3.3

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

56

3.4

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

3.5

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

78
v

Contents
4

5

vi

Porous fluid induces oceanic subduction initiation on Earth

79

4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

80

4.2

Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

81

4.3

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

83

4.4

Permeability of rocks . . . . . . . . . . . . . . . . . . . . . . . .

92

Conclusions & Outlook

97

5.1

Adaptive staggered grids . . . . . . . . . . . . . . . . . . . . .

99

5.2

Implementation of elasticity into numerical models . . . . . . 100

5.3

Numerical models with prescribed plate convergence . . . . . 100

5.4

Modeling of fluid suction into the shear bands . . . . . . . . . 105

5.5

Application to accretionary wedges . . . . . . . . . . . . . . . 109

Bibliography

113

Acknowledgements

135

Curriculum vitae

139

List of Figures

1.1

Two-dimensional numerical model of self-sustaining two-sided
and one-sided subduction. . . . . . . . . . . . . . . . . . . . . . . .

5

1.2

Numerical model of deep slab hydration. . . . . . . . . . . . . . .

6

1.3

Numerical model of deep slab dehydration. . . . . . . . . . . . .

8

1.4

Subduction initiation in the Pacific domain. . . . . . . . . . . . . .

10

1.5

Location of modern intra-oceanic subduction zones. . . . . . . . .

11

1.6

General classes, subclasses and examples of how subduction zones
form. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

13

1.7

Subduction infancy model. . . . . . . . . . . . . . . . . . . . . . .

15

2.1

Fully staggered grid used for numerical model . . . . . . . . . . .

34

2.2

Schematic representation of geometrical relations used for the
adopted first-order of accuracy interpolation schemes from markers to computational nodes . . . . . . . . . . . . . . . . . . . . . .

2.3

Computational algorithm employed for building up the BAMBI
code. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.4

2.7

43

Interdependency of Rayleigh (Ra) and Nusselt (Nu) numbers for
thermal convection . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.6

41

Thermal convection of fluid in the closed porous layer: fluid density patterns for different Rayleigh numbers . . . . . . . . . . . .

2.5

36

44

Thermal convection of fluid in the closed porous layer: fluid and
solid density diagrams . . . . . . . . . . . . . . . . . . . . . . . . .

44

Plasticity benchmark . . . . . . . . . . . . . . . . . . . . . . . . . .

45
vii

List of Figures
2.8

Fluid localization along spontaneously forming shear bands . . .

47

2.9

Falling block boundary condition benchmark . . . . . . . . . . . .

49

3.1

Modeling of arc-continent collision: model setup . . . . . . . . .

54

3.2

Modeling of arc-continent collision: reference model of the first
orogen type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.3

Modeling of arc-continent collision: reference model of the second orogen type . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.4

58
60

Modeling of arc-continent collision: reference model of intermediate orogen type . . . . . . . . . . . . . . . . . . . . . . . . . . . .

62

3.5

Modeling of arc-continent collision: model ”d2c” . . . . . . . . .

64

3.6

Modeling of arc-continent collision: model ”b3e” . . . . . . . . .

65

3.7

Modeling of arc-continent collision: model ”b5k” . . . . . . . . .

67

3.8

Modeling of arc-continent collision: model ”d5k” . . . . . . . . .

68

3.9

Modeling of arc-continent collision: model ”b9v” . . . . . . . . .

70

3.10 Modeling of arc-continent collision: Bohemian Massif model of
Schulmann et al, 2014 . . . . . . . . . . . . . . . . . . . . . . . . .

72

3.11 Modeling of arc-continent collision: model ”b6m” interpreted as
the process of Bohemian Massif formation . . . . . . . . . . . . .
4.1

73

Initial model setup and evolution of subduction initiation for two
reference cases: with and without fluid . . . . . . . . . . . . . . .

84

4.2

Development of thrusting zones during subduction initiation . .

86

4.3

Evolution of the temperature field during subduction initiation .

87

4.4

Subduction initiation: parametrical study . . . . . . . . . . . . . .

89

4.5

Fluid downward suction into the normal faults formed in the slab
bending region . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.6

91

Evolution of porous space inside the normal faults during slab
bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

92

5.1

Shear zone depletion in case of implied convergence . . . . . . . 102

5.2

Three phases in the initiation of subduction . . . . . . . . . . . . . 103

5.3

Topography evolution . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.4

Fluid downward suction into the normal faults formed in the slab
bending region: results comparison . . . . . . . . . . . . . . . . . 106

viii

List of Figures
5.5

Sketch of the transition-zone water-filter model . . . . . . . . . . 108

5.6

Temporal evolution of fold-and-thrust belt . . . . . . . . . . . . . 110

5.7

Modeling of an accretionary wedge: spontaneous formation of
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Chapter 1

Introduction

Since the development of plate tectonic theory subduction has been constantly capturing the attention of geoscientific community as a key process responsible for driving forces of plate tectonics on Earth. Additionally,
this process is accompanied by the strong seismicity and volcanism which
greatly affect human life.
Despite the vast range of observations many aspects of subduction in
time and space remain ambiguous. Thus numerical geodynamic modelling,
which started over 40 years ago [Minear and Toksöz, 1970], has been remaining a very important method for expanding our understanding of the
process, although the realistic close-to-nature simulations are very complex
and technically challenging.
Series of important benchmarks has recently tested the existing mathematical models of subduction for robustness and satisfactory reproduction
of such key features as free surface boundary conditions [Schmeling et al.,
2008b], strongly localized deformation at plate interfaces [van Keken et al.,
2008] and large viscosity contrasts [OzBench et al., 2008]. The other important challenges are complex realistic visco-elasto-plastic rheologies of rocks
[e.g. Hall et al., 2003, Gerya, 2010, Gerya et al., 2008, Morra et al., 2006],
methamorphic phase transformations [Gerya et al., 2006, Hebert et al., 2009]
and water and melt transport in the mantle wedge [Iwamori, 1998, Gerya
et al., 2002a, Arcay et al., 2005, Cagnioncle et al., 2007, Faccenda, 2014].
In general, there are two types of approaches in geodynamic modelling:
1
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simple models and complex ones [Gerya, 2011a]. First type typically aims to
address one particular problem and investigate the parameter space which
is quite limited. The downside of such an approach is a danger of oversimplification and consequent false conclusions. Complex models apparently give
more realistic picture of the process and often produce results that could
be closely compared to nature. However, parametric space in this case is
typically enormous and investigation of it is a pretty challenging task.
In this thesis we approach the subduction process from both sides, performing the simulations with different models attempting to explain the
questions that are not resolved but relevant for geodynamic community,
such as:
• arc-continent collision and collisional orogen belt formation: course of
the process and key parameters (Chapter 3)
and

• spontaneous subduction initiation: triggering mechanism for the weakening on the plates interface (Chapter 4).
For these purposes we have used the following modelling methods (respectively):
• complex model accounting for such realistic phenomena as phase transformations, erosion and sedimentation of the surface, partial melting
of crustal and mantle rocks and melt extraction process, aqueous fluid
transport, prescribed plate convergence condition, but applying the
simplified kinematic water and melt propagation model [Gerya and
Yuen, 2007, Chapter 3];

• simplified model without phase transformations, without erosion or
sedimentation, with no plate convergence prescribed, no melting process to occur but applying fully coupled solid-fluid two-phase flow
model [Dymkova and Gerya, 2013, Chapter 4].
We validate our computational results through reasonable comparison with
natural observations and previous numerical studies.
2
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1.1

Water and fluids in zones of subduction

The role of fluids and melts in the process of subduction and subduction initiation is being continuously investigated and their importance is being confirmed by various geoscientific studies [e.g. Stern, 2002, Gerya, 2011a, Gerya
et al., 2008, Gerya and Meilick, 2011]. Due to time and scale constrains, numerical models remain one of the most powerful tool in this field. Recently
many studies have been performed to approach different geodynamical phenomena caused by fluids and melts in the subduction zones, such as low
viscosity wedge and low viscosity channels formation [Arcay et al., 2005,
Hebert et al., 2009], development of asymmetric one-sided terrestrial-style
subduction [Gerya et al., 2008, Crameri et al., 2012], small scale convection
in the mantle wedge [Gerya and Yuen, 2003a, Zhu et al., 2009, Honda et al.,
2010, Gerya et al., 2006], effects of rheological weakening by fluids and melts
[Gerya and Meilick, 2011, Hebert et al., 2009, Gorczyk et al., 2007, Iwamori,
2003], magmatic productivity and crustal growth in volcanic arcs [e.g. Vogt
et al., 2012, Nikolaeva et al., 2008, Gorczyk et al., 2007, Zhu et al., 2009], deep
slab hydration [Tonegawa et al., 2008, Faccenda et al., 2009], slab dehydration and water-induced convection in the mantle wedge or mantle transition
zone [Richard et al., 2006, Faccenda et al., 2012, Iwamori et al., 2007, Iwamori,
2007, Cagnioncle et al., 2007] and etc. It was also suggested [Sizova et al.,
2010, Ueda et al., 2008] that the rheological weakening effects of sublithospheric melts that percolate through the lithosphere may control the major
transitions on the geodynamic styles in the Earth history including the initiation of subduction and long-term stability of the process. This infers that
fluids and melts rheological weakening effects can give a significant input
and control subduction styles in different geodynamic environments.
In work of Gerya and Meilick [2011] it was shown that presence of fluids
and melts strongly influences subduction regime: aqueous fluids affect forearc region and facilitate plate decoupling, what reduces subduction drag
and leads to stacking of sediments in the accretion prism. Lack of fluids,
instead, enhances the plates coupling and results into thickening of the overriding plate and sedimentary plumes upfloat in the mantle wedge. Hot
melts extracted above the slab significantly weaken the lithosphere below
3
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magmatic arc, what strongly affects the overriding plate extension and shortening. Combined, intense rheological weakening by melts and weak plates
coupling lead to a retreating subduction with an explicit back-arc basin
opening centre. Melt plumes rising in the mantle wedge either weaken the
lithosphere sufficient enough to percolate through sub-arc crust, or, when
weakening is less intense, underplate the lithosphere. With numerical model
I2ELVIS accounting for aqueous fluid transport, partial melting of lithologies
and melt extraction, used in this work [Gerya and Meilick, 2011], we have
performed the study of continent-arc-continent collision phenomena, including the parametrical study of key characteristics, such as age and length of
the oceanic plate, amount of volcanic and plutonic rocks in newly growing
magmatic crust, erosion and sedimentation rates and convergence velocity
(Chapter 3).
The water content in the lithosphere is proven to have a critical influence
on subduction also in a solid-mechanical way [Regenauer-Lieb and Kohl,
2003]. The authors of this paper conclude that water controls the style of
tectonics of a planetary lithosphere by switching on highly localized weak
faulting instead of a broad slow creeping flow. In case the water content
in the oceanic lithosphere reaches the certain critical value, it can lead to
a lithospheric failure by formation of a lithospheric-scale, weak shear zone
(solid mechanical failure). Additionally, in work of Gerya et al. [2008] it
was shown that steady-state one-sided terrestrial-style subduction may be
numerically achieved only in presence of weak hydrated slab interface (Fig.
1.1). All the currently existing numerical models of subduction [e.g. Crameri
and Kaus, 2010, Faccenda et al., 2009, Gerya and Meilick, 2011] assume the
upper oceanic crust to be weakened due to the water presence. We will focus
more in detail on this problem in section 1.2, and in the Chapter 4 it will be
shown that fully-coupled fluid-solid flow naturally leads to the weakening
of hydrated plates interface leading to subduction nucleation.

4
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Figure 1.1: Two-dimensional (2-D) numerical modeling setup (A) and results
(B–C) of numerical experiments showing self-sustaining two-sided (B) and
one-sided (C) subduction modes. Initially (A), two plates of different ages
(1 Ma and 70 Ma for the left and right plates, respectively) are juxtaposed
together along a transform fault. Initial zone of wet fractured rocks with
low plastic strength (sin[ϕ] = 0) is present along the fault [Hall et al., 2003].
Subduction pattern in (B) and (C) is shown by displacement of red subsurface mantle lithosphere (i.e., dry mantle cooled below 900 ◦ C at depths <15
km below the surface) of two plates. Stable asymmetric two-sided subduction (B) results from low plastic strength (sin[ϕ] = 0.1) of plates and absence
of weak lubrication layer produced by slab dehydration. Stable retreating
one-sided subduction (C) results from high plastic strength (sin[ϕ] = 0.6) of
plates and presence of weak lubrication layer containing percolating fluids
released by slab dehydration. Figure from Gerya et al. [2008].

5
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Recent work of Faccenda et al. [2009] revealed the critical role of slab
bending in the process of deep slab hydration. Based on two-dimensional
numerical experiments authors have shown that stress changes produced
by oceanic plate bending subhydrostatic or even negative pressure gradient
along the normal faults, triggering the deep downward fluid suction into
the oceanic lithosphere (Fig. 1.2). These fluids, reacting with surrounding
crustal and mantle rocks, are getting stored in form of hydrous minerals. It
is supported by seismic observations at trenches, which report that oceanic
plate might be pervasively hydrated for several kilometers below the crustalmantle boundary [e.g. Ranero et al., 2003].

Figure 1.2: Numerical model of deep slab hydration. a Compositional map
of the trench area. b Strain-rate map. Fault activation due to the bending
of the plate starts at shallow depths offshore of the trench and progressively
deepens. c Tectonic pressure map. Figure from Faccenda et al. [2009].

6
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These results have further implication for the water transport into the
deep mantle [e.g. Iwamori, 1998, Richard et al., 2006, Ohtani et al., 2004].
Analysis of the mantle convection scaled by laboratory flow laws show
that the wet rheology has a broad impact on lubricating the convection
[Moresi and Solomatov, 2000]. It is also widely recognized that the aqueous fluids released from the subducting slab trigger the melting of hydrated
mantle peridotite, so-called ”flux melting”, by lowering the temperature of
the wet solidus [e.g. Kushiro et al., 1968, Schmidt and Poli, 1998, Stolper and
Newman, 1994]. It is an important issue to understand how water escapes
from the subducting slab, since it has a critical influence on the melting
of the overlying mantle in the mantle wedge. One point of view is that
pressure-sensitive dehydration reactions release water from the slab at the
specific depths, forming so-called ”hydrous curtains” where the water rises
into the overlying mantle wedge [Tatsumi and Eggins, 1995]. In this case
the line of arc volcanoes might reflect the surface projection of the controlling dehydration reaction. The other point of view [Schmidt and Poli, 1998]
states that water is released continuously from the subducted lithologies
down to a maximum depth of 70 to 300 km and deeper (depending on the
slab temperature; the hotter the slab is, the shallower is the depth). The authors conclude that about 106 kg H2O/m2 of oceanic lithosphere is carried to
greater than 20 km depth, corresponding to the base of the overlying crust.
They also infer that 30 - 70% of the subducted water will be released below
the forearc, where it will very likely serpentinize the overlying mantle, and
that another 18 - 37% of the subducted water will persist to depths where it
might help to generate arc magmas.
This question is addressed in work of Faccenda et al. [2012], where fluid
flow patterns have been studied with dynamic petrological-thermo-mechanical
models of subduction and fluid flow based on incompressible two-phase
flow formulation (Fig. 1.3). These simulations show that at intermediate
depths fluid follows bimodal pattern of migration, i.e. part of the fluid
escapes from the slab crust and sub-Moho mantle into the mantle wedge
and percolates upwards, and the other part of the fluid is released from the
deeper mantle and percolates towards the inner slab layer characterized by
7
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Figure 1.3: A) Snapshot of a dehydrating slab model 13 Ma after subduction has started self-consistently. Hydration in the trench–rise system is proportional to the bending-related deformation. Dehydration of the oceanic
crust occurs over a broad range of pressure and temperature conditions according to the implemented thermodynamic database. Dehydration in the
mantle is defined by the antigorite dehydration curve from Schmidt and
Poli [1998] (dark red line). The free fluids present in the lower plane of
the Double Hydrated Zone (DHZ) are water in excess because the mantle
rocks are saturated in bound-H2O to the assumed serpentinization limit (2
wt.% H2O). The subducting slab is 52 Ma old at depths where the DHZ
forms. White lines are isotherms. B) Tectonic pressure and non-hydrostatic
(piezometric) fluid pressure gradients in the unbending area enclosed by the
dashed line in A). The color code denotes variations (in percentage) of the
tectonic pressure relative to the lithostatic load. The black arrows indicate
non-hydrostatic fluid pressure gradients and direction of fluid flow. Cyan
dots are free-fluid markers. The light and dark green lines are, respectively,
8

the Moho and the top of the gabbroic oceanic crust. C) Water stored in hydrous phases or in nominally anhydrous minerals and (D) the amount of
free fluids in A).. Figure from Faccenda [2014].

1.2. Subduction initiation
tectonic underpressure and neutral pressure gradients. Fluids accumulate in such a layer and move upwards, forming, combined with upper
hydrated layer, so-called Double Hydrated Zone (DHZ), which might be
a source of intermediate depths seismicity (Fig. 1.3A).The location and mechanics of DHZ predicted by these models are in a good agreement with
DSZ (double seismic zone) found in most subduction zones [Burdzinski
et al., 2007]. However, these models assume constant porosity and permeability what does not reproduce the full complexity of fluid pressure and
pore space evolution.
Present state-of-art models of subduction include such realistic features
as water transport, melting and melt extraction. They use different approaches: kinematic [e.g. Arcay et al., 2005, Gerya et al., 2002a, 2006, 2008],
diffusion [e.g. Ricard and Bercovici, 2009, Richard et al., 2006], diapiric rise
[e.g Gerya and Yuen, 2003a, Zhu et al., 2009] or porous flow [e.g. Cagnioncle
et al., 2007, Faccenda et al., 2009, 2012, Hebert et al., 2009, Iwamori, 1998,
2000, 2004, 2007]. Some of these models use simplified kinematic model for
the fluid motion [Faccenda et al., 2009], some do not consider porosity evolution and imply simplified rock rheology (works of Iwamori), the other studies do not include porosity and permeability coupling to the fluid/melt percolation process [e.g. Cagnioncle et al., 2007, Hebert et al., 2009], some prescribe constant porosity and permeability Faccenda et al. [2012]. Although
full coupling of solid viscous flow and porous fluid percolation has been
catching a constant attention of geoscientific community for decades, and
many equation systems have been derived [e.g. McKenzie, 1984, Bercovici
et al., 2001a,b,c, Stevenson and Scott, 1991], no numerical model that would
account for responses from thermal, rheological and compositional coupling
between the fluid / melt transport and solid matrix deformation has been
created so far.

1.2

Subduction initiation

Another crucial and still poorly understood question in the subduction process is subduction initiation [Bercovici, 2003, Gurnis et al., 2004, Nikolaeva
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et al., 2008]. Considering that nearly half of all the presently active subduction zones have been activated during the Cenozoic (Fig. 1.4 and 1.5), we
may define this phenomena as rather routine process during normal plate
tectonic evolution [Gurnis et al., 2004]. Almost half of those currently active subduction zones (40% or 17’000 km) are intra-oceanic [Gerya, 2011b,
Leat and Larter, 2003], typical examples of which are Izu-Bonin-Mariana
arc, Vanuatu arc, Solomon arc, etc. (Fig. 1.5).

Figure 1.4: Subduction initiation in the Pacific domain. (a) Position of
present-day trenches with age of their initiation color coded. Trenches which
initiated before the Late Cretaceous are coded with the same color. (b)
Length of present-day trenches versus their age of initiation. Figure from
Gurnis et al. [2004].
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Figure 1.5: Location of modern intra-oceanic subduction zones. The trenches
of these subduction systems are indicated by heavy black lines, and identified by numbers that correspond to those of Leat and Larter (2003): 1 – MacQuarie (northern end); 2 – Tonga-Kermadec; 3 – Vanuatu (New Hebrides);
4 – Solomon; 5 – New Britain; 6 – Halmahara; 7 – Sangihe; 8 – Ryuku; 9 –
Mariana; 10 – Izu-Bonin (Ogasawara); 11 – Aleutian; 12 – Lesser Antilles; 13
– South Sandwich. Figure from Gerya [2011b].

Two general scenarios of subduction initiation are recognized: induced
and spontaneous nucleation [Fig. 1.6, Stern, 2004]. The variety of tectonic
and physical settings is rather broad and includes such setups as [Gerya,
2011b,a, Stern, 2004]:
• ruptures within an oceanic plate or at a passive margin [McKenzie,
1977, Mitchell, 1984];
• polarity reversal of an existing subduction zones [Mitchell, 1984] or
behind magmatic arcs [Stern, 2004];
• sedimentary or other topographic load at continental / magmatic arc
margins [Cloetingh et al., 1982, Erickson, 1993];
• forced convergence along the old fracture zones and transform faults
[Hall et al., 2003, Toth and Gurnis, 1998, Doin and Henry, 2001, Gurnis
11
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et al., 2004, Casey and Dewey, 1984];
• spontaneous initiation due to lateral thermal buoyancy contrast of
oceanic plates at fracture zones [Gerya et al., 2008, Nikolaeva et al.,
2008, Zhu et al., 2009];
• tensile decoupling of the continental and oceanic lithosphere due to
rifting [Kemp and Stevenson, 1996];
• Rayleigh-Taylor instability due to lateral compositional buoyancy contrast within the lithosphere [Niu et al., 2003];
• addition of water into the lithosphere [Regenauer-Lieb et al., 2001,
van der Lee et al., 2008];
• spontaneous thrusting of the buoyant continental / magmatic arc crust
over the oceanic plate [Nikolaeva et al., 2010, Goren et al., 2008];
• small-scale convection in the sub-lithospheric mantle [Solomatov, 2004];
• interaction of thermo-chemical plumes with the lithosphere [Ueda et al.,
2008].
It has been proposed that changes in plate motions and/or lateral buoyancy contrasts of contacting lithospheric segments are the driver(s) for conversion of transform faults and old oceanic fracture zones into trenches
[Casey and Dewey, 1984, Gurnis et al., 2004, Hall et al., 2003, Stern, 2004].
In particular, gravitational instability of old oceanic plates is thought to provide the primary driving force for the subduction triggering [Davies, 1999,
Vlaar and Wortel, 1976, Gerya, 2011a].
If we consider intra-oceanic environment, the characteristic features that
are common for this type of subduction zones are that majority of them are
not accreting sediments [Gerya, 2011b], they are typically marked with a
back-arc extension, and both induced and spontaneous nucleation natural
examples are known or anticipated. As for the age of the plates, they vary
broadly from 150 Ma of Pacific plate at Mariana trench down to almost zero
along the Solomon arc. Convergence rates represent a wide range as well:
from 2 cm/yr at Lesser Antilles arc up to 24 cm/yr at particular parts of
Tonga arc [Gerya, 2011b].
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Figure 1.6: General classes, subclasses and examples of how subduction
zones form. Figure from Stern [2004].

In intra-oceanic setting induced subduction nucleation could happen, for
example, due to the plate convergence inertial continuation after clamping
the previously active subduction zone, followed by compression and underthrusting underneath the buoyant crust arriving to the trench [Gerya, 2011b].
Another induced scenarios, discussed by Stern [2004] (Fig. 1.6), are transference and polarity reversal. Transference occurs when buoyant crustal block
enters the existing subduction zone and approaches the trench, what causes
a consequent subduction fail. The evidence of such blocks remains as a tectonic suture and an accreted terrane. Plate convergence may then continue
due to the lithosphere sinking along the strike of the margin, eventually
resulting into an oceanic plate rupture outside of the collision zone, that ultimately may evolve into a new subduction zone. Natural example of such a
process is a collision of Eurasia and India. Polarity reversal scenario is similarly triggered by a buoyant crust approaching the margin [Fig. 1.6, Stern,
2004]. However, the principal difference from the transference is that the nucleation of new subduction zone happens within the originally overriding
plate. Reversal occurs in the sense of both subduction dip direction flip, as
well as a role change between subducting and overriding plates. The most
13
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evident natural example may be Solomon arc (Fig. 1.5), which was formed
after the attempt of Ontong Java Plateau subduction.
Spontaneous subduction initiation results from gravitational instability
of old oceanic lithosphere compared to the underlying mantle, which is also
a main driving mechanism for modern tectonic regime operation [Gerya,
2011b]. Two widely accepted scenarios for spontaneous nucleation type are
transform fault collapse (Fig. 1.7 and 1.5) or subsidence of passive continental/arc margin [Fig. 1.6, Stern, 2004]. According to numerical modelling [Gerya et al., 2008, Nikolaeva et al., 2008, Zhu et al., 2009] and theoretical predictions [Stern, 2004], nucleation along the transform fault is
accompanied with a wide seafloor spreading, which is believed to be an
origin of most boninites and ophiolites. Best natural examples would be
Izu-Bonin-Mariana and Tonga-Kermadec convergent margins (Fig. 1.5). Passive margin collapse is triggered due to the density contrast between thick
low-density continental/arc crust and significantly more dense oceanic lithosphere. Although no indisputable natural example is known, this process
was successfully modeled both numerically [Nikolaeva et al., 2010] and analogue [Goren et al., 2008, Mart et al., 2005]. One possible example could be
an incipient subduction/overthrusting at eastern Brazilian margin [Marques
et al., 2008, 2013].
Intra-oceanic subduction initiation was successfully numerically modeled
both under conditions of induced plate convergence [Gurnis et al., 2004, Hall
et al., 2003] and as a spontaneous buoyancy-driven fracture zone collapse
[Gerya et al., 2008, Nikolaeva et al., 2008, Zhu et al., 2009]. For example,
Toth and Gurnis [1998] have shown that subduction can initiate within a preexisting fault dipping zone with plate forces of a reasonable order ∼ 4 · 1012
N/m, and Gurnis et al. [2004] have demonstrated that initial weak fracture
zone evolves into self-sustaining subduction zone after approximately 100150 km of induced convergence with even more moderate plate forces of
2 − 3 · 1012 N/m. In case of sufficiently wide and deep fracture zones subduction can also nucleate spontaneously with no convergence applied [Fig.
1.1, Gerya et al., 2008, Nikolaeva et al., 2008, Zhu et al., 2009, Gerya, 2010].
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Figure 1.7: Subduction infancy model. Panel (A) shows the initial configuration. Two lithospheres of differing density are juxtaposed across a transform fault or fracture zone. (C) Old, dense lithosphere sinks asymmetrically,
with maximum subsidence nearest fault. Asthenosphere migrates over the
sinking lithosphere and propagates in directions that are orthogonal to the
original trend of the transform/fracture zone . Strong extension in the region above the sinking lithosphere is accommodated by seafloor spreading,
forming infant arc crust of the proto-forearc. (E) Beginning of down-dip
component motion in sinking lithosphere marks the beginning of true subduction. Strong extension above the sunken lithosphere ends, which also
stops the advection of asthenosphere into this region, allowing it to cool
and become forearc lithosphere. The locus of igneous activity retreats to the
region where asthenospheric advection continues, forming a magmatic arc.
Figure modified from Stern [2004].

However, numerical results in both cases of induced and spontaneous
subduction initiation have demonstrated that fracture zones and incipient
subduction zones with a very low coefficient of internal friction (0-0.05) are
pre-requisites for a stable self-sustaining oceanic subduction initiation (Fig.
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1.1) [Gerya et al., 2008, Hall et al., 2003]. These extremely low values do not
reconcile with laboratory strength measurements suggesting much higher
friction coefficients (0.2-0.85) for fractured crustal and mantle rocks [Brace
and Kohlstedt, 1980, Byerlee, 1978, Escartin et al., 2001]. For dry fractured
crystalline rocks in particular, the friction coefficients are largely independent of composition and varies from 0.85 at pressures below 200 MPa, to
0.60 at higher pressures [Brace and Kohlstedt, 1980, Byerlee, 1978] (Byerlee
law). It is notably lower (0.15 - 0.45 [Escartin et al., 2001, Moore et al., 1996,
1997, Reinen et al., 1994]) for serpentinized peridotites present at oceanic
transform plate boundaries [Gregg et al., 2007, Planert et al., 2007, Roland
et al., 2010], yet not low enough to enable self-sustaining subduction initiation. Previous subduction initiation models assumed extreme weakening
attributed to fluids present along tectonic fractures [Gerya et al., 2008, Gurnis et al., 2004]. However, the feasibility of this assumption remains open
and has not yet been verified on the basis of the self consistent models [Katz,
2010, Rozhko et al., 2007] coupling solid deformation and fluid percolation
during subduction initiation.
In this work we have created new high-resolution two-dimensional hydrothermo-mechanical (HTM) numerical model of spontaneous intra-oceanic
subduction initiation (Chapter 4) where solid visco-plastic rock deformation
and fluid percolation are fully coupled. In contrast to the previous numerical studies, our HTM numerical model uses high brittle/plastic strength of
rocks, which is consistent with the laboratory data and directly accounts for
the rheological effects of fluids. Self-sustaining oceanic subduction initiation
by gravitational fracture zone collapse [Fig. 1.7, Stern, 2004] is systematically
reproduced in our numerical experiments. We investigate the influence of
critical parameters controlling the subduction initiation, such as water content in the oceanic crust and fracture zone, solid matrix permeability, brittle/plastic strength of rocks, plate ages and fracture zone width.
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1.3
1.3.1

Thesis structure
Chapter 2 - Mathematical and numerical models

In this chapter we describe the numerical codes I2ELVIS and BAMBI used
for our modelling experiments, including the derivation of governing system of equations, boundary conditions, description of numerical methods
and techniques, discretization of equations and application of them to the
computational grid. I2ELVIS is a complex geodynamical model accounting
for such realistic features as phase transformations, erosion and sedimentation of the surface, plates convergence, fluid and melt transport. BAMBI
is a simplified geodynamical model not taking into account neither phase
transformations, nor surface processes, but entirely focusing on modelling
of fully coupled solid-fluid flow. Particular attention is payed to the derivation of the corresponding system of equations that allows us to perform
hydro-thermo-mechanical (HTM) modelling of subduction processes.

1.3.2

Chapter 3 - Numerical modelling of arc-continent collision

In this chapter we address the task of arc-continent collision process and collisional orogen formation. This study was motivated by the fact that many
present mountain belts (e.g. Variscan belt, central Andes, Tibetan Plateau)
have been formed as a result of continent-arc-continent collision. Many geological, geochemical and geochronological measurements have been made
to investigate this process, but from numerical simulation point of view the
problem has been studied only partially. With code I2ELVIS described in
Chapter 2 we have performed the full complexity study, parametrical space
investigation and comparison with natural example of Bohemian Massif in
Eastern Europe.

1.3.3

Chapter 4 - Porous fluid induces oceanic subduction initiation
on Earth

Here we present the results of numerical experiments with our hydro-thermomechanical (HTM) model BAMBI aimed to investigate water influence on
subduction initiation process. In our results we have achieved spontaneous
17
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intra-oceanic subduction nucleation due to the gravitational instability on
the boundary between the plates of contrasting ages under the conditions of
realistic rheological strength of all the lithologies, including weak transform
fault zone between the plates. Space of key influence parameters such as
water content in the oceanic crust and fracture zone, solid matrix permeability, brittle/plastic strength of rocks, plate ages and fracture zone width has
been investigated, comparison with natural example of Puysegur-Fiordland
incipient subduction zone southwest of New Zealand has been performed.

1.3.4

Chapter 5 - Conclusions & Outlook

In this chapter we summarize main conclusions of the work done for this
thesis, propose future directions of further research and discuss the possible
applications of our results.
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Chapter 2

Mathematical and numerical models

2.1

Complex petrological-thermomechanical modeling
with simplified fluid transport: I2ELVIS

2.1.1

Numerical method

2D numerical model I2ELVIS is a coupled petrological-thermomechanical
code based on a conservative finite-difference method applied to an irregular staggered grid with a non-diffusive marker-in-cell technique in Eulerian
formulation [Gerya and Yuen, 2007]. System of equations consists of momentum, continuity and heat conservation equation in fully incompressible fluid
approximation. Interpolation between markers and nodes is solved using a
distance dependent bilinear averaging scheme [Gerya and Yuen, 2003a]. The
models includes spontaneous slab bending, aqueous fluid transport, partial
melting of both crustal and mantle rocks as well as melt extraction processes
resulting in magmatic arc crustal growth. Below we show mathematic equation behind the model. Numerical method including system of equations
and markers-in-cell technique will be more in detail explained in section
2.3.1.

2.1.2

Hydration process: simplified kinematic model

Pore-water is present in the sediments as well as in the hydrothermally altered basalts and its content linearly decreases with depth from the maximum value of X H2 O( P0 ) = 2 wt% on the surface to the minimum of 0 wt% at
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25 km depth:
X H2 O(wt%) = (1 − 0.013 · ∆y) · X H2 O( P0 ) ,

(2.1)

where ∆y is depth below the plates surface in km and X H2 O( P0 ) is a connate
water. Once slab starts to bend, it dehydrates. The timing and amount
of corresponding released water are calculated from the physico-chemical
conditions and assumption of thermodynamical equilibrium [Gorczyk et al.,
2007, Nikolaeva et al., 2008, Sizova et al., 2010, Gerya and Meilick, 2011, Vogt
et al., 2012]. Except for continental crust with a constant water content of 1
wt%, stable water content is calculated for all the lithologies according to the
free energy minimization principle [Connolly, 2005] as a function of pressure
and temperature [Gerya et al., 2006]. After dehydration, water percolation is
modeled by means of water markers - newly generated Lagrangian particles
that move through the lithologies with the velocity:
v x(water) = v x ,

(2.2)

vy(water) = vy − vy( percolation) ,

(2.3)

where v x,y - local velocity components of the mantle and vy( percolation) is a
relative velocity of a fluid upwards filtration (for our models it is equal
to 10 cm/a). Released percolating water can be consumed by one of the
lithologies if the P-T conditions and rock composition are favorable for the
reactions of hydration or partial melting [Gorczyk et al., 2007, Nikolaeva
et al., 2008, Sizova et al., 2010, Gerya and Meilick, 2011, Vogt et al., 2012].
The mantle density strongly depends on hydration and, therefore, is different for modeled serpentinized and non-serpentinized mantles (Table 2.1).
Consequently, changes of density account for average effects of mantle hydration at different values of pressure and temperature [Schmidt and Poli,
1998]. Crustal rock densities of the models are hydration-independent.

2.1.3

Partial melting and extraction process

Since water transport does not allow for complete hydration of the peridotitic mantle, the mantle solidus is between dry and wet peridotite solidi.
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Table 2.1: Physical properties of the lithologies used in the experiments with I2ELVIS code; other parameters for all the
lithologies are: thermal expansion α = 3 · 10−5 K −1 , isobaric heat capacity C p = 1000 J kg−1 K −1 . References: (1)=Turcotte
and Schubert [2002]; (2)=Bittner and Schmeling [1995]; (3)=Clauser and Huenges [1995]; (4)=Ranalli [1995]; (5)=Schmidt
and Poli [1998].
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We assume that the degree of both hydrous and dry melting is a linear function of pressure and temperature [Gerya and Yuen, 2003b]. In this model,
the standard (i.e. without melt extraction) volumetric degree of melting is:
M0 = 0 when T < Tsolidus ,

(2.4)

M0 = ( T − Tsolidus )/( Tliquidus − Tsolidus ) when Tsolidus < T < Tliquidus , (2.5)

M0 = 0 when T > Tliquidus ,

(2.6)

where Tsolidus and Tliquidus are solidus and dry liquidus temperatures for the
given pressure and rock composition, respectively (Table 2.1). Dry and wet
solidi are used for the dry and hydrated mantle, respectively. Although melt
might accumulate, it is likely that it segregates and escapes from the melting
zone in channels and dykes [Schmeling, 2006, 2010]. Thus, we define a
melt extraction threshold Mmax = 4% and a non-extractable amount of melt
Mmin = 2% that remains in the source [e.g. Nikolaeva et al., 2008, Sizova
et al., 2010]. The amount of extracted melt during the evolution of the model
is tracked by markers. The total amount of melt, M, is calculated taking into
account the previously extracted melt by the formula
M = M0 − ∑ Mext ,

(2.7)

n

where ∑n Mext is the amount of melt extracted during the n previous extraction events. If the total extracted melt fraction is larger than the standard one
(i.e. ∑n Mext > M0 ), the rock is considered non-molten (refractory). When
the total amount of melt M exceeds the threshold Mmax , the melt fraction
Mext = M − Mmin is extracted and ∑n Mext is updated. We assume instantaneous transmission of extracted melt to emplacement areas as it is believed
that melts leave the melting zone much faster than the rocks deform [Elliott et al., 1997, Hawkesworth et al., 1997]. In the models like in Vogt et al.
[2012], a certain percentage of extracted melt propagates towards the surface
where it forms a volcanic arc while preserving volumes and compositions.
The remaining melt fraction emplaces at deeper levels to form plutons in
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continental crustal areas of highest possible intrusion emplacement rate (i.e.
highest possible local crustal divergence rate divcrust ). This is determined by
evaluating locally the ratio of the effective melt overpressure to the effective
crust viscosity


divcrust = Pymelt − gy ρmelt (ymelt − y) − Py /ηy ,

(2.8)

where Pymelt and Py are the pressure at the extraction level ymelt and at the
current level y respectively, gy is the gravitational acceleration [m/s2 ] in ydirection, ρmelt is the melt density and ηy is the effective viscosity of the
crust at the considered level y. The fully compressible continuity equation
in Lagrangian form takes into account effects of a matrix compaction in the
melt extraction region:
1 Dρ
+ div(~v) = divextraction/emplacement ,
ρ Dt

(2.9)

where divextraction/emplacement s velocity divergence evaluated locally (cell-wise)
for melt extraction/emplacement areas. This is based on the amount of
melt extraction/emplacement computed from partially molten rock markers where density ρ depends on pressure, temperature and melt fraction of
the different rock types. The effective density of partially molten rocks is
calculated according to the formula


ρ
ρe f f = ρsolid 1 − M + M 0molten ,
ρ0solid

(2.10)

where ρ0molten and ρ0solid are the standard densities of molten and solid rock,
respectively (Table 2.1); ρsolid is the solid rock density at given pressure P
(MPa) and temperature T (K) and is calculated from
ρsolid = ρ0solid · [1 − α( T − 298)] · [1 + β( P − 0.1)] ,

(2.11)

Where α and β are thermal expansion and compressibility of the rocks, respectively (Table 2.1).

2.1.4

Rheological model

The effective creep viscosity of each rock type is defined as a function of
strain-rate and temperature according to the experimentally established flow
23

2. Mathematical and numerical models
laws. The dislocation creep viscosity is defined as follows [Ranalli, 1995]:
ηcreep = (ε̇ I I )(1−n)/n /( A D )1/n exp ( E/nRT ),

(2.12)

where ε̇ I I = (ε̇ ij ε̇ ij /2)1/2 is the second invariant of the strain rate tensor,
R is the gas constant and the pre-exponential factor A D , activation energy
E and creep exponent n are experimentally determined parameters. Since
propagation of fluid and melt propagation weakens rocks, it is implemented
using the Drucker-Prager criterion, which limits the creep viscosity, yielding
and effective visco-plastic rheology
ηcreep ≤ σyield /2ε̇ I I ,

(2.13)

σyield = C + P sin ϕ

(2.14)

sin ϕ = sin ϕdry · λ f luid ,

(2.15)

Pf luid
.
(2.16)
Psolid
The local plastic strength of rocks depends on the mean stress of the solid
λ f luid = 1 −

material, Psolid = P (dynamic pressure), cohesion C which is material strength
at P = 0, and the effective internal friction angle ϕ which is calculated from
that of dry rocks, ϕdry (for values of C and sin ϕdry , see Table 2.1), and the
pore fluid pressure factor λ f luid . This prescribed factor is introduced in a
way that the pore fluid pressure Pf luid reduces the yield strength σyield of
fractured or fluid-containing rock [Dymkova and Gerya, 2013, and references therein]. For the dry rocks λ f luid = 1.
The weakening effect of ascending melts is included in a similar manner:
melt extraction decreases the yield strength of rock in the column between
the melt source and the surface according to the melt pressure factor λmelt =
1 − Pmelt /Psolid .
A wet olivine flow law is used for the hydrated and serpentinized mantle regions, which are weaker than the strong dry olivine rheology of the
unaffected mantle (Table 2.1). It is also assumed that hydration weakens
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crustal rocks during subduction. Therefore, the wet quartzite flow law and
friction angle are used for all crustal rocks (i.e. upper/lower continental
crust, sediments, magmas from sediments and oceanic basalts), the lower
gabbroic oceanic crust excepted (Plagioclase An75 flow law used instead).
According to the rheological model, the main parameters affecting the effective viscosity of the rocks at relatively cold temperatures are weakening
effects due to melts and fluids. As for the hot rocks, temperature- and stressdependence of viscosity are dominant rheological factors. The values of 1017
and 1025 Pa s are taken as lower and upper cut-offs for the viscosity of all
rock types [e.g. Gerya and Meilick, 2011].

2.1.5

Energy conservation equation

In thermodynamical systems heat budget consists of heat transport, advective and conductive, as well as of internally generated heat, such as adiabatic, radioactive, shear and latent heat production. Temperature equation
in Lagrangian reference system is written as follows:
ρt C p

∂qy
∂q x
DT
=−
−
+ Hr + Hs + Hl + Ha ,
Dt
∂x
∂y

where heat fluxes qi can be rewritten in terms of temperature T and thermal
conductivity k dependent of pressure, temperature and composition:
qi = −k ( P, T, C )

∂T
,
∂xi

and Hr,s,l,a are radiogenic, shear, latent and adiabatic heat production respectively.

2.1.6

Petrological model

Coupled petrological-thermomechanical model is used to account for slab
dehydration and consequent hydration of the mantle wedge [Gerya et al.,
2006, 2004]. In this approach water content is calculated for Lagrangian
particles (markers) at every time step according to the Gibbs energy minimization principle as a function of pressure, temperature and rock composition [e.g. Hebert et al., 2009, Connolly and Petrini, 2002]. To perform these
extensive calculations on every time step pre-computed tables for different
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lithologies have been used [Gerya et al., 2006] where phase phase relations
are resolved in pressure-temperature variables space on a grid with resolution of 5K x 25 MPa. Examples of such tables can be found in the works of
Kerrick and Connolly [2001a,b]. Since the range of chemical and physical
conditions considered in our models requires extrapolation of silicate melt
model [Ghiorso et al., 2002], table calculations have been done for each lithology with and without silicate melt model. In order to be consistent with
melting boundaries constrained [Gerya and Yuen, 2003b], physical properties are calculated depending on predicted stability or non-stability of melt
due under the current phase relations.

2.2

Governing equations for fully-coupled solid-fluid flow

Here we derive the governing equations for our model.

2.2.1

Coupled fluid-solid flow

The system of equations for fluid-filled matrix viscous flow is similar to existing approaches [Stevenson and Scott, 1991, Connolly and Podladchikov,
2000, McKenzie, 1984, Morency et al., 2007] and reformulated for convenient implementation with our numerical technique. As a staring point of
our model, we have taken the equation system of Stevenson and Scott [1991]
with two-pressures approach (Eq. 2.17): one variable indicates the pressure
in the solid phase and another for the fluid. The modification we have introduced is the use of total pressure (pt ) rather than fluid pressure (p f ) in the
total momentum conservation equation written for the “bulk” material, i.e.,
porous solid matrix filled with the fluid [Stevenson and Scott, 1991, Morency
et al., 2007]. That means that in our hydro-thermo-mnechanical (HTM) approach we combine two parallel processes: visco-plastic flow of the “bulk”
porous material and the corresponding fluid filtration.
Viscous compaction is represented by the porosity equation [e.g. Connolly and Podladchikov, 2000, 1998]:
pt − p f
D ln(1 − ϕ)
=
,
Dt
ηbulk
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Table 2.2: Legend of variables.
AD
material constant [MPa−n s−1 ]
b
bulk exponent
C
residual rock strength at zero pressure [Pa]
Cp
isobaric heat capacity [J kg−1 K −1 ]
Ea
activation energy [kJ mol −1 ]
G
plastic potential [Pa]
gy
gravitational acceleration [m s−2 ]
K
permeability [m2 ]
k
thermal conductivity [W m−1 K −1 ]
n
stress exponent
pf
fluid pressure [Pa]
ps
solid pressure [Pa]
pt = (1 − ϕ) ps + ϕp f
total pressure [Pa]
−
1
−
1
R = 8.31 J mol K
gas constant [J mol −1 K −1 ]
T
temperature [K]
t
time [s]
Va
activation volume [J MPa−1 mol −1 ]

v D = ϕ v f − vS
Darcy velocity [m s−1 ]
f
v
fluid velocity [m s−1 ]
S
v
solid velocity [m s−1 ]
qi
heat flux [Wm−2 ]
γ
internal friction coefficient
0
ε̇ ij
deviatoric strain rate tensor component [s−1 ]
ϕ
porosity
−
3
ρ f = 1000 kg m
fluid density [kg m−3 ]
ρs
solid density [kg m−3 ]
ρt = (1 − ϕ)ρs + ϕρ f
total density [kg m−3 ]
ηbulk = η/ϕ
effective bulk viscosity of fluid-filled matrix [Pa s]
η f = 10−3 Pa s
fluid viscosity [Pa s]
η
effective shear viscosity of fluid-filled matrix [Pa s]
σI I
second deviatoric stress tensor invariant [Pa]
0
σij
deviatoric stress tensor component [Pa]
σyield
plastic yield strength [Pa]
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where ϕ is porosity, pt, f is total and fluid pressure, respectively, ηbulk is effective bulk viscosity of a porous fluid-filled matrix. This equation is solved
separately from the coupled system of the complex fluid-solid flow. Further
in this section is shown, that porosity can be excluded from the system of
complex material motion, thus allowing to decrease the amount of interdependent variables.
In accordance with previously derived systems [Morency et al., 2007], for
the mass conservation expression we assume individual media incompressibility (though the bulk material, porous fluid-filled matrix, might be not
conserved due to pore opening/closure). For our model we use Boussinesq
approximation which is taken into account in many existing mantle convection models [Moresi and Solomatov, 1995, Gerya and Yuen, 2003a, Albers,
2000, Crameri et al., 2012] and where density is assumed to be constant in
all terms except for buoyancy force:
Dρ f
Dρs
= 0,
= 0.
Dt
Dt
D/Dt is Lagrangian (material) time derivative, which can be rewritten for
the property A in terms of solid matrix velocity and Eulerian time derivative
as:

DA
∂A
=
+ vS · ∇ A.
Dt
∂t
Using this equation to substitute Eulerian time derivatives in the mass conservation equations for both solid and fluid, we obtain:
D (1 − ϕ )
+ (1 − ϕ) · div(vS ) = 0,
Dt
Dϕ
+ ϕ · div(v f ) = 0.
Dt
Equation for solid media, using the porosity evolution equation Eq. 2.17,
takes the form:
div(vS ) = −

pt − p f
D (ln(1 − ϕ))
=−
.
Dt
ηbulk

(2.18)

Fluid mass conservation equation can be transformed by summing up with
a solid one Eq. 2.18:
div[ ϕ(v f − vS )] = div(v D ) =
28

pt − p f
ηbulk

(2.19)
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Darcy law describes the flow of the fluid through the porous medium:
v xD = −

vyD

K ∂p f
·
,
η f ∂x

(2.20)



∂p f
K
· ρ f gy −
,
=
ηf
∂y

(2.21)

where K is matrix permeability, ρ f and η f is fluid density and viscosity
respectively. Gravitational acceleration ~g is directed downward along the
vertical y-axis, while x-axis in the model is horizontal, thus gy = 9.81 m/s2 .
Using the Darcy velocity v D in this equation instead of its definition v D =
ϕ(v f − vS ), as well as for fluid mass conservation equation Eq. 2.19, allows
us to decrease the amount of variables, using two of them (filtration velocity
D ) instead of three (porosity ϕ and fluid velocity components
components v x,y
f

v x,y ). Darcy velocity itself can also be excluded from the system by combining the Eq. 2.19, 2.20 and 2.21. If we differentiate the x-Darcy equation with
respect to x, y-equation with respect to y and sum them up, we will get:
!






∂vyD
∂ K p ∂p f
∂ K p ∂p f
∂ Kp
∂v xD
ρ g .
+
+
+
=
∂x
∂y
∂x η f ∂x
∂y η f ∂y
∂y η f f
The first component in the equation is the divergence of Darcy velocity
div(v D ), which can be substituted using the Eq. 2.19:
pt − p f
∂
+
ηbulk
∂x



K p ∂p f
η f ∂x



∂
+
∂y



K p ∂p f
η f ∂y



∂
=
∂y




Kp
ρ g ,
ηf f

from where, using the assumption of constant fluid density and viscosity,
we get:
ηf
∂
( pt − p f ) ·
+
ηbulk
∂x



∂p f
Kp
∂x



∂
+
∂y



∂p f
Kp
∂y



=

∂K p
ρ g.
∂y f

(2.22)

After Stevenson and Scott [1991], momentum conservation equation for
bulk material is written in the form of Stokes equation of viscous fluid flow
in the gravity field, inertia terms are neglected (so-called “slow flow” approximation):

∂σij0
∂x j

−

∂p f
= − gi ρ t ,
∂xi
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where σij0 is bulk deviatoric stress, and ρt = ρs (1 − ϕ) + ρ f ϕ is bulk material
density. Similarly to the previous work [Stevenson and Scott, 1991], deviatoric stress of the bulk material (porous fluid-filled matrix) is written in
terms of strain rate components of the solid matrix:
σij0 = 2η ε̇0ijs + ηbulk ε̇skk δij ,
where the first compound is a shear stress component and the second is
volumetric stress component, η is effective shear viscosity of the porous
fluid-filled matrix. In a two-dimensional plane stress formulation deviatoric
strain rate components are calculated in terms of solid matrix velocities [e.g.
Gerya and Yuen, 2003a, 2007] as:
1
=
2

∂vSy
∂vSx
−
∂x
∂y

!

s
ε̇0xx

1
=
2

∂vSy

∂vS
− x
∂y
∂x

!

s
ε̇0yy

∂vSy
∂vSx
+
∂y
∂x

!

s
ε̇0xy

1
=
2

,

,

.

Thus, using the equation of solid mass conservation Eq. 2.18 and expressions
above for ε̇0iis , we have:
σij0 = 2η ε̇0ijs + ηbulk · div(vS )δij = 2η ε̇0ijs + ( p f − pt )δij ,

(2.23)

and distinct stress components can be rewritten as following:
!
∂vSy
∂vSx
0
σxx = η
−
+ p f − pt ,
∂x
∂y
0
σyy
=η

∂vSy

∂vS
− x
∂y
∂x

0
σxy
=η

!

+ p f − pt ,

∂vSy
∂vSx
+
∂y
∂x

!
.

After substituting these expressions, x- and y-Stokes equations take the form:
∂
∂x
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η

∂vSy
∂vSx
−
∂x
∂y

!!

∂
+
∂y

η

∂vSy
∂vSx
+
∂y
∂x

!!

−

∂pt
= 0,
∂x

(2.24)
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∂
∂y

2.2.2

η

∂vSy

∂vS
− x
∂y
∂x

!!

∂
+
∂x

∂vSy
∂vSx
+
∂y
∂x

η

!!

−

∂pt
= − ρ t gy .
∂y

(2.25)

Energy conservation equation

Temperature equation in our model is implemented in Langrangian frame
of reference [Gerya and Yuen, 2003a] and Boussinesq approximation:
ρt C p

∂qy
∂q x
DT
=−
−
,
Dt
∂x
∂y

where heat fluxes qi can be rewritten in terms of temperature T and thermal
conductivity k:
qi = − k

∂T
,
∂xi

so heat equation takes the form:
ρt C p

DT
∂
=
Dt
∂x


k

∂T
∂x



+

∂
∂y


k

∂T
∂y


(2.26)

In this simplified equation heat production and advection related to fluid
percolation are neglected. Temperature advection is solved with Lagrangian
marker method [Gerya and Yuen, 2003a]. Finally, our coupled HTM system
of equations consists of solid mass conservation equation Eq. 2.18, Stokes
viscous flow of bulk material Eq. 2.24 - 2.25 and combined fluid continuity
and fluid filtration equation Eq. 2.22. After obtaining a solution of this
system in terms of variables pt , p f , vSx,y , we solve Eq. 2.17, 2.26 and 2.20,
2.21, the porosity evolution, temperature and Darcy equations, respectively.

2.2.3

Rheological model

The rheological model employed is non-Newtonian visco-plastic. Therefore,
the deviatoric strain rate is composed of two terms:
ε̇0ij = ε̇0ij(viscous) + ε̇0ij( plastic) ,
where
ε̇0ij(viscous) =

1 0
σ ,
2η ij
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ε̇0ij( plastic) = 0 f or σI I < σyield ,

ε̇0ij( plastic) = χ

σij0
∂G
=
χ
f or σI I = σyield ,
∂σij0
2σI I
G = σI I ,
r
σI I =

1 0 0
σ σ ,
2 ij ij

where σij0 is deviatoric stress component, σyield is brittle/plastic strength of
bulk material (see below), σI I is a second deviatoric stress invariant, G is
plastic potential of yielding material [Vermeer, 1990], χ is plastic multiplier
that at every time step satisfies the plastic yielding condition:
σI I = σyield .

(2.27)

Brittle/plastic strength for interconnected fluid-filled matrix (ϕ > 10−4 )
is calculated with fluid pressure weakening taken into account [Ranalli, 1995,
Rozhko et al., 2007]:
σyield = C + γ( pt − p f ),

(2.28)

where C is residual rock strength at zero pressure. At low porosities (ϕ <
10−4 ), pores are considered to be isolated and fluid pressure weakening is
not applied.
The effective shear viscosity of the rocks depends on the stress, pressure
and temperature. It is calculated from the rheological law [Ranalli, 1995,
Gerya, 2010] defined through the experimentally determined flow law parameters:
η = (σI I )(1−n)

1
· exp
2A D



Ea + pt Va
RT


(2.29)

where A D is pre-exponential factor, Ea and Va are activation energy and
volume, n is the stress exponent, R is the gas constant. Rheological flow
laws can be found in the Table 2.2.
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Upper basaltic
crust
Lower gabbroic
crust
Wet transform
Lithospheric
mantle
Astenospheric
mantle
Sticky water

Rock type

0.2 - 0.6
0.6
0.6

0.5 - 1.0
0.5 - 3.0
∼0

∼0
10.0

3150

3250
3300

3300

1000

0.0

0.6

0.2 - 0.6

γ

0.5 - 3.0

Porosity
%

Density
Turcotte
and
Schubert
[2002]
kg/m3
3100

0.73
300

104

0.73
0.73

1.18

1.18

Thermal
conductivity
W m −1 K −1

1

1
1

1

1

C MPa
law

Newtonian,
10−18 Pa · s

Dry olivine

Plagioclase
An75
Plagioclase
An75
Wet olivine
Dry olivine

Flow
Ranalli
[1995]

Table 2.3: Physical properties of the lithologies used in the experiments; other parameters for all the lithologies are: thermal
expansion α = 3 · 10−5 K −1 , isobaric heat capacity C p = 1000 J kg−1 K −1 .
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2.3

Numerical implementation of fully-coupled solidfluid flow

2.3.1

Numerical method

The original Matlab-code BAMBI used for the experiments is based on conservative finite differences approach of the second-order accuracy and is applied on a fully-staggered regularly-spaced grid (Fig. 2.1) with combination
of markers-in-cell technique [Gerya and Yuen, 2003a, 2007].

Figure 2.1: Fully staggered grid used for the model. Black contour define
computational domain segmented with a uniform grid. For the indexing
purposes sub-grids for pressure, x- and y-velocity nodes are virtually shifted
in the horizontal and/or vertical direction on the half-size of computational
cell. Such an indexing approach provides us with simplicity of formulation
of hydro-thermo-mecanical problems with variable viscosity using system
of equations involved [Gerya, 2010, Gerya and Yuen, 2003a]. Gravitational
acceleration is directed downwards.

The Eulerian formulation of discretized equations designed over the regularlyspaced staggered grid, as it will be shown in the section 2.3.2, is rather simple and straight-forward [Gerya, 2010]. The advantages of fully-staggered
grid have been appreciated since many decades [Patankar, 1980, Ogawa
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et al., 1991], particularly Harlow and Welch [1965] have introduced them
with a combination with markers-in-cells. Staggered grid used in the model
(Fig. 2.1) has four types of nodes: pressure nodes (pt, f , ε xx , ε yy , σxx , σyy nodes), x- and y-velocity ones (v xD,S - and vyD,S -nodes), placed at the positions
where the solution for corresponding variables is calculated, and the nodal
points themselves (for calculation of T, ε xy and σxy ). Such redistribution of
variables between different types of nodes provides us with high accuracy,
stability and convenience of discretizing in comparison with half-staggered
and non-staggered grids [Gerya and Yuen, 2003a, Gerya, 2010, Fornberg,
1995, Patankar, 1980, Ogawa et al., 1991].
Markers advection
Computational domain of 601 x 251 grid cells size that is typically used
for our experiments in the current thesis has a uniform grid resolution and
contains about 3.8 millions of randomly distributed Lagrangian particles
(markers) to provide the transport of material properties, such as viscosity,
density, porosity, permeability and rheological law parameters [e.g. Oran
and Boris, 1987, Moresi et al., 2003, Weinberg and Schmeling, 1992]. By
means of solid particles motion, the non-diffusive markers method advects
the temperature field [Gerya and Yuen, 2003a, 2007] where heat advection
with fluid is neglected. We have applied the fourth-order in space and firstorder in time Runge-Kutta interpolation scheme to interpolate the velocity
field calculated on Eulerian grid to the markers [Gerya and Yuen, 2003a,
Gerya, 2010].
Initially the material properties are distributed upon our Lagrangian particles, which are being advected with computed velocity field. The advected
material properties are then interpolated from the displaced markers to the
nodal points using the weights based on the distance between the marker
and node [Gerya, 2010], i.e. for the node {i, j} on the time step t + ∆t value
of the property B (e.g. density, viscosity, porosity, etc.) will be equal to:
t+∆t
Bi,j
=

i,j

∑m Bm wm
i,j

∑ m wm

,

i,j

where wm is the weight of the m-th marker which is placed at the distances
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of ∆xm and ∆ym from the node {i, j} (Fig. 2.2). In our model, statistical
marker weights are calculated as [Gerya, 2010]:
i,j

wm =

i,j

∆xm
1−
∆x

i,j

!

·

∆ym
1−
∆y

!

For each node, only markers within the distance of ±∆x/2 and ±∆y/2 are
t+∆t
taken into account when calculating the Bi,j
value.

Figure 2.2: Schematic representation of geometrical relations used for the
adopted first-order of accuracy interpolation schemes of a parameter B (a)
from the markers to Eulerian nodes and (b) from Eulerian nodes back to
markers. Each marker holds information concerning the temperature T, position coordinates, three components of the strain tensor, representing the
deformation history and the chemical components C. Figure from [Gerya
and Yuen, 2003a].

Boundary conditions
For all the models presented in this thesis performed with BAMBI code the
boundary conditions are free-slip except for the permeable lower boundary.
Open boundary effect is numerically implemented as an external free-slip
condition [Gerya and Burg, 2005], where it is implied that the free-slip condition is to be satisfied 100 additional imaginary grid cells below the actual
bottom of the computational domain. Thus the vertical component of velocity on the bottom of an additional imaginary domain should be equal to
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zero, and we assume that the y-component of velocity linearly decays from
the actual bottom of computational domain through the 100 additional imaginary cells. Decaying ratio satisfying this condition is 1/100 = 1% of vertical
velocity per cell, which brings us to the boundary condition at the actual
y

y

computational domain bottom as follows: vbottom = vbottom−1 (1 − 1/100), i.e.
vertical velocity at the lower boundary of computational domain is 0.99 of
the value of vertical velocity 1 computational cell above it, which is obtained
as the equations system solution. Viscosity of the mantle at the bottom of
the model is set to a constant value of 1018 Pa s. In order to prove that
such a boundary condition does not decrease a resistance for material entering / leaving the box, making it easier for subduction to trigger, we have
performed a falling block benchmark (see the Section 2.4.4).

2.3.2

Discretization of equations

Here we present finite difference discretizing schemes for the system of equation derived above. We applied the standard approach [Gerya and Yuen,
2003a, 2007, Albers, 2000, Oran and Boris, 1987] of using conservative finite
differences in modelling the system of continuity, momentum and temperature equations. Scheme presented below is of a second-order accuracy in the
control volume representation [Gerya and Yuen, 2003a, Albers, 2000], which
allows for conservation of viscous stresses between the v x - and vy -nodes and
of heat fluxes between the nodal points.
Solid continuity equation Eq. 2.18 is discretized on the pressure node

(i − 1/2, j − 1/2) (Fig. 2.1):
"
#
 S
∂vSy
∂v x
+
∂x (i−1/2,j−1/2)
∂y

pt − p f
=−
ηbulk


(i −1/2,j−1/2)


,

(2.30)

(i −1/2,j−1/2)

where spatial derivatives using first order schemes are discretized as:


"

∂vSx
∂x



∂vSy

#

∂y

=
(i −1/2,j−1/2)

=
(i −1/2,j−1/2)

vSx(i−1/2,j) − vSx(i−1/2,j−1)
∆x
vSy(i,j−1/2) − vSy(i−1,j−1/2)
∆y

,

,
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and for the right part of equation the values of pt , f and ηbulk are taken in the
point (i − 1/2, j − 1/2). Combined equation of Darcy flow and fluid mass
conservation Eq. 2.22 is discretized on the pressure node (i − 1/2, j − 1/2):


ηf
( pt − p f ) ·
ηbulk





∂
+
∂x
(i −1/2,j−1/2)





∂K p
=
ρ g
∂y f

∂p f
Kp
∂x





∂
+
∂y
(i −1/2,j−1/2)





∂p f
Kp
∂y

=
(i −1/2,j−1/2)


,

(2.31)

(i −1/2,j−1/2)

where the schemes for the complex derivatives are:


∂
∂x



∂p f
Kp
∂x

= K p(i−1/2,j) ·


∂
∂y



∂p f
Kp
∂y

= K p(i,j−1/2) ·


(i −1/2,j−1/2)



1
=
∆x

K p(i−1/2,j)

p f (i−1/2,j+1/2) − p f (i−1/2,j−1/2)

(i −1/2,j−1/2)



1
=
∆y



K p(i,j−1/2)

p f (i+1/2,j−1/2) − p f (i−1/2,j−1/2)

∂p f
∂y

− K p(i−1/2,j−1)

p f (i−1/2,j−1/2) − p f (i−1/2,j−3/2)
∆x2



− K p(i−1,j−1/2) ·

∆y2


(i −1/2,j−1)

− K p(i−1/2,j−1) ·

∆x2


∂p f
∂x


(i,j−1/2)

− K p(i−1,j−1/2)

∆y2

=
(i −1/2,j)

,

∂p f
∂y

p f (i−1/2,j−1/2) − p f (i−3/2,j−1/2)

!



∂p f
∂x

!



=
(i −1,j−1/2)

,

and for the right part:


∂K p
ρ g
∂y f



=

K p(i,j−1/2) − K p(i−1,j−1/2)
∆y

(i −1/2,j−1/2)

· ρ f (i−1/2,j−1/2) g.

Horizontal component of Stokes equation Eq. 2.24 is discretized on the v x node (i − 1/2, j):


∂
∂x



∂vS
2ηt x
∂x



"

∂
+
∂y
(i −1/2,j)

ηt

∂vSy
∂vSx
+
∂y
∂x

!!#



(i −1/2,j)

∂pt
−
∂x



= 0,
(i −1/2,j)

(2.32)
where the summands are:


∂
∂x



∂vS
2ηt x
∂x


(i −1/2,j)

= 2ηt(i−1/2,j+1/2) ·
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1
=
∆x

"

∂vS
2ηt x
∂x

vSx(i−1/2,j+1) − vSx(i−1/2,j)
∆x2



∂vS
− 2ηt x
∂x
(i −1/2,j+1/2)

− 2ηt(i−1/2,j−1/2) ·



#



=
(i −1/2,j−1/2)

vSx(i−1/2,j) − vSx(i−1/2,j−1)
∆x2

,
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"

−

∂
∂y

ηt

ηt

∂vSy
∂vSx
+
∂y
∂x

∂vSy
∂vSx
+
∂y
∂x

−

ηt(i−1,j)

!!#
(i −1/2,j)



!!

∆y

vSx(i−1/2,j) − vSx(i−3/2,j)

∆y

∆y


∂pt
∂x



=

+

!!

∂vSy
∂vSx
+
∂y
∂x

vSx(i+1/2,j) − vSx(i−1/2,j)

∆y

(i −1,j)

"

"

ηt(i,j)

=


1 
=
ηt
∆y

+

−
(i,j)

vSy(i,j+1/2) − vSy(i,j−1/2)

#
,

∆x

∆x

(i −1/2,j)

−

∆x

vSy(i−1,j+1/2) − vSy(i−1,j−1/2)

pt(i−1/2,j+1/2) − pt(i−1/2,j−1/2)

#

.

Vertical component of Stokes equation Eq. 2.25 is discretized on the vy -node

(i, j − 1/2):
"
!#
∂vSy
∂
2ηt
∂y
∂y

"

(i,j−1/2)

∂
+
∂x

ηt

∂vSy
∂vSx
+
∂y
∂x

!!#



(i,j−1/2)

∂pt
−
∂y



=
(i,j−1/2)

= −ρt(i,j−1/2) gy ,
where the terms are:
"
!#
∂vSy
∂
2ηt
∂y
∂y



=

(i,j−1/2)

∂
∂x

− ηt

ηt

∂vSx

+

∂vSy

∂y

∂vSy
∂vSx
+
∂y
∂x

−

1 
2ηt
∆y
∂y

vSy(i+1,j−1/2) − vSy(i,j−1/2)

= 2ηt(i+1/2,j−1/2) ·
"
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Temperature equation is discretized on the nodal point (i, j):
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First term contains Lagrangian time derivative, which is calculated as a difference between the temperature on the current (t N ) and previous (t N −1 )
time step:
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Among derivatives, porosity equation Eq. 2.17 contains only time derivative of porosity ϕ and no spatial ones. Therefore, in terms of conservative
finite differences, this expression can be rewritten as a formula for direct
calculation of new porosity value on the p-node (i − 1/2, j − 1/2) through
the obtained pressure solution of pt and p f and porosity value at the previous time step t N −1 . There are different strategies of rearranging the formula
Eq. 2.17 for the calculation, and for the purpose of modelling we need to
exclude the opportunity of unlimited porosity growth or its overshoot into
to the negative values range. One of the functions which allows for rather
easy control is an exponent function with a negative argument, that has
the values range precisely between 0 and 1. Thus for two different cases
(pt − p f ≥ 0 and < 0) we consider two different ways of reformulating the
expression Eq. 2.17, in each of which the exponent function with negative
argument is used:
ϕ
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tN

=ϕ

t N −1

−(1 − ϕt N−1 )( pt − p f )∆t
, if pt ≥ p f (pore closure),
· exp
ϕt N −1 · ηbulk
(2.35)

2.3. Numerical implementation of fully-coupled solid-fluid flow


( pt − p f )∆t
,
ϕt N = 1 − 1 − ϕt N −1 · exp
ηbulk

if pt < p f (pore opening). (2.36)

In the case of the pore closure (first formula above), with the values of exponent function below 1 but above 0, we obtain pore space shrinking in
comparison with the previous time step value ϕt N −1 , while in the case of
pore opening (second formula above) the same range of exponent values
securely provides us with porosity growth.

2.3.3

Computational strategy

Finally, our numerical HTM code BAMBI based on the coupled solid-fluid
flow equations (section 2.2.1) and discretized according to the finite difference approach (section 2.3.2) on the staggered grid (Fig. 2.1) is being programmed in Matlab according to the logical algorithm (Fig. 2.3).

Figure 2.3: Computational algorithm employed for building up the BAMBI
code.
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2.4

Numerical benchmarks

In order to verify our code for both numerical robustness in a broad range
of numerical situations relevant to geodynamical modelling and consistency
with general physical considerations we have performed the series of benchmarks and comparison with previously obtained numerical and experimental results.

2.4.1

Thermal convection in a porous media

We have performed a benchmark of a thermal convection in the porous
media in a bottom-heated box to verify the interdependency of Rayleigh and
Nusselt numbers and compare our results with earlier obtained ones [e.g.
Cherkaoui and Wilcock, 1999, Caltagirone, 1975, Steen and Aidun, 1988].
Porous layer of thickness H, width L and permeability K is heated from
below such as temperature difference between the bottom and the top of the
box is ∆T.The vertical boundaries are adiabatic and impermeable, the horizontal boundaries are isotermal. The layer is saturated with incompressible
fluid of constant dynamic viscosity η f , coefficient of thermal expansion α f
and density ρ, such as the saturated medium has thermal diffusivity κ, and
fluid at given temperature T has a density as follows:

ρ( T ) = ρ f · (1 − α( T − Tmin ))

where Tmin is the temperature of the top and ρ f is the fluid density at this
temperature. Rayleigh number is a dimensionless parameter determining
the vigor of convection, for the case of fluid porous flow is calculated as:

Ra =

ρ f gαKH∆T
,
ηf κ

where g is gravitational acceleration.
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Figure 2.4: Thermal convection of fluid in the closed porous layer heated
from below and cooled down from above: fluid density patterns for different
Rayleigh numbers (Ra).

Nusselt number is a dimensionless measure of the heat flux through the
porous medium, and in case of bottom-heated layer it is calculated as:
Nu =

H
Tbottom L


Z L
∂T
0

∂y

dx
top

It represents the ratio of the observed heat flux to the one in the absence of
convection, i.e. Nu = 1 when no motion exists, and (1 − Nu) is a dimensionless measure for convective heat flux.
What is different in our experiments from the previously performed ones
[e.g. Cherkaoui and Wilcock, 1999, Caltagirone, 1975, Steen and Aidun, 1988]
is that we consider a coupled solid-fluid flow. The setup, as shown on Fig.
2.6, consists of two porous vertical solid layers of contrasting densities, thus
exposed to the Rayleigh-Taylor instability condition. Consequently solid
matrix, not affected by thermal convection, is a subject to a gravity-driven
viscous flow. However, the viscosities of solid and fluid are chosen to be
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Figure 2.5: Interdependency of Rayleigh (Ra) and Nusselt (Nu) numbers
for thermal convection in the closed box of porous medium: blue curve
stands for our results, red values stand for experimentally obtained numbers
from previous numerical studies Cherkaoui and Wilcock [1999], Caltagirone
[1975], Steen and Aidun [1988] (averaged).

Figure 2.6: Thermal convection of fluid in the closed porous layer heated
from below and cooled down from above: fluid and solid density diagrams
(scaled). Two layers of porous solid material of contrasting densities are
exposed to Rayleigh-Taylor instability within the gravitational field. White
contours denote temperature field.
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of a great contrast, such as solid advection is not notable within the time
span of fluid convection pattern stabilizing. For these experiments we have
used two types of markers: solid and fluid ones, carrying the temperature
and physical properties for the solid and fluid media independently.
This benchmark was performed for the lower range of Rayleigh numbers
as there is no convection in the tectonic setups which would be more rapid.
The results of our simulations for different Rayleigh numbers are shown
on the Fig. 2.4 and 2.5: as one can see, the Nu( Ra) curve obtained in our
experiments is in a good agreement with previous numerical studies.

2.4.2

Plasticity

We have tested the stability and robustness of the algorithm in the case
of strongly non-linear visco-plastic rheology of solid including cases with
localization of both deformation and porous flow along the spontaneously
forming shear bands. In this section we present a simple benchmark of
plastic shear bands forming when high-viscosity block with weak inclusion
is being squeezed from both sides in the absence of the gravity field. The
resulting viscosity and strain-rate diagrams are shown on the Fig. 2.7.

Figure 2.7: Plasticity benchmark: high-viscosity block with weak inclusion
is being squeezed from the sides in the absence of gravity field; viscosity
(left) and strain-rate (right) diagrams.
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When the stress value exceeds the strength threshold σYield , plastic yielding occurs, and the low-viscosity shear bands are being formed (Fig. 2.7).
The inclination of this bands corresponds to the internal friction angle, i.e.
for this simulation friction coefficient (sinus of internal friction angle) is
equal to 0.6, thus the inclination angle is 30◦ (from horizontal axis).

2.4.3

Channelling instability

One of the most important features of tectonic processes we have modeled is
fluid localization along spontaneously forming shear bands. Thus we have
tested our model for the formation of localized porous channels under a
simple shear stress in order to match experimental laboratory and numerical
studies [e.g. Katz et al., 2006, Holtzman et al., 2003, Zimmerman et al., 1999,
Spiegelmann, 2003].
The initial setup consists of the porous layer with randomly distributed
porosity within the small perturbation range (2.5 − 3.5 · 10−3 in the experiments shown). This layer is filled with fluid (melt) and is exposed to the
simple shear stress applied to the upper and lower boundary. The important issue is the size of the computational domain: the phenomenon of shear
bands formation is predicted to occur at scales smaller than the compaction
length [Katz et al., 2006, Spiegelmann, 2003, Stevenson, 1989].
Since our experiments have been performed for linear rheology at an
early stage of code development, shear bands formed in our models are oriented at 45◦ to the shear plane, as in work of Spiegelmann [2003]. However,
experimental laboratory results [Holtzman et al., 2003, Zimmerman et al.,
1999] demonstrate shear bands orientation at ∼ 20◦ (Fig. 2.8 IIa). In work
of Katz et al. [2006] authors derive that numerical models with power-law
viscosity that includes both porosity and strain-rate weakening mechanisms
can reproduce the emergence and persistence of melt bands at about 20◦ to
the direction of maximum shear (Fig. 2.8 IIb).
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Figure 2.8: Fluid localization along spontaneously forming shear bands: I.
Our numerical results: a. Difference between fluid and solid pressure, Pa.
b.Porosity diagram. II. a. An example cross-section of an experiment (PI1096) on a partially molten olivine–basalt–chromite aggregate deformed in
simple shear, figure from Holtzman et al. [2005], experimental detail are in
Holtzman et al. [2003], figure was adapted by Katz et al. [2006]. b. Porosity
diagram from numerical simulation from work of Katz et al. [2006].
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2.4.4

Lower boundary condition benchmark

We have tested the ability of our lower boundary condition to function as
a proper open-boundary, i.e. not artificially increasing or decreasing the
resistance for the material leaving or entering the computational domain.
For this purpose we have performed a falling block benchmark, when the
high-density and viscosity rectangular-shaped body is falling in the gravity
field through the domain of lower density and viscosity. We have performed
two types of experiments: with a model of a full-size and free-slip boundaries, and with a model of a reduced vertical size, but with permeable lower
boundary that mimics the missing part of domain.
The setups and result of numerical simulations are shown on the Fig.
2.9: in a model “I” block is falling within the full-size domain of 141 x
101 computational nodes (350 x 250 km), all the boundary conditions are
free-slip; in a model “II” block is falling within the reduced domain of 101
x 101 computational nodes (250 x 250 km), lower boundary is permeable,
implemented in a way that the vertical velocity linearly decays through the
40 imaginary computational nodes underneath the effective domain border,
i.e. vertical velocity on the actual boundary node is equal to the 1 - 1/40 =
0.975 or 97.5% of the velocity on the overlaying node.
These numbers have been chosen to mimic the conditions later used for
our numerical experiments with a subduction setup: actually used domain
is 250 km and 251 computational nodes deep, and lower boundary condition
allows for the 100 imaginary nodes below it, what amounts to the 40% of the
actual domain vertical size. Additionally, similar to our subduction setup,
we have applied a low-viscosity condition for the lowest part of the computational domain (10 lowermost computational cells for the model with
permeable boundary and the corresponding area for the model with closed
boundary, i.e. 10 + 40 lowermost computational cells, see the viscosity diagrams on the Fig. 2.9).
Comparing vertical velocity fields on the onset of the downfall (diagrams
“a” on the Fig. 2.9) and upon reaching the edge of the low-viscosity bottom
domain (diagrams “b”), we can say that not only actual velocities at
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Figure 2.9: Falling block boundary condition benchmark: Dashed lines show
the potential size of the model with the permeable boundary for the purpose
of comparison.
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those moments are in a good agreement, both quantitatively and qualitatively, but also the average timing of the process is identical for both models:
both blocks reach the low-viscosity domain boundary after 7.6 Ma. In addition, viscosity fields showing the upwelling motion from the underlying
low-viscosity domain (diagrams “b” on the Fig. 2.9), demonstrate a good
agreement between two models.
These experiments illustrate that the permeable lower boundary condition implemented in our numerical code allows for a virtual expansion of
the computational domain without distorting the velocity field and affecting
the lower boundary resistance to the incoming / outcoming material.
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Chapter 3

Numerical modelling of arc-continent
collision1

Abstract

Arc-continent collision is a key process of continental growth through accretion of newly grown magmatic arc crust to older continental margin. We
present 2D petrological-thermo-mechanical models of arc-continent collision
and investigate geodynamic regimes of this process. The model includes
spontaneous slab bending, dehydration of subducted crust, aqueous fluid
transport, partial melting of the crustal and mantle rocks and magmatic
crustal growth stemming from melt extraction processes.

Results point

to two end-member types of subsequent arc-continent collisional orogens:
(i) orogens with remnants of accretion prism, detached fragments of the
overriding plate and magmatic rocks formed from molten subducted sediments; (ii) orogens mainly consisting of the closed back-arc basin suture,
detached fragments of the overriding plate with leftovers of the accretion
prism and insignificant amount of sediment-derived magmatic rocks. Transitional orogens between these two endmembers include both the suture of
the collapsed back-arc basin and variable amounts of magmatic production.
The orogenic variability mainly reflects the age of the subducting oceanic
plate. Older, therefore colder and denser oceanic plates trigger subduction
1 This Chapter has been published in Gondwana Research in a slightly modified form
[Dymkova et al., 2015].
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retreat, which in turn triggers necking of the overriding plate and opening
of a backarc basin in which new oceanic lithosphere is formed from voluminous decompression melting of the rising hot asthenosphere. In this
case, subducted sediments are not heated enough to melt and generate magmatic plumes. On the other hand, young and less dense slabs do not retreat, which hampers opening of a backarc basin in the overriding plate
while subducted sediments may reach their melting temperature and develop trans-lithospheric plumes. We have also investigated the influences of
convergence rate and volcanic/plutonic rocks ratio in newly forming lithosphere. The predicted gross-scale orogenic structures find similarities with
some natural orogens, in particular with deeply eroded orogens such as the
Variscides in the Bohemian Massif.

3.1

Introduction

Arc-continent collision is one of the most important tectonic processes in
the formation of mountain belts throughout geological times and continues nowadays along tectonically active plate boundaries [e.g. Kearey et al.,
2002, 2009, Windley, 1995, Brown et al., 2011]. Arc-continent collision is also
thought to be one of the most significant processes involved in the growth of
the continental crust and may also play an important role in its recycling into
the mantle via subduction [e.g. Windley, 1995]. Therefore, investigating the
geological and geodynamical processes involved in collision comprising arc
systems (including backarc basin) is highly relevant to the understanding of
orogeny and accretionary continental growth.
Collision is typically a short-lived event, usually few tens of million years.
Geological studies and various analogue and numerical models demonstrated
that there is a large degree of complexity reflecting many factors such as subduction convergence rate and direction with respect to the plate boundaries,
age and size of the tectonic units, lithological structure of the arc(s) and
colliding continental margin(s). In order to clarify parts of this complexity we carried out numerical simulations. We developed and systematically
investigated new 2D petrological-thermomechanical numerical models of
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oceanic-continental subduction associated with the growth of magmatic arcs
and terminated by continent-continent collision. Modeling includes spontaneous slab bending with a free surface, accounts for dehydration, mantle
wedge melting, melt and water transport and crustal growth related to the
melt extraction. Compared to previous studies, which paid attention only to
particular phases and time moments, we have embraced the whole process
starting from subduction initiation, continuing with a magmatic arc formation and ending with achieved continental collision.

3.2

Method

2D numerical simulations were performed with I2ELVIS, a coupled petrologicalthermomechanical code based on a conservative finite-difference method applied to an irregular staggered grid with a non-diffusive marker-in-cell technique in Eulerian-Lagrangian formulation [Gerya and Yuen, 2007]. The system of equations consists of momentum, continuity and heat conservation
equation in fully compressible fluid approximation. Interpolation between
markers and nodes is solved using a distance-dependent bilinear averaging
scheme [Gerya and Yuen, 2003a]. The weight of the marker is proportional
to the distance between the marker and the nodal point.
The numerical model setup consists of two continental plates separated
by an ocean (Fig. 3.1) and simulates oceanic plate subduction under an
active continental margin over a time span of c. 35 Ma. A constant convergence rate is imposed by moving the left-side continent towards the fixed,
right side continent.
The computational domain is 4000 km wide and 200 km deep. The rectangular grid with 2041 x 201 nodes is non-uniform, resulting in a high resolution (1x1 km) area in the horizontally 1500 km part around the active margin
of the model while both sides remain at a lower resolution (5x1 km). Advection is performed with Lagrangian particles, the number of which reaches
up to 30 million.
All boundaries are free-slip except for the lower one, which is permeable
in the vertical direction. This lower-boundary permeability allows sponta53

3. Numerical modelling of arc-continent collision
neous slab bending and penetration, though it ignores the possible influence
of very deep slab portions on the dynamic development of subduction. The
top, 8 km thick layer of the box is so-called sticky-air with 1 kg/m3 density
and 1018 Pa s viscosity. The oceanic plate is additionally covered by a 2 km
thick layer of water with 1000 kg/m3 density and the same viscosity as the
sticky-air layer. These values avoid computational uncertainties caused by
large viscosity contrast and minimize shear stresses at the top, which lets
the crust-air/water boundary to behave like a free surface [e.g. Schmeling
et al., 2008a].

Figure 3.1: Model setup, lithological map. Left hand-side continent pushed
with constant velocity towards the right hand-side continent to sustain subduction of the oceanic plate in between. Subduction is prescribed in a wet
olivine fracture zone with low plastic strength (internal friction coefficient =
0.1) on the right edge of the oceanic plate.

Rheology of all the lithologies is visco-plastic (for more detailes on rheological model please refer to the section 2.1.4 of the Chapter 2). Since rocks
behave elastically on relatively short time scales (<104 a), the elastic com54
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ponent in the rheology of rocks is neglected for this study that deals with
deformation accumulated over several million years. A weak fracture zone
in the mantle is the localizing mechanism for subduction initiation [e.g. Hassani et al., 1997, Gorczyk et al., 2007, Kaus et al., 2008, Yamato et al., 2008].
This prescribed fracture zone separates the oceanic plate from the right-side
continental lithosphere and has the form of a thin band inclined towards the
continent; this fracture has the rheology of wet olivine [Ranalli, 1995] with
low plastic strength (internal friction coefficient equal to 0.1). The sedimentary wedge is placed on top of the active margin covering the oceanic and
continental lithosphere and thinning towards the ocean, it consists of two
sedimentary layers (Fig. 3.1). On the left, the oceanic lithosphere is attached
to the left hand-side continental lithosphere on which the total convergence
rate is imposed.
The upper and lower continental crusts are felsic, both with the rheology
of wet quartzite [Ranalli, 1995]. The whole crustal thickness is 30 km (Fig.
3.1). The 2 km thick upper oceanic crust consists of hydrothermally altered
basalts with the rheology of wet quartzite. The 5 km thick lower oceanic
crust is gabbro with the rheology of plagioclase An75 [Ranalli, 1995]. The
lithospheric mantle and the asthenosphere both have the rheology of dry
olivine [Ranalli, 1995].
A thermodynamic database incorporated into the code [Gerya et al., 2006]
takes into account phase transformations, dehydration reactions and partial
melting of implemented lithologies. For example, initially dry mantle above
the slab can transform into hydrated or partially molten mantle in response
to dehydration of the subducted oceanic crust.
The initial temperature distribution of the oceanic plate is calculated from
the given lithospheric cooling age [Turcotte and Schubert, 2002]. In the continental plates, temperature linearly increases from 273 K to 1640 K across
the top 72 km. A vertical downward gradient of 0.5 K/km is prescribed
further down into the asthenospheric mantle. Boundary conditions for the
temperature are 273 K at the upper boundary, infinite-like condition at the
lower boundary and no heat flux across the vertical, lateral boundaries.
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Surface erosion and sedimentation are accounted for with a transport
equation [Gorczyk et al., 2007, Gerya and Meilick, 2011, Vogt et al., 2012]. It
is solved for each time-step in Eulerian coordinates:
∂yes
∂yes
= vy − v x
− vs + ve ,
∂t
∂x

(3.1)

where yes is the vertical ordinate of the surface as a function of horizontal
coordinate x; v x,y are the horizontal and vertical components of the material
velocity at the surface, respectively (y = 0 at the top of the box and directed
downward); ve,s are erosion and sedimentation rates and comply with the
following relations:
vs = 0.00mm/a, ve = 0.1 − 0.3mm/a for y ≤ 9 km,

(3.2)

vs = 0.03 − 0.10mm/a, ve = 0.0mm/a for y ≥ 10 km.

(3.3)

respectively. In regions with steep (> 17◦ ) topography slope (i.e. trench region), an increased erosion/sedimentation rate is used (1 mm/a) to preclude
further slope steepening.
For more detailed description of hydration process, partial melting and
melt extraction please refer to the section 2.1 of Chapter 2.

3.3

Results

In order to qualitatively investigate processes, we performed a sensitivity
study covering the space of different parameters, such as length (500 km
and 700 km) and age (40 Ma, 60 Ma and 80 Ma) of the subducting oceanic
plate, the ratio between volcanic and plutonic rocks for the newly forming
magmatic lithosphere (20% to 80% and 90% to 10%), the rates of erosion
and sedimentation (0.3 - 0.03 mm/a and 0.10 - 0.01 mm/a, respectively) and
convergence velocity (2 cm/a and 5 cm/a).
Two end-member orogens were identified: (i) orogens consisting of accretion prism remnant, continental fragments that were separated from the
overriding plate and magmatic rocks formed after intrusion of sedimentary
plumes into the crust of the overriding plate; (ii) orogens consisting mainly
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of the back-arc basin suture, a separated, rather coherent segment of the
overriding continental plate and leftovers of the accretion prism while the
amount of magmatic intrusions from sedimentary plumes is insignificant.
Between these two end-members, transitional types of orogens containing
both magmatic rocks derived from subducted, molten sediments and the
suture of the back-arc basin are developed. Representative models of these
three subduction-collision regimes are now discussed.

3.3.1

Orogen Type I: with sediment-derived magmatic plumes and
without backarc basin suture

This orogenic regime is documented for relatively young (40 Ma) oceanic
plates and is characterized by the lack of back-arc basin, a meagre amount
of volcanic arc basalts but a notable and hefty generation of translithospheric
plumes derived from subducted sediments.
In the reference model ”bas” (Fig. 3.2), volcanic arc basalts form early,
within the first 6.5 Ma (Fig. 3.2A). After that, separation of the molten
subducted sediments from the slab becomes more intense and two translithospheric plumes rise (Fig. 3.2B-D) and intrude the crust of the overriding
plate (relamination). This massive tectono-magmatic activity isolates frontal
segments of the overriding plate from the main continental lithosphere (Fig.
3.2B). With ongoing convergence / subduction, additional plume intrusion
further disrupts the upper plate into several segments (Fig. 3.2C-F) occurring as old crust pieces welded by new granitic crust of the active margin.
The model was stopped after 18.0 Ma (Fig. 3.2F), when the collisional orogen contains a large amount of sediment-derived magmatic rocks and few
basaltic arc rocks intruded into remnants of the initial overriding plate. A
spectacular feature of this model is the nearly periodical and progressive
fragmentation and imbrication of the continental lithosphere entering the
collision zone (Fig. 3.2E-F). Delamination of the incoming continental lithosphere starts with in-sequence imbrication of crustal segments (Fig. 3.2E-F).
Delamination and subsequent upwelling of the asthenosphere under the orogen (Fig. 3.2F) installs a high temperature environment, which is responsible
for slower cooling and might lead to such events as postcollisional
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Figure 3.2: Reference model ”bas” for type 1 orogen. Model parameters: age
of the oceanic plate is 40 Ma, length of hte ocean is 700 km; erosion rate is
0.3 mm/a, sedimentation rate is 0.03 mm/a, plates convergence velocity is 5
cm/a, proportions of volcanic and plutonic rocks in the dry decompression
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melt is 20% to 80%.
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HT/LP metamorphism, pervasive migmatization and granitoid magmatism [e.g. Ueda et al., 2012].

3.3.2

Orogen Type II: with backarc basin suture and without sedimentderived plumes

This geodynamic regime is documented for relatively old oceanic plates (80
Ma). In the representative model ”dob” (Fig. 3.3) strong necking of the overriding plate (Fig. 3.3A) causes voluminous decompression melting and stable opening of a broad back-arc basin ultimately hosting oceanic lithosphere
between two segments of the overriding continent; moderate mantle hydration causes wet molten mantle plumes (Fig. 3.3B-C). The back-arc basin
closes after arrival and subduction of the lower-plate continent (Fig. 3.3C
and D); full closure leads to a trench-ward dipping suture dominated by
oceanic lithosphere (ophiolite) of the backarc basin (Fig. 3.3F). This suture
separates two coherent segments of the overriding plate. The frontal one
is intensely deformed into imbricated crustal units synthetic to the main
subduction attitude. The main continent, on the other hand, tends to be subducted below the antithetic backarc suture. The amount of magmatic rocks
derived from molten sediments is negligible because sediments remain in
the relatively cold portion of the subduction channel, reaching a maximum
temperature is 500 ◦ C, which is too low for melting. Such a difference with
previous model ”bas” is due to the distinct thermal structure: older slab
of the model ”dob” is, first, colder and, second, stiffer, making the subduction angle shallower and thus preventing the sediments from reaching the
melting temperature.
The deformation pattern of the lower-plate continent (Fig. 3.3D-F) is remarkably different from type I ”bas” model (Fig. 3.2F): in the ”dob” model,
alternating back-and fore-thrusts or crustal scale buckles with intervening
intermountain basins on a wider domain than in the ”bas” model dominate
the deformation pattern of the lower plate continent (Fig. 3.3F versus Fig.
3.2F). In the two models, however, the deformed crust begins delaminating
from its subducting mantle lithosphere, although delamination is less broad
and hot asthenospheric mantle does not reach the root of the ”dob” orogen.
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Figure 3.3: Reference model ”dob” for type 2 orogen. Age of the oceanic
plate = 80 Ma. Other parameters as in model ”bas” (Fig. 3.2).
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3.3.3

Intermediate orogens: with both backarc basin suture and
sediment-derived plumes

Intermediate orogens characterized by the presence of both back-arc basin
and trans-lithospheric magmatic plumes are obtained with an intermediate
oceanic plate age (60 Ma). In the presented model ”b6m” (Fig. 3.4), buoyant plumes from molten subducted sediments are similar to those of the
type I, ”bas” model; coeval back-arc basin opening is characteristic for the
type II, ”dob” model (Fig. 3.4A). Despite important decompression melting,
no significant wet mantle melting occurs (Fig. 3.4B). A major sedimentary
plume develops at 13.3 Myr (Fig. 3.4D) adding sediment-derived magma to
the overriding crust and splitting the overriding and frontal continental segment into several fragments. The 16.1 Myr orogen (Fig. 3.4F) contains both
a trenchward-dipping, backarc ophiolitic suture and volcanic rocks formed
from plume intrusions. The deformation pattern of the lower plate continental lithosphere displays both buckling/backthrusting and in-sequence thrust
imbrication over incipient delamination.
This model is remarkable by early up-dip flow of hot asthenosphere into
serpentinized subduction channel (Fig. 3.4C), which separates fore-arc mantle lithosphere from the subducting slab and trigger development of molten
sedimentary plume from the channel (Fig. 3.4D).

3.3.4

Sensitivity to model parameters

A set of numerical experiments suggest that the geodynamic regime of subduction and arc-continent collision strongly depend on the age of the ocean
plate and on convergence velocity. The sedimentation rate, the initial ocean
width and the amount of magmatic rocks in the newly formed lithosphere
have less importance.
Influence of age of oceanic lithosphere
The major factor controlling the transition between geodynamic regimes (i)
and (ii) is the age of the subducting plate. This parameter defines the temperature distribution within the slab [Turcotte and Schubert, 2002] and its
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Figure 3.4: Reference model ”b6m” of intermediate orogen type. Age of the
oceanic plate = 60 Ma, other parameters as in models ”bas” and ”dob” (Fig.
3.2 and 3.3).
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bulk density: older plates are colder and therefore more negatively buoyant. Therefore, older and denser slabs favor trench retreat and amount of
extension in the overriding plate through necking and ultimately opening
of an oceanic backarc basin (compare Fig. 3.2 with age of slab 40 Ma, Fig.
3.4 with age of slab 60 Ma and Fig. 3.3 with age of slab 80 Ma). This leads
to rifting of longer segments of the overriding plate and to the formation
of more decompression melt. The broad back-arc basin closes after subduction of the incoming continent whose buoyancy forces change the system
from soft to hard collision. Temperature also affects the ability of subducted
lithologies to melt: colder slabs hamper melting of subducted sediments and
subsequent relamination and magmatism.

Influence of convergence velocity
Another important factor is convergence velocity. A slow convergence rate
leads to more efficient dehydration of the slab and a richer mantle wedge hydration (compare model ”dob” on Fig. 3.3 with convergence rate of 5 cm/a
and model ”d2c” on Fig. 3.5 with convergence rate of 2 cm/a). It is widely
recognized that water released from the subducting plate lowers the melting temperature of the mantle wedge, thus allows for ”flux melting” of the
hydrated mantle [Iwamori, 1998, Schmidt and Poli, 1998, Stolper and Newman, 1994, Tatsumi and Eggins, 1995]. The hydrated mantle is weaker than
the dry one. Its dominance underneath the overriding continent weakens
the upper lithosphere which becomes easier to stretch. When the amount
of hydrated mantle becomes sufficient to allow break-up of the overlying
lithosphere, the opening of the back-arc basin with a spreading center and
generation of new oceanic floor starts where the hydrated mantle causes the
strongest weakening (Fig. 3.5B). Thus, the back-arc basin is larger in the
model ”d2c” than in the reference model ”dob” (Fig. 3.3).

Influence of sedimentation rate
In model ”b3e” (Fig. 3.6) the sedimentation rate is three times larger (0.10
mm/a instead of 0.03 mm/a) than in the reference model ”bas” (Fig. 3.2).
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Figure 3.5: Model ”d2c”: same parameters as reference model ”dob” (Fig.
3.3) with plate convergence velocity = 2 cm/a.
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Figure 3.6: Model ”b3e”: same parameters as reference model ”bas” (Fig.
3.2) with sedimentation rate = 0.10 mm/a.

65

3. Numerical modelling of arc-continent collision
The main difference consists in larger amount of subducted sediment,
subsequent melting and magma production (compare Fig. 3.2C-D and Fig.
3.6B-C). The frontal part of the mantle wedge acts in both ”bas” and ”b3e”
models as a mantle valve that partly obtrudes the subduction channel and
prevents some sedimentary rocks from subducting at greater depth (Fig.
3.2C). Magmatism is more productive in”b3e” because the mantle wedge
closes the channel later than in ”bas” (at 13.7 Myr, Fig. 3.6C, instead of 12.1
Myr, Fig. 3.2C). However, the geometry, thermal structure and time scale of
subduction remain the same, thus preserving both the geodynamical stages
and the main geological / geochemical and geometrical characteristics of
the resulting orogen.
Influence of ocean width
For the orogens of type I the amount of subducted sediments also increases
if the ocean is initially narrower (500 km instead of the reference 700 km,
Fig. 3.7). This is due to the subducted continent that drags down most of
the accretionary prism, although the time before this continent arrives in the
trench is shorter. Because of this shorter pre-collision stage, plume activity
does not reach its peak and does not pull the mantle valve across the sedimentary subduction channel (Fig. 3.7B-D). Since the latter remains open,
a large volume of sediment can be subducted. These sediments melt and
form a magma reservoir beneath the collision zone (Fig. 3.7D) from which
plumes raise through and disrupt the overlying lithosphere into several segments. The resulting collision zone is a complex mixture of magmatic rocks
and crumbled older continental crust segments (Fig. 3.7F).
Changing the ocean length does not cause any significant difference in
the formation of type II orogens (compare models with 700 km long ocean
on Fig. 3.3 and 500 km long ocean on Fig. 3.8), even if the timing is obviously
shorter for shorter oceans.
Influence of magma production
In type II orogens, subducted sediments do not melt and get exhumed at a
late collisional stage together with the buoyant crust of the lower-plate
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Figure 3.7: Model ”b5k”: same parameters as reference model ”bas” (Fig.
3.2) with ocean width = 500 km.

67

3. Numerical modelling of arc-continent collision

Figure 3.8: Model ”d5k”: same parameters as reference model ”dob” (Fig.
3.3) with ocean width = 500 km.

68

3.3. Results
continent (Fig. 3.8D-F). In contrast, subducted sediments of type I model
”b5k” (Fig. 3.7) reach the 700 ◦ C isotherm, start to melt and pool beneath
the overriding lithosphere. Pooling enables trans-lithospheric plumes development, which transfer magmatic rocks from molten subducted sediments
upwards. Such a magmatic activity creates multiple disruptions of the overriding plate lithosphere, resulting into a ”mosaic” of old continental crust
and new magmatic rocks (Fig. 3.7F).

Sensitivity of backarc openings
Opening of the back-arc basin results from necking and rupture of the overriding plate caused by coeval trench retreat and pervasive mantle hydration.
These conditions are achieved either by increasing the age of the oceanic
plate (compare Fig. 3.2 and 3), which triggers strong necking and decompression melting, or by reducing the convergence rate (compare Fig. 3.3
and 5), what causes volumetric mantle hydration. Large amounts of wet,
partially molten mantle generate the new oceanic floor.

Sensitivity of intermediate orogens to model parameters
Intermediate orogens are achieved by either forcing back-arc basin formation on type I settings or by stimulating sedimentary plumes in type II settings. In the first case, the oceanic age is slightly increased: necking of
the overriding plate is potent enough when the lithospheric age is 60 Ma.
Opening of the back-arc basin and occurrence of sedimentary plumes are
simultaneous in model ”b6m” (Fig. 3.4A), like in model ”dob” with the 80
Ma oceanic lithosphere (Fig. 3.3A), although the slab dip angle is visibly
steeper for the model with a younger oceanic plate. Another possible modification of type I setting is to increase the volcanic rock fraction in the newly
formed magmatic crust. When this value is 90%, necking of the overriding
plate due to the weak hydrated mantle is sufficient (Fig. 3.9B) to trigger
the trenchward drift of the frontal continental plate, mantle decompression
melting and the formation of the new oceanic floor (Fig. 3.9C-D).
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Figure 3.9: Model ”b9v”: same parameters as reference model ”bas” (Fig.
3.2)with volcanic rocks fracture in the mantle melt increased up to 90%.
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The third possible modification of the first model type is to reduce the
convergence rate. Then a large amount of hydrated mantle enriched with the
water from the dehydrating slab contributes to extension of the overriding
plate, back-arc rifting and spreading (like in model ”d2c” of Fig. 3.5).

3.4

Discussion

Although arc-continent collision as way to orogen formation was empirically
described and explained from a geological point of view by many authors
[e.g. Kearey et al., 2002, 2009, Windley, 1995, Brown et al., 2011], the few
numerical models addressing the geodynamical evolution of such systems
are still limited to particular phases and/or sides of the whole process [e.g.
Boutelier et al., 2003, Gerdes et al., 2000, Maierova et al., 2012, Lexa et al.,
2011, Schulmann et al., 2008, Arnold et al., 2001, Duretz et al., 2011b]. We
qualitatively assess the relevance of our models by comparing results with
the conceptual model of the Bohemian Massif [Schulmann et al., 2009, 2014],
which is founded on a broad variety of geological, geochemical, petrological
and geochronological data and observations [e.g. Janousek et al., 2004, Zak
et al., 2005, Konopásek and Schulmann, 2005, Schulmann et al., 2005, Gerdes
et al., 2000, Schulmann et al., 2008, Lexa et al., 2011, Franke, 2000]. For this
reason, this conceptual model is considered to be accomplished and fullfeatured enough to reproduce the orogenic process with all its complexity.
According to the cited authors, the spatial and temporal distribution of
geological units, magmatic fronts and metamorphic zones of the Bohemian
Massif compares well with a collided Andean-type orogen. Such orogens
are installed on a continental upper plate in which oceanic suture, magmatic
arc and back-arc domains are preserved [Dewey and Bird, 1970, Schulmann
et al., 2014]. Since modern Andean orogens are still being formed, their deep
parts are not directly observable [Dewey, 1977]. The late Paleozoic Variscan
Belt, instead, has been deeply eroded so that the Bohemian Massif is known
to expose some of the deepest parts of the orogen since the early geological
literature [e.g. Suess, 1912].
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Figure 3.10: Main features of the Variscan Bohemian Massif after Schulmann
et al (2014). A Subduction of felsic continental crust, development of accretionary wedge derived from lower plate material. Vertically hatched area =
earlier metasomatism of mantle wedge by hydrous slab-derived fluids. B
Relamination associated with horizontal redistribution of accreted highly
radioactive felsic crust together with underlying contaminated mantle and
enhancement of magmatic activity due to slab break-off. White arrow =
flux direction of relaminated felsic crust. C Laterally forced overturn and
collapse of the forearc region with emplacement of (ultra-)K magmas along
mid-crustal subsurface spreading fabrics.
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Figure 3.11: Model ”b6m” used for comparison with the Bohemian Massif
evolution of figure 3.10 A. Oceanic subduction with formation of the continental arc and a wide back-arc in the upper plate. B. Subduction of the
arriving continental lithosphere, shortening of the active margin with further formation of the magmatic arc and persistence of the back-arc region in
the upper plate. C. Relamination of the upper continental crust marked by
the influx of melt derived from the subducted, molten continent and individualization of the active continental margin. D. Exhumation of the subducted
molten continental crust through the channel flow process along the fore-arc
region and back-arc basin sutures.
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The tectonic evolution of the Bohemian Massif is summarized as follows
[Schulmann et al., 2009, 2014]:
• Eastward (in present-day orientation) oceanic subduction beneath the
active continental margin;
• Formation of a continental fore-arc region (so-called ”Tepla-Barrandian”)
in front of the Central Bohemian magmatic arc and the wide ”Moldanubian” back-arc system;
• Underthrusting of the incoming continent (”Saxothuringian”, grossly
speaking Northern Europe), while the thickening magmatic arc migrated towards the trench;
• Continental collision with the overriding continent (”Brunia”) leading
to exhumation of the orogenic lower crust of the ”Moldanubian” backarc region.
There are several points of similarity between this description (Fig. 3.10)
and the evolution ofmodelled intermediate orogens (e.g. Fig. 3.11). In
both cases, oceanic subduction beneath the active continental margin leads
to opening of a back-arc basin together with substantial magmatism within
the volcanic arc region. Note that opening of the back arc basin points to
subduction of a rather old oceanic lithosphere in the model, which should
be a constraint for the Paleozoic subduction beneath the Bohemian Massif. The modeled fore-arc region is mainly composed of sedimentary rocks,
which is also reported for the ”Tepla-Barrandian”, equivalent region. Arc
and back arc construction is indicated by lithospheric thinning of the back
arc domain along with mafic magmatic additions (Fig. 3.10A and 3.11A
and B). Diagrams Fig. 3.10A and 3.11B display the arrival and subduction of
the lower-plate continent (”Saxothuringian”). This event prearranges crustal
thickening seen in figures 3.10B and 3.11C, which results from tectonic deformation, addition of magma from the subducted continental material along
with exhumation of the lower crust of the overriding continental margin.
Schulmann et al. [2014] explained thickening as a two-stage relamination.
The first stage is a thick crustal wedge formed early below the forearc region (Fig. 3.10A); the second stage results from gravity-driven flow of mixed
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lower continental crust and supra-subduction mantle after slab break-off
(Fig. 3.10B). In our model (Fig. 3.11) there is no slab break-off; a buoyancyinduced extrusion of subducted continental crust and plumes rising from
molten subducted lithologies (sediments and continental crust) cause thickening. The following stage (Fig. 3.10C and 3.11D) is remarkable by the
laterally forced gravitational overturn [Gerya et al., 2002b], as well as extrusion of HP felsic granulites formed from the molten crustal material of the
incoming continent. Ultimately, in the model like in the Bohemian Massif,
there are three parallel belts of mixed granulites, eclogites and peridotites:
• A felsic granulite belt along the suture of the former subduction channel, in the Bohemian Massif between the lower ”Saxothuringian” continent and the former ”Tepla-Barrandian” fore-arc element (belt 1 in Fig.
3.11D);
• A belt, located behind the magmatic arc (belt 2 on Fig. 3.11D), exhumed along a detachment zone behind the ”Tepla-Barrandian” magmatic arc (Fig. 3.10C);
• A belt of lower crustal material along the backarc suture against the
upper-plate ”Brunia” continent (belt 3 on Fig. 3.11D); in this zone
the granulite fabric is vertical and associated with massive vertical exchanges with the orogenic middle crust [Schulmann et al., 2008, 2009].
Another important feature is the sub-horizontal main fabric of the ”Moldanubian” root. This fabric involves high pressure rocks that have been attributed
to channel flow of the hot orogenic root after indentation by the ”Brunia”
continent [Schulmann et al., 2014]. Our simulations (Fig. 3.11D) suggest
that this flat-lying fabric may just as well sign the closure of the back-arc
basin.
Flattening of the slab after arrival of the North-European continent is a
consequence of slab break-off and subsequent stress relaxation for Schulmann and co-authors (Fig. 3.10C). In our models, instead, there is no slab
break-off but rather slab steepening (Fig. 3.11A to D), enhanced by constant
plate convergence forces. Constant plate convergence is indeed a limitation
of the numerical models, which neglected the influence of continental crust
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buoyancy on the subducting plate velocity.
Another conceptual geodynamical model, developed by Faryad et al.
[2013], mentions the second subduction in the ”Moldanubian” zone, where
the backarc basin subducts beneath the magmatic arc in an opposite direction compared to the main oceanic ”Saxothuringian” plate. This feature,
which might be underestimated in the model of Schulmann et al. [2014], is
partially reflected in our models, where the dip of the backarc basin suture
is very clearly pronounced (Fig. 3.11C and D). Faryad et al. [2013] concludes the subduction in the ”Moldanubian” zone to be younger than the
”Saxothuringian” suture, which matches our predictions since the closure of
the backarc is younger than the main subduction. Another important statement of this interpretation [Faryad et al., 2013] is that double subduction is
inferred from eclogites/ granulites analysis, formation of which is reflected
in our models (belts 2 and 3 on Fig.3.11D).
From the geodynamical point of view these two models [Schulmann et al.,
2014, Faryad et al., 2013] do not contradict with each other, the only feature
to be verified is how much of subduction / underthrusting of the back arc
is needed to produce a good match with the natural observations. Despite
some discrepancies, our models mirror the most important orogenic stages
identified in the Bohemian Massif.
The Zagros Mountains in Iran are perhaps the most obvious modern application. This orogenic belt is subdivided into tectono-stratigraphic zones.
From SW to NE, these are the Zagros Foreland Basin, the Simply Folded Belt,
the Imbricate Zone (or High Zagros), the Sanandaj-Sirdjan Zone and the
Urumieh-Dokhtar magmatic arc [Alavi, 1994, Falcon, 1974, Stocklin, 1968].
The north-east dipping Main Zagros Thrust between the Simply Folded Belt
and the Imbricate zone delineates the boundary between the Arabian (lower
plate) and the Central Iran continental block belonging to the Eurasian (upper) plate [Paul et al., 2010, Stocklin, 1968]. Remarkably, this suture is nearly
deprived of ophiolites compared to its lateral extensions into Turkey, to the
northwest and Oman to the southeast, which is reminiscent of type I modeled orogens. The tectonic interpretation of the Zagros mountain system
involves oceanic subduction beneath the active margin of Central Iran until
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the Tertiary collision of Arabia with Eurasia. Subduction generated calcalkaline, sediment and mantle-derived magmatism within the overriding
plate, namely in the Mesozoic Sanandaj-Sirjan and the Cenozoic to PlioQuaternary Urumieh-Dokhtar arcs [Berberian and Berberian, 1981, Agard
et al., 2011]. These long, linear arcs are comprised of intrusive and extrusive
rocks of calc-alkaline and highly potassic alkaline (locally shoshonitic) andesites, dacites, andesibasalts, trachyandesites, and rhyolites intruded by
diorites and various crustal and mantle-derived granitoids. The shift in
space (ca 300 km inland-ward) and time of the magmatic activity suggested
a change in subduction dip angle or the existence of two subduction zones,
although geochemistry suggests a single source and a major mantle-wedge
source [e.g. Omrani et al., 2008]. Models presented here (e.g. Fig. 3.4)
provide a new explanation with early and slab-derived magmatism in the
frontal zone of the overriding plate, overprinted by arc magmatism later and
behind the suture zone. Importantly enough, outcrops of back-arc basin
ophiolites [the so-called Nain-Baft belt, Arvin and Robinson, 1994] delineate
a suture between the southern parts of the two magmatic arcs. This situation is directly relevant to the type II models presented here. The lengthwise variation from type I to type II along the Zagros Mountain calls for
three-dimensional studies. Like for the Bohemian Massif, interpretations invoke slab roll back, flattening and break-off [Agard et al., 2011], which was
not obtained (or reached) in our models. This discrepancy requires here,
like in the Bohemian Massif, model improvements including, in particular,
deeper models with self-consistent slab pull and spontaneous, rather than
prescribed plate convergence velocity [e.g. Duretz et al., 2011a, Sizova et al.,
2012]. In any case, the modeled voluminous, post collisional magmatic activity and delamination may shed new light on the interpretation of the Central
Iran Plateau.
Further applications may necessitate model tuning adapted to case studies of arc-continent collisions zones. Model tests can be foreseen for the
quasi-oceanic Rocas Verdes backarc basin with its Sarmiento and Tortuga
ophiolitic remnants in the South Andes [e.g. Suarez and Pettigrew, 1976]
and other basins with complex histories known along the Andes [e.g. Wil-
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son, 1991]. Examples like the Baja Calfornia involve important strike-slip
movements that impose 3D simulations. However, the 2D models developed here are likely sufficient to approach explanations of smaller basins
such as the Black and the Caspian Seas.

3.5

Conclusions

New numerical implementation account for aqueous fluid transport, slab
dehydration, phase transformations, partial melting and melt extraction, surface erosion and sedimentation, which have significant impact on collisional
orogen formation. We applied this integrated model to systematically investigate arc-continent collision in two dimensions. Two endmember regimes
are based on presence/absence of (1) oceanic suture produced by opening
and closure of a backarc basin and (2) translithosperic magma plumes derived from molten subducted sediments. The key parameters that influence
the arc-continent collision are the age of the subducting plate and the convergence rate.
Our models behavior reproduces in a consistent manner the important
stages, accompanying processes and chronological sequence of natural orogeny
formation, such as Bohemian Massif, predicted from geological, geochemical and geochronological data. We believe it has a wide range of applications
and will allow to improve and deepen our knowledge of how collisional orogens, such as Central Andes and Tibetan Plateau, have been formed.
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Chapter 4

Porous fluid induces oceanic
subduction initiation on Earth1

Abstract
Although most of the presently active intra-oceanic subduction zones are relatively young and initiated during the Cenozoic, subduction initiation process remains poorly understood [Bercovici, 2003, Gurnis et al., 2004, Nikolaeva et al., 2008]. Previous models of subduction initiation assumed excessive weakening of tectonic plate boundaries [Gerya et al., 2008, Nikolaeva
et al., 2008, Hall et al., 2003] which does not reconcile with laboratory rock
strength measurements [Brace and Kohlstedt, 1980, Byerlee, 1978, Escartin
et al., 2001]. The weakening was assumed to be caused by fluids present
along tectonic fractures [Gurnis et al., 2004, Gerya et al., 2008]; however no
self-consistent solid-fluid model of subduction initiation has been developed
so far. Here we present new numerical hydro-thermo-mechanical (HTM)
model of spontaneous intra-oceanic subduction initiation where solid rock
deformation and fluid percolation are fully coupled. Based on 2D numerical
experiments we demonstrate that although subduction fails to initiate under
fluid-absent conditions, it can naturally start when porous fluid is present
inside oceanic crust and along the plate boundaries. Fluid percolation is localized along spontaneously forming faults where high fluid pressure compensates lithostatic pressure, thus dramatically decreasing friction along the
1 This

Chapter is published in Geophysical Research Letters [Dymkova and Gerya, 2013].

79

4. Porous fluid induces oceanic subduction initiation on Earth
incipient subduction zone. Through the parametric study we conclude that
the most important parameter for subduction initiation is the solid matrix
permeability. Paradoxical at first, lowering the permeability indeed favors
subduction initiation by maintaining high fluid pressure and thus decreasing friction along active faults.

4.1

Introduction

The processes governing subduction initiation, although poorly understood
and still open for debate, are integral to the plate tectonic regime on Earth.
[Bercovici, 2003, Gurnis et al., 2004, Nikolaeva et al., 2008]. Nearly half of
all the presently active subduction zones have been activated during the
Cenozoic, mainly in intra-oceanic environments, indicating this is a routine process during normal plate tectonic evolution [Gurnis et al., 2004].
Intra-oceanic subduction initiation occurs in a variety of tectonic settings
including old fracture zones, transform faults, extinct spreading centers and
backarc regions of active subduction zones [Casey and Dewey, 1984, Gurnis
et al., 2004, Stern, 2004]. In particular, it has been proposed that changes in
plate motions and/or lateral buoyancy contrasts of contacting lithospheric
segments are the driver(s) for conversion of transform faults and old oceanic
fracture zones into trenches [Casey and Dewey, 1984, Gurnis et al., 2004, Hall
et al., 2003, Stern, 2004]. This process was numerically modeled both under
conditions of induced plate convergence [Gurnis et al., 2004, Hall et al., 2003]
and as a spontaneous buoyancy-driven fracture zone collapse [Gerya et al.,
2008, Nikolaeva et al., 2008, Zhu et al., 2009]. However, numerical results
demonstrated that fracture zones and incipient subduction zones with a
very low coefficient of internal friction (0-0.05) are pre-requisites for a stable
self-sustaining oceanic subduction initiation [Gerya et al., 2008, Hall et al.,
2003]. These extremely low values do not reconcile with laboratory strength
measurements suggesting much higher friction coefficients (0.2-0.85) for fractured crustal and mantle rocks [Brace and Kohlstedt, 1980, Byerlee, 1978,
Escartin et al., 2001]. For dry fractured crystalline rocks in particular, the
friction coefficients are largely independent of composition and varies from
0.85 at pressures below 200 MPa, to 0.60 at higher pressures [Brace and
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Kohlstedt, 1980, Byerlee, 1978] (Byerlee law). It is notably lower (0.15 - 0.45
[Escartin et al., 2001, Moore et al., 1996, 1997, Reinen et al., 1994]) for serpentinized peridotites present at oceanic transform plate boundaries [Gregg
et al., 2007, Planert et al., 2007, Roland et al., 2010], yet not low enough
to enable self-sustaining subduction initiation. Previous subduction initiation models assumed extreme weakening attributed to fluids present along
tectonic fractures [Gerya et al., 2008, Gurnis et al., 2004]. However, the feasibility of this assumption remains open and has not yet been verified on the
basis of the self consistent models [Katz, 2010, Rozhko et al., 2007] coupling
solid deformation and fluid percolation during subduction initiation.
This work documents results from the new high-resolution 2D hydro-thermomechanical (HTM) numerical models of spontaneous intra-oceanic subduction initiation where solid rock deformation and fluid percolation are fully
coupled. In contrast to the previous numerical studies, our HTM numerical
models use high brittle/plastic strength of rocks, which is consistent with
the laboratory data and directly accounts for the rheological effects of fluids.
Self-sustaining oceanic subduction initiation by gravitational fracture zone
collapse [Stern, 2004] is systematically reproduced in our numerical experiments. Critical parameters controlling the subduction initiation, such as
water content in the oceanic crust and fracture zone, solid matrix permeability, brittle/plastic strength of rocks, plate ages and fracture zone width, are
further investigated.

4.2

Method

The computational domain is 600 km by 250 km in length and depth, respectively, and has a regular grid resolution of 1 km x 1 km. A tectonic setup
representing two oceanic plates of contrasting ages juxtaposed by a transform fault [Hall et al., 2003, Gurnis et al., 2004] is shown on the Fig. 4.1a:
older plate (on the left) and younger plate (on the right) are separated by a
wet transform zone denoted by a yellow color. All shades of blue indicate
lithospheric plates and asthenospheric mantle (Table 4.1). Both plates are
covered with 2 km of upper basaltic and 5 km of lower gabbroic crust. Wet
transform is covered with 7 km of basalts and has a rectangular shape of
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10 - 50 km width and reaches depths equivalent to the 1300 K isotherm of
the young plate is used. The fault zone is placed at a distance of 90 - 130
km (length of the overriding plate) from the right boundary. On the top, the
whole system is covered with a 20 km low density and viscosity sea water
layer (Table 4.1) to simulate the free surface [Schmeling et al., 2008a, Crameri
et al., 2012]. All the boundaries are free slip except the lower one which is
permeable in the vertical direction.
The initial thermal structure corresponds to cooling ages of the plates
calculated using half-space model [Turcotte and Schubert, 2002]:



d
√
,
T = T1 + ( T0 − T1 ) · 1 − er f
2 κτ
where T0 = 273 K and T1 = 1600 K is the surface and astenospheric mantle
temperature, d is the depth, τ is the plate age and κ = 10−6 m2 s−1 is thermal
diffusivity. In order to provide the sufficient heat transfer from the plates’
surface, sea water is prescribed with the thermal conductivity of two orders
of magnitude higher then the one of the plates (Table 4.1).
Upper crust and transform fault materials remain of realistic rheological
strength (internal friction coefficient 0.2 − 0.6) and are introduced as porous
media filled with fluid at porosity levels of 0.5 − 3.0%, thus the fault zone
is being considered as deeply hydrated [Korenaga, 2007]. The plate surface
is covered with a low-viscosity sea water layer to simulate a free surface
[Schmeling et al., 2008a, Crameri et al., 2012]. No imposed convergence is
applied to the system which is solely driven by the lateral buoyancy contrast
of contacting plates with contrasting cooling ages [Stern, 2004].
The system of equations for the coupled solid-fluid flow is based on existing approaches [Bercovici et al., 2001a, Domenico and Schwartz, 1990,
McKenzie, 1984, Morency et al., 2007, Rozhko et al., 2007, Stevenson and
Scott, 1991] (see auxiliary materials) and is reformulated for easier implementation with the finite difference method applied on a fully-staggered
grid. Fluid filtration through the porous material (Darcy’s law) and deformation of the bulk porous fluid-filled matrix are coupled by means of total
(bulk) pressure which is defined as [e.g. Morency et al., 2007]:
p t = (1 − ϕ ) p s + ϕ · p f ,
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where ps, f is a solid and fluid pressure respectively, and ϕ is matrix porosity. For obtaining the porosity evolution we solve the viscous compaction
equation [Bercovici, 2003, Connolly and Podladchikov, 1998]:
pt − p f
D ln(1 − ϕ)
=
,
Dt
ηbulk

(4.2)

where ηbulk = η/ϕ is bulk viscosity and η is shear viscosity of a porous
fluid-filled matrix, and D/Dt is Lagrangian time derivative.
Crustal and mantle rocks have non-linear visco-plastic rheology (see online
auxiliary materials) and brittle/plastic deformation is implemented with
Drucker-Prager yield criterion where the fluid pressure effect is directly
taken into consideration [Ranalli, 1995, Rozhko et al., 2007] :

σYield = C + γ( pt − p f ),

(4.3)

where C is residual strength at zero pressure, γ is internal friction coefficient and σYield is a deviatoric stress limit at which brittle/plastic yielding
occurs. According to this equation, fluid pressure plays a critical role, significantly reducing brittle/plastic strength of the yielding porous material.
Evolution of flow instabilities during viscous compaction is facilitated by a
non-linear porosity-permeability relationship [Barcilon and Richter, 1986].
Theoretically, functions of permeability depending on porosity can vary
from quadratic to cubic [Gueguen and Dienes, 1989], while the value suggested for natural pore distribution is around three [Connolly and Podladchikov, 2000, Morency et al., 2007, Zhu et al., 1995]:

K = K0 · ( ϕ/ϕ0 )3 ,

(4.4)

where K0 is the reference permeability value for ϕ0 = 1.0%.

4.3

Results

In the series of 87 experiments, we have systematically varied width of the
transform fault and model parameters such as cooling ages of the plates,
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Figure 4.1: Initial model setup and evolution of subduction initiation for two
reference cases: with and without fluid. Black triangle defines the position
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of trench. Model parameters: porosity of the upper crust and transform fault
1.0%, transform fault width 50 km, γ = 0.4, ages of the slab and overriding
plate 100 and 20 Ma respectively, reference permeability K0 = 10−21 m2 . a.
Initial model setup, lithological map. b.-e. Evolutionary scenario of the
model with fluid. f. Topography development. g. Evolution of the ”dry”
model.

4.3. Results
porosity, reference permeability and friction coefficient (γ) of hydrated
rocks (upper oceanic crust and transform fault).
Two reference models, “wet” (Fig. 4.1b-f) and “dry” (Fig. 4.1g), are compared in Fig. 4.1. In the “wet” model, solid-fluid coupling is taken into
account whereas in the “dry” model, influence of fluid pressure on the brittle/plastic strength of rocks is neglected. All other parameters for these
two models are identical. “Wet” model shows spontaneous development
of retreating subduction (Fig. 4.1b-e), whereas a stagnant lid regime develops in the “dry” model (Fig. 4.1g), thus implying critical significance of
fluid-induced rheological weakening for oceanic subduction initiation. According to the “wet” model, subduction starts gradually within ca. 10 Myr
as the negative buoyancy of the downward bending older plate is building
up with time [Gurnis et al., 2004] (Fig. 4.3). During this period, thrusting
zones (faults) of low viscosity, high porosity and elevated fluid pressure
are created atop the older plate (Fig. 4.2), along which deformation (Fig.
4.2b) and fluid flow (Fig. 4.2c) are localized. Once the trench is formed
by 3.69 Ma, it keeps deepening, but its position is relatively stable till 9.91
Ma, when the older plate starts rapidly sinking (Fig. 4.1c), thus forming
a pronounced subducting slab. As hot low-viscosity astenosphere reaches
the region above the slab (Fig. 4.1c and Fig. 4.2d), downward bending of
the slab notably accelerates. The main thrusting zone formed atop of the
slab maintains decoupling between the plates and lubrication of the slab descending. This stage is accompanied by rapid trench rollback continuously
accelerating with an average velocity of 16.3 cm/yr. As a result, the model
evolves into a self-sustaining subduction (Fig. 4.1e).
Topography that is being developed (Fig. 4.1f) has realistic trench depths
of ∼ 3-4 km, a pronounced forebulge and undergoes through several development stages. Initially, topography is distributed according to the cooling
ages prescribed (0.02 Ma curve). During early stage formation of thrust
faults, the forearc region experiences rapid uplift (3.69 Ma curve) followed
by a relaxation period after decoupling of plates and beginning of mantle
upwelling and overriding plate extension (9.91 Ma). Similar topography evolution was observed in subduction initiation models [Gurnis et al., 2004, Hall
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et al., 2003] with prescribed plate convergences. At the onset of rapid slab
descent, a second stage of uplift associated with overriding plate topography
results in further deepening of the trench and roll back of the slab (Fig. 4.1f,
curves 10.50, 10.72 and 10.82 Ma) due to the vigorous hot asthenospheric
mantle upwelling under the thing overriding plate (Fig. 4.1d,e).
System development at 10.50 Ma

a

thrusting zones
Log10 (Viscosity, [Pa s])
b

thrusting zones
Log10 (Strain rate, [1/s])
c

thrusting zones
Log10 (Darcy velocity, [m/s])
d

km

Temperature, [K]

Figure 4.2: Development of thrusting zones during subduction initiation, expansion of Fig. 4.1d. a. Viscosity diagram: thrusting zones are low-viscosity
zones atop the slab. b. Strain-rate diagram: the amount of deformation
is the highest in the low-viscosity zones. c. Darcy velocity diagram: fluid
filtration along the thrusting zones. d. Temperature diagram: hot mantle
upwelling to the region above the slab.

Our parametric study suggests that reference permeability of hydrated
rocks is the main parameter affecting efficiency of solid-fluid rheological
coupling and thus oceanic subduction initiation efficiency (Fig. 4.4a). Paradoxical at first, lowering the permeability of rocks indeed favors subduction
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Temperature, [K]

a

0.02 Ma

b

3.69 Ma

c

9.91 Ma

d

10.50 Ma

e

10.72 Ma
km

Figure 4.3: Evolution of the temperature field for the model development
of Fig. 4.2. a. Temperature is initially distributed according to the cooling
ages of the plates Turcotte and Schubert [2002], is equal to 273 K on the
surface and reaches the value of 1600 K in the astenospheric mantle. b.-e.
Hot asthenospheric mantle gradually overrides bending older oceanic plate
forming the slab.

initiation. Explanation is rather simple - high permeability of fluid bearing rocks favors relatively low near-hydrostatic fluid pressure, which does
not allow for strong lowering of brittle/plastic strength of rocks required
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for subduction initiation. In contrast, low-permeability promotes high (nearlithostatic) fluid pressures, thus providing efficient rheological weakening of
coupled solid-fluid system (Eq. 4.3).
Ages of both subducting and overriding plates also have a strong influence on subduction initiation (Fig. 4.4b). Older slabs have greater negative
buoyancies and get subducted easier. Likewise, decreasing the age of the
overriding plate increases the buoyancy contrast and diminishes the coupling between the plates thus also facilitating subduction initiation. Variance
of transform fault width from 10 to 50 km (and can reach even greater dimensions in case of two closely located serpentinized fracture zones [Hall et al.,
2003]) also has a notable influence on the model development: the wider
the fault zone, the greater the amount of wet, naturally weakened material
between the plates providing intrinsic lubrication, the easier subduction can
be initiated (Fig. 4.4c).
Influence of initial porosity of hydrated rocks on subduction initiation appeared to be more complex (Fig. 4.4c,d). On the one hand, initial porosity of
the transform should be high enough to provide sufficient amount of water
for the formation of the porous thrusting zones along which fluid flow is
localized. Porosity, and thus permeability, of fractured rocks should be low
enough to maintain high porous fluid pressure which allows for stable slab
surface lubrication and decoupling of plates. Since permeability increases
with the cube of porosity (Eq. 4.4), steady porosity growth would strongly
increase permeability, thus favoring low (near-hydrostatic) rather than high
(near-lithostatic) fluid pressure. Results of our experiments suggest (Fig.
4.4c) that for the reference permeability K0 = 10−21 m2 , a porosity range
from 1.0 % to 2.5 % is the most propitious for subduction initiation. When
porosity goes down to the value of 0.5 %, the amount of fluid is not enough
to support a mobile lid regime and subduction freezes at initial stage. Likewise, reaching a porosity of 3.0 % rises the magnitude of permeability to
a critical limit where fluid pressure does not reach a high enough value
to provide rock failure and henceforth, subduction initiation becomes more
difficult.
Our model confirms that deeply hydrated oceanic transforms and frac88
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a

b

d
c

Figure 4.4: Parametrical study. Vertical scale values signify the age of the
subducting slab, Ma; horizontal scale represents either internal friction coefficient γ (diagrams a, b, d) or the transform fault width, km (diagram c );
grey area denotes stagnant lid regime, purple stands for subduction initiation; porosity mentioned is porosity of the upper crust and transform fault.
Default model parameters (if not specified on the diagram): porosity of the
transform fault and upper crust 1.5%, reference permeability K0 = 10−21 m2 ,
γ = 0.2, age of the younger plate 20 Ma, width of the transform fault 50
km. a. Reference permeability influence. b. Influence of the younger plate
age (“YP”, 10 and 20 Ma). c. Influence of transform fault width for different
younger plate ages (10 and 20 Ma). d. Transform fault porosity influence.
ture zones are favorable settings for subduction initiation [Hall et al., 2003,
Gurnis et al., 2004, Stern, 2004, Casey and Dewey, 1984]. According to previous models [Hall et al., 2003, Gurnis et al., 2004], subduction initiation
in these settings can be further facilitated by changes in the plate motion
providing favorable conditions for activation of initial thrusting and plate
lubrication (Fig. 4.1b,c) before turning toward the retreating subduction
mode (Fig. 4.1d,e). Among a number of recently initiated oceanic subduction zones [Gurnis et al., 2004], the Puysegur-Fiordland subduction zone,
southwest of New Zealand, could be considered a good natural example of
incipient subduction as it has been initiated in the recent 12 - 5 Ma [House
et al., 2002, Gurnis et al., 2004, Sutherland et al., 2009] at a fracture zone between Australian and Pacific plates. The rapid uplift of 1 - 2 km observed in
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the Fiordland region is associated with the beginning of the process [House
et al., 2002]. Together with the Puysegur trench, reaching depths of approximately 6.5 km at its deepest point, regional topography forms a similar profile to that we observed in our experiments (Fig. 4.1f). Izu-Bonin-Marianna
(IBM) zone is an example of a more ancient subduction initiation having
experienced its infancy period between ∼ 50 and 35 Ma characterized by
remarkably broad initial volcanism of ∼ 200 km [Hall et al., 2003, Stern and
Bloomer, 1992, Gurnis et al., 2004] with hight ratios of magma production
compared to present day arcs of ∼ 50 km. The tectonic regime was strongly
extensional and is in agreement with our results, similar to [Hall et al., 2003],
where a broad zone of extension is being formed above the slab subducting
at a shallow angle. Hot mantle fills the region above the slab at shallow
depth where slab nose dehydration takes place (Fig. 4.2c,d). These conditions are favorable for extended formation of partial melting that could be
the plausible explanation for the vast volcanism occurring in the incipient
subduction systems. The situation is considerably different from evolved
subduction zones, where the subducting plate angle is notably steeper and
geotherms above the slab are not as drastic.
Our fully coupled HTM solid-fluid subduction initiation model also has
some broader implications. In particular, slab bending in our experiments
associates with normal faulting and hydration of the slab in the outer rise
region (Fig. 4.1d, 4.3). Seismic and heat flow investigations show that there
is an active water penetration and deep hydration of the slab in the bending
region below the crust-mantle boundary [Grevemeyer et al., 2007, Ranero
et al., 2003]. Faccenda and co-authors [Faccenda et al., 2009] performed
numerical modeling of an oceanic subduction using simplified kinematic
model of water propagation and showed that bending-related stress changes
within the slab produce sub-hydrostatic pressure gradients along the normal
faults, thus providing the downward fluid pumping. In our experiments this
effect is confirmed on the basis of fully coupled solid-fluid model (Fig. 4.5
and 4.6), in which the excess porous fluid pressure allows for both porous
space opening and subsequent downward fluid suction along the bendingrelated normal faults.
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Figure 4.5: Fluid downward suction into the normal faults formed in the slab
bending region. a. Porosity diagram: opening of the pore space inside the
shear zones. b. Difference between total and fluid pressure; narrow limits
of colormap are imposed to increase the visibility of the fluid overpressure
zones (blue color). c. Darcy (fluid filtration) velocity: fluid percolation inside
the faults. d. Viscosity diagram with normal faults marked by the zones of
lowered effective shear viscosity. e. Strainrate diagram.

Based on the results achieved, we also expect that implications of the twophase fluid flow into the high-resolution global mantle convection models
[Stadler et al., 2010] will allow reproduction of global plate tectonics with
single-sided subduction [Crameri et al., 2012] on the basis of laboratory measurements rather than a-priori lowered rheological strength of natural rocks.
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Figure 4.6: Evolution of porous space inside the normal faults at the time
moment of 10.86 Ma (Fig. 4.5). a. Porosity change between two time moments (present and -2300 yrs). Color limits of the diagram are intensified
for the better visibility. Red zones signify opening of the porous space, blue
zones imply pore closure. b. Viscosity diagram with normal faults distribution for the previous time moment (-2300 yrs). Black contours stand for
the red areas from the diagram a which signify opening of the pores getting
filled with fluid. One can see that pore space opening happens inside the
faults. c. - d. Viscosity diagrams with normal faults distribution for two
earlier moments of time (-4800 and -7200 yrs). Black contours signify blue
areas from the diagram a which mean porous space closure. One can see
that the previously open fluid filled pores are collapsing after faults location
is shifted.

4.4

Permeability of rocks

In our experiments, permeability of crustal and mantle rocks varies in the
range between 10−16 and 10−21 m2 . Values of chosen interval are rather
on the lower bound of what is typically measured in the laboratory experiments [e.g. Brace, 1984, Fisher, 1998, Faul, 1997] (e.g. 10−13 − 10−18 m2 for
crustal basalts) or normally used for numerical models [e.g. Faccenda et al.,
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2009, Connolly et al., 2009, Richard et al., 2006]. The relevance of low permeability for maintenance of elevated pore fluid pressure during geologically
significant periods of time was emphasized in both experimental measurement studies [Brace, 1984, Trimmer et al., 1980, Brace, 1980] and theoretical studies of abnormal fluid pressure in sedimentary, metamorphic and
tectonic settings [Neuzil, 1995, Walder and Nur, 1984, Bredehoeft and Hanshaw, 1968, Hanshaw and Bredehoeft, 1968, Wong et al., 1997]. Walder and
Nur [Walder and Nur, 1984], in their studies of pore pressure development
in the crust, derived that permeability required for retention of high porous
pressure should be as low as 5 · 10−20 − 10−21 m2 . Bredehoeft and Hansaw
[Bredehoeft and Hanshaw, 1968, Hanshaw and Bredehoeft, 1968] concluded
that under conditions of absence or bareness of low permeable layers (e.g.
clays) it is doubtful that anomalous pore pressures can be maintained for
longer than a geologic instant. In similar extended studies of dehydration
systems [Wong et al., 1997], authors calculated the critical values of confining layer permeabilities required for maintenance of nearly lithostatic pore
pressure for typical dehydration reactions. The values fall within the interval of 10−17 − 10−21 m2 which is characteristic for argillaceous rocks [Hanshaw and Bredehoeft, 1968] and unfractured low-porosity crystalline rocks
[Walder and Nur, 1984, Brace, 1980]. Even lower values (between 10−20 and
10−24 m2 ) were reported for intact gneissic granite and intact and fractured
gabbro [Trimmer et al., 1980].
Considering that resolution of our model does not allow us to resolve
complex layered structures on the crustal level, we assume reference permeability to be equally low for the large volumes of various lithologies. Although it is quite a rough approximation and does not allow for tracing
certain complexities of geological environment, it is of crucial importance
for building up the nearly lithostatic pore pressures and investigating the
fluid weakening influence on the rocks in geological systems, allowing in
present case, for subduction initiation and further lubrication driven by the
pore pressure excess. It should also be mentioned that the permeability limits estimated for the spontaneous subduction initiation can notably widen
in the case of induced subduction initiation [e.g. Hall et al., 2003, Gurnis
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et al., 2004] due to the porous fluid pressure increase caused by the initial
compression of the plate boundary.
Another important feature is that spatial [Rice, 1992] and temporal [Walder
and Nur, 1984] variation of permeability plays important role in the development of excess pore pressure. Thus, among two similar studies [Hanshaw
and Bredehoeft, 1968, Wong et al., 1997] of anomalous pore pressure in dehydrating systems, the one with variable porosity-dependent permeability
[Wong et al., 1997] shows ∼ 20% less of pore pressure excess than the one
with fixed permeability values. Therefore porosity-dependent permeability
(Eq. 4.4) [e.g. Wong et al., 1997, Morency et al., 2007, Connolly and Podladchikov, 2000] recalculated at each time step is of particular importance for
model development and evolvement of local fluid flow focussing phenomena such as shear bands hydration (Fig. 4.5 and 4.6).
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Upper basaltic
crust
Lower gabbroic
crust
Wet transform
Lithospheric
mantle
Astenospheric
mantle
Sticky water

Rock type

0.2 - 0.6
0.6
0.6

0.5 - 1.0
0.5 - 3.0
∼0

∼0
10.0

3150

3250
3300

3300

1000

0.0

0.6

0.2 - 0.6

γ

0.5 - 3.0

Porosity
%

Density
Turcotte
and
Schubert
[2002]
kg/m3
3100

0.73
300

104

0.73
0.73

1.18

1.18

Thermal
conductivity
W m −1 K −1

1

1
1

1

1

C MPa
law

Newtonian,
10−18 Pa · s

Dry olivine

Plagioclase
An75
Plagioclase
An75
Wet olivine
Dry olivine

Flow
Ranalli
[1995]

Table 4.1: Physical properties of the lithologies used in the experiments; other parameters for all the lithologies are: thermal
expansion α = 3 · 10−5 K −1 , isobaric heat capacity C p = 1000 J kg−1 K −1 .
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Chapter 5

Conclusions & Outlook

Numerical models are well-recognized and powerful tools for studying the
long-term geodynamical processes that help to improve our understanding
of dynamics of the coupled thermo-mecanical processes on Earth. Both simple and complex models are based on our knowledge and observations
which are very limited in time and space in comparison with scale of the
natural phenomena. And thus there is always an uncertainty in choice of
the key parameter values (i.e. lithologies rheology, porosity and permeability). Apart from the assumptions choice, the tricky question for the complex models is a correct interpretation of the particular parameter influence,
for the simple models, instead, there is always a risk of over-simplification
and neglecting some important factors or processes. However, numerical
modelling has a great potential in explaining natural phenomena that we
can only hypothesize due to their time span or the lack of data. So far it
has been a successful and helpful tool for problems of different scales and
origin, and, considering growing computational capacities and their increasing availability and accessibility, numerical models are gaining progressively
firmer position among the Earth sciences research directions.
In this thesis we have used both complex and simplified numerical models of subduction to investigate the influence of fluids and melts on the
process of subduction initiation, behavior and resulting collisional orogens.
In Chapter 3 we have employed the complex petrological thermo-mechanical
model I2ELVIS, allowing for partial melting, melt extraction and aqueous
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fluid transport implemented as a kinematic model, to investigate the process of arc-continent collision and the resulting collisional orogeny formation. We have systematically investigated the parameter space and derived
three different orogeny types: (i) orogen consisting of accretion prism remnants, detached segment of the overriding plate splitted into several fragments and magmatic rocks formed after the intrusion of hot plumes of
molten subducted sediments; (ii) orogen consists mainly from the collapsed
back-arc basin suture, detached single segment of the overriding plate and
the leftovers of the accretion prism, while the amount of magmatic rocks
formed from molten sediments is insignificant; (iii) transitional, intermediate between first two, type of the orogen, with both suture of collapsed
back-arc basin and plumes activity present. We have concluded that subducting plate age and length, as well as convergence velocity rate are the
key parameters to define the style of the process and of the resulting orogen.
Our models can be reasonably compared with natural examples, such as
Bohemian Massif in Eastern Europe. Without additional tuning, numerical
results reproduce main features and key process of Bohemian Massif formation predicted based on the geological, geochemical and geochronological
observations.
In Chapter 4 we have modeled the self-sustaining spontaneous subduction initiation due to the gravitational instability between two oceanic plates
of the contrasting ages juxtaposed through the wet transform fault zone.
While previous models assumed excessive tectonic plates boundary weakening [Gerya et al., 2008, Nikolaeva et al., 2008, Hall et al., 2003], which does
not reconcile with laboratory rock strength measurements [Brace and Kohlstedt, 1980, Byerlee, 1978, Escartin et al., 2001] and was assumed to be based
on the presence of water [Gurnis et al., 2004, Gerya et al., 2008], we have
achieved self-sustaining weakening of the shear zone between the plates due
to the implemented porous fluid flow coupled with solid visco-plastic deformation, which has lubricated the subduction nucleation. The mathematical
equations and numerical methods used for development of our numerical
model BAMBI employed for this research are described in Chapter 2. This is
a simplified model with visco-plastic rheology of lithologies not accounting
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for the surface processes, phase transformations, shear or adiabatic heating,
but fully focused on the coupling of the multiscale processes of visco-plastic
solid matrix flow with fluid percolation through the porous space within it,
and the subsequent impact on geodynamics of the subduction process.
BAMBI is a first numerical model of subduction accounting for the complex hydro-thermo-mechanical multiphase flow. It is still rather simple and
has a big potential for development and for the various applications in geodynamical problems. Below we discuss the possible future improvements of
numerical methods and several feasible applications of our HTM-model.

5.1

Adaptive staggered grids

The question which is relevant to us at a current stage is a grid resolution
increase. Another possible improvement could be an adaptive staggered
grid application [ASG, Gerya et al., 2013], which would allow us to increase
performance maintaining the accuracy of calculations without significant
jump of the computational cost. Given that the coupled solid-fluid flow is
driven by multiscale processes, such as solid visco-plastic flow combined
with porous fluid percolation, the range of time and physical scales relevant
for the processes is very broad (e.g. hundreds of kilometers for mantle convection and millimeters for the porous space opening). Thus uniform rectangular grid currently used in our HTM-model imposes certain constrains
either on a computational efficiency, or on a precision and detail level. Instead, adaptive grid would provide us with a necessary mesh refinement
only in the areas where it is desired (e.g. at big viscosity contrast zones),
and will coarsen the grid once the environment becomes rather homogenous (e.g. sticky air, deep mantle). In work of Gerya et al. [2013] such
an AGS stencil has been developed for the incompressible Stokes flow in
form of stress-conservative finite difference conditions, which are imposed
on the hanging velocity nodes between the resolution transition cells. The
attractive property of such a mesh is that it maintains a sparsity within the
matrix, introducing only few additional entries, so it remains a low-order
method that preserves a compact stencil. It is robust and stable in cases
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of big viscosity contrast for both continuous and discontinuous structures.
The discretization error characteristic of such a grid closely resembles the
one of the classical nonadaptive staggered grid methods. Considering that
our models aim to investigate processes on different scales, certain areas require much more detailed resolution (e.g. convergent margin, fluid suction
into the opening shear bands). Thus our HTM-code BAMBI would highly
profit from introduction of such type of a grid.

5.2

Implementation of elasticity into numerical models

Another possible development step for the code would be supplementing
elasticity to our visco-plastic rheology. Rocks behave elastically on a relatively short time scale (<104 years), and thus for the modeling of relatively
fast processes within the mantle and the crust of the plates, such as fluids
and melts transport, it might have a significant impact. As such, in work
of Keller et al. [2013] the importance of elasticity was shown for magmatic
systems and porous silicate melt percolation. For the case of subduction
initiation and slab bending models the influence of elasticity has been discussed by many authors [e.g. Regenauer-Lieb et al., 2001, Muhlhaus and
Regenauer-Lieb, 2005] and successfully implemented numerically [Gerya
and Yuen, 2007, Regenauer-Lieb et al., 2001, Hall et al., 2003, Gorczyk et al.,
2007]. Toth and Gurnis [1998], Gurnis et al. [2004] have made a compelling
case that the initial (and critical) force balance at the start of subduction
initiation is dominated by elasticity. Thus we consider the introduction of
elasticity into our models as a possible improvement, especially if applying it for the cases of detailed fluids/melts percolation processes (e.g. slab
hydration and dehydration).

5.3

Numerical models with prescribed plate convergence

Another important step towards the development of our HTM-model BAMBI
would be to prescribe plate convergence boundary conditions. Given that
many natural examples of zones of induced subduction are known (e.g. Puysegur, Solomon arc), and that tectonic plates convergent rates differ between
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2 and 24 cm/yr [Gerya, 2011b], this direction of research would bring us
closer to the natural conditions.
Induced convergence would apply additional force to the trench area,
which would impose even stronger rheological weakening of the plates interface. In the Chapter 4 we have considered spontaneous subduction nucleation, where no prescribed artificial weakening of rheology is needed,
but it happens in a self-consistent manner due to the porous fluid overpressure. However, to maintain this pressure on a level close to lithostatic, very
low permeability is needed (from 10−16 m2 to 10−21 m2 in our experiments).
These values are on the lower bond of both results of laboratory measurements [e.g. Brace, 1984, Fisher, 1998, Faul, 1997] (e.g. 10−13 − 10−18 m2 for
crustal basalts) and values normally used for numerical models [e.g. Faccenda et al., 2009, Connolly et al., 2009, Richard et al., 2006].
Although the relevance of low permeability for maintenance of elevated
pore fluid pressure during geologically significant periods of time was emphasized in both experimental measurement studies [Brace, 1984, Trimmer
et al., 1980, Brace, 1980] and theoretical studies of abnormal fluid pressure in
sedimentary, metamorphic and tectonic settings [Neuzil, 1995, Walder and
Nur, 1984, Bredehoeft and Hanshaw, 1968, Hanshaw and Bredehoeft, 1968,
Wong et al., 1997], we believe the values prescribed to our initial model
setup can be elevated when implying convergence. Since tectonic plates on
Earth are in a constant motion, forces driving the subduction can be not
only negative buoyancy of subducting plate, or ridge push and slab pull,
but also tectonic forces originated far from the nucleating subduction zone.
Thus, apart from plates density contrast instability, externally applied compressive stresses and moderate convergence facilitate new subduction zones
formation [Toth and Gurnis, 1998, McKenzie, 1977].
Induces subduction initiation has been successfully numerically modeled
[e.g. Gurnis et al., 2004, Hall et al., 2003] by introducing the convergence on
the sides of the computational domain. We have implemented the simple
version, when the subducting plate is being pushed from the left side with
a constant velocity.
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Figure 5.1: Shear zone depletion in case of implied convergence. For each
time moment (I and II) viscosity (a,b) and porosity (c) diagrams are shown:
shear zones are forming due to the fluid overpressure; porosity space in
such a zones is being reduced in order to keep fluid pressure sufficiently
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high (see zones on low porosity on diagrams c), and fluid is being expelled
out of these zones.

5.3. Numerical models with prescribed plate convergence
Our first results are presented on the Fig. 5.1: the initial setup of the
model is similar to those in Chapter 4, the only principal difference is higher
reference permeability: K0 = 10−19 m2 instead of K0 = 10−21 m2 . Basaltic
crust and wet transform zone porosities are 1.5 %, internal friction coefficient
γ is 0.6 for all the lithologies, convergence rate is 4.7 cm/yr. As one can see
on the figure, transform fault is dappled with low-viscosity shear zones that
have been formed due to the fluid overpressure and are under the waterdepleted conditions: porosity space has collapsed in order to keep the fluid
pressure on the nearly-lithostatic level, water has been expelled out of these
zones.

Figure 5.2: Three phases in the initiation of subduction shown schematically, with type locality and position on the force versus convergence curve
indicated. Figure from Gurnis et al. [2004].

Vertical motion of the nascent fore-arc is an important and sensitive indicator of the evolving force balance. On the Fig. 5.2 from Gurnis et al.
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[2004] three phases of incipient subduction together with natural examples
of such setups are shown. These stages are accompanied by the initial uplift
and following subsidence of a fore-arc topography, corresponding to the initial resisting force build-up with a subsequent release and a passover into
the down-driving mode. Topographical development of our models shows
similar stages (Fig. 5.3): initial uplift of the overriding plate is followed
by the posterior relaxation that can be explained in the same manner as an
accumulation and digression of resistance.
We believe developing this direction further would lead to the more realistic model setups with possibility to reconstruct natural tectonic systems
with respective plates ages, convergence rates, lithologies rheologies, permeabilities, timing and other important parameters.

Figure 5.3: Topography evolution: a-c. Viscosity diagrams. d. Topography
evolution: uplift of the fore-arc region of the overriding plate followed by a
subsequent subsidence.
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5.4

Modeling of fluid suction into the shear bands

In the Chapter 4 we have touched the topic of fluid downward suction into
the normal faults forming due to the subducting slab bending. In the work
of Faccenda et al. [2009] deep slab hydration due to the bending was investigated with application of complex petrological-thermomechanical numerical code I2ELVIS (Chapter 2) with kinematic model for fluids propagation
applied. Seismic and heat flow investigations show that there is an active water penetration and deep hydration of the slab in the bending region below
the crust-mantle boundary [Grevemeyer et al., 2007, Ranero et al., 2003].
Faccenda et al. [2009] have shown that stress changes induces by oceanic
plate bending produce subhydrostatic or even negative pressure gradients
along the forming normal faults, what leads to the downward fluids pumping (Fig. 5.4d-f). With our HTM-model we have confirmed this effect on
the basis of fully coupled solid-fluid model (Fig. 5.4a-c), in which the excess porous fluid pressure allows for porous space opening and subsequent
downward fluid suction along the bending-related normal faults. On both
diagrams Fig. 5.4a and e faults activation starts at shallow depths offshore
of the trench and progressively deepens as the faults move through the slab
bending zone. There, followed by the chemical reactions of serpentinization, water gets stored and subsequently delivered into the mantle wedge
and deep mantle. At mantle depths slab serpintinization plays an important
role in several processes, such as facilitating the rheological weakening and
partial melting in the mantle wedge and formation of a dense hydrous magnesium silicate phase which is responsible for transporting the fluid down
to the deep mantle [Ohtani et al., 2004].
Later Faccenda et al. [2012] have modelled slab dehydration on intermediate depths (70-300 km, Fig. 1.3). Their results have shown a Double Hydrated Zone (DHZ) formation, when part of the fluid released from the slab
is expelled upward, and the other part is driven into the cold core of the
plate, to the area of tectonic under-pressure and slab-normal pressure gradients. This other part of the fluid percolates updip along such a layer within
the slab and, together with an upper hydrated layer forms DHZ.
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Figure 5.4: Fluid downward suction into the normal faults formed in the slab
bending region: comparison of results with work of Faccenda et al. [2009].
Panels a-c are from Dymkova and Gerya [2013], modeling has been performed with code BAMBI: [a] porosity diagram, [b] difference between total
and fluid pressure; narrow limits of colormap are imposed to increase the
visibility of the fluid overpressure zones (blue color), [c] strainrate diagram.
Panels d-f are from Faccenda et al. [2009], modeling has been performed
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with code I2ELVIS: [d] compositional map of the trench, [e] strain-rate map
and [f] tectonic pressure map.

5.4. Modeling of fluid suction into the shear bands
The redistribution of fluids during the slab unbending has a strong influence on the weakening processes within the subducting plate as well as
plays important role in the deep water cycle.
To reproduce this modelling exercise using the coupled solid-fluid flow
starting from the very slab hydration stage and finishing with the water
percolation into the deep mantle is an exciting task and would improve our
understanding of water cycle processes within the slab and mantle.
Bercovici and Karato [2003] proposed the model of a whole-mantle flow,
where the low solubility upper mantle above 410 km-boundary and a deep
mantle below the 660 km are separated by the transition water-saturated
layer, which works as a filter on the way of a deep mantle upwelling motion (Fig. 5.5). This model explains observations of geochemical reservoirs,
in particular source regions of mid-ocean-ridge basalts (MORBs) and oceanisland basalts (OIBs). Going through the hydrated layer, on its upper 410
km-boundary mantle undergoes dehydration-induced partial melting that
filters out incompatible elements. Depleted and dehydrated material rises
to become a source for mid-ocean-ridge basalts. Thus a bulk circulation
of mantle material is decoupled from the incompatible elements flow. The
filtration is, however, suppressed in case of mantle plumes, which higher velocity and material temperature decrease water solubility and time of presence in the transition hydrated zone, resulting into no melting atop of the
410 km-boundary. As such plumes, relatively wet and rich with compatible
elements, arrive to the surface providing the source of ocean-island basalts.
After the filtration, enriched dense melt residue remains atop of the 410 kmdiscontinuity, thus imposing the presence of a thin (may be ∼10 km) melt
layer. Presence of such a structure is supported by the seismological studies
[Revenaugh and Sipkin, 1994, Vinnik and Farra, 2002], although within the
certain regions only.
Modelling such a system with our code is an interesting exercise and
could shed the light on the problem of water storage through the whole
mantle structure. In general, revealing the inventory map of H2 O within
the mantle and understanding the global water cycle is important for understanding of convective flows in the Earth interior, as the water has a crucial
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Figure 5.5: Sketch of the transition-zone water-filter model.Slabs subducting
from cold lithosphere (dark blue) force up a broad background of passively
upwelling ambient mantle (arrows) that, upon passing through the highwater-solubility transition zone (light blue) gets hydrated. When leaving
the transition zone at the 410-km boundary, this ambient mantle becomes
low-water solubility olivine and is thus super-saturated, wherein it partially
melts, thereby extracting water and filtering off incompatible elements into
the melt phase. The wet, enriched melt is likely to be heavy and thus gathers into the high-melt fraction layer trapped above the 410-km boundary
(yellow). The residual solid portion of upwelling ambient mantle is buoyant
but very dry and depleted of incompatible elements; it provides the MORB
source region (green). The water-filtering mechanism is suppressed in mantle plumes (red) due to the plume material’s higher temperatures and velocities which result in reduced water-solubility and shorter residence times
in the transition zone, thereby leading to greatly diminished hydration and
thus little or no melting upon passing the 410-km boundary. Plumes thus
arrive at the surface still relatively wet and enriched in compatible elements,
thereby providing the source for enriched OIBs. Slabs efficiently entrain the
melted material, returning water to the transition zone and incompatible
elements to the deeper mantle. Figure from Bercovici and Karato [2003].
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influence on a mantle creep strength [Hirth and Kohlstedt, 1995, Mei and
Kohlstedt, 2000], and thus convection style and tectonic behavior as a whole
[Hirschmann, 2006, Richards et al., 2002].

5.5

Application to accretionary wedges

Thin-skinned fold-and-thrust belts are generally considered as the result of
contractional deformation of a sedimentary succession over a weak décollement
layer. They are related to the convergence tectonics are reported in a broad
variety of settings, such as passive margins, convergent zones and submarine accretionary wedges. These structures of a great scientific and industrial
interest have been being investigated for several decades [Boyer and Elliott,
1982, McClay, 1992, Ruh et al., 2012, 2013, 2014].
They develop by scraping off a rock sequence along a weaker basal décollement
often formed by low-viscosity salt horizons or overpressured water-saturated
shale layers (Fig. 5.6). Sliding of an evolving fold-and-thrust belt on the
décollement depends on the stresses forming in a weak layer, as well as its
shear resistance. Thus the thin-skin deformation style and the resulting geometry are strongly influenced by the physical properties of the main weak
layer.
Considering domination of visco-plastic deformation, importance of water saturation and thus large influence of fluid over-pressure, application of
our model is very favorable for this problem. This project is currently in
the process and very first results are shown on the Fig. 5.7. The model
setup is 100 km long and 15 km deep, and consists of two layers: 14.7 km of
newtonian linear rheology sedimentary material and 300 m of décollement.
In contrary to the previous models, which have assumed weak layer
underlying the sedimentary ones [e.g. Yamato et al., 2011, Simpson, 2009,
Ruh et al., 2013], in our model the only difference between the layers of
sediments and décollement is porosity (10% for the sediments and 7% for
the décollement), and both materials have the same prescribed homogenous
solid viscosity (1024 Pa s) and internal friction angle (30◦ , i.e. sinϕ = 0.5).
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Figure 5.6: Temporal evolution of fold-and-thrust belt (beige and brown,
ϕ = 30◦ ) with a frictional décollement (green, ϕb = 10◦ ). Thrust wedge
grows horizontally by in-sequence thrusting and vertically by reactivating
thrusts within the wedge. Most of the horizontal shortening is accommodated by the active frontal thrust. Plots show the differential stress (black
line) and the differential yield stress (gray line) in the lowest element row
(no vertical exaggeration). Figure from Ruh et al. [2012].

The setup is being pushed with a constant velocity of 1 cm/yr from the
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left. As it can be seen from the figure, weak low-viscosity décollement layer
has been spontaneously formed due to fluid overpressure and consequent
plastic yielding.
Thus we can conclude that development of this topic with application
of the coupled solid-fluid flow can lead to fruitful results and improve the
fundamental understanding of the process.

Figure 5.7: Modeling of an accretionary wedge: spontaneous formation of
weak décollement. Figure courtesy: Jonas Ruh.
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family! Adrian and René - from making my life in Zurich so homy and
cosy, for all the limitless Hausfests, Fondues, music, art, and simply your
greatness!
Teo, Jonas, Dave and Thibault - for the sunny pétanque afternoons.
Peter and Yoann - for relaxing coffees and chats at the terrace and BQM!
Lisa - for you being there for me at the bicycle adventures.
Gosia - for chats, chats, chats, sushi and carrot cake!
Sanja - for being so warm, attentive and cosy!
Kerry - for unforgettable surfing experience!
Bettina - for being the loveliest officemate, wonderful host and the best
German teacher ever!
Asia - for our long-long-long talks and hot chocolates.
Katha - for your infinite sunniness, sparkles of joy and humor, and just
for being Katha!
Claudia - for your warmth and tranquility, and for our game evenings!
Aline and Filippo - for being so warm and supporting, and for making
this day for me so remarkable!
Ylona - for your strength, optimism and goodness, and for all the support
that I’ve seen from you, girl!
Olga, Jenya and Anna - for being my great dearest friends since our
school days, albeit distant, but precious.
Elena, Lisa, Edgar and Sasha - for embracing me upon my arrival and
making me feel home all the way.
Elena, particularly - for being so wise, kind and calm as you are.
Jessy - for being so shiny and different! And for all those things I’ve
learned from you..
Ksenia - for holding my hand all this time, for being the most wonderful
storyteller and listener, and just a precious friend!
137

Bibliography
Anna - for your great great heart! And your endless understanding..
Frouk and Jen - for you being there for me, for all the fun and sad we
have shared.. how would I manage without you?!
Fabrizio - for that who you are and how you make me feel.. for that
you always challenge and comfort me at the same time, making me push
my limits and overcome them.. for your endless belief, support, care and
inspiration.. for all the beauty of your personality that I am keep on opening
for myself.. and for all this strength that I feel next to you!
My parents, my best ever mom and dad, and all my wonderful family for endless, infinite love, belief and support, for being confident in me and
encouraging to keep on going no matter what!
I have made it till here only thanks to all all all of you!!

138

Curriculum vitae

Diana Dymkova
Personal
Born on August 1, 1986.
Russian Citizen.

Education
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