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There is one thing we do know:

That we are here for the sake of other men –

above all for those upon whose smile and well-being our own happiness
depends.

Albert Einstein
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Chapter 1. Introduction

Establishing how mantle dynamics drives the tectonic evolution of the crust
is a key objective in modern solid-earth sciences. It benefits from advances in
the observation and reconstruction of surface evolution on the one hand and
in the available computational tools for modeling geodynamics on the other,
such that geodynamic processes can be quantitatively linked to surface obser-
vations. This thesis investigates in particular the relation between crustal mo-
tions as observed by geodetic data and their forcing by deep mantle processes
along the converging and diverging boundaries of the Nubian plate for which
state-of-the-art numerical models are developed.

The slowly northeast moving Nubian plate (relative to the mantle, Fig. 1.1) is
mostly surrounded by mid-ocean spreading ridges (Gaina et al., 2013). Excep-
tions are the northern continental margin interacting with Eurasia (e.g. Fac-
cenna et al., 2014), the northeastern incipient oceanic spreading between Nu-
bia and Arabia (Almalki et al., 2015) and the continental East African Rift System
(EARS), where the Somalia plate is separating from Nubia (Chorowicz, 2005;
Ring, 2014). The converging Mediterranean region and the extending EARS
form complex plate boundary zones that include microplates moving signifi-
cantly differently from the surrounding major plates.

1.1 Nubia-Eurasia convergence in the Mediterranean
region

The Mediterranean region represents the western end of the Tethys realm, where
the opening and closing of the Neo-Tethys oceanic domain (Berra and Angi-
olini, 2014) culminated in the formation of the Alpine-Himalayan orogenic belt
(Hafkenscheid et al., 2006). Consumption of the Neo-Tethyan oceanic and in-
tervening microcontinental domains occurred through mostly, but not exclu-
sively, northward subduction underneath Eurasia, resulting in accretion of (up-
per) continental crust to Eurasia, forming the Mediterranean orogens. Back-
arc spreading, often related to roll-back of the subducting lithospheric slabs,
created back-arc basins within these accretionary prisms, floored by highly-
extended continental and hyperextended, or fully oceanic, basins (e.g. van Hins-
bergen et al., 2005).

Seismic tomography played a large part in unraveling the role of subduc-
tion in the complex evolution of the Mediterranean. The recognition of posi-
tive seismic anomalies reaching deep into the mantle pointed to much longer
Nubian subduction histories than inferred from subduction zone seismicity
(e.g. Panza et al., 1980; Spakman, 1986; Spakman et al., 1988; Granet and Tram-
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1.1. Nubia-Eurasia convergence in the Mediterranean region

Figure 1.1: The Nubian plate and its divergent and convergent boundaries. Black vectors indicate
the absolute velocities of the plates in the mantle frame of Doubrovine et al. (2012), based on the
relative Euler poles of Le Pichon and Kreemer (2010); Kreemer et al. (2014); Saria et al. (2014).
The vectors demonstrate Nubia-Somalia divergence and Nubia-Eurasia convergence as well as
the striking motions of the Aegean, Anatolian and Victoria microplates. Dashed black boxes
indicate the Mediterranean and east African regions investigated numerically in Chapter 3 and
4. Abbreviations: VI - Victoria, NAM - North America, SAM - South America, ANT - Antartica.
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Chapter 1. Introduction

pert, 1989; Wortel and Spakman, 1992; Spakman et al., 1993). Density-induced
oceanward migration of the interpreted oceanic slabs (slab rollback) has been
invoked to explain the arcuate shape of the collisional belts, while simultane-
ously extending the overriding back-arc regions (Le Pichon, 1982; Malinverno
and Ryan, 1986; Wortel and Spakman, 2000). Tomographic models also suggest
recent detachment of some of the Mediterranean slabs from the surface plates,
e.g. along the north African, Adriatic and Eurasian margins (Spakman, 1986;
Spakman et al., 1988; Wortel and Spakman, 1992; Spakman et al., 1993; van der
Meer et al., 2018). The tomographic snapshot of this long-term interaction of
slabs and the surrounding mantle has been used in numerical modeling to con-
strain tectonic reconstructions of the Mediterranean (e.g. Hafkenscheid et al.,
2006; Chertova et al., 2014), or to predict surface deformation and mantle flow
(e.g. Faccenna and Becker, 2010; Boschi et al., 2010; Alpert et al., 2013).

When considering the present-day surface motions of the Mediterranean
region, the westward accelerating counterclockwise motion relative to Eura-
sia of the Aegean-Anatolian region stands out (Fig. 1.1, Le Pichon and Kreemer
2010; Nocquet 2012; Kreemer et al. 2014). This long-recognized plate-boundary
parallel motion of the microplate has been attributed to (a combination of)
Arabia push (e.g. McKenzie, 1972), basal drag (e.g. McKenzie, 1978; Le Pichon
and Kreemer, 2010; Jolivet et al., 2013), slab pull and trench retreat (e.g. Le Pi-
chon and Angelier, 1979; Spakman et al., 1988; Ring et al., 2010) as well as gravi-
tational potential energy differences (e.g. Le Pichon and Angelier, 1979; Gau-
tier et al., 1999). Inspired by the large amounts of geodetic, geological and
geophysical observations, the microplate motion has received much attention
from the modeling community and has been investigated with thin sheet mod-
els (Jiménez-Munt et al., 2003; England et al., 2016; Özbakir et al., 2017), 3D
models of the lithosphere and underlying mantle (Faccenna and Becker, 2010;
Boschi et al., 2010; Sternai et al., 2014) and other approaches (e.g. Ganas and
Parsons, 2009; Royden and Papanikolaou, 2011). The basic question of what
drives the deformation and motion of the Aegean-Anatolian plate is still not
satisfactorily answered. Particularly, it has remained insufficiently quantified
to what extent the sublithospheric mantle, e.g. Aegean subduction and mantle
flow, contributes to crustal flow and deformation.
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1.2. Nubia-Somalia divergence in the East African Rift System

1.2 Nubia-Somalia divergence in the East African Rift
System

During Gondwanaland formation (Torsvik and Cocks, 2011), the closing of sev-
eral oceans led to the amalgamation of cratons and intervening mobile belts
forming the African lithosphere in a series of Neoproterozoic Pan-African oro-
genies (Stern, 1994; Torsvik, 2003). Since the Late Paleozoic, this heteroge-
nous east African lithosphere has known many extensional phases, some of
which related to Gondwana breakup, leading to the partial reactivation and
superposition of older rifts (Lambiase, 1989). The currently active EARS fol-
lows the Precambrian mobile belts (Daly et al., 1989; Versfelt and Rosendahl,
1989; Smith and Mosley, 1993; Ring, 1994; Hetzel and Strecker, 1994), but litho-
spheric structure also interferes with rift propagation (e.g. the strong Tanzania
craton, Chorowicz 2005; Buck 2006). The resultant current geometry of the rift
system comprises several branches of narrow, predominantly asymmetric half-
grabens with high rift shoulders, of which the western and eastern branches
partly overlap (Fig. 1.1).

In absence of obvious subduction driving the currently slow divergence of
Nubia and Somalia along the EARS (∼5 mmyr−1, Saria et al. 2014), an expla-
nation has been sought in the role of the underlying mantle (Zeyen et al., 1997;
Stamps et al., 2015; Wolstencroft and Davies, 2017). Seismic tomography shows
negative seismic velocity anomalies in the east African mantle, but whether
these form one or several upper mantle plumes and whether they are con-
nected to the lower mantle is debated (Ebinger and Sleep, 1998; Davis and Sel-
vadurai, 2002; Weeraratne et al., 2003; Pik et al., 2006; Chang and Van der Lee,
2011; Hansen et al., 2012; Steinberger and Torsvik, 2012; Mulibo and Nyblade,
2013; Halldórsson et al., 2014; Sun et al., 2017). Nevertheless, these upwellings
probably provide the support for the broad-scale topography of the African Su-
perswell (Nyblade and Robinson, 1994; Lithgow-Bertelloni and Silver, 1998), in-
cluding the early Miocene uplift of the now ∼1200 m high East African Plateau
(Fig. 1.1, e.g. Simiyu and Keller 1997; Wichura et al. 2010, 2015). Numerical
modeling has demonstrated that GPE differences generated from the high to-
pography and lateral density variations can provide the forcing needed for the
continental extension (Coblentz and Sandiford, 1994; Stamps et al., 2014, 2015),
although global mantle flow models (Quéré and Forte, 2006; Ghosh and Holt,
2012) show that opening can also be induced by the tractions of large-scale
mantle flow. More recent force inventories indicate that additional weakening
mechanisms such as melting and preexisting weaknesses are needed to over-

5



Chapter 1. Introduction

come the strength of the old continental lithosphere (Kendall and Lithgow-
Bertelloni, 2016). Extensive, multi-phase plume-dominated magmatism did
indeed occur in east Africa between 45 and 22 Ma (Rooney, 2017). Current
volcanism is more prevalent in the eastern branch of the EARS and has pro-
gressively moved towards the rift axis. Here, diking accommodates a significant
amount of extension (e.g. Swain, 1992).

The differential motion of the Victoria microplate (Fig. 1.1) as a coherent
block between the eastern and western EARS branches has only recently been
recognized (Calais et al., 2006; Schmeling et al., 2008; Saria et al., 2014) with
increased Global Navigation Satellite System (GNSS) station coverage. As such,
although a microplate rotation has been noted in numerical models of EARS
plume-rift interaction (Koptev et al., 2015, 2016), the driving processes behind
this counterclockwise crustal rotation remain enigmatic.

1.3 Thesis outline

The long and complicated subduction history of the Mediterranean zone im-
plies interaction between the surface and the sublithospheric mantle with the
slabs acting as stress guides (Elsasser, 1969). In east Africa, mantle dynamics
and lithospheric heterogeneity most likely created the conditions for continen-
tal rifting to occur. The unresolved relations between the tectonic complexity of
both Nubian plate boundary zones and the driving geodynamic processes war-
rant a comprehensive treatment of the crust and lithosphere in geodynamic
modeling to identify the quantitative links between driving processes and ob-
servations. Identifying these deformation-driving processes and their contri-
bution to crust/lithosphere tectonics defines the core of my thesis and involves
innovations in numerical modeling and its underlying strategy.

The first chapter of this thesis concerns the implementation, benchmark-
ing and application of nonlinear viscoplastic rheologies for multiple materials
in ASPECT, a modern, massively parallel, open source finite element code (Kro-
nbichler et al., 2012; Heister et al., 2017). As the lithosphere deforms through
elastic, brittle and ductile behavior (Burov, 2011), the modeling of lithospheric
processes such as subduction or rifting requires rheological parameterizations
that capture this behavior. I focus on viscoplastic rheologies that combine a
frictional plasticity criterion with viscous diffusion and dislocation creep. The
plasticity criterion is benchmarked with tests considering purely plastic or vis-
coplastic material(s) in extension and compression. Subsequently, the bench-
marked rheology is applied in the first modeling of 2D and 3D subduction with
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1.3. Thesis outline

ASPECT, where it allows for self-consistent weakening of the subduction in-
terface, plate bending and lithospheric growth. Chapter 2 was published as
Glerum et al. (2018).

Chapter 3 investigates the sensitivity of the present-day eastern Mediter-
ranean surface motion to geodynamic drivers. This builds on the implemen-
tations of multi-material mechanical and material properties in ASPECT and
the knowledge and methodological advance gained in Chapter 2 and Tosi et al.
(2015) in terms of solver settings, boundary conditions and model setup of
generic subduction. The complexity of the eastern Mediterranean plate bound-
ary zone in terms of crustal structure (e.g. oceanic and continental domains,
accretionary complexes, extensional fault systems), arcuate plate contacts and
a long history of subduction altering the upper mantle necessitated a more in-
tricate way of specifying initial model conditions, in fact, by building a 3D initial
model. My development efforts focused on the inclusion of a realistic crust-
lithosphere-slab system in terms of temperature and composition abstracted
from observations combined with mantle structure generated from seismic to-
mography. Making use of ASPECT’s mesh refinement, this enabled me to create
realistic boundary conditions to the eastern Mediterranean region by consid-
ering a model domain spanning the whole mantle and whole Mediterranean.
This allows to make an important step toward assessing, in an unprecedent-
edly comprehensive way, the relatively unexplored sensitivity of the crustal flow
field to mantle processes such as plate motions and plate interaction, plate sub-
duction, viscous flow induced by the mantle buoyancy field, and to properties
of mantle rheology.

Chapter 4 focuses on the role of lithospheric heterogeneity in facilitating
Victoria microplate rotation as well as transmitting the forces driving it. In-
stead of prescribing plate boundary interfaces through zones of constant low
viscosity, I here consider a more subtle treatment of localization of deforma-
tion through viscoplastic rheology. Crustal faults form self-consistently due to
reduced lithospheric strength from a raised lithosphere-asthenosphere bound-
ary under far-field extension. The build-up of plastic strain linearly weakens
the cohesion (Bos and Spiers, 2002) of the upper and lower crustal materials.
In response to faulting and thinning, the true free surface allows for the de-
velopment of topography, thus including forcing due to gravitational potential
energy differences. The overall tensional state of stress of the lithosphere is in-
duced through prescribed velocity boundary conditions, while a balancing in-
flow through the bottom of the domain represents the overall upwelling mantle
flow underneath east Africa. Using these time-dependent models, I investigate

7



Chapter 1. Introduction

how the distribution of preexisting weaker and stronger domains deriving from
the Precambrian collisions and the later rifting phases determines the rotation
of the Victoria block and the crustal stress field in the EARS.

Finally, in Chapter 5 I provide a summary of the thesis’ conclusions and out-
line several directions for future research.
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2
Nonlinear viscoplasticity in ASPECT:
benchmarking and applications to subduction1

1This chapter was published as Glerum, A. C., Thieulot, C., Fraters, M., Blom, C. and Spak-
man, W. (2018), ‘Nonlinear viscoplasticity in ASPECT: benchmarking and applications to sub-
duction’, Solid Earth 9, 267–294.
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Chapter 2. Nonlinear viscoplasticity in ASPECT

Abstract

ASPECT (Advanced Solver for Problems in Earth’s ConvecTion) is a
massively parallel finite element code originally designed for modeling
thermal convection in the mantle with a Newtonian rheology. The code
is characterized by modern numerical methods, high-performance paral-
lelism and extensibility. This last characteristic is illustrated in this work:
we have extended the use of ASPECT from global thermal convection
modeling to upper mantle-scale applications of subduction.

Subduction modeling generally requires the tracking of multiple ma-
terials with different properties and with nonlinear viscous and viscoplas-
tic rheologies. To this end, we implemented a frictional plasticity cri-
terion that is combined with a viscous diffusion and dislocation creep
rheology. Because ASPECT uses compositional fields to represent dif-
ferent materials, all material parameters are made dependent on a user-
specified number of fields.

The goal of this paper is primarily to describe and verify our imple-
mentations of complex, multi-material rheology by reproducing the re-
sults of four well-known two-dimensional benchmarks: the indentor bench-
mark, the brick experiment, the sandbox experiment and the slab de-
tachment benchmark. Furthermore, we aim to provide hands-on exam-
ples for prospective users by demonstrating the use of multi-material vis-
coplasticity with three-dimensional, thermomechanical models of oceanic
subduction, putting ASPECT on the map as a community code for high-
resolution, nonlinear rheology subduction modeling.

2.1 Introduction

Earth is a complex dynamic system that deforms on a wide range of spatial and
temporal scales. To obtain realistic predictions of this system from numerical
simulations, it is key to capture the relevant aspects of this deformation behav-
ior. Here we are concerned with the longer geological timescales of the subduc-
tion of lithospheric plates into the mantle. On such timescales, rock deforma-
tion is mostly non-elastic and characterized by unrecoverable solid-state creep
and brittle-plastic failure (Ranalli, 1995; Karato, 2008; Burov, 2011). Strain rate
dependent viscous deformation through the mechanism of solid–state creep
is dominated by linear (Newtonian) diffusion creep and various forms of non-
linear high and low temperature dislocation creep (e.g. Ranalli, 1995; Burov,
2011). Plastic yielding occurs when large differential stresses cause rocks to fail
beyond the creep regime by local brittle fracture or, at higher temperatures,
through ductile homogeneous material flow (Ranalli, 1995; Karato, 2008).
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2.1. Introduction

The implementation of plastic yielding into numerical modeling software
entails the definition of a yield criterion that the maximum stress must sat-
isfy (Davis and Selvadurai, 2002). Several different plastic yield criteria, such as
the Mohr–Coulomb, Drucker–Prager or the Griffith–Murrell criteria (see Braun,
1994; Braun and Beaumont, 1995; Davis and Selvadurai, 2002; Kachanov, 2004,
and references therein), are commonly used. These formulations introduce a
pressure dependence (frictional plasticity) in the yield criterion. Whereas fail-
ure behavior is similar between different rock types and depends primarily on
pressure (Burov, 2011), deformation in the viscous creep regime (when stresses
are below the plastic yield strength) requires the implementation of rheologi-
cal descriptions varying with rock type, pressure, temperature, strain rate and
other factors such as grain size and water content (Burov, 2011). The imple-
mentation of plastic failure and viscous creep complicates solving the govern-
ing equations of flow problems due to the nonlinear dependence of the so-
called effective viscosity on solution variables strain rate, pressure and tem-
perature (Gerya, 2010). However, the necessity of using viscoplastic rheologies
for simulating natural deformation processes, particularly of the lithosphere, is
generally accepted.

Meanwhile many 3D geodynamical codes offer modeling using complex
nonlinear viscoplastic rheology, examples of such advanced codes are (in al-
phabetical order) CitcomCU (Moresi et al., 1996; Zhong, 2006), DOUAR (Braun
et al., 2008), FANTOM (Thieulot, 2011), Fluidity (Davies et al., 2011), I3(E)LVIS
(Gerya and Yuen, 2007), LaMEM (Kaus et al., 2016), MILAMIN (Dabrowski et al.,
2008), pTaTin3D (May et al., 2015), Rhea (Burstedde et al., 2008), Slim3D (Popov
and Sobolev, 2008), TERRA (Baumgardner, 1985; Davies et al., 2013) and Under-
world2 (Moresi et al., 2007).

To this list we can now add the recent open source code ASPECT (Advanced
Solver for Problems in Earth’s ConvecTion; Kronbichler et al. (2012)), which
was originally designed for modeling thermal convection in the mantle. AS-
PECT is a massively parallel finite element code that is based on state-of-the-
art numerical methods, such as high-performance iterative and direct solvers
and adaptive mesh refinement, to solve problems of both compressible and in-
compressible flow. It builds on tried-and-well-tested libraries such as deal.II
(Bangerth et al., 2007, 2012), Trilinos (Heroux et al., 2005; Heroux, 2017) and
p4est (Burstedde et al., 2011) and is under constant development (Bangerth
et al., 2017; Dannberg and Heister, 2016; Rose et al., 2017; Heister et al., 2017).

However, ASPECT originally did not include modeling with multiple non-
linear viscoplastic materials as needed for, e.g., longterm tectonics modeling.
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Therefore we implemented and benchmarked a frictional plasticity (Drucker–
Prager) criterion that can be combined with a viscous creep rheology (diffusion,
dislocation or composite creep) for any number of materials, allowing for fully
thermomechanically coupled viscoplastic flow, on which we here report. There
are two papers that use ASPECT that employ a simpler, one-material viscoplas-
tic rheology for planetary convection (Tosi et al., 2015; Zhang and O’Neill, 2016).
Here we focus on benchmarking our implementations in light of lithospheric
deformation and these implementations as well as example model set-ups have
or will become part of ASPECT, together with extensive documentation, pro-
viding hands-on applications of the code. We show that our viscoplastic rhe-
ology description enables extending applications beyond thermal mantle con-
vection to detailed lithospheric subduction modeling.

We first present the algorithms underpinning the ASPECT code and our
additions pertaining to rheology and compositional fields (Section 2.2). We
then verify our implementations in Section 2.3 using four benchmarks of in-
creasing complexity: the indentor benchmark (Thieulot et al., 2008; Thieulot,
2014), the brick experiment (Lemiale et al., 2008; Kaus, 2010), the numerical
sandbox (Buiter et al., 2006) and the slab detachment benchmark (Schmalholz,
2011; Hillebrand et al., 2014). Finally, in Section 2.4 we present two 3D sub-
duction applications to showcase the new suite of possibilities made available
through our additions and adaptations, and we discuss our overall results in
Section 2.5.

2.2 Methods

A short summary of the governing equations solved by ASPECT is given in Sec-
tion 2.2.1 (for more information the reader is referred to Kronbichler et al., 2012;
Heister et al., 2017). Section 2.2.2 lists our specific additions to the code.

2.2.1 ASPECT

Governing equations

ASPECT can solve for both compressible and incompressible flow, but here
we focus on the latter, adopting the Boussinesq approximation and assuming
an infinite Prandtl number (i.e. inertial term is omitted). Heat production is
not incorporated. This results in the following equations of conservation of
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momentum (2.1), mass (2.2) and energy (2.3):

−∇· (2µε̇(~u))+∇P = ρ~g , (2.1)

∇·~u = 0, (2.2)

∂T

∂t
+~u ·∇T −∇· (κ+νh(T ))∇T = 0, (2.3)

where density ρ = ρ0(1−α(T −T0)). Other symbols are explained in Tab. 2.1.
Artificial diffusivity νh is used to prevent oscillations due to the advection of the
temperature field. It is calculated according to the entropy viscosity method of
Guermond et al. (2011), as described in Kronbichler et al. (2012).

Similar to the description of temperature, distinct sets of material param-
eters are represented by compositional fields that are advected with the flow.
For each field ci , this formulation introduces an additional advection equation
(2.4) to the system of equations 2.1–2.3 described above. As these equations
contain no natural diffusion, artificial diffusivity νh is again introduced to sta-
bilise advection:

∂ci

∂t
+~u ·∇ci −∇· (νh(ci ))∇ci = 0. (2.4)

Solving the governing equations

ASPECT solves the above equations using the finite element method: the do-
main is discretized into quadrilateral/hexahedral finite elements and the so-
lution (velocity, pressure, temperature and compositional fields) is expanded
using Lagrange polynomials as interpolating basis functions. Default settings
employ second order polynomials for velocity and first order polynomials for
pressure (Q2Q1 elements, e.g. Donea and Huerta, 2003) and second order poly-
nomials for temperature and composition. Unless stated otherwise, these de-
fault polynomial degrees are used in the following. The linearized Stokes sys-
tem is solved in a procedure involving the iterative FGMRES solver with an inex-
act right preconditioner. For details on the construction of the preconditioner,
see Kronbichler et al. (2012). A cheap Stokes solve option is available in which
the preconditioner employs one V-cycle only. The number of such FGMRES
iterations before switching to the more expensive preconditioner is set to 0 in
this paper, unless stated otherwise. The GMRES method with an incomplete
LU decomposition preconditioner is used for the temperature and composi-
tion systems. Nonlinearities in the rheology are resolved with Picard-type (fixed
point) iterations, iteratively updating the velocity and pressure, strain rate and
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viscosity (Ismail-Zadeh and Tackley, 2010) until the relative nonlinear residual

for iteration i ||A( ~xi−1) ~xi−1−~b||2
||A(~x0)~x0−~b||2

has fallen below a user-set tolerance (default value

of 10−6), or the user-specified maximum number of iterations is reached. The
initial residual ||A(~x0)~x0−~b||2 is computed with zero velocities and a lithostatic
pressure profile calculated at the center horizontal coordinate. ~x contains the
velocity and pressure solutions of the previous iteration,~b represents the right
hand side of the Stokes equations and A is the Stokes part of the system matrix.

2.2.2 Additions to ASPECT

Nonlinear rheologies

The ASPECT code is divided into different modules for boundary conditions,
initial conditions, mesh refinement etc. Each module comprises of several plug-
ins providing different implementations (e.g. constant vs. space and time de-
pendent boundary conditions), to which the user can add its own if more func-
tionality is needed. Rheologies are implemented within the so-called Material
model module. Plug-ins in this module must provide functions that compute
the viscosity, density, thermal conductivity, thermal diffusivity, specific heat
and the thermal expansion coefficient at the quadrature points. The solution
variables T , P and ci as well as the derived strain rate ε̇(~u) and the position are
available to compute these material properties. This then provides a straight-
forward way of implementing nonlinear rheologies, which we have taken ad-
vantage of.

Deformation of materials at longer timescales is predominantly defined by
brittle fracture or viscous creep in terms of diffusion and dislocation creep at
relatively low stresses (Karato, 2008). We thus implement three basis rheologies
that can be combined into more complex ones:

1. Grain boundary or bulk diffusion creep

2. Power-law dislocation creep

3. Plastic yielding

Rheologies 1 and 2 can be conveniently formulated with one equation (Karato
and Wu, 1993; Karato, 2008):

µv sc
e f f =

1

2
K

(
d

b

)m/n (
1

A

)1/n

ε̇(1−n)/n
e exp

(
Q +PV

nRT

)
, (2.5)
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Table 2.1: Definition of symbols

Parameter name Symbol Unit

Activation volume* Vd f |dl † m3 mol−1

Activation energy* Qd f |dl J mol−1

Artificial diffusivity νh m2 s−1

Burgers vector length b 0.5 ·10−9 m
Cohesion* C Pa
Compositional field i ci -

Effective deviatoric strain rate ε̇e =
√

1
2 ε̇

′
i j ε̇

′
i j s−1

Effective viscosity µ
v sc|d f |dl |cp|pl |v p
e f f Pa s

Gas constant R 8.314 J K−1 mol−1

Grain size d 0.01 m
Grain size exponent m -
Gravity vector ~g m s−2

Initial effective strain rate ε̇i ni t s−1

Initial linear viscosity* µi ni t Pa s
Internal angle of friction* φ ◦

NI convergence criterion† εu|p -
Minimum/maximum viscosity µmi n|max Pa s
Preexponential factor Ad f |dl Pa−n s−1

Prefactor* Bd f |dl Pa−n s−1

Reference density* ρ0 kg m−3

Reference temperature* T0 K
Reference viscosity µr e f Pa s
Scaling factor* βd f |dl -
Shear modulus K 80 GPa
Specific heat* cp J kg−1 K−1

Strain rate tensor ε̇ s−1

Stress exponent* n -
Temperature T K
Thermal conductivity* k W m−1 K−1

Thermal diffusivity κ= k
ρcp

m2 s−1

Thermal expansivity* α K−1

Time t s
Total pressure P Pa
Velocity vector ~u m s−1

Viscosity µ Pa s
Yield strength σy Pa
† Abbreviations: df. = diffusion, dl. = dislocation, vsc. = viscous, cp. = com-
posite, pl. = plastic, vp. = viscoplastic. NI = Nonlinear Iterations. * Material
parameter specified per compositional field.
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where in case of diffusion creep, n = 1 and m > 0, while for dislocation creep
n > 1 and m = 0. See Tab. 2.1 for the definition of used symbols. The effective

deviatoric strain rate is defined as ε̇e =
√

1
2 ε̇

′
i j ε̇

′
i j . In this paper we report model

set-up values for simplified prefactor B , defined as
( 1

B

) 1
n =

(
d m K n

Abm

) 1
n

, and add a

scaling factor β to Eq. 2.5 to easily tune the effective viscosity:

µ
d f |dl
e f f = 1

2
βd f |dl

(
1

B d f |dl

)1/n

ε̇(1−n)/n
e exp

(
Qd f |dl +PV d f |dl

nRT

)
. (2.6)

The superscript d f here indicates diffusion creep, dl dislocation creep.
Plastic yielding (rheology 3) is implemented by locally rescaling the effec-

tive viscosity in such a way that the stress does not exceed the yield stress,
also known as the Viscosity Rescaling Method (VRM) (Willett, 1992; Kachanov,
2004). The effective plastic viscosity is thus given by

µ
pl
e f f =

σy

2ε̇e
, (2.7)

whereσy is the yield value. In our implementation it is defined by the Drucker–
Prager criterion (Davis and Selvadurai, 2002):

σy =C cos(φ)+ sin(φ)P, (2D) (2.8)

σy = 6C cos(φ)p
3(3− sin(φ))

+ 6sin(φ)Pp
3(3− sin(φ))

, (3D) (2.9)

where dilatancy is neglected for simplicity. In case internal friction angle φ is
zero, this criterion reverts back to the von Mises criterion in 2D. In 2D it is set
to equal the Mohr–Coulomb criterion, while in 3D it circumscribes the Mohr–
Coulomb yield surface (de Souza Neto et al., 2008).

Both types of viscous creep act simultaneously (Karato, 2008) under the

same deviatoric stress, so the contributions of diffusion µ
d f
e f f and dislocation

µdl
e f f creep to the effective viscosity are harmonically averaged into a compos-

ite viscosity (van den Berg et al., 1993):

µ
cp
e f f =

 1

µ
d f
e f f

+ 1

µdl
e f f

−1

. (2.10)

To combine plastic yielding and viscous creep, we assume they are indepen-
dent (parallel) processes (Karato, 2008), i.e. the mechanism resulting in the
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lowest effective viscoplastic viscosity is favored:

µ
v p
e f f = min(µcp

e f f ,µpl
e f f ). (2.11)

However, for a smoother transition between the different deformation regimes
(which should be easier for the numerical scheme to solve), we also experi-
mented with a harmonic average (following Ismail-Zadeh and Tackley, 2010):

µ
v p
e f f =

 1

µ
cp
e f f

+ 1

µ
pl
e f f

−1

=
 1

µ
d f
e f f

+ 1

µdl
e f f

+ 1

µ
pl
e f f

−1

. (2.12)

Because of the strain rate dependence of viscosity and the lack of an initial
guess for the strain rate for the first timestep, a user-defined initial viscosity
µi ni t is adopted for each compositional field, or an initial uniform strain rate
ε̇i ni t is set. We find that the values of µi ni t and ε̇i ni t can significantly affect the
compute time of the first time step. During subsequent timesteps, the strain
rate of the previous timestep is used as an initial guess for the iterative process.

The final effective viscosity µv p
e f f is capped by the user-defined minimum

viscosity µmi n and maximum viscosity µmax to avoid extremely low or high vis-
cosity values due to possible velocity anomalies feeding back into the rheology
and as well as large viscosity jumps and thus ensure stability of the numerical
scheme:

µe f f = min(max(µv p
e f f ,µmi n),µmax ) or (2.13)

µe f f =µmi n +
 1

µmax
+ 1

µ
v p
e f f

−1

. (2.14)

We have successfully run the models presented here with overall viscosity con-
trasts of up to 7 orders of magnitude. Such a range covers the mantle viscosity
profiles suggested in most literature, for example as summarized in Čížková
et al. (2012), and we assume that viscosities higher than µmax do not change
the behavior significantly.

Multiple compositional fields

Lithospheric geodynamic models often require the specification of materials
with different properties, for example a light and weak upper crust versus a
denser and stronger lithospheric mantle. To provide the functionality needed
for geodynamic modeling, all major material properties of our Material model
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plug-in depend on any number of fields, as defined by the user (composition
dependent parameters are denoted with an asterisk in Tab. 2.1).

The use of multiple compositional fields raises the question of how to aver-
age their properties (in our case viscosity, specific heat, thermal conductivity,
thermal expansivity and density). We have implemented the four averaging
schemes commonly referred to in the literature (e.g. Deubelbeiss and Kaus,
2008; Schmeling et al., 2008) for computing the viscosity used in Eq. 2.1:

µ=

nc∑
i=1

ci

nc∑
i=1

ci
µi

, (harmonic) (2.15)

µ= 10

 nc∑
i=1

ci log10(µi )

nc∑
i=1

ci


, (geometric) (2.16)

µ=

nc∑
i=1

ciµi

nc∑
i=1

ci

, (arithmetic) (2.17)

µ=µk with k : ck ≥ ci , i = 1, · · · ,nc, (infinity norm) (2.18)

where nc is the total number of compositional fields ci in the domain. Note
that each field ci is initialized with values on the interval [0,1] and capped val-
ues 0 ≤ ci ≤ 1 are used for averaging, as compositional field values may come
to slightly exceed this interval over time despite artificial diffusion (Eq. 2.4). µi

is obtained by evaluating Eq. 2.11 or 2.12 using the material constants of com-
position i . The other material properties are arithmetically averaged or, in case
the viscosity averaging method is set to Eq. 2.18, averaged using this infinity
norm.

The above methods have been shown to affect model results in the con-
text of subduction: Schmeling et al. (2008) showed that the subduction process
can be up to three times faster between one averaging method and the other,
and the effect of mesh resolution on subduction evolution varies per method
as well. Unless stated otherwise, we use the infinity norm rule in this paper; for
a discussion of this choice, see Appendix 2.A.
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Table 2.2: Characteristics of performed experiments

Benchmark nc† Rheology Time Solution References
stepping

Indentor 1 Rigid plastic no Analytical Kachanov (2004); Thieulot et al. (2008)
Brick 2 Linear viscous, no Theory + other codes Lemiale et al. (2008); Kaus (2010)

frictional plastic
Sandbox 3 Linear viscous, yes Other codes Buiter et al. (2006); Thieulot (2011)

frictional plastic
including sticky-air

Detachment 2 Power-law viscous yes Analytical + other codes Schmalholz (2011); Hillebrand et al. (2014)
† nc: number of compositions. None of the benchmarks include temperature effects in the rheology.

2.3 Nonlinear rheology benchmarks

To test and verify our implementation of multi-material viscoplastic rheolo-
gies, we performed four 2D experiments: the indentor benchmark, the brick
experiment, the numerical sandbox and the slab detachment experiment. The
experiments increase in the number of materials and in the complexity of the
rheology used, as outlined in Tab. 2.2. Consequently, each experiment high-
lights different parts of the implementation and the functionalities of ASPECT.

All experiments were conducted on an in-house computer consisting of 1
Dell PE-R515 master node and 15 Dell PE-C6145 compute servers made up of
2x4 AMD Opteron 6136 CPUs with Qlogic InfiniBand QDR interconnect. AS-
PECT was compiled using GCC 4.9.2.

2.3.1 The indentor benchmark

In the indentor benchmark, a rigid indentor ”punches” a rigid-plastic half space.
The exact solution to this boundary value problem is given by slip line field
theory (Davis and Selvadurai, 2002; Kachanov, 2004; Thieulot et al., 2008, Ap-
pendix). The analytical solution (Fig. 2.1) is characterized by 3 observations:

1. The angles of the shear bands stemming from the edges of the indented
area are 45 degrees.

2. The pressure at the surface in the centre of the punch (I) and the pressure
in triangles ABC & EFG is PI = σy (1+π) and P ABC = PEFG = σy , respec-
tively.

3. The velocity magnitude in areas CDE and ABDC & EDFG is vC DE = vp and

v ABDC = vEDFG =
vpp

2
, respectively.
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Figure 2.1: Prandtl’s analytical solution of a rigid die indenting a rigid-plastic half space (Davis
and Selvadurai, 2002; Kachanov, 2004; Thieulot et al., 2008). Dark red arrows indicate the pre-
scribed punch velocity vp , shaded area CDE has a resulting velocity of vC DE = vp , while veloc-

ities in the lightest shaded areas are v ABDC = vEDFG = vpp
2

. Pressure at point I is PI =σy (1+π)

and P ABC = PEFG =σy .

Model set-up

The numerical set-up of the instantaneous indentor benchmark comprises a
2D unit square of purely plastic von Mises material, i.e. its yield value σy is in-
dependent of pressure and remains constant. The material’s upper boundary
is punched along a distance p by prescribing an inward vertical velocity vp on
the otherwise open (stress free) boundary (see Fig. 2.2). The horizontal com-
ponent of velocity along p is either set to zero or left free to implement the so
called ”rough” and ”smooth” punch (Lliboutry, 1987; Lee et al., 2005; Thieulot
et al., 2008), respectively, where the smooth punch assumes a frictionless con-
tact between the punched medium and the indentor. Model and numerical
parameters of the performed indentor experiments are presented in Tab. 2.3.

Model results compared to the analytical solution

Figure 2.3 shows the model results for a rough (left column) and smooth (right
column) punch. The obtained solutions agree with the analytical solution ac-
cording to criteria 1–3 listed above. Outside the slip lines, viscosity is uniformly
high. The low viscosity shear bands fit the analytical slip lines well (Fig. 2.3a&f)
and stem from the edges of the indentor at a 45 degrees angle with respect to the
top of the medium (Fig. 2.3b&g). For a rough punch, measurements of pressure
in point I and velocity in points K and L deviate from the analytical solution by
about 15% and 1%, respectively, but the block-like behavior of triangle CDE is
evident (Fig. 2.3c). The analytical solution is reproduced with errors < 0.14%
for a smooth punch, but the velocity vectors in Fig. 2.3g show some horizontal
motion of triangle CDE and the velocity field is more diffuse.
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Table 2.3: The indentor benchmark model parameters

Parameter Value [Unit]

Domain width 1
Domain height 1
Resolution 512×512 el.
Gravitational acceleration 0
Reference viscosity µref 103

Minimum viscosity µmin 10−4

Maximum viscosity µmax 103

Capped viscosity µe f f Eq. 2.13
Stokes solver tolerance 10−9

Nr. of nonlinear iterations NI 500
Surface pressure normalization no
Indentor width p 0.125
Indentor velocity vp 1.05
Nr. of cores 28
DOF/core 121,966
Wall time ∼ 12−−16 h
Rigid plastic medium
Density ρ 0.01
Initial viscosity µinit 101

Cohesion C 1
Angle of internal friction φ 0◦

An estimate of the maximum strain rate and thus minimum viscosity can be

made from µmi n ≈ σy

2 ∆v
∆x

= 1

2
1.05+ 1.05p

2
1

512

≈ 5.5 ·10−4, where ∆v is the maximum

velocity difference at the edges of the punch (see Fig. 2.1) and∆x the element
size.
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When using 200 cheap Stokes iterations for the smooth punch, results are
not changed, but wall time is about 1.6 times longer. Using harmonic averag-
ing of the material properties as discussed in Heister et al. (2017) increases the
velocity error for the smooth punch to ∼ 1%, but reduces wall time about 4.7
times. Loosening the linear Stokes solver tolerance by 1 order of magnitude to
10−8 reduces the wall time of the rough punch by a factor of 1.6, while keeping
the velocity error < 1%.

Figure 2.2: The indentor benchmark model set-up: a unit square with free slip vertical and no
slip lower boundaries. The punch area has a prescribed vertical velocity vp , the rest of the upper
boundary is open.

Discussion

ASPECT successfully reproduces the analytical solution of Prandtl for the rigid-
plastic indentor benchmark, a problem with mixed boundary conditions and a
nonlinear rigid-plastic rheology with overall viscosity contrasts of 6 orders of
magnitude.

It should be noted that there exists a second end-member solution geome-
try for the smooth punch problem: Hill’s solution (Kachanov, 2004). Although
Kachanov (2004) argues that Hill’s solution is probably more correct when con-
sidering elasticity theory, and Lliboutry (1987) lists Hill’s solution for the smooth
punch, other numerical studies do not recover this slip line geometry in 2D ei-
ther. In fact, our Prandtl shear band geometry compares well with results of
Gerbault et al. (1998, Fig. 6b, smooth), Huh et al. (1999, Fig. 1, smooth), Chris-
tiansen and Pedersen (2001, Fig. 10, smooth), Zienkiewicz et al. (1995, Fig. 24–
27, rough), Gourvenec et al. (2006, Fig. 6a, rough) and Yu and Tin-Loi (2006,
Fig. 11, rough).
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Figure 2.3: The punch benchmark results after 500 NI for a rough punch (left column) and a
smooth punch (right column). (a) & (f): Viscosity field with analytical slip lines. (b) & (g): Strain
rate norm (

p
ε̇ : ε̇) with measured shear band angles. (c) & (h): Velocity magnitude with velocity

vectors along the surface of the domain and velocity measurements in points K and L. (d) & (i):
Pressure field. (e) & (j) Pressure along the surface of the domain (colored line) and analytical
solution values π+1 and 1 (grey lines). Rough punch: PI = 4.7382 and PH = P J = 0.6224. Smooth
punch: PI = 4.1415 and PH = P J = 0.9999.
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The performed indentor experiment also shows a trade-off between accu-
racy in pressure and velocity measurements and the rigid-plastic like behaviour
of the medium (compare left and right column of Fig. 2.3). This same dichotomy
is seen however in other studies that performed the experiment. Note, for
example, the continuous velocity vectors in Huh et al. (1999). Also, Thieulot
(2014) shows that the pressure under the punch improves from a 15% error to
a mere 0.5% error when switching from a rough to a smooth footing.

2.3.2 The brick experiment

As brittle failure in rocks is more appropriately described by pressure-dependent
plasticity than by the perfectly-plastic deformation (Gerbault et al., 1998) used
in the punch problem, our material model plugin includes frictional plasticity.
The brick benchmark has been used to investigate the numerical stability of
shear band angles θ and their dependence on the internal angle of frictionφ by
Kaus (2010) and references therein. Three theoretical relationships have been
proposed (Vermeer, 1990):

1. θ = 45± ψ
2 (Roscoe)

2. θ = 45± φ+ψ
4 (Arthur)

3. θ = 45± φ
2 , (Coulomb)

whereψ is the dilation angle (assumed to be zero in our case of incompressibil-
ity).

Model set-up

In our instantaneous version of the brick benchmark, a viscous-frictional plas-
tic medium with a small viscous inclusion at the bottom boundary (Fig. 2.4) is
either compressed or extended (Lemiale et al., 2008; Kaus, 2010). Strain soften-
ing of the cohesion and angle of internal friction of the medium is not incorpo-
rated. Compression and extension are prescribed through constant kinematic
boundary conditions on the vertical domain walls. The bottom boundary of the
40×10 km domain is set to free slip and the top boundary is stress free (material
is free to flow in or out). Other domain characteristics and material parameters
are given in Tab. 2.4.

The angle of internal friction φ (Eq. 2.8) is varied from 0◦ to 30◦ to test the
pressure dependency of the implemented plasticity criterion. It is expected
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Table 2.4: The brick benchmark model parameters

Parameter Value [Unit]

Domain width Lx 40 km
Domain height 10 km
Resolution 128×32–1024×256 el.
Gravitational acceleration 10 m s−2

Applied horizontal velocity vx 2 ·10−11 m s−1

Reference viscosity µref 1024 Pa s
Effective viscosity µv p

e f f Eq. 2.12

Minimum viscosity µmin 1019 Pa s
Maximum viscosity µmax 1026 Pa s
Capped viscosity µe f f Eq. 2.13
Stokes solver tolerance 10−7

Nr. of nonlinear iterations NI 103

Nr. of cores 28
Wall time 5 min–66 h
Viscoplastic medium
Constant density ρ 2,700 kg m−3

Initial viscosity µinit 1023 Pa s
Linear viscous viscosity µ 1025 Pa s
Cohesion C 40 MPa
Angle of internal friction φ 0–30◦

Viscous inclusion
Constant density ρ 2,700 kg m−3

Linear viscous viscosity µ 1020 Pa s
The background strain rate resulting from the boundary conditions of 2vx

Lx
=

4·10−11

40,000 = 10−15 s−1 can be used as initial strain rate. The maximum strain

rate over all mesh resolutions can be estimated from ∆v
∆x = 4·10−11

40,000
1024

= 1.024 ·
10−12 s−1. Yield stress σy during the first iteration will be minimal at the top
of the domain (zero pressure) for the highest friction angle, so that the mini-
mum viscosity over all runs will be 1.7 ·1019 Pas. The linear viscous viscosity
of the medium is set to 1025 Pa s, which the maximum viscosity will not ex-
ceed. From the variation in friction angle (0◦ to 30◦) and lithostatic pressure
(0–270 MPa), together with the background strain rate an estimate for the
initial viscosity can be made (1.7–8.5 ·1022 Pas).
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that the resultant shear band angle θ varies with the internal friction angle.
Shear band angles are automatically computed from the location of the max-
imum Frobenius norm of the strain rate

p
ε̇ : ε̇ at x = 17.4 km, x = 19.4 km,

x = 20.6 km and x = 22.6 km (Kaus, 2010).

Figure 2.4: The brick benchmark model set-up after Kaus (2010): a rectangular domain with a
prescribed inward or outward horizontal component of velocity on the vertical boundaries (the
vertical component is left free). The upper boundary is open, while the bottom boundary is free
slip. A small viscous inclusion of 800×400 m is placed at the bottom of the domain.

Model results compared to the theoretical solution

Figure 2.5 depicts the measured shear band angle versus the supplied internal
friction angle for 21 runs in both the compressional and tensional regime. The
constant and uniform elemental resolution of the runs varies from 256×64 to
1,024× 256 elements. Lower resolution runs were performed, but do not re-
solve the viscous inclusion well (É2 elements) and are not shown (see instead
Fig. 12 of Kaus, 2010). We monitor the residual as a measure of convergence,
but the number of Nonlinear Iterations (NI, see Section 2.2.1) is fixed at 1,000.
The red symbols in Fig. 2.5 indicate runs for which the residual did not drop
below the convergence criterion εu = 10−4 after 1000 iterations, as is evident
from the corresponding red lines in Fig. 2.6. In fact, the higher the internal
friction angle, the more iterations are needed to reach a particular residual tol-
erance, and Fig. 2.6 also shows that higher internal friction angle runs stall at
higher residuals. This coincides with a greater deviation from the theoretical
Coulomb solution. Note that in these higher angle runs multiple shear bands
are generated and an asymmetry between the right and left shears develops,
as shown in Fig. 2.7. The spurious shear bands can occur mainly at the top of
the domain, as several curved pieces forming one shear band or as complete
additional shears. Despite these difficulties, there is a clear trend of measured
angles verging from Arthur to Coulomb angles for an increasing resolution. For
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example, the average deviation from the theoretical Coulomb angle decreases
from 2.8◦ to 0.8◦ in extension when going from a resolution of 256×64 elements
to 1,024×256 elements.

Figure 2.5: Measured shear band angle versus angle of internal friction for models in tension
and compression. Resolution runs from 256×64 (light grey line), to 512×128 (grey) to 1,024×
256 elements (dark grey). All models were run for 1,000 NI; red symbol runs correspond to the
red line runs in Fig. 2.6. The black lines represent the theoretical angles of Coulomb (solid),
Arthur (dashed) and Roscoe (dotted). We have corrected one of the automated shear band angle
measurements manually – that of the 1024×256 el. extension case with φ= 25◦ – because it was
computed using two different shear bands.

To estimate the effect of adaptive mesh refinement on the shear band an-
gles, we ran additional tests with 3×333 nonlinear iterations at increasing re-
finement levels, with refinement based on gradients in the velocity, viscosity or
strain rate and different fractions of cells that are refined. These simulations
indicate a maximal variation of 5◦ in shear band angle compared to results for
a uniform mesh of 512×128 elements.

Varying the initial viscosity of the viscoplastic medium from µmi n to µmax

for a uniform mesh of 512×128 elements leads to the same shear band angles
for well-behaved residual runs (see black lines in Fig. 2.6), while for higher in-
ternal angle of friction runs, a variation of maximally 3◦ is found.
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Figure 2.6: Measured velocity residual (εu = ||Ui−Ui−i ||sup
||Ui−1||sup

with U the velocity solution, van den

Berg et al. (1993); Kaus (2010)) versus the number of nonlinear iterations for models of exten-
sion. Elemental resolution is 512×128 elements. Black lines represent runs with well-behaved
convergence.

Figure 2.7: Strain rate norm fields for (a) φ= 0◦ and (b) φ= 30◦ for a 512×128 elemental resolu-
tion. The models were run in extension for 1,000 NI. Black lines indicate the theoretical Coulomb
angle θC . Measured shear band angles θM are also given.
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Discussion

Testing the pressure-dependency of our plasticity formulation with the brick
benchmark, shear band angles were found to increase with internal friction
angle φ as expected, almost all falling within the theoretical values of Arthur
and Coulomb. Moreover, with increasing mesh resolution, the angles approach
the Coulomb theoretical angle θ = 45± φ

2 and the variation in error with re-
spect to Coulomb angles decreases. This tendency towards Coulomb angles for
higher mesh resolution was also reported by Lemiale et al. (2008), Kaus (2010)
and Buiter (2012), because at higher resolution the viscous inclusion is better
resolved. Kaus finds that at least 10 to 20 elements are required horizontally
within the inclusion to obtain Coulomb angles. This corresponds to our two
highest resolutions. Choi and Petersen (2015) recently showed that consistent
Coulomb angles can be achieved by an (initially) associated flow law (where
φ=ψ).

Interestingly, internal angles of friction larger than 15◦–20◦ lead to irregu-
lar convergence behavior that stalls at higher relative residuals; these runs also
show shear band angles further away from the theoretical Coulomb angle and
multiple additional shears. These additional shears often do coincide with the
theoretical angle, see for instance Fig. 2.7b. Why these latter shears are not
dominant (highest strain rate) would require further investigation. Note that
the models of Kaus (2010) also show multiple shear bands and that these spuri-
ous bands and stalling of convergence are shown to be the result of the dynamic
pressure dependence of the Drucker–Prager yield criterion by Spiegelman et al.
(2016).

However, we have shown that we consistently obtain shear band angles be-
tween Arthur and Coulomb theoretical angles at sufficient resolution and that
these angles converge to Coulomb angles with increasing resolution. This de-
spite the fact that our implementation is relatively basic: it does not include
softening of cohesion or of the internal angle of friction as in Kaus (2010) and
Buiter (2012), nor does it have a sophisticated guess of the initial stress state
(Lemiale et al., 2008) or an incremental build-up of the prescribed boundary
velocity (Kaus, 2010).

2.3.3 The sandbox extension experiment

Buiter et al. (2006) compared numerical and analog models of shortening and
extension. We reproduce the numerical sandbox extension experiment, which
was originally run with 6 different numerical codes and compared to the analog
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results described in Schreurs et al. (2006). This experiment has previously been
repeated by Thieulot (2011) and – in a symmetrical version – by Gerya et al.
(2013).

Model set-up

The analog sandbox Buiter et al. (2006) consists of a basal layer of weak, vis-
cous silicone overlain by brittle sand. The sand is extended by the movement
of the right vertical wall and the connected basal plate extending from the wall
to, initially, the centre of the domain. We model this set-up with 3 composi-
tional fields (Fig. 2.8): 1) a viscous basal layer, 2) an overlying Drucker–Prager
dynamic pressure-dependent plastic sand layer and 3) a low-viscous sticky-air
layer (Crameri et al., 2012) on top. Extension is driven by a prescribed hori-
zontal velocity on the right vertical boundary and the right half of the lower
boundary, mimicking the effect of the moving basal sheet. Basal friction is not
taken into account. This approach is appropriate, since Buiter et al. (2006) have
shown that the nature of the basal contact is less important than the interac-
tion of the velocity discontinuity (VD in Fig. 2.8) and the silicone. The rest of
the bottom boundary has zero velocity (without smoothing of the velocity dis-
continuity) and this no slip area increases as the velocity discontinuity moves
to the right of the domain. The left boundary is free slip and the top bound-
ary open. Adaptive Mesh Refinement (AMR) is applied based on the effective
strain rate field to obtain a maximum local refinement of 0.39×0.39 mm along
the shear bands (Fig. 2.10). The model is run until 2 cm of extension has oc-
curred, equalling 2,880 s of model time. Material properties and other model
parameters are listed in Tab. 2.5.

Figure 2.8: The sandbox experiment set-up after Buiter et al. (2006). VD: Velocity Discontinuity
moving at the same speed as is prescribed on the right and bottom boundary. Left of the VD, the
bottom boundary is no slip. The left vertical boundary is set to free slip, while the top is open.
The silicone layer measures 10×0.5 cm.
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Table 2.5: The sandbox experiment model parameters

Parameter Value [Unit]

Domain width Lx 20 cm
Domain height 5 cm
CFL number 0.5
Element size 6.25×6.25–0.39×0.39 mm
Applied horizontal velocity vx 2.5 cm h−1

Gravity acceleration 9.81 m s−2

Reference viscosity µref 107 Pa s
Initial effective strain rate ε̇i ni t 10−6 s−1

Effective viscosity µv p
e f f Eq. 2.12

Minimum viscosity µmin 102 Pa s
Maximum viscosity µmax 109 Pa s
Viscosity capping Eq. 2.13
Nr. of NI per time step (t0;rest) 100; 20
Stokes solver tolerance 10−6

Model end time 3,100 s
Nr. of cores 24
DOF/core ∼ 32,000
Nr. of time steps 227
Wall time 41 h
Sticky-air
Constant density ρ 10 kg m−3

Linear viscous viscosity µ 102 Pa s
Sand
Constant density ρ 1,560 kg m−3

Linear viscous viscosity µ 1013 Pa s
Cohesion C 10 Pa
Angle of internal friction φ 36◦

Silicon
Constant density ρ 965 kg m−3

Linear viscous viscosity µ 5 ·104 Pa s
Parameters are on sandbox scale, as they are used in the model. An esti-
mate for the initial strain rate can be made from the boundary conditions

ε̇i ni t ≈ ∆vx
Lx

= 6.94·10−6

0.2 = 3.47 ·10−5 s−1 and should not exceed the maximum

strain rate estimate ∆vx
∆x = 6.94·10−6

0.00039 = 1.78 · 10−2 s−1. The maximum strain
rate can be used together with the minimum yield strength (zero pressure) to
compute the minimum viscosity of the sand of about 227 Pa s.
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Model results

The results for 1 and 2 cm of extension of the sandbox are presented in Fig. 2.9.
The evolution of the model closely resembles what was found by Buiter et al.
(2006). The initially symmetric system forms two conjugate shear zones stem-
ming from the velocity discontinuity imposed by the velocity boundary condi-
tions. With ongoing extension, the silicone layer distributes deformation and
the shear bands spread to the edges of the layer. After 1 and 2 cm of exten-
sion, the angle of the shear bands left and right of the velocity discontinuity
(see Fig. 2.9d&h) measure ∼ 51◦ (left),∼ 62◦ (right) and ∼ 54◦ (left),∼ 60◦ (right).
With time the system becomes more and more asymmetric (compare left and
right column of Fig. 2.9). The left side of the domain is at rest, while the outer
right footwall moves at the prescribed velocity and we observe that the sticky-
air properly accommodates the movement of the sand.

The viscosity field (Fig. 2.9h) is very irregular and displays sharp gradients
up to 7 orders of magnitude. Figure 2.10 demonstrates viscosity and density
based AMR: refinement is localized in the low-viscosity shear bands, follow-
ing the evolution of deformation. Through AMR, the total (velocity, pressure,
temperature, composition) number of DOFs is limited to on average ∼ 475,000
DOFs, instead of the ∼ 1,383,000 DOFs (∼ 527,000 velocity DOFs) for a uni-
form resolution, thus decreasing the required computational resources by half
(for the same number of cores).

Discussion

The evolution of the numerical sandbox model – a model with AMR, high vis-
cosity contrasts, large deformation and complex boundary conditions – com-
pares well with those shown in Buiter et al. (2006) and Thieulot (2011). Al-
though the shear band angles to the right of the velocity discontinuity of 62◦

and 60◦ after 1 and 2 cm of deformation fall just outside the ranges found by
Buiter et al. (2006) and Thieulot (2011) of 45–55◦ and 45–53◦ respectively, they
lie within the theoretical Arthur–Coulomb angles of 54–63◦ for a friction an-
gle of 36◦ (Vermeer (1990), see also Section 2.3.2). Even when considering that
the codes in Buiter et al. (2006) add strain softening by decreasing the friction
angle from 36◦ to 31◦, for which the range of Arthur–Coulomb angles would
be 52.75–60.50◦, their measured angles lie mostly below the Arthur angle. In
the previous section, we demonstrated that our shear band angles fall within
the Arthur–Coulomb range, and converge to Coulomb angles with increasing
mesh resolution. Differences in the measured angle of shear bands are there-
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Figure 2.9: Results after ∼ 1 cm and ∼ 2 cm of extension of the numerical sandbox. (a) & (e):
The three compositional fields. Note the asymmetric depression of the sand surface. (b) & (f):
Frobenius norm of the strain rate

p
ε̇ : ε̇. (c) & (g): Total pressure field. (d) & (h): Viscosity field.

Figure 2.10: Numerical grid after ∼ 2 cm of extension of the numerical sandbox. Adaptive mesh
refinement and coarsening based on the viscosity and density leads to a minimum resolution of
6.25×6.25 mm and a maximum resolution of 0.39×0.39 mm.
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fore not surprising. A lower resolution run (maximum of 0.78 mm resolution,
not shown) results in angles to the right of the discontinuity of 60◦ and 55◦.

Similar to Buiter et al. (2006), Thieulot (2011) and Buiter (2012), we observe
an increase in the number of shear bands with resolution as well as a decrease
in their width. As explained by Spiegelman et al. (2016), this lack of internal
length scale is caused by the singularities in strain rate and pressure deriving
from the model set-up (e.g. sharp corners of the silicon layer and the discon-
tinuous velocity boundary condition) that are resolved better at higher resolu-
tions, thereby decreasing shear band width.

2.3.4 The slab detachment benchmark

Slab detachment, or break-off, in the final stage of subduction is often invoked
to explain geophysical and geological observations such as tomographic im-
ages of slab remnants and exhumed ultra high pressure rocks (see for exam-
ple Wortel and Spakman (2000) and references therein). Due to the increased
interest in the process of slab tearing, it has recently been the subject of sev-
eral numerical modeling studies (e.g. Gerya et al., 2004; Andrews and Billen,
2009; Burkett and Billen, 2009, 2010; van Hunen and Allen, 2011; Duretz et al.,
2012, 2014). Numerical modeling of slab detachment is computationally chal-
lenging due to the mesh-resolution dependency of the strain (van Hunen and
Allen, 2011) and the gradual decrease in monitoring particle density, the grad-
ual overlapping of level sets (Hillebrand et al., 2014), or the gradual thinning of
compositional fields (as is the case here) in the detachment area. Here we test
ASPECT with the slab detachment model of Schmalholz (2011), which consid-
ers a simplified geometry of detachment by viscous necking of a vertical litho-
spheric slab of nonlinear rheology in a linearly or nonlinearly viscous mantle.
It has been extended to 3D by von Tscharner et al. (2014).

Model set-up

The 2D detachment model geometry is outlined in Fig. 2.11; both the litho-
sphere and the mantle are represented by a compositional field. Schmalholz
(2011) prescribes a nonlinear viscosity in the subducting lithosphere given by:

ηL = η0ε̇

(
1
n −1

)
e , (2.19)

where η0 = 4.75·1011 Pas
1
n and n = 4. Conversion to Eq. 2.5 results in the param-

eters listed in Tab. 2.6. Here we only reproduce the constant mantle-viscosity
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case of Schmalholz (2011), with µmantle = 1021 Pas. We use a set of 20 trac-
ers placed on the outline of the slab to track the width and depth of necking.
The necking width and depth, as well as time, are normalized by the initial
slab width of 80 km and the characteristic time tc = 7.1158 ·1014 s, respectively
(Schmalholz, 2011).

Figure 2.11: The detachment benchmark model set-up of Schmalholz (2011): a symmetric sys-
tem of nonlinear viscous lithosphere (Eq. 2.19) with a vertical slab extending into a linear viscous
mantle. The top and bottom boundary are free slip, while the vertical boundaries are no slip. 20
Passive tracers are placed along the outline of the slab.

Results and comparison

The evolution of the detachment model is shown in Fig. 2.12: After about 20 My,
the slab is fully necked and detached. Although a thin line of lithosphere com-
position is still visible, its value is less than 0.5 and, thus, the infinite norm
ignores this contribution to the viscosity, allowing for full detachment. Upon
detachment, slab pull is removed and, thus, viscosity reaches µmax throughout
the remaining lithosphere (Fig. 2.12d).

From comparison of the red and black line in Fig. 2.13 it can be seen that
the width of the necked zone through time agrees very well with the results of
Schmalholz (2011). Only after t = 0.8, our results start to deviate due to our use
of tracers for measuring the necking width. The two other lines illustrate the
effect of using harmonic averaging for the compositional fields’ contribution
to viscosity (blue line) or for averaging the viscosity over the elements (yellow
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Table 2.6: The detachment benchmark model parameters

Parameter Value [Unit]

Domain width 1,000 km
Domain height 660 km
CFL number 1.0
Element size 15.63×10.31–3.91×2.58 km
Gravity acceleration 9.81 m s−2

Reference viscosity µref 3 ·1022 Pa s
Minimum viscosity µmin 1021 Pa s
Maximum viscosity µmax 1025 Pa s
Viscosity capping µe f f Eq. 2.13
Max. nr. of NI per timestep 50
Max. nr. of cheap Stokes solves 200
Stokes solver tolerance 10−5

Model end time 25 My
Temperature polynomial degree 1
Nr. of cores 28
DOF/core ∼ 16,300
Nr. of time steps 289
Wall time 4h
Lithosphere
Constant density ρ 3,300 kg m−3

Activation volume V 0 m3 mol−1

Activation energy Q 0 J mol−1

Stress exponent n 4
Prefactor B 1.23 ·10−48 Pa−n s−1

Initial viscosity µi ni t 2 ·1023 Pa s
Mantle
Constant density ρ 3,150 kg m−3

Activation volume V 0 m3 mol−1

Activation energy Q 0 J mol−1

Stress exponent n 1
Prefactor B 5.0 ·10−22 Pa−n s−1

Initial viscosity µi ni t 1021 Pa s
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line): although these averaging methods reduce the wall time by a factor of 3
and 2, respectively, they also result in much faster necking. This agrees with the
findings in Appendix 2.9.

Figure 2.12: Detachment benchmark model evolution showing the viscosity field over time. Af-
ter about 20 My, necking is complete and the remaining lithosphere reaches a high, uniform
viscosity.
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Figure 2.13: Nondimensional necking width versus time for ASPECT and Schmalholz (2011).
The ASPECT necking width is calculated from the 20 tracer positions. Because the tracers above
the necking zone no longer move after detachment, the thus calculated width stagnates after t
' 0.9.
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Discussion

The first three benchmarks focussed on plastic rheologies. The detachment
benchmark involves modeling of a highly nonlinear, power-law viscosity, which
is often used in subduction modeling. Our observed model evolution compares
well with that of Schmalholz (2011) and other codes (Hillebrand et al., 2014). It
also demonstrates the effective splitting of a compositional field into two bod-
ies and how the rheology interacts with the compositional fields through local-
isation of deformation at the slab hinge. It should be noted that the particular
geometry of the slab with its sharp corners results in a mesh-dependence of
the solution. Differences in model evolution can also arise from the particular
viscosity and material averaging method applied.

2.4 Viscoplastic subduction models

Lastly, we consider a geodynamical application of the implemented viscoplas-
tic rheology: the spatiotemporal evolution of 3D subduction. So far, no AS-
PECT applications to 2D or 3D regional subduction have been published. To
demonstrate ASPECT’s promise in this field, we here present 3D models of
free-plate intraoceanic subduction. Recent 3D subduction models have been
applied in the study of along-strike effects such as oblique convergence (Malat-
esta et al., 2013), toroidal flow (Schellart and Moresi, 2013), varying lithospheric
structure (Mason et al., 2010; van Hunen and Allen, 2011; Capitanio and Fac-
cenda, 2012; Duretz et al., 2014), slab width (Stegman et al., 2006; Schellart
et al., 2007; Stegman et al., 2010) and the presence of lateral plates (Yamato
et al., 2009). Four-dimensional (3D plus time) modeling allows us to investigate
more realistically the generics of subduction (e.g. Crameri and Tackley, 2014;
Chertova et al., 2014b) as well as very specific regional problems (e.g. Capitanio
and Replumaz, 2013; Chertova et al., 2014; Sternai et al., 2014).

2.4.1 Model set-up

We discuss two models; the first is an adaptation of the free-plate model of
Schellart and Moresi (2013) and considers no temperature effects and features
constant viscosities except for a viscoplastic crustal layer. The second model is
an extension of the first, where we add a temperature field and a temperature,
pressure and strain rate dependent viscosity, resulting in a nonlinear viscoplas-
tic thermomechanically coupled system.
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Model 1

The first model comprises two free plates: an Overriding Plate (OP) and a Sub-
ducting Plate (SP) (see Fig. 2.14). The SP is made up of a crustal layer of non-
frictional (von Mises) viscoplastic rheology and a mantle lithospheric layer of
constant viscosity (see Tab. 2.8 for actual values). The tip of the SP extends
into the mantle for 200 km. The OP is of one composition and has a constant
viscosity, as does the surrounding mantle. These four compositions are each
represented by a compositional field.

Model 2

The second model augments the first with an Adjacent Plate (AP) separated
from the other plates by a 20 km thick Weak Zone (WZ). The SP and OP are
extended and their thickness is no longer fixed, but based on the temperature
field, as if they originate from ridges situated at the left and right vertical do-
main boundaries. The initial temperature distribution (Fig. 2.15) in the plates
is computed according to the age-based plate cooling model, for a mantle tem-
perature Ta of 1,593 K and surface temperature T0 = 293 K (Eq. (4.2.24) of Schu-
bert et al. (2001), κ= 10−6 m2s−1). Thickness of the plate is defined at the tem-
perature T for which Ta−T

Ta−T0
= 0.1. The maximum thickness of the plate (for time

to infinity) is set to 125 km, based on Schubert et al. (2001). At the trench, both
plates have the same thickness as in model 1. The Adjacent Plate (AP) has a
fixed thickness of 100 km for an age of ∼ 60 My. From a depth of 125 km, a
linear temperature increase is prescribed everywhere to a bottom temperature
of 1,771 K. The WZ and AP are of constant viscosity, but all other composi-
tions are of nonlinear rheology, with which model 2 differs strongly from model
1. The specific rheological parameters for diffusion and dislocation creep and
Drucker–Prager plasticity can be found in Tab. 2.8.

2.4.2 Results

Model 1

Figure 2.17 depicts the evolution of the subduction system of model 1 over time.
The pull of the slab extending into the mantle results in a plastically-weakened
subduction fault zone through high strain rates. Although this allows for de-
coupling from the surface, mechanical coupling is strong enough for the OP
to move towards the trench. There the OP thickens and a small portion of OP
material is entrained with the slab. Within the first ∼ 7 My, the velocity of the
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Figure 2.14: 3D Subduction model set-ups (also, see Tab. 2.7). (a) Model 1: a free Overriding Plate
(OP) and a Subducting Plate (SP) with a trench at x = 2,400 km. At start-up, the slab extends
200 km into the mantle (measured vertically) at an angle of 29◦. The 100 km thick SP consists of
2 compositional layers, the OP of only 1 composition. All boundaries are free slip, except the no
slip bottom boundary. (b) Model 2: A 58.8 My old Adjacent Plate (AP) is added, separated from
the OP and SP by a Weak Zone (WZ) of 20 km width. The initial temperature distribution of the
SP and OP is based on the plate cooling model dependent on age, which increases from the ridge
situated at the left, respectively right, vertical domain boundary, up to an age of 16 My for the OP
and 60 My for the SP, resulting in thicknesses of 50 km and 100 km at the trench, respectively. An
adiabat of 0.25 Kkm−1 is prescribed in the mantle. The bottom temperature is fixed at 1,728 K,
the top at 293 K.
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Figure 2.15: Temperature distribution with depth and distance from the ridge for (a) the OP and
(b) the SP.
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Table 2.7: 3D Subduction model parameters

Parameter Value [Unit]

Domain length 4,000 km
Domain width 800 km
Domain height 660 km
Gravitational acceleration 9.81 m s−2

Model 1
Effective viscosity µv p

e f f Eq. 2.11

Minimum viscosity µmin 1019 Pa s
Maximum viscosity µmax 1.57 ·1023 Pa s
Capped viscosity µe f f Eq. 2.13
Element size 50.00×50.00×41.25–

3.13×3.13×2.58 km
Max. nr. of nonlinear iterations NI 100
Stokes solver tolerance 10−5

Nr. of cores 104
DOF/core ∼ 65,000
Wall time 2.5 weeks
Model run time 40 My
Nr. of time steps 1075
Model 2
Reference viscosity µref 1021 Pa s
Effective viscosity µv p

e f f Eq. 2.12

Minimum viscosity µmin 1019 Pa s
Maximum viscosity µmax 1024 Pa s
Capped viscosity µe f f Eq. 2.14
Material averaging logarithmic
Thermal conductivity k 2.0 W m−1 K−1

Thermal expansivity α 2.0 ·10−5 K−1

Reference temperature T0 293 K
Element size 50.00×50.00×41.25–

6.25×6.25×5.16 km
Max. nr. of nonlinear iterations NI (t0;rest) 100;10
Stokes solver tolerance 10−6

Relative residual tolerance 5.0 ·10−5

Nr. of cores 260
DOF/core ∼ 132,500
Wall time 6 weeks
Model run time 64 My
Nr. of time steps 3100
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Figure 2.16: Viscosity profiles at 0 My for the OP (at x = 2,700 km) and SP (at x = 2,200 km)
of model 1 and 2. For comparison, the viscosity profiles derived by Čížková et al. (2012) are
included.

plates steadily increases about 1 order of magnitude and reaches several cen-
timeters per year. Similar to Schellart and Moresi (2013), poloidal and toroidal
flow can be observed close to the slab; flow into the trench alters the shape of
the plates. After 8.5 My, plate velocities drop when the slab tip reaches a depth
of 660 km (bottom of the domain) and the steep slab starts to bend in to accom-
modate lateral sliding over the 660 km discontinuity. With ongoing subduction,
the length of slab being pushed along the 660 km discontinuity increases and
plate velocities increase to pre-sliding levels. At 35 My, the plate has completely
subducted, lying flat at the 660 km discontinuity, while the trench has retreated
a total of ∼ 1,000 km.

The AMR based on composition and viscosity follows the outline of the
plates as they move through the mantle (Fig. 2.17), resulting in a local reso-
lution of roughly 3 km while the mantle is resolved with ∼ 50 km elements.

Model 2

The SP of model 2 steepens for the first 12 My (Fig. 2.18) until full-fledged sub-
duction starts. Subduction is much slower than in model 1: while in model 1
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Figure 2.17: Model 1 – strain rate Frobenius norm
p
ε̇ : ε̇ over time together with SP and OP iso-

contours. Also shown is the adaptive mesh following the SP into the mantle.
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Table 2.8: 3D Subduction model parameters (based on Hirth and Kohlstedt (2003) and Ranalli
(1995))

Parameter Mantle OP Mantle SP Crust SP AP WZ Unit

Model 1
Activation volume Vdl 0.0 0.0 0.0 0.0 m3 mol−1

Activation energy Qdl 0.0 0.0 0.0 0.0 J mol−1

Stress exponent n 1.0 1.0 1.0 1.0 -
Prefactor Bdl 2.12 ·10−21 1.06 ·10−23 3.03 ·10−24 2.12 ·10−24 Pa−n s−1

Internal angle of friction φ 0.0 0.0 0.0 0.0 ◦

Cohesion C 1.0 ·1015 1.0 ·1015 1.0 ·1015 2.0 ·107 Pa
Initial viscosity µinit 1.57 ·1020 3.14 ·1022 4.71 ·1022 1.57 ·1023 Pa s
Constant density ρ 3,250 3,250 3,330 3,330 kg m−3

Model 2
Activation volume Vd f 5.0 ·10−6 6.0 ·10−6 6.0 ·10−6 0.0 0.0 0.0 m3 mol−1

Activation energy Qd f 2.4 ·105 3.0 ·105 3.0 ·105 0.0 0.0 0.0 J mol−1

Prefactor Bd f 3.73 ·10−14 6.08 ·10−14 6.08 ·10−14 0.0 0.0 0.0 Pa−n s−1

Scaling factor βd f 0.5 1.0 1.0 2.0 2.0 2.0 -
Activation volume Vdl 15 ·10−6 20 ·10−6 20 ·10−6 0.0 0.0 0.0 m3 mol−1

Activation energy Qdl 4.3 ·105 5.4 ·105 5.4 ·105 0.0 0.0 0.0 J mol−1

Prefactor Bdl 3.91 ·10−15 2.42 ·10−16 2.42 ·10−16 1.0 ·10−19 1.0 ·10−24 1.0 ·10−21 Pa−n s−1

Stress exponent n 3.0 3.5 3.5 1.0 1.0 1.0 -
Scaling factor βdl 0.5 1.0 1.0 2.0 2.0 2.0 -
Internal angle of friction φ 20 0.0 20 0.0 0.0 0.0 ◦

Cohesion C 106 1015 106 1015 1015 1015 Pa
Initial viscosity µinit 2.0 ·1020 5.4 ·1023 5.4 ·1023 1.0 ·1020 5.4 ·1023 1.0 ·1021 Pa s
Specific heat cp 1,250 1,250 1,250 750 1,250 1,250 J kg−1 K−1

Reference density ρ0 3,350 3,350 3,350 3,150 3,350 3,350 kg m−3

* For a fixed grain size of 0.01 m (Hirth and Kohlstedt, 2003), length of Burgers vector of 0.5 nm
(Karato and Wu, 1993) and a shear modulus of 80 GPa (Karato and Wu, 1993)

subduction is completed by 35 My, rollback of the slab in model 2 only sets in
around 50 My. Simultaneously with slab rollback, the subduction channel is
weakened by asthenospheric inflow into the gap between the OP and SP. For-
mation of this gap is probably initiated by the fact that the OP does not com-
pletely release itself from the lateral boundary (see snapshot at 49 My). Even
though the slab reaches the bottom boundary around 50 My and starts to shal-
low, it does not lie flat on the 660 km boundary, but continues to hover above
it. Also note the halo of increased strain rate around the tip of the slab, and the
small-scale strain rate features in the mantle compared to model 1.

2.4.3 Discussion

The evolution of model 1 strongly resembles that of Schellart and Moresi (2013),
on whose set-up the model is based: the slab first sinks freely until it reaches
the 660 km bottom boundary and then starts draping while rolling back. The
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Figure 2.18: Model 2 – strain rate Frobenius norm
p
ε̇ : ε̇ over time together with SP, SP crust and

OP isocontours. Also shown is the adaptive mesh following the SP into the mantle.
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Figure 2.19: Viscosity snapshots of (a) model 1 and (b) model 2 at comparable moments in the
respective subduction evolutions.

absence of folding of the slab at the 660 km boundary and the differences in
timing of the aforementioned events are probably due to the weak, linearly vis-
cous layer of the SP that is left out here (and the lesser extent of the domain
in the y-direction). This leaves the plate stronger and more resistant to folding
than for Schellart and Moresi (2013). Note that our viscoplastic SP of model 2
also does not show draping at the 660 km boundary.

In switching from model 1 to this thermomechanically coupled model 2, we
found changes to the set-up were necessary to avoid subduction of the plate
at locations other than the slab tip (i.e. the sides and back of the plate would
subduct as well) due to high mantle temperatures. Therefore, we added the ad-
jacent plate and transform fault. By locating the plate ridges at the left and right
vertical boundaries, free motion of the plates perpendicular to the trench is still
enabled. Mesh resolution here was reduced over time because the refinement
strategy chosen focused on the compositional fields, which moved away from
the boundaries. This increased the coupling of the OP plate to the left boundary
unfortunately, limiting the plate’s ability to move.

The subduction evolution of model 1 and 2 in Figs. 2.17 and 2.18 clearly dif-
fers. Models in the Appendix of Schellart and Moresi (2013) have shown that
the addition of adjacent plates in itself does not affect the geometry of the SP
over time (although velocities are affected). A test with a uniform viscosity ad-
jacent plate for our model 1 corroborates this. Therefore, the differences derive
from the temperature, pressure, strain rate and composition dependent rheol-
ogy. Indeed, a snapshot (Fig. 2.19) of the viscosity field of the SPs and OPs shows
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that the viscosity of the plates of model 2 is about an order of magnitude higher
(cut-off at 1024 Pa s). As both the SP and the OP of model 2 keep growing at the
trench, they also experience more mantle drag than in model 1. Moreover, the
model 2 slab tip is surrounded by a higher-viscosity area due to local cooling
of the mantle. These rheological differences slowing down the subduction pro-
cess are also evident from the strain rate in Figs. 2.17 and 2.18, showing a much
weaker slab and mantle in model 1. A full investigation into the differences
between mechanical and thermomechanical viscoplastic models is beyond the
scope of this paper.

More elaborate models of subduction should incorporate phase changes
and latent heat effects as well as adiabatic and shear heating. This is also pos-
sible with ASPECT and we include an example of such a 2D model in Ap-
pendix 2.B.

2.5 Discussion

The four benchmarks shown using our viscoplasticity implementations in AS-
PECT either reproduce the available analytical solution (Section 2.3.1), or com-
pare well with theory (Section 2.3.2) or the results of other codes (Sections 2.3.2–
2.3.4).Thus verifying our implementations, they allowed us to set up a 4D model
of oceanic subduction, exemplifying the functionality that our implementa-
tions have added.

It should be noted that although the rheology described in this paper is of-
ten applied in numerical modeling, more elaborate laws have been proposed.
For example, Gerya and Yuen (2007) included dilatant materials and Choi and
Petersen (2015) argue that numerical models should incorporate an initially
associated plastic flow rule that evolves into a non-associated flow rule with
increased slip to assure persistent Coulomb shear band angles while avoiding
unlimited dilatation. The inclusion of an intrinsic length scale in the plastic-
ity formulation would work to remove the mesh dependence of the rheology
(e.g. strain gradient plasticity, Fleck and Hutchinson (2001)). Another addi-
tion would be to include plastic softening or hardening – changes in the yield
surface due to the accumulated strain. Considering creep flow laws, improve-
ments could be made by adding Peierls creep, a dislocation mechanism acting
at low temperatures and/or high stresses (e.g. in parts of the slab Karato, 2008;
Duretz et al., 2011; Garel et al., 2014). Other authors such as Farrington et al.
(2014) and Fourel et al. (2014) have investigated the effect of incorporating elas-
ticity into models of lithosphere subduction, demonstrating that although ob-
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servables such as dip angle, slab morphology and plate motion are not affected,
an elastoviscous or elastoviscoplastic rheology leads to different viscosities in
the hinge of the slab.

Incorporating more realistic nonlinear rheologies such as described in this
paper creates the necessity for additional nonlinear iterations within a single
time step. Also, we have seen that at higher mesh resolutions, more of such
iterations are required to converge the solution. This greatly increases model
run time and therefore it is important to implement a more efficient nonlin-
ear solving strategy than the Picard iterations currently used by ASPECT. The
more sophisticated Newton solver (see for example Popov and Sobolev, 2008;
May et al., 2015; Rudi et al., 2015; Kaus et al., 2016; Wilson et al., 2017) will help
achieve faster convergence. Convergence behaviour has also been suggested
to improve from including elasticity (Kaus, 2010), but especially dynamic pres-
sure dependent plasticity remains difficult to converge for both Picard itera-
tions and Newton solvers (Spiegelman et al., 2016).

Nonlinear rheologies also affect the linear solver by introducing large vis-
cosity gradients. Different strategies to reduce the increased computational
time and under/overshooting of the numerical approximation of the viscos-
ity/pressure gradient are available in ASPECT. For one, one can reduce the lin-
ear tolerance (while making sure the results do not change significantly), as
was shown in Section 2.3.1. Secondly, a cheap Stokes solver can be employed,
although this does not help for each model set-up (compare Sections 2.3.1 and
2.3.4). Thirdly, averaging the contributions of the compositional field to the
viscosity and other material properties in a specific point reduces the sharp-
ness of viscosity boundaries, making the problem easier to solve, but with the
choice of averaging method affecting the model evolution (Section 2.3.4 and
Appendix 2.9). Lastly, averaging of material properties such as viscosity and
density over each element reduces pressure oscillations (Heister et al., 2017),
but can also influence the model evolution as was shown in Section 2.3.4.

2.6 Conclusion and outlook

Numerical modeling of intricate geodynamic processes such as crust and litho-
sphere deformation and plate subduction encompasses challenges at different
levels. For one, the 4D nature of the subduction process requires state-of-the-
art numerical methods to efficiently handle the parallel computations neces-
sary for such large problem sets. Secondly, models should incorporate realistic
(non)linear rheologies to mimic nature as close as possible. Thus arises the
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need for algorithms that can solve highly nonlinear equations and deal with
large viscosity contrasts effectively. Thirdly, far-field effects of mantle flow and
plate motion cannot be ignored, and neither can topography building, result-
ing in a demand for complex boundary conditions such as open boundaries
(Chertova et al., 2012) and free surfaces (Kaus et al., 2010; Crameri et al., 2012;
Rose et al., 2017).

In this paper, we have shown that the open source code ASPECT is up to
these challenges. Building on its modern, massively parallel numerical meth-
ods, we have outlined here our basic additions that enable viscoplastic crust
and lithosphere modeling. We then tested and verified the algorithms with
four different benchmarks well-known in the geodynamic modeling commu-
nity. Last, we highlighted the possibilities arising from the adaptations with 4D
thermomechanically coupled viscoplastic models of interoceanic subduction
showing that ASPECT is a serious contender in the field of lithospheric sub-
duction modeling.

The continued development of ASPECT based on the needs of its expand-
ing user and developer community ensures evergrowing capacities and possi-
bilities. Important recent additions are a full free surface (Rose et al., 2017), the
formation and migration of partial melt (Dannberg and Heister, 2016), active
particles (Gassmöller et al., 2018), a discontinuous Galerkin method for advec-
tion (He et al., 2017) and a Newton solver (Fraters et al., 2017). Also, the exten-
sive user manual (Bangerth et al., 2017) accompanying all developments is a
great asset for new and current users. In consequence, opportunities for future
research are reinforced and a firm foundation is provided for ASPECT in the
geodynamics community.
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2.A Self-consistent subduction and compositional
averaging

As discussed in Section 2.2.2, the choice of averaging method for models of
multiple compositions can significantly influence the results (Deubelbeiss and
Kaus, 2008; Schmeling et al., 2008). Based on a number of experiments, we have
chosen the infinity norm as method of choice for this paper. One of the models
on which this choice is based, is that of Schmeling et al. (2008), on which we
will elaborate below.

2.A.1 Model set-up

Figure 2.20: The self-consistent subduction benchmark model set-up. The mantle, subducting
plate and sticky-air are represented by three compositional fields of constant viscosity. The slab
geometry of case 1 is indicated in solid lines, the dashed line outlines the slab tip of case 2 (based
on case 3 of Schmeling et al. (2008)).

The 2D linear viscous model is composed of three compositions: the man-
tle, subducting lithosphere and sticky-air to allow for surface topography build-
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Table 2.9: The self-consistent subduction benchmark model parameters

Parameter Value [Unit]

Domain width 3,000 km
Domain height 750 km
Maximum resolution 256×64–2,048×512 el.
Minimum resolution 128×32 el.
Gravity acceleration 9.81 m s−2

Stokes solver tolerance 10−7

Model end time 100 My
Temperature polynomial degree 1
Nr. of cores 8–18
Wall time 27–71 h
Sticky-air
Constant density ρ 1 kg m−3

Constant viscosity µ 1019 Pa s
Subducting lithosphere
Constant density ρ 3,300 kg m−3

Constant viscosity µ 1023 Pa s
Mantle
Constant density ρ 3,200 kg m−3

Constant viscosity µ 1021 Pa s

up and detachment of the lithosphere from the top boundary (Fig. 2.20, Tab. 2.9).
The subducted part of the lithosphere supplies the force to start subduction;
the slab tip either extends into the mantle at a 90◦ angle (case 1) or at a 34◦ an-
gle (case 2). The four different averaging methods in Eq. 2.15–2.18 are tested at
different resolutions.

2.A.2 Model results

The evolution of subduction for case 1 is summarized in a plot of the slab tip
depth over time in Fig. 2.21(a). It is clear that the effect of averaging method
dominates over that of resolution, but that both are significant. As do Schmel-
ing et al. (2008) (shaded areas in Fig. 2.21), we find that subduction is fastest for
harmonic averaging and slowest for arithmetic averaging. For a given method,
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a higher resolution speeds up subduction, except for harmonic averaging. For
an explanation of these results, see Schmeling et al. (2008). Comparison with
the absolute results of Schmeling et al. (2008) is complicated by different com-
putational methods, elements, minimum resolutions and mesh configurations,
e.g. compare the dark solid and dotted red lines in Fig. 2.21. A much bet-
ter agreement in slab tip evolution between the different averaging methods
is found for case 2 (Fig. 2.21(b)), where the initial slab dip is more realistic. The
trends in resolution and averaging dependence remain the same.

Snapshots of the viscosity field for case 1 are shown in Fig. 2.22: the infinity
norm model’s field shows the least artefacts from compositional under- and
overshoot, the harmonically averaged model the most. Wall time for the first
2,000 timesteps is reported for the highest resolution model of each averaging
method in Tab. 2.10; the infinity norm is the most computationally expensive.
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Figure 2.21: Slab tip depth versus model time for four different averaging methods of the con-
tribution of the compositional fields to viscosity. Colors indicate the averaging method, while
one color goes from light to dark with local resolution, which varies from 256×64 elements to
2,048×512 elements. Minimum resolution is always 128×32 elements. (a) Case 1. The dashed
red line model has a resolution varying from 128×128 to 2,048×2,048 elements. Shaded areas
represent results of Schmeling et al. (2008, Fig. 6). (b) Case 2.

2.A.3 Choice of averaging method

The infinity norm selects the parameters of the field that is greatest in a spe-
cific point. It thus counteracts the numerical diffusion of the compositional
boundaries in the calculation of composition dependent parameters, but un-
fortunately also sharpens possible viscosity contrasts between the fields. This
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2.A. Self-consistent subduction and compositional averaging

Figure 2.22: Viscosity field for each averaging method at 2,048×512 elements local resolution at
similar moments in the subduction evolution.

Table 2.10: Wall time for timestep 2,000 of the self-consistent subduction benchmark for differ-
ent viscosity averaging methods using 28 cores

Averaging method Wall time t2000 [s]

Arithmetic 9.76 ·104

Infinite norm 3.84 ·105

Geometric 7.52 ·104

Harmonic 5.88 ·104
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increases computational time. For more complex models where wall time is an
important factor, we recommend using the geometric averaging method.

2.B Compressible subduction with phase changes, open
boundaries and a free surface

With this example of 2D subduction, we highlight some of the more recent
additions to ASPECT: compositional field reactions (which can be used to im-
plement phase changes), the true free surface (Rose et al., 2017) and traction
boundary conditions. These features are used to set up a model of thermo-
mechanically coupled viscoplastic subduction in which the plate motions are
either prescribed on the vertical boundaries, or, at a later stage, material is free
to move in/out of the model domain. A compressible formulation of the gov-
erning equations is used, including shear heating, adiabatic heating and latent
heat:

−∇· (2ηε̇
)+∇P = ρ~g , (2.20)

∇·~v =−βρ~v ·~g , (2.21)(
ρcp −ρT∆S

∂X

∂T

)(
∂T

∂t
+~v ·∇T

)
(2.22)

−∇·k∇T = (
2ηε̇

)
: ε̇

+αT~v ·∇P

+ρT∆S
∂X

∂P
~v ·∇P,

whereβ is the compressibility 1
ρ
∂ρ
∂P , ρ = ρ0(β(P−P0))(1.0−α(T−T0)),∆S = γt

δρt

ρ2

and ∂X
∂T =−γt

∂X
∂P .

Phase changes (changes of one compositional field into another with differ-
ent material properties) are implemented by extending our, now compressible,
multicomponent viscoplastic material model with a depth-dependent transi-
tion function (e.g. Christensen and Yuen, 1985):

X = 1

2

[
1.0+ tanh

(
z − zt −γt

zt
Pt

(T −Tt )

d zt
Pt

)]
. (2.23)

X represents the fraction of the new phase, Pt , Tt and zt are the reference pres-
sure, temperature and depth of the transition respectively and d the transition
half-width in terms of pressure (assuming P = Pl i th = ρg z). The phase function
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derivatives in Eq. 2.22 are computed as in the latent heat plugin of the Material
model module.

Open boundary conditions are newly implemented as a plugin to the Trac-
tion boundary conditions module by prescribing the traction as Chertova et al.
(2012):

τ=−Pl i th~̂n, (2.24)

with n̂ the outward normal to the domain boundary. Pl i th is the lithostatic
pressure calculated by numerical integration along the domain boundary of
the density (i.e. the temperature and composition) of the previous timestep.

2.B.1 Model set-up

The compressible subduction model considers ocean-continent subduction in
a domain of 1,600 km by 1,000 km (Fig. 2.23). The model includes phase changes
around 410 km and 660 km depth, see Tab. 2.11. An inward plate velocity is
prescribed on the upper part of the left vertical boundary for the first 13 My
at 4 cm yr−1, while prescribed outward mantle velocities compensate for this
volume increase. After 13 My, material is free to move in or out of the domain
through open boundary conditions on the left boundary. On the right bound-
ary, no slip conditions are switched to a prescribed velocity profile after 8 My
with a plate inflow of 2 cm yr−1. Apart from the subducting plate crust, which
is of linear viscosity, all materials are nonlinear viscoplastic. At 200 km, crustal
material is transformed to mantle material (as is done, for example, by Androvi-
cova et al., 2013). Initial temperature is based on an adiabatic profile in the
mantle and linear profiles in the plates.

2.B.2 Model results

Figure 2.24 shows the evolution of the compressible subduction model in terms
of viscosity. When the left boundary is opened at 13 My, just after the slab has
reached the 410 km phase boundary, sinking velocities increase to 10.5 cm yr−1.
Upon reaching the 660 km phase boundary (with a two-fold viscosity increase),
the slab slows down to about 5 cm yr−1. The tip of the slab is impeded by the
660 km boundary and moves at around 1 cm yr−1 along the boundary.

The change in flow through the left boundary is depicted in Fig. 2.25: When
the left domain boundary is opened up by prescribing stresses instead of a fixed
velocity profile, first of all a downward shift of the transition from in- to out-
flow is seen. Moreover, the subducting plate velocity initially increases up to
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Table 2.11: Compressible subduction model parameters

Parameter Value [Unit]

Domain length 1,600 km
Domain height 1,000 km
Element size 1.6×1.6–

25×25 km
Gravitational acceleration 9.81 m s−2

Surface temperature 273 K
Mantle potential surface temperature 1,600 K
Thermal conductivity k 4.0 W m−1 K−1

Specific heat cp 1,000 J kg−1 K−1

Thermal expansivity α 3.0 ·10−5 K−1

Reference viscosity µref 1021 Pa s
Viscosity averaging Eq. 2.16
Effective viscosity µv p

e f f Eq. 2.12

Minimum viscosity µmin 1020 Pa s
Maximum viscosity µmax 1024 Pa s
Viscosity capping mue f f Eq. 2.13
Compressibility β 5.124 ·10−12 Pa−1

410 km Clapeyron slope γ410 2.0 ·106 Pa K−1

660 km Clapeyron slope γ660 −1.5 ·106 Pa K−1

Transition widths d 10 km
410 km density contrast δρ410 273 kg m−3

660 km density contrast δρ660 342 kg m−3

410 km transition pressure P410 1.325 ·1010 Pa
660 km transition pressure P660 2.16 ·1010 Pa
Max. nr. of nonlinear iterations NI 50
Surface pressure normalization no
Nr. of cores 90
DOF/core ∼ 13,000
Wall time ∼ 69 h

56



2.B. Compressible subduction with phase changes, open boundaries and a
free surface

Figure 2.23: Compressible subduction model set-up: Subduction of an oceanic plate of 80 km
thickness underneath a 100 km thick continental plate is initiated with an 80 km slab. Different
compositional fields are used to describe the oceanic and continental crust, and the upper man-
tle, transition zone and lower mantle material. A 2-times viscosity increase is also included at
the 660 km phase boundary. The top boundary is a true free surface, the right vertical boundary
has a prescribed in/outflow as indicated. A similar flow (4 cm yr−1 inflow) is prescribed on the
left boundary until 13 My, when the boundary is opened.

Table 2.12: Compressible subduction material parameters

Parameter LM TZ UM Crust SP Crust OP Unit

Activation volume Vd f 1.0 ·10−6 4.0 ·10−6 4.0 ·10−6 4.0 ·10−6 4.0 ·10−6 m3 mol−1

Activation energy Qd f 1.0 ·105 3.35 ·105 3.35 ·105 3.35 ·105 3.35 ·105 J mol−1

Prefactor Bd f 1.0 ·10−19 5.92 ·10−11 5.92 ·10−11 1.92 ·10−11 1.92 ·10−11 Pa−n s−1

Scaling factor βd f 1.0 1.0 1.0 1.0 1.0 -
Activation volume Vdl 14 ·10−6 14 ·10−6 14 ·10−6 0.0 0.0 m3 mol−1

Activation energy Qdl 4.0 ·105 4.0 ·105 4.0 ·105 0.0 2.23 ·105 J mol−1

Prefactor Bdl 5.5 ·10−20 5.5 ·10−16 5.5 ·10−16 1.0 ·10−21 1.1 ·10−28 Pa−n s−1

Stress exponent n 3.0 3.0 3.0 1.0 4.0 -
Scaling factor βdl 2.0 2.0 2.0 1.0 1.0 -
Internal angle of friction φ 30 30 30 0.0 0.0 ◦

Cohesion C 2.0 ·107 2.0 ·107 2.0 ·107 2.0 ·107 1.0 ·108 Pa
Initial viscosity µinit 1.0 ·1022 1.0 ·1021 1.0 ·1020 5.0 ·1022 5.0 ·1022 Pa s
Reference temperature T0 1,800 1,800 1,800 400 400 K
Reference density ρ0 3,915 3,575 3,300 3,150 2,900 kg m−3
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11 cm yr−1, together with an increase in transition and lower mantle velocity.
When the slab reaches the 660 km phase boundary around 16 My, lower mantle
outflow goes up rather uniformly throughout the lower mantle, but in/outflow
above decreases. When the slab tip moves over the 660 km boundary, all flow
decreases in magnitude - gradually in the mantle and uniformly in the lower
mantle.

The phase changes are clearly expressed in the density fields: the density
isocontours in Fig. 2.24 show positive topography in the slab at the 410 km dis-
continuity, while the 660 km transition in the slab occurs deeper. The defor-
mation of the surface at 18 My shows a lowered subducting plate (about 1 km
below the initial top boundary), a topographic rise of continental crust above
the subducting slab (of maximally 8 km) and an elevated overriding continental
plate (about 4 km).

Figure 2.24: Compressible subduction evolution in terms of viscosity. Density is contoured at
3,700 kgm−3 and 4,200 kgm−3, demonstrating phase boundary topography in the slab.
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Figure 2.25: Left boundary in/outflow for the compressible subduction model. In red the velocity
profile that is prescribed for the first 13 My. In black the velocity profiles obtained with open
boundary conditions. Positive values represent inflow, negative outflow.

2.B.3 Discussion and Conclusion

Figure 2.25 illustrates the forcing boundary conditions exert on subduction mod-
els: upon opening the left boundary a different flow pattern develops that changes
over time in reaction to the internal dynamics of the system, i.e. it is more repre-
sentative than the prescribed velocity profile. Together with the phase bound-
aries and free surface, such open boundary conditions allow for more realistic
models of subduction.

59





3
Sensitivity of horizontal surface deformation to
mantle dynamics: 3D instantaneous dynamics
modeling of the eastern Mediterranean1

1This chapter is to be submitted as Glerum, A. C., Spakman, W., van Hinsbergen, D. J. J.,
Thieulot, C. and Pranger, C., ‘Sensitivity of horizontal surface deformation to mantle dynamics:
3D instantaneous dynamics modeling of the eastern Mediterranean’.
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Abstract

To fully exploit the information contained by surface motions about
the driving geodynamic processes, it is essential to first understand to
what extent surface motions are sensitive to each particular process. This
allows identification of all processes that should participate in any mod-
eling attempt to explain the observations. Here, we particularly focus
on the contribution of mantle processes to horizontal crustal flow. We
employ 3D data-driven instantaneous dynamics models of compressible
flow including a complete set of possible mantle drivers of surface defor-
mation, such as tectonic plate motions and intra-plate coupling, slab pull
and viscous mantle flow. Instead of investigating this by generic process-
oriented modeling, we opt for a direct application to the well-studied
eastern Mediterranean region and involve a set of actual data of crustal
motion such that our inferences have direct bearing on the occurring
mantle processes.

From available data on crust-lithosphere structure, we first construct
a synthetic 3D crust-lithosphere model of a ∼4000 km x ∼4000 km do-
main surrounding the Aegean-Anatolian microplate in which plate bound-
aries are implemented as 30 km wide viscous zones. The synthetic model
of the Aegean slab is complemented by 3D temperature and density struc-
ture down to the core-mantle boundary derived from a tomographic model.
Apart from smooth, large-scale crustal and lithospheric thickness varia-
tions and several oceanic domains, surface topography and lateral vari-
ations in crust-lithosphere properties are not included. This allows our
modeling to focus on mantle contributions to the crustal flow field. We
implement a composite nonlinear viscoplastic crust-mantle rheology. This
complex setup, or variants thereof, provides the initial condition for solv-
ing the compressible Stokes and mass conservation equations to predict
the present-day crust and mantle flow of the eastern Mediterranean.

We first determine a reference instantaneous-flow model solely by
tuning the rheology of the plate boundary zones such that it provides a
reasonably good fit to the observations expressed by an RMS misfit of
∼6 mmyr−1 relative to a GPS-motion amplitude RMS of ∼17 mmyr−1.
Next, in four sets of experiments we test the sensitivity of the Aegean-
Anatolian crustal flow field to the following perturbations of reference
model properties: 1) different absolute plate motions while keeping rel-
ative plate motions fixed, 2) the morphology of the Aegean slab, 3) the
thermal and density structure of the sublithospheric mantle, and 4) the
bulk mantle rheology.

Strong variations (on scales of 1-5 cmyr−1) in absolute plate motions
lead to strongly different styles of subduction (from retreating to advanc-
ing slab motion), which are identifiably (large sensitivity) recorded in the
predicted crustal motion field. However, when viewed in relative plate
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motion frames, the motion sensitivity is on the scale of only a mmyr−1,
although it increases to several mmyr−1 with increasing absolute plate
motion. Slab morphology changes by invoking horizontal and vertical
tears of the Aegean slab demonstrate the importance of the top 200 km
of the subducting plate in providing the horizontal surface motions due
to slab pull and trench suction. Slab tearing produces a surface motion
response of several mmyr−1 relative to the reference model and can lead
to asymmetric slab pull distributions affecting the direction of overrid-
ing plate motion. Total removal of the slab demonstrates that slab pull is
a main regional driver of Aegean-Anatolian crustal motion. Mantle flow
induced by the overall mantle buoyancy field causes surface motions on
the RMS-scale of 1-4 mmyr−1, predominantly by stress-coupling with the
slab and by basal drag on the plates. The bulk viscosity of the sublitho-
spheric mantle controls the wavelength of mantle flow as well as the dy-
namic mantle support of the Aegean slab. Scaling of the viscosity field by
a factor of 0.5 or 2 generates smooth variations in crustal flow on the RMS-
scale of several mmyr−1. The rheologically strong lithosphere strongly
dampens crustal flow responses. This causes that our experiments pro-
vide a lower bound on the sensitivity of surface motion to deep mantle
processes, which could be locally amplified in regions of crustal weak-
ness.

The combined mantle processes can explain a large portion of the
Aegean-Anatolian crustal flow field. When ordered in regional impor-
tance, the crustal-flow sensitivity is largest for slab pull, followed by slab-
mantle interaction and basal drag, mantle rheology and absolute plate
motion reference frame. Lastly, surface motions are very sensitive to the
style of subduction that, however, can only be properly identified when
using a mantle frame of reference.

3.1 Introduction

Geodetically determined surface motions are frequently used to investigate the
geodynamic processes presently deforming the crust and mantle. Such inter-
pretation of geodetic motions often entails a form of numerical modeling. One
approach is to convert surface motions into the underlying kinematic fields
like the velocity gradient field (e.g. Haines and Holt, 1993; Spakman and Nyst,
2002; Kreemer et al., 2014), after which strain and rotation rate patterns are
interpreted in terms of deforming processes. A second approach is to devise
a numerical model aimed at identifying or confirming the driving process(es)
by optimizing the fit between observed and predicted motions. This approach
has numerous applications, for instance, to fault and earthquake studies (e.g.
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Hu et al., 2004; Hu and Wang, 2012; Avouac, 2015; Govers et al., 2018), regional
crust/lithosphere deformation (often based on thin viscous/elastic sheet mod-
eling, e.g. Flesch et al. 2001; Carafa et al. 2015; Finzel et al. 2014; England et al.
2016; Özbakir et al. 2017; Walters et al. 2017; Nijholt et al. 2018), the model-
ing of mantle flow (e.g. Boschi et al., 2010; Faccenna and Becker, 2010; Becker
and Faccenna, 2011; Jadamec and Billen, 2010, 2012; Steinberger, 2016) and the
balancing of forces acting on the lithosphere including mantle tractions (e.g.
Ghosh et al., 2008; Iaffaldano and Bunge, 2009; Warners-Ruckstuhl et al., 2012;
Osei Tutu et al., 2018b).

In these applications, the (implicit) premise is that the surface-motion data
are sensitive to the processes that are modeled and that an obtained good fit
between model predictions and observed data verifies the role of the consid-
ered geodynamic process(es) in explaining the data. However, a good data fit
does not imply that the constructed model is also a good representation of the
natural system under investigation. The use of insufficient and uncertain data
on the one hand and the implementation of a limited or simplified physical
representation of the natural system on the other prohibit such a conclusion
(Oreskes et al., 1994). In fact, the way that numerical models are often con-
structed, i.e. by focusing on a restricted set of processes, cannot exclude that
the observations are likewise sensitive to deforming processes that were not
considered, or poorly represented, in the models. Furthermore, due to poorly
known data sensitivity and/or lack of data, trade-offs may exist between geody-
namic drivers such as slab pull, mantle drag, and density-induced lateral pres-
sure gradients in the lithosphere tractions, as well as boundary conditions and
crust-mantle rheology. Due to such trade-offs, different combinations of pro-
cesses and model conditions exist that may yield a comparable data fit and are
in this sense indistinguishable.

Key to moving forward is deepening insight into the sensitivity of surface
observables, such as Global Navigation Satellite System (GNSS) motions, for
mantle processes and rheology, which is the topic of our paper. We take a for-
ward approach following a third modeling strategy focused on testing the sen-
sitivities of observations to a wide range of potentially important geodynamic
processes as well as variations in model attributes (e.g. initial and boundary
conditions and material properties). Only then, model construction can occur
in an informed way. In fact, testing data sensitivity for candidate processes and
model attributes is the particular strength of numerical modeling. Baumann
et al. (2014) demonstrate this strength by an extensive forward model space
search that allows for identifying processes, material properties and trade-offs
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between tunable model attributes to which the data are sensitive.
Here, we follow the same philosophy in a non-automatic way and specif-

ically focus on testing the sensitivity of surface motions of the well-studied
Aegean-Anatolian region of the eastern Mediterranean to changes in plate mo-
tions, slab-mantle coupling, slab rollback, slab tearing, mantle flow and rheol-
ogy. We compute compressible instantaneous flow in a model spanning 40◦ x 40◦

centered on the Aegean region and incorporating the entire mantle below this
domain. The model includes a crust-lithosphere system that comprises con-
tinental and oceanic domains of varying thickness. The sublithospheric man-
tle includes 3D structure scaled from various seismic tomography models, and
material properties including phase changes are computed with thermodynam-
ics software. While our main target is to investigate the sensitivity of surface
motions to deep geodynamic processes and model attributes, our models also
allow us to draw inferences about the main drivers of Aegean-Anatolian crustal
deformation in the overall plate-convergent setting of the eastern Mediterranean.

3.2 Geodynamic setting of the eastern Mediterranean

In this section, we first briefly clarify the present-day geodynamic complexity
and structural heterogeneity of the eastern Mediterranean region, as inherited
from a long geological evolution caught between the converging African/Arabian
and Eurasian tectonic plates. Next, we introduce constraints on the morphol-
ogy of the involved subducting slabs that are relevant for the setup of our nu-
merical modeling of the present-day geodynamics. Finally, we present the crustal
flow field as observed by GPS studies. Determining the sensitivity of this flow
field for various geodynamic drivers is the main research goal.

3.2.1 Africa-Arabia and Eurasia convergence

The current tectonic makeup of the eastern Mediterranean region (see Fig. 3.1)
results from more than 100 My of regional convergence of Africa-Arabia and
Eurasia and the subduction of the paleogeographically complex continental
and oceanic lithosphere in between (e.g. van Hinsbergen et al., 2005; Moix et al.,
2008; Stampfli and Hochard, 2009; Gaina et al., 2013; Faccenna et al., 2014; van
Hinsbergen et al., 2016). To the east, continental collision of Arabia and Eurasia
commenced after the Oligocene closure of the Tethys ocean (e.g. Hafkenscheid
et al., 2006; Agard et al., 2011; McQuarrie and van Hinsbergen, 2013; Berra and
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Figure 3.1: Plate tectonic setting of the Nubia-Arabia and Eurasia convergence zone. Red lines
denote the plate boundaries of Bird (2003), black arrows indicate the relative plate velocities with
respect to Eurasia (Kreemer et al., 2014). While our 3D model domain spans the area shown, the
dashed black box outlines the area of the eastern Mediterranean of which we present model
results. Abbreviations: BS - Balearic Sea, Ls - Ligurian Sea, TS - Tyrrhenian Sea, IS - Ionian Sea,
Hs - Hellenides, AS - Aegean Sea, HT - Hellenic Trench, NAT - North Aegean Trough, NAF - North
Anatolian Fault, EAF - East Anatolian Fault, DSF - Dead Sea Fault.

Angiolini, 2014), leading to the Zagros suture zone seen today (Fig. 3.1). In the
Aegean and Cyprus region, the Nubian plate is still subducting, as it has been
doing continuously for at least 100 My (e.g. van Hinsbergen et al., 2005; Jolivet
and Brun, 2010; Jolivet et al., 2013; van der Meer et al., 2018). Seismic tomog-
raphy models reveal one continuous slab under the Aegean region reaching a
depth of about 1500 km (Spakman et al., 1993; Bijwaard et al., 1998; van Hins-
bergen et al., 2005). Under Anatolia, deep mantle structure is more complex
and may involve an intricate geometry of subduction (van Hinsbergen et al.,
2016). There is consensus, however, that at present a steep-dipping Cyprus
slab exists beneath south-central Anatolia that at least crosses the upper man-
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tle (Biryol et al., 2011; Portner et al., 2018; van der Meer et al., 2018). On its
western side, this Cyprus slab may (Biryol et al., 2011) or may not (Koç et al.,
2016; McPhee et al., 2018) connect to a small Antalya slab.

The long-standing Aegean subduction comprised oceanic lithosphere as well
as stretches of continental lithosphere (Faccenna et al., 2003; Meier et al., 2004;
van Hinsbergen et al., 2005; Jolivet and Brun, 2010). The upper crust of par-
ticularly the 200-500 km wide continental lithospheric segments was scraped
off and accreted as a foreland propagating nappe stack (van Hinsbergen et al.,
2005). From the Mid-Cenozoic (∼40 Ma) until today, the Aegean region has
been extending (Brun and Sokoutis, 2007, 2010; van Hinsbergen and Schmid,
2012; Menant et al., 2016), leading to a maximum of 400 km NNE-SSW exten-
sion in the central part of the Aegean region (van Hinsbergen and Schmid,
2012). Accretion and extension resulted in a thinned (∼20-25 km) back-arc
crust and a thick (∼40 km) crust underlying the forearc fold-thrust belt (Tirel
et al., 2004).

The Anatolia orogenesis was grossly similar to the Aegean region: the down-
going African plate hosted continental and oceanic domains (Şengör and Yil-
maz, 1981), which, when stripped, accreted as nappe (Gessner et al., 2001; van
Hinsbergen et al., 2010; van Hinsbergen et al., 2016; McPhee et al., 2018). The
thickened and metamorphosed crust then became exhumed in a major ex-
tensional back-arc region (Bozkurt and Oberhänsli, 2001; Gautier et al., 2008;
Lefebvre et al., 2011; Gessner et al., 2013; Seyitoglu et al., 2017; Gürer et al.,
2018). Two first-order differences are that in Anatolia, Africa-Europe conver-
gence was accommodated since ∼100 Ma at (at least) two subduction zones
instead of one (Şengör and Yilmaz, 1981; Menant et al., 2016; van Hinsbergen
et al., 2016), which merged in a trench-trench-trench triple junction (Lefeb-
vre et al., 2013) in westernmost Turkey (van Hinsbergen et al., 2016). Second,
the age of the central Anatolian back-arc basin is much older, with exhuma-
tion from 75-45 Ma, and governed by E-W rather than ∼N-S extension (Gürer
et al., 2018). Following extension, the Central Anatolian back-arc basin was N-
S shortened and thickened during oroclinal bending (Lefebvre et al., 2013; Isik
et al., 2014; Advokaat et al., 2014; Gürer and van Hinsbergen, 2018). In the last
∼10 Myr, Anatolia did not experience much internal deformation, but instead
moved westwards relative to Eurasia along the North Anatolian fault zone (e.g.
Şengör et al., 2005).

The accretion of nappes scraped off from their lower crust and mantle un-
derpinnings leaves an orogen with a thick crust, but no mantle lithosphere,
which then gradually regrows. Consequently, lithospheric thicknesses in the
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Aegean-Anatolian region are small (60-80 km, e.g. Endrun et al., 2011). The
lithosphere has been further thinned by extension, which in the Aegean region
has been widely attributed to rollback of the Aegean slab (Le Pichon and An-
gelier, 1979; Wortel and Spakman, 2000; Jolivet et al., 2013). This however in-
cludes the assumption that the upper Eurasian plate is mantle-stationary. Al-
though Eurasia is not moving much (∼1 cmyr−1, Fig. 3.2), the Global Moving
Hotspot Reference Frame (GMHRF) suggests that Eurasia underwent Cenozoic
NE-ward motion (Doubrovine et al., 2012), such that part of the Aegean exten-
sion could also be related to upper plate escape (e.g. Lallemand et al., 2005;
Schellart, 2008; van Hinsbergen et al., 2015). Göğüş et al. (2017) also suggested
that the newly grown mantle lithosphere below the Central Anatolian part of
the orogen was removed by dripping following the post-Eocene oroclinal bend-
ing and thickening. In short, the laterally variable subduction-collision evolu-
tion of the eastern Mediterranean region has culminated into a rheologically
and compositionally strongly heterogeneous crust-mantle system.

3.2.2 Morphology of the subducting Nubian lithosphere

Several morphological features of the Aegean slab have been interpreted from
seismological observations that may affect model predictions of slab dynam-
ics and crustal deformation. Spakman et al. (1988) inferred partial horizontal
detachment of the Aegean slab below SW Greece based on early seismic to-
mographic models and suggested a tear propagating southeastward. Later to-
mographic models did not clearly corroborate such a detachment (Wortel and
Spakman, 2000; Piromallo and Morelli, 2003; van der Meer et al., 2018). Vertical
segmentation of the Aegean slab was proposed in the region of the Kefalonia
Fault and Gulf of Corinth (Govers and Wortel, 2005; Suckale et al., 2009; Jolivet
et al., 2013; Bocchini et al., 2018), thought to originate from a lateral change
in slab density upon transitioning from oceanic to continental crust (Suckale
et al., 2009; Royden and Papanikolaou, 2011), although Halpaap et al. (2018)
suggest a laterally smooth transition between the two types of lithosphere. We
note that directly north of the Kefalonia zone, a slab is still imaged across the
entire upper mantle (e.g. Spakman et al., 1993; Piromallo and Morelli, 2003;
Suckale et al., 2009).

This is different at the eastern end of the Aegean slab, where an actual slab
edge is imaged that has been interpreted as a vertical slab rupture (De Boorder
et al., 1998; van Hinsbergen et al., 2010; Biryol et al., 2011; Govers and Ficht-
ner, 2016). This rupture was proposed to act as a Subduction-Transform Edge
Propagator (STEP) fault (Govers and Wortel, 2005), of which the Pliny-Strabo
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Velocity scale: 10 mm/year

Figure 3.2: Observed surface motion of the eastern Mediterranean. Vectors represent the GPS
velocities of Kreemer et al. (2014) in the absolute Global Moving Hotspot Reference Frame of
Nubia motion of the last 10 My (Doubrovine et al., 2012).

trenches were considered the surface expression (Zachariasse et al., 2008; van
Hinsbergen et al., 2010; Biryol et al., 2011; Özbakir et al., 2013). Recently, how-
ever, Bocchini et al. (2018) showed that the slab window east of the Aegean
slab opened as a triangular gap that suggests a relationship with the kink in
the trench when going from the Aegean to the Cyprus slab and the authors sug-
gested that there is no vertical STEP-like slab tear in the region. In addition, no
evidence was found for significant strike-slip motion onshore western Turkey
that would support STEP faulting in that particular geodynamic setting (Kay-
makcı et al., 2018; Özkaptan et al., 2018), in accordance with Bocchini et al.’s
interpretation. Tearing of the Aegean slab below western Anatolia, whether
as slab window or STEP, may have occurred as early as Eocene (Govers and
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Fichtner, 2016) or even Late Cretaceous times (Gürer et al., 2018), accelerat-
ing ∼15 Ma (van Hinsbergen et al., 2010), contemporaneous with the accelera-
tion of Aegean extension (van Hinsbergen and Schmid, 2012; Jolivet et al., 2015;
Brun et al., 2016). This tear would have separated the Aegean slab from the An-
talya slab that is also imaged with tomography (Biryol et al., 2011; van der Meer
et al., 2018).

Finally, the Cyprus slab to the south of Turkey is penetrating the lower man-
tle and appears to overturn (Gürer, 2017; van der Meer et al., 2018). Its overturn-
ing may reflect upper plate shortening and Late Cretaceous-Paleogene trench-
trench convergence in the Anatolian double subduction system (Gürer et al.,
2016). The upper mantle section of the Cyprus slab likely consists of old, Trias-
sic to even Carboniferous (Granot, 2016), oceanic crust of the eastern Mediter-
ranean basin that subducted between the Late Eocene and the Late Miocene
arrival of the northern, extended African continental margin (McPhee and van
Hinsbergen, 2019). The Cyprus slab may be in the process of detaching, with
the tear presently located north to northwest of Cyprus (Portner et al., 2018).

3.2.3 The eastern Mediterranean crustal flow field

Crustal motions observed at GPS stations as shown in Fig. 3.2 provide insight
into the present-day stage of plate tectonic interaction. Determining the dy-
namic role of subduction in plate tectonics and crustal deformation requires
the use of a mantle frame of reference such that the dynamic coupling between
slab, mantle and plates is properly accounted for (Spakman et al., 2018). There-
fore we use the GMHRF of Doubrovine et al. (2012) as a deep-mantle frame of
reference for both observed and predicted plate motions and crustal veloci-
ties. Specifically, we use the absolute GMHRF Euler pole of the African plate
as averaged over the past 10 My as our mantle anchor. It is located at 33.3◦W,
36.7◦N and involves a counterclockwise rotation of 0.161◦My−1 (Doubrovine
et al., 2012). The GPS field of Fig. 3.2 is obtained by applying this Euler rota-
tion to the GPS velocity vectors in the Africa-fixed frame presented by Kreemer
et al. (2014). It shows that the present relative motions of the three plates sur-
rounding the Aegean and Anatolian plates are generally small (on the scale
of mmyr−1). For example, just south of the Aegean region, Nubia is moving
to the NNE in the GMHRF at ∼1.2 cmyr−1, Arabia is moving roughly northward
at a rate of ∼2 cmyr−1 at the plate boundary with eastern Anatolia and Eurasia
is moving to the NE at ∼1 cmyr−1 in the southwest Black Sea region, i.e. away
from the Africa-Eurasia trench at about half the Aegean extension rate that fol-
lows from GPS measurements.
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The Aegean and Anatolian regions themselves exhibit motions that differ
greatly from the motions of the larger plates (McClusky et al., 2000; Reilinger
et al., 2006; Nocquet, 2012; Kreemer et al., 2014). An overall counterclockwise
rotation (Fig. 3.2) is facilitated by strike-slip along both the North Anatolian
Fault (NAF) and the East Anatolian Fault (EAF) (Fig. 3.1, Reilinger et al. 2006).
The rotational motion field accelerates towards the Hellenic trench (Reilinger
et al., 2006; Le Pichon and Kreemer, 2010; Nocquet, 2012) from about 13 mmyr−1

to 20 mmyr−1 (Fig. 3.2). This acceleration towards the trench, together with the
pure strike-slip motion without fault-normal compression along the EAF, made
Reilinger et al. (2006) suggest that the present-day westward Anatolian motion
is not caused by a ‘push’ by the Arabian plate (e.g. McKenzie, 1972). Apart from
the Arabian push model, the counterclockwise motion of the Aegean-Anatolian
region and the upper plate extension in the Aegean region have been associated
with the following processes, which may work in tandem, and which may rep-
resent an incomplete list of drivers: asthenospheric drag (e.g. McKenzie, 1978;
Le Pichon and Kreemer, 2010; Jolivet et al., 2013), gravitational spreading due to
elevation differences between the Aegean Sea and the Mediterranean Sea and
within the Aegean and Anatolian regions (e.g. Le Pichon and Angelier, 1979;
Gautier et al., 1999; England et al., 2016) and Hellenic slab rollback (Le Pichon
and Angelier, 1979; Spakman et al., 1988; Wortel and Spakman, 2000; Reilinger
et al., 2006; Ring et al., 2010; Royden and Papanikolaou, 2011; Jolivet et al.,
2013).

3.3 Workflow and methods

Our workflow for estimating the sensitivity of surface observables to mantle dy-
namics is outlined in Fig. 3.3 and is broken down into three steps: model setup,
modeling of instantaneous crust-mantle flow and analysis of the model results.
The model setup in Columns 1 and 2 concerns the preparation of model input
in terms of crust and mantle structure and boundary conditions from obser-
vational data and informed by the geodynamic setting of the eastern Mediter-
ranean described in Section 3.2. The numerical modeling of instantaneous flow
and the deformation field is described in Column 3. Columns 4 and 5 include
the analysis of the resulting predictions of mantle and crustal deformation by
comparison to observations and to the reference model. We discuss each step
separately below, first highlighting our methods of modeling crust-mantle de-
formation using the numerical modeling tool ASPECT (Column 3).
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Figure 3.3: Schematic workflow for estimating the sensitivity of surface observables to litho-
sphere, slab, and mantle dynamics.
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3.3.1 Instantaneous flow modeling with ASPECT

ASPECT is an open source, massively parallel, finite element code (Kronbichler
et al., 2012; Heister et al., 2017) based on the libraries deal.II (Bangerth et al.,
2007, 2012), Trilinos (Heroux et al., 2005; Heroux, 2017) and p4est (Burstedde
et al., 2011). We use ASPECT to solve the “isothermal compressibility” formu-
lation (see Bangerth et al., 2017) of the conservation equations of momentum,
mass and energy and the advection equations for each Eulerian compositional
field ci used to track different materials:

−∇· (2µe f f ε̇
)+∇P = ρg (3.1)

∇·v =−Cρv ·g (3.2)

ρcP

(
∂T

∂t
+v ·∇T

)
−∇· (k +ν)∇T =αT (v ·∇P ) (3.3)

v ·∇ci −∇·ν∇ci = 0 (3.4)

Here ε̇ is the deviator of the strain rate tensor 1
2 (∇v+ (∇v)T ), C represents the

compressibility 1
ρ
∂ρ
∂P and ρ is the full density, dependent on the full pressure

P and temperature T through look-up tables generated by the thermodynam-
ics software Perple_X as outlined in Section 3.3.2. Other symbols are defined
in Section 3.3.2 and below. We neglect the contributions of latent heat and ra-
dioactive decay to temperature, as they can be considered second order effects
on the short timescales we are interested in.

To solve equations (3.1)–(3.4), ASPECT requires initial conditions for tem-
perature T and compositions ci , boundary conditions for T , ci and velocity v or
traction τ, a description of the dependence of density ρ on the state variables
and a rheological model leading to an effective viscosity µe f f . These are what
we term the model Conditions in Column 2 of Fig. 3.3, and these Conditions
are determined by the data-driven Tunable features in Column 1; together they
form the Model setup.

3.3.2 Model setup

The model setup defines the driving forces of the instantaneous crust-mantle
flow. From the geodynamic setting of the eastern Mediterranean described in
Section 3.2, we identified five potentially key influences on the instantaneous
dynamics of the region (Fig. 3.3, Column 1): the geometry and nature of the
plates and their boundaries; the geometry of the subducting slabs; the man-
tle structure in terms of temperature, here determining the density distribu-
tion; the rheology of the plates and mantle; and the motions of the plates. The
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various choices we make for the Tunable features map into descriptions of the
model domain and the ASPECT input in Column 2 via extended and newly
created plugins within ASPECT’s modular structure.

Model domain

Our model domain constitutes a part of a 3D spherical shell, for which it is
convenient to rotate the conventional geocentric coordinate system such that
the equator of the new coordinate system runs through the center of our target
region, the Aegean plate. Therefore, we have transformed all data used for cre-
ating the model setup in the region between (1◦E, 21◦N), (41◦E, 16◦N), (62◦E,
52◦N) and (-6◦E, 60◦N) to a new coordinate system in which the point (25◦E,
40◦N) above the Aegean slab represents the new origin through which the new
equator runs eastward with an azimuth of N100◦E. The computational domain
then runs from -20◦ to 20◦ in both longitude and latitude in the new coordinate
system (Fig. 3.4a) and reaches a depth of 2900 km, as shown in Fig. 3.4d.

The model domain is discretized using a radially refined hexahedral mesh,
going from a mesh size of 1.25◦ x 1.25◦ x 86.56 km in the lower mantle to
0.16◦ x 0.16◦ x 8.09 km in the crust.

Synthetic plate and slab geometry: initial composition conditions

We construct a synthetic 3D geometry of the plates, plate boundaries and slabs
as shown in Figs. 3.4a-3.4d in the stand-alone program Regional Tectonic Ge-
ometry Builder (the successor of the tool developed by Pranger, 2014). Our
choices are based on the overall tectonic setting (e.g. Faccenna et al., 2014, Fig.
1; Section 3.2), earthquake hypocenters (NCEDC, 2014), topography (Amante
and Eakins, 2009) and the plate boundaries of Bird (2003) and Le Pichon and
Kreemer (2010).

We mimic the plate boundary fault zones by constructing discrete, 30 km
wide weak zones to the depth of the thickest lithospheric plate in the model.
This is a practical choice for simulating major lithosphere cutting faults in the
computational domain and may provide a fair approximation for some major
faults, e.g. the North Anatolian Fault (Frederiksen et al., 2015; Taylor et al., 2016;
Papaleo et al., 2018), but may overestimate the width of subduction channels.
The latter are implemented for the Dinarides and the Aegean and Cyprus slabs
to dip parallel to the subducting plate surface as interpreted from earthquake
hypocenters. We note that the rheology of these plate boundary faults is tun-
able such that a relatively wide, higher viscosity fault zone may reproduce the
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3.3. Workflow and methods

regional dynamic coupling that would occur across a lower viscosity, thin fault
zone. The traces of the plate boundaries are shown in blue in Fig. 3.4a, their 3D
structure is presented in Fig. 3.4b.

Crust and mantle lithosphere thicknesses (35 and 120 km, resp.) and re-
gions of different thicknesses within plates and boundaries (Tab. 3.1) were
abstracted from Moho and LAB maps (Carafa et al., 2015; Motavalli-Anbaran
et al., 2016) and the ocean floor age map of Müller et al. (2008). We include
a 200 My old oceanic region in the Ionian and Levantine Seas (e.g. Meier et al.,
2007; Suckale et al., 2009; Speranza et al., 2012; D’Alessandro et al., 2016), a very
young oceanic region in the Liguro-Provencal basin (Bayer et al., 1973) and the
Tyrrhenian Sea (Nicolosi et al., 2006) and thinned continental lithosphere in the
Aegean-Anatolian region and the Black Sea (green and red areas in Fig. 3.4a).
Transitions in crustal and lithospheric thickness from the plates to these re-
gions and vice versa are smoothed with an error function with a halfwidth of
60 km.

Based on the seismic tomography model UU-P07 of Amaru (2007, available
at http://www.atlas-of-the-underworld.org, van der Meer et al., 2018)
and earthquake hypocenters (NCEDC, 2014), we constructed 3D volumes of
the Aegean slab and the Cyprus slab by picking the slab surface on trench-
(semi)perpendicular slices (Fig. 3.4b, similar to Ganas and Parsons, 2009; Jadamec
and Billen, 2010; Alisic et al., 2012). The volume of the slab is then determined
by assuming a uniform thickness of 120 km for the at least 200 My old litho-
sphere involved in subduction (Fig. 3.4c). On this volume we superpose lateral
and vertical tears to test slab detachment and slab window hypotheses. The
Adria slab underneath the Dinarides is confined to the uppermost ∼150 km in
the UU-P07 tomography model and is approximated by a tilted plate bound-
ary up to a depth of 120 km only. Seismic tomography anomalies otherwise
recording this slab are incorporated in the thermal structure of the mantle (see
Section 3.3.2).

The resulting crustal and lithospheric volumes are then represented on a
grid of 0.13◦ x 0.13◦ x 6.7 km resolution. ASPECT reads in these gridded vol-
umes as compositional fields ci using a trilinear interpolation between grid
points.

Plate, slab and mantle structure: initial temperature conditions

The prescribed initial temperature conditions depend on the depth z of a point
r and the type of the compositional fields ci at r (i.e. continental vs. oceanic
plate, slab or mantle). Inside the compositional fields representing the crust
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Chapter 3. Sensitivity of horizontal surface deformation to mantle dynamics

(a) Top view of model domain in the
new coordinate system. Blue lines
represent the plate boundary fault
zones. Thinned continental regions
are indicated in red, oceanic type re-
gions in green.

(b) 3D representation of the plate
boundary interfaces and the Aegean
and Cyprus slab surfaces. Note that
the depicted southern branch of the
NAF is not used in the current model
setup.

(c) 3D volume of the compositional
field representing the Aegean slab
colored by depth.

(d) Whole ASPECT model domain
showing the compositional fields
representing the lithosphere as well
as the mantle thermal structure.

(e) Vertical slice through the Aegean
slab showing the initial tempera-
ture field derived from tomographic
model P06_CSloc and several tem-
perature contours.

(f) Vertical slice as in (e) showing the
P-,T- and composition-dependent
density and several of its contours in
white. In red the outline of the slab
compositional field shown in (c).

Figure 3.4: Model setup of the Reference experiment.
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Table 3.1: Synthetic lithospheric plates and their properties.

Plate name plate type thickness region type thickness
crust plate crust region
[km] [km] [km] [km]

Nubia continental 35 120 200 My old oceanic 25 95
Arabia continental 35 120 - - -
Eurasia continental 35 120 thin continental 25 60

10 My old oceanic 15 15
Aegea-Anatolia continental 35 120 thin continental 25 60

and lithospheric mantle, we prescribe a lithospheric temperature profile TL(r,ci )
based on the type of plate: a linear temperature gradient in a continental plate,
the plate cooling model inside an oceanic region (Schubert et al., 2001) and a
plate cooling profile in the subducting plates according to McKenzie (1970), see
Eq. (3.13) in App. 3.A.

For the sublithospheric mantle, we first construct a 1D background temper-
ature profile Tbg (z), consisting of a uniform temperature Ta that is prescribed
to the depth of the deepest lithospheric plate zLmax and is the adiabatic tem-
perature at this depth, and an adiabatic reference profile Tadi abat (z) that is
perturbed by a thermal boundary layer at the core-mantle boundary (CMB)
δTtbl (z) (see App. 3.A for detailed equations). Fig. 3.5a shows a typical tem-
perature profile resulting from the above formulation.

We further perturb background temperature Tbg (z) with spatially varying
temperature anomalies by converting the seismic anomalies of different to-
mographic models to temperature anomalies through depth-dependent seis-
mic velocity derivatives profiles, under the assumption that all seismic veloc-
ity anomalies derive from lateral temperature anomalies (as done by for ex-
ample Steinberger and Calderwood, 2006; Faccenna and Becker, 2010; Alisic
et al., 2012; Zhu et al., 2013, and Adam et al., 2014). Before conversion, the
velocity anomalies of each tomography model are interpolated on a grid of
0.5◦ x 0.5◦ x 10 km resolution. The conversion of velocity to temperature anomaly
for each data point is performed with the depth-dependent anharmonic and
anelastic profiles of Karato (2008, see bottom row of Fig. 3.5) according to:

δT (r) = δlnVB (r)(
∂l nVB
∂T

)
(z)

, (3.5)
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3.3. Workflow and methods

where V is the seismic velocity and B represents either the shear or the com-
pressional wave type (Karato, 2008).

We do not add δT (r) to the upper 170 km, where we defined our synthetic
lithosphere temperature distribution, and the lower 200 km of the domain (tran-
sitions are smoothed with a hyperbolic tangent with a 25 km halfwidth), as
especially in the crust and the D” layer above the CMB, variations in seismic
velocities may also incorporate a significant compositional contribution (crust
and lithospheric mantle compositional differences are incorporated through
different density descriptions for our synthetic plate system, see Section 3.3.2).
We also refrain from adding temperature anomalies to the background temper-
ature profile in an area along the sides and in front of the synthetic slab to cut
out contributions of the tomographic slab. See Fig. 3.4e for a representative
slice through the initial temperature field.

We experiment with 9 tomography models, which differ in imaged mantle
structure in terms of amplitude and smoothness (for details, see Tab. 3.11).
The models were obtained from their respective online sources and can be in-
spected at the https://www.earth.ox.ac.uk/∼smachine/cgi/index.php
(Hosseini et al., 2018) and http://www.atlas-of-the-underworld.org
(van der Meer et al., 2018) websites.

Material parameters

Temperature T- and pressure P-dependent material parameters thermal expan-
sivity α, density ρ and specific heat cP are read in by ASPECT from (P,T) tables.

Compressibility is calculated from the tabulated density as 1
ρ
∂ρ
∂P . We computed

Figure 3.5: a-f) In red, depth profiles of temperature, pressure, thermal expansivity, specific heat,
density and viscosity for an experiment (model No tomo) without sublithospheric mantle het-
erogeneities. The profiles are taken in stable Eurasia, far from the plate boundary zones. In
black, profiles from the literature for reference; the largest differences arise from the presence
c.q. absence of crustal and thermal boundary layers. g&h) Compressional and shear wave veloc-
ity temperature derivatives with depth. Solid lines indicate the total of anharmonic and anelastic
contributions to the derivatives, while dashed-dotted lines indicate the anharmonic part. The
solid red line of Karato (2008) represents our reference profile, with black dashed lines indicating
a 20% (10%) uncertainty in the lower (upper) mantle. Dashed and dotted colored lines delineate
one standard deviation for the other profiles. Abbreviations: SC06 - Steinberger and Calderwood
(2006); C03 - Cammarano et al. (2003); G04 - Gerya et al. (2004); K08 - Karato (2008); T04 - Tram-
pert et al. (2004); C12 - Čížková et al. (2012); CF03 - C̆adec and Fleitout (2003); MF04 - Mitrovica
and Forte (2004); B13 - Bower et al. (2013); A14 - Argus et al. (2014); L14 - Liu (2014); G15 - Glisovic
et al. (2015); K16 - King (2016b); L16 - Lau et al. (2016).
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Chapter 3. Sensitivity of horizontal surface deformation to mantle dynamics

tables for oceanic crust, continental crust, pyrolite lithospheric mantle and py-
rolite mantle. The latter two (P,T) tables were constructed with the Gibbs en-
ergy gridded minimalization option of the thermodynamics software Perple_X
(Connolly, 2009), using the databases of Holland and Powell (1998) and Stixrude
and Lithgow-Bertelloni (2005, 2011), respectively. Material constituents were
chosen according to the pyrolite mantle composition of Workman and Hart
(2005).

The pressure and temperature conditions for which our computations would
require tabled material properties of the crust (especially <500 K and <3 kbar)
are usually not in thermodynamic equilibrium and we found that Perple_X cal-
culations produced results not applicable to our modeling. Therefore we con-
structed crustal (P,T) tables ourselves, as is described in more detail in App.
3.B. Typical profiles of α, cP and ρ are given in Fig. 3.5, while a representative
cross-section of the density can be found in Fig. 3.4f. Thermal conductivity is
assumed constant at 4.7 Wm−1K−1 (e.g. Jacobs and Van den Berg, 2011).

Our synthetic slab of uniform thickness is a smooth, condensed form of the
tomographic slab seen in the UU-P07 model. The density contrast with the sur-
rounding unperturbed mantle resulting from the prescribed temperature dis-
tribution and the used (P,T) table lies between 40 and 80 kgm−3, conform Cloos
(1993), with a peak of 120 kgm−3 at 400 km depth. The synthetic slab density is
higher than the density anomalies generated by the other mantle temperature
heterogeneities, which is warranted by the findings of Lu and Grand (2016),
who showed that maximally 88% of the subducting plate mass is recovered in
tomographic inversion.

Rheology of the crust and mantle

We implement a viscoplastic rheology, including diffusion and dislocation creep,
Peierls creep and Drucker–Prager plasticity for the plates and upper mantle
(Garel et al., 2014; Glerum et al., 2018). Lower mantle deformation is restricted
to diffusion creep only (Čížková et al., 2012), and we smooth the transition from
a composite rheology to diffusion creep only with a hyperbolic tangent around
the depth of the 660 km phase transition.

Diffusion, dislocation and Peierls creep can be conveniently formulated with
one equation (Karato and Wu, 1993; Karato, 2008; Garel et al., 2014):

µ
di f f |di sl |P
e f f = 1

2

(
1

B di f f |di sl |P

)1/n

ε̇(1−n)/n
e exp

(
Qdi f f |di sl |P +PV di f f |di sl |P

nRT

)
,

(3.6)
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3.3. Workflow and methods

where in case of diffusion creep, n = 1, while for dislocation creep n > 1 and
for Peierls creep n = 20. The effective deviatoric strain rate is defined as ε̇e =√

1
2 ε̇

′
i j ε̇

′
i j . See Tab. 3.2 for the definition of other symbols.

The effective plastic viscosity is given by (Glerum et al., 2018):

µ
pl
e f f =

σy

2ε̇e
=

6C cosφp
3(3−sinφ)

+ 6P sinφp
3(3−sinφ)

2ε̇e
, (3.7)

with σy is the yield stress.
All four deformation regimes act simultaneously (Karato, 2008) under the

same deviatoric stress, so their contributions to the effective viscosity are har-
monically averaged (van den Berg et al., 1993):

µe f f =
 1

µ
di f f
e f f

+ 1

µdi sl
e f f

+ 1

µP
e f f

+ 1

µ
pl
e f f

−1

(3.8)

A typical viscosity profile resulting from the parameter values in Tab. 3.2 is
given in Fig. 3.5f.

Plate boundaries, which we mimic with 30 km wide low viscosity zones, are
assigned a fixed viscosity (default value = 1·1021 Pas) that can be varied laterally
along the fault trace to tune the coupling between plates. The old oceanic crust
in front of the Aegean subduction zone also has a fixed viscosity of 1·1021 Pas.

Plate motions: boundary conditions

Plate motions in our new coordinate system are prescribed on the lateral do-
main boundaries down to a depth of 130 km (i.e. along the whole depth of the
reference lithosphere) through bilinear interpolation between tabulated val-
ues. Plate motions were precomputed at the tabulated points with a resolution
of 0.03-0.1◦ x 5 km from relative or absolute Euler poles Ω as v = Ω× r. In-
stantaneous plate motion poles relative to Nubia (Africa) computed from GPS
measurements are taken from Kreemer et al. (2014). Absolute plate motions are
constructed by adding to these poles the instantaneous Euler pole of Nubia de-
scribing plate rotation relative to the deep lower mantle, for which we adopt the
average Euler pole of Africa during the last 10 My in the Global Moving Hotspot
Reference Frame (GMHRF) of Doubrovine et al. (2012), see Tab. 3.3 for details.

Along the model domain edges, transitions in plate rotation over a plate
boundary are smoothed with a hyperbolic tangent with a halfwidth of 0.27◦ lat-
itude. Below the prescribed velocity, the lateral boundaries are free-slip. While
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Chapter 3. Sensitivity of horizontal surface deformation to mantle dynamics

Table 3.2: Rheological parameter definitions and values corresponding to Eqs. 3.6-3.8.

Parameter symbol value unit reference

Crust and upper mantle rheology
Cohesion C 1.0·106 Pa Sternai et al. (2014)
Internal angle of friction φ 20.0 ◦ Glerum et al. (2018)

Prefactor diffusion Bdi f f 1.0·10−9 Pa−1s−1 Čížková et al. (2012)
Activation energy diffusion Qdi f f 3.35·105 Jmol−1 Čížková et al. (2012)
Activation volume diffusion Vdi f f 4.8·10−6 m3mol−1 Čížková et al. (2012)

Prefactor dislocation Bdi sl 3.1·10−17 Pa−ndisl s−1 Čížková et al. (2012)
Activation energy dislocation Qdi sl 4.8·105 Jmol−1 Čížková et al. (2012)
Activation volume dislocation Vdi sl 11.0·10−6 m3mol−1 Čížková et al. (2012)
Power law exponent dislocation ndi sl 3.5 - Čížková et al. (2012)

Prefactor Peierls BP 1.0·10−150 Pa−nP s−1 Garel et al. (2014)
Activation energy Peierls QP 5.4·105 Jmol−1 Garel et al. (2014)
Activation volume Peierls VP 10.0·10−6 m3mol−1 Garel et al. (2014)
Power law exponent Peierls nP 20.0 - Garel et al. (2014)
Lower mantle rheology - A family
Prefactor diffusion Bdi f f 7.0·10−17 Pa−1s−1 Čížková et al. (2012)
Activation energy diffusion Qdi f f 2.0·105 Jmol−1 Čížková et al. (2012)
Activation volume diffusion Vdi f f 1.1·10−6 m3mol−1 Čížková et al. (2012)
Lower mantle rheology - B family
Prefactor diffusion Bdi f f 1.2·10−14 Pa−1s−1 Čížková et al. (2012)
Activation energy diffusion Qdi f f 2.0·105 Jmol−1 Čížková et al. (2012)
Activation volume diffusion Vdi f f 2.2·10−6 m3mol−1 Čížková et al. (2012)
Whole domain
Minimum viscosity µmi n 1.0·1019 Pas
Maximum viscosity µmax 1.0·1025 Pas
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the CMB velocity boundary condition is no-slip, the surface is free-slip to allow
for lateral deformation of the crust. Composition and temperature are fixed
along the top and bottom boundaries.

Table 3.3: Relative and absolute plate motion Euler poles used in the construction of velocity
boundary conditions, presented in the conventional unrotated geocentric coordinate system.

Plate relative Euler pole w.r.t. absolute Euler pole in the reference
Nubia [◦lon, ◦lat, ◦My−1] GMHRF [◦lon, ◦lat, ◦My−1]

Nubia - -33.28, 36.66, 0.1608 Doubrovine et al. (2012)
Eurasia -27.67, -5.08, -0.0596 -38.02, 55.27, 0.1232 Kreemer et al. (2014)
Arabia 16.29, 32.50, 0.2979 -0.05, 36.27, 0.4328 Kreemer et al. (2014)

3.3.3 Model analysis

Through the instantaneous flow modeling with ASPECT, we obtain predictions
of the flow field, and, subsequently, the strain rate, rotation rate and stress fields
(Column 4 of Fig. 3.3). For the scope of this paper, we restrict the analysis of
model output to velocity and strain rate. This output is first compared to GPS
observational data (Kreemer et al., 2014) of the whole eastern Mediterranean
(Fig. 3.2) and the Aegean region specifically (Fig. 3.6) in order to establish a
reference model with an overall good fit to the GPS data (Column 5 of Fig. 3.3).
This fit is determined with Eqs. 3.9-3.11, where the observed velocities are first
interpolated on a regular grid of 0.8◦ resolution spanning the Aegean-Anatolian
region by solving a linear inverse problem as described in Spakman and Nyst
(2002, orange vectors in Fig. 3.6). These surface motions on the regular grid
are compared with our model predictions computed by evaluating the finite
element solution at the same locations at 5 km depth.

Our aim is not to produce an instantaneous model that fits the surface mo-
tions in some optimal sense. For our purposes, it is sufficient to obtain a model
that provides a good fit (i.e. a data misfit <10%) such that the model can be
accepted as a physical representation of the crust-mantle system under inves-
tigation. We then vary the Tunable features that affect the force balance in the
model w.r.t. this reference model with the purpose of estimating the change in
surface motion, i.e. the sensitivity of surface motion for the particular change
in model feature. To quantify this change, we compare the crustal velocity field
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Chapter 3. Sensitivity of horizontal surface deformation to mantle dynamics

Velocity scale: 10 mm/year

Figure 3.6: Aegean-Anatolian crustal motions. Purple vectors represent the GPS data of Kreemer
et al. (2014). White vectors in the Black Sea and eastern Mediterranean are synthetic data vectors
for the Eurasian and Nubian plate constructed with the Euler poles of Kreemer et al. (2014).
Both are inverted (Spakman and Nyst, 2002) to obtain the model GPS predictions in orange on a
regular grid of 0.8◦ x 0.8◦. The error ellipses of these predictions are computed from the model
covariance. Uncertainties are <1 mmyr−1.

with that of the reference model rather than with the observed surface motions.
This cuts out any observed data misfits from the analysis.

The computed Aegean-Anatolian crustal flow field is visualized at a model
depth of 5 km using Paraview python scripts (Ahrens et al., 2005; Ayachit, 2015)
together with the reference model and current model velocity vectors at the
same regular grid as described above. A quantitative comparison is made by
computing the Root-Mean-Square (RMS) of the difference in velocity direction
(ARMS) and magnitude (MRMS) and a measure of sensitivity S between these
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reference (vo) and predicted (vp ) model velocity vectors:

ARMS =
√√√√ 1

n

n∑
i=1

(
cos−1

[
vo

i ·vp
i

|vo
i ||v

p
i |

])2

(3.9)

MRMS =
√

1

n

n∑
i=1

(|vo
i |− |vp

i |
)2

(3.10)

S = 1.0−
√√√√ 1

n

n∑
i=1

vp
i ·vo

i

vo
i ·vo

i

, (3.11)

where n = 96, the number of points of comparison. Note that only the points
on the Aegean-Anatolian plate are included in this analysis. We also report the
velocity of the Nubian plate just in front of the trench and that of the Aegean
plate closely behind the trench based on the averages of two point values on
each plate.

3.4 Experiments

To estimate the sensitivity of surface motions to variations in mantle and litho-
sphere dynamics, we first build a reference model that provides a first-order
fit to the GPS data. In effect, this already establishes the largest sensitivity of
surface motions to mantle processes. This reference model then constitutes
the basis for comparison with crustal flow predictions from subsequent experi-
ments that are perturbed in properties relative to the reference model. We focus
on 4 classes of experiments based on Column 1 of the workflow map (Fig. 3.3),
in which we vary:

1. the prescribed absolute plate motions;

2. the slab geometry in terms of horizontal and vertical tears, including par-
tial and complete detachment;

3. the mantle structure from different seismic tomography input models
and seismic velocity-temperature relationships;

4. the sublithospheric mantle rheology.

In Tab. 3.4 all experiments are listed together with the perturbation relative to
the reference model. Below we first describe the reference model and then dis-
cuss each set of experiments.
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Table 3.4: List of performed experiments and their perturbation w.r.t. the Reference model.

Model name Tunable features
Plate motion reference frame Slab tears Tomographic model Mantle viscosity

Reference absolute Nubia None P06_CSloc A
Eurasia fixed Eurasia fixed None P06_CSloc A
Nubia fixed Nubia fixed None P06_CSloc A
Nubia X 2 twice absolute Nubia None P06_CSloc A
Nubia X 4 four times absolute Nubia None P06_CSloc A
Slab detached absolute Nubia 200 km É d É 300 km P06_CSloc A
Slab partially detached absolute Nubia 200 km É d É 300 km P06_CSloc A

up to Crete
Slab detached and removed absolute Nubia d Ê 200 km P06_CSloc A
No slab absolute Nubia d Ê 120 km P06_CSloc A
Vertical tear Kefalonia absolute Nubia d Ê 120 km P06_CSloc A
No tomo absolute Nubia None None A
No LM tomo absolute Nubia None P06_CSloc in UM A
CUB_S20RTS absolute Nubia None CUB_S20RTS A
TX2015 absolute Nubia None TX2015 A
S40RTS absolute Nubia None S40RTS A
SL2013_S40RTS absolute Nubia None SL2013_S40RTS A
SAVANI absolute Nubia None SAVANI A
LLNL_G3D absolute Nubia None LLNL_G3D A
GAP_P4 absolute Nubia None GAP_P4 A
SEMUCB absolute Nubia None SEMUCB A
K08_min absolute Nubia None P06_CSloc min scaling A
K08_max absolute Nubia None P06_CSloc max scaling A
Two-layer viscosity absolute Nubia None P06_CSloc 1D profile:

µU M = 1 ·1021,
µLM = 5 ·1022

Mantle viscosity X 0.5 absolute Nubia None P06_CSloc 0.5 ·µe f f

Mantle viscosity X 2 absolute Nubia None P06_CSloc 2.0 ·µe f f

Mantle viscosity B absolute Nubia None P06_CSloc B

3.4.1 Reference model

The reference model incorporates the crust and lithosphere structure described
in Section 3.3.2, including a transition from oceanic to continental crust around
the Kefalonia fault. The plate velocities are prescribed in the Absolute Plate Mo-
tion (APM) frame of Nubia motion in the GMHRF as described in Section 3.3.2.
The synthetic slab is a continuous feature without tears and with slab edges
under western Anatolia and under northwest Greece at the transition to the
slab under the Dinarides (Fig. 3.4). For the sublithospheric mantle temperature
structure, we converted tomographic model P06_CSloc to temperature anoma-
lies with the seismic derivative profile of Karato (2008) in Fig. 3.5g. P-wave
model P06_CSloc (Amaru, 2007) is the most detailed seismic model of the east-
ern Mediterranean out of the set listed in Tab. 3.11. For P06_CSloc, the tomo-
graphic inverse problem is solved w.r.t. a 3D reference model, instead of a 1D
reference model as is used for UU-P07. Therefore, P06_CSloc provides seismic
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velocity anomalies in several regions, most importantly under Africa, that are
not present in UU-P07. The rheology is defined by the parameters in Tab. 3.2,
using the A-family parameters of Čížková et al. (2012) for the lower mantle. In
summary, the included dynamic drivers of flow are: absolute plate velocities
imposed along the top 130 km of the model sides, implicit lateral gravitational
potential energy gradients in the lithosphere due to smooth variations in crust
and lithosphere thickness, the negative buoyancy of the synthetic slab and the
mantle buoyancy field derived from tomographic model P06_CSloc. The resis-
tive forces constitute the mantle shear stress governed by mantle rheology and
the shear stress related to the imposed viscosity of the plate boundary faults.

Starting from this set of features, we slightly tune the plate boundary vis-
cosity around the Aegean-Anatolian plate. We obtain a good fit with the GPS by
lowering the viscosity of the western section of the NAF w.r.t the general plate
boundary viscosity of 1·1021 Pas to 1·1020 Pas. The viscosity of the subduction
interface of the Cyprus slab and that of the EAF is increased to 5·1022 Pas. The
Aegean subduction interface remains at 1·1021 Pas, a value that Čížková and
Bina (2013) found to allow for the penetration of slabs into the lower mantle
(like the Aegean slab).

Although a better fit might be found by tuning other parameters, adding
more detail to the crustal structure in terms of predefined faults (conform e.g.
Nyst and Thatcher, 2004; Floyd et al., 2010), or including more lithospheric het-
erogeneities, our goal is not to find the best fit such that we can explain the
complete GPS field, but to find a benchmark that we can use to test the effect
of deviations from the reference state on the crustal motion field.

Reference model predictions

Figure 3.7 presents the computed instantaneous flow field and derived quanti-
ties for the reference model setup. The overall crustal velocity pattern in the top
left figure shows a good match with the observed GPS velocities (ARMS = 17.6◦,
MRMS = 0.59 cmyr−1, S = 0.103). Outside the Aegean-Anatolian region, small
deviations from the GPS velocities occur south of the Dinarides, where GPS ve-
locity is directed NE and predictions NNE, and north of the Arabian-Eurasian
plate boundary, where predictions are NNE while GPS motion is northward in
the adopted absolute plate motion frame. GPS motion is also more northward
than the boundary conditions computed from the GPS-derived Euler pole. Likely,
details of the regional deformation of Iran and surroundings within the Eurasian
plate are not captured by the Euler pole describing the overall Eurasia motion.
Also, the interior of the major plates shows little deformation because of the
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strong crustal rheology used there.
The direct comparison of model predictions and observations in the zoom-

in of crustal velocities (Fig. 3.7a right) highlights the first-order fit between our
model and the GPS data: the Aegean-Anatolian velocity field shows a rota-
tion and an acceleration towards the trench. This acceleration is however less
strong than that seen in the GPS data, as exemplified by the increased misfits
around the western continuation of the NAF through the North Aegean Trough
onto mainland Greece. This could be due to the fact that we put here a dis-
crete boundary fault that connects the continuations of the NAF across the
northern Aegean (Le Pichon and Kreemer, 2010) with the lithosphere exten-
sion at the Gulf of Corinth. The actual distribution of lithosphere weaknesses is
more complex. Our velocity predictions also do not increase towards the trench
as much as the geodetic data indicates. Apparently the smooth crustal and
lithospheric thickness variations we introduced in the Aegean Sea and Anatolia
and the oceanic crust south of the Aegean Sea do not provide enough weak-
ness and GPE to generate an amount of extension comparable to observations.
Our misfit in terms of the magnitude of the overriding plate velocity (MRMS =
5.9 mmyr−1) is however only slightly higher than the misfit obtained by the thin
viscous sheet models of England et al. (2016), where motion is driven by inter-
nal GPE variations and tuning of boundary forces (5.1-4.7 mmyr−1) and those
of Özbakir et al. (2017) of 4.1 mmyr−1, who focussed on detailed fault distribu-
tions.

Below the lithosphere at 150 km depth (Fig. 3.7b, left), we obtain high ve-
locities underneath the thinned continental lithosphere of Aegea-Anatolia (di-
rected westward and then turning towards the trench) and the Tyrrhenian Sea.
(Note that the shown velocity field is semi-transparent, such that the downward-
pointing 3D velocity vectors are lighter colored than the upward vectors.) As
for the strong upwelling underneath the Arabian plate, they are associated with
low-velocity bodies in the P06_CSloc tomography model. The decrease in ve-
locity in central Anatolia is in part due to the smoothing of the tomography-
derived temperature anomalies around the synthetic slab. Decreasing the smooth-
ing interval does not significantly affect model predictions (S = 0.001). Gener-
ally, the high variability in the sublithospheric flow field is not recorded by the
crustal flow field, which shows only smooth velocity variations (apart from in
the plate boundaries). This demonstrates the low-pass filter characteristics of
the (laterally homogenous) lithosphere, as was also observed in the analogue
models of Sembroni et al. (2017).

Down to a depth of around 450 km, a small region of upward flow under-
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neath east Anatolia exists, together with down- and westward motion under-
neath central Anatolia. Underneath western Anatolia, flow is directed SW to-
wards the Aegean slab. In the transition zone (Fig. 3.7b, right), larger-scale,
slower velocity patterns are seen, with material downwelling underneath the
whole Aegea-Anatolia region, markedly faster in and around the Aegean slab.

The vertical sections perpendicular to the Aegean trench (Fig. 3.7c) show
rollback of the slab together with west-southwest inflow above the slab. Mod-
eled rollback velocities as recorded by the overriding plate in the absolute frame
lie around 1.5 cmyr−1 (Tab. 3.5), lower than what the GPS data indicates
(2.0 cmyr−1; Fig. 3.6). The slab itself shows rollback velocities of up to 6 cmyr−1.
The viscosity of the slab is ∼1·1022-5·1023 Pas, whereas the depth average upper
mantle viscosity lies between 6·1020 and 2·1021 Pas. Our slab viscosity agrees
with estimates from time-dependent and instantaneous numerical modeling
as well as fits to observational data ranging from 5·1021 to 1·1024 Pas or 100-
1000 times upper mantle viscosity (as summarized by Alisic et al., 2012, and
references therein). Alisic et al. (2012) themselves found that slab strengths at
the higher end of this range are required to fit plateness and plate motion in
global instantaneous flow models.

Sublithospheric mantle velocities above the Aegean slab reach up to 10 cmyr−1

and velocities in some mantle upwellings reach 20 cmyr−1 in the asthenospheric
mantle, even though plate velocities are an order of magnitude smaller. Jadamec
and Billen (2010, 2012) demonstrated a similar effect, where mantle veloci-
ties around the slab could reach values of 80 cmyr−1, while plate motions did
not exceed 10 cmyr−1 in their instantaneous numerical models of the eastern
Alaska plate boundary system. In the transition zone, the flow velocity reduces
as a result of increasing viscosity, although strong velocities around the Aegean
slab are associated with slab rollback. In the lower mantle flow speeds are gen-
erally below 2 cmyr−1 (Fig. 3.7c).

In summary, we have established a reference model that, with the excep-
tion of detailed lateral density heterogeneities in the crust-lithosphere system
and surface topography, self-consistently incorporates the dynamic forcing of
the lithosphere-mantle system including the ‘remote’ plate tectonic forcing im-
posed by absolute plate motion constraints, and as such captures the overall
crustal flow field of the system. In the following we perturb the Reference model
setup as detailed in Tab. 3.4 and compare model predictions with the Reference
model velocity field.
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(a) Velocity vectors showing model predictions in green and GPS observations
in brown (Kreemer et al. 2014, every 5th data point is plotted) on top of the
model velocity field at 5 km depth. As the velocity field is semi-transparent,
the 3D velocity vectors pointing into the view plane are lighter colored than the
upward vectors. White lines contour the plate boundary zones. On the left a
top view of the whole model domain with the black line indicating the trace of
the cross-sections in c), on the right a zoom-in of the area outlined in Fig. 3.1.

(b) Predicted velocity at 150 km and 600 km depth

(c) Vertical slice through Aegean slab. Location of the cross-sections is indicated
in Fig. 3.7a left. Left: Velocity field with surrounding mantle velocity vectors and
temperature contours. Right: Viscosity and slab velocity vectors. The velocity is
interpolated on a regular grid before plotting the vectors.

Figure 3.7: Reference model results.
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3.4.2 Absolute plate motion reference frames

In our first set of experiments, we focus on the sensitivity of the crustal flow field
to absolute plate motion, i.e. to implicit variations in viscous coupling between
the lithospheric plates and the underlying mantle and between the Aegean slab
and the mantle. We vary the plate motion reference frame between Eurasia-
fixed (Eurasian plate velocity is constrained to be zero relative to the mantle on
the model sides), Nubia-fixed (prescribed Nubia velocity is zero on the model
sides) and an absolute frame in which Nubia rotates twice or four times as fast
(e.g. Chertova et al., 2014b). Importantly, these various plate motion models
are obtained by a uniform Euler rotation of the plate motions prescribed for
the reference frame. Hence, relative plate motions stay the same.

We compare the resulting crustal flow fields of the Aegean-Anatolian region
with that of the reference model. Slices of the velocity field at 5 km depth in
the models’ own frame of motion as well as the velocity difference with the ref-
erence model are given in Figs. 3.8-3.11, together with cross-sections perpen-
dicular to the Aegean trench. For a proper comparison between the predicted
crustal flow field and that of the reference model, we first rotate the crustal mo-
tions of the Reference model into the new plate motion frame with the same
rigid-plate Euler rotation as used in creating the new frame, before computing
the difference between the two flow fields. Table 3.5 lists the various sensitiv-
ity measures relative to the rotated reference model as well as subducting (SP)
and overriding (OP) Aegean-Anatolian plate motions in the respective model
frames.

Table 3.5: Model results set 1: Prescribed plate motion reference frames.

Model name Results [model frame]
ARMS MRMS S SP vel OP vel

[◦] [cmyr−1] [-] [cmyr−1] [cmyr−1]

Reference - - - 1.3 1.5
Eurasia fixed 0.68 0.031 -0.012 0.5 2.4
Nubia fixed 0.69 0.033 -0.011 0.1 2.8
Nubia X 2 0.52 0.024 0.008 2.5 0.3
Nubia X 4 5.05 0.102 0.018 4.9 2.6
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Eurasia fixed

Crustal motions predicted for the Eurasia-fixed frame are shown in Fig. 3.8 (top
left). Velocity differences with the reference model after rotation to the Eurasia-
fixed frame (Fig. 3.8, top right) show a systematic pattern of west to south-
west motion with amplitudes of up to 0.8 mmyr−1 in Arabia and the Aegean-
Anatolian plates. Although the motion sensitivity measures w.r.t. the reference
model are accordingly small, as can be seen in Tab. 3.5, this is ∼16% of the am-
plitude of the NW directed absolute motion of Nubia in this frame. Several ef-
fects lead to this plate motion sensitivity of the crustal motion. First, in the
Eurasia-fixed frame there is no NE directed stress transfer - a pull by Eurasia -
across the northern plate boundary fault zone (NAF) as opposed to the refer-
ence model, allowing the Aegean-Anatolian motion field to flow more parallel
to this zone of weakness. Second, in the Eurasia-fixed reference frame, the ab-
solute Nubian plate motion is perpendicular to the SSW-directed rollback and
more or less parallel to much of the trench (Fig. 3.8 top left and Fig. 3.1). Conse-
quently, the SSW rollback due to slab pull is less counteracted by Nubian plate
advance to the trench, leading to stronger rollback accompanied by southward
motion of the overriding plate. This is also exemplified by faster flow toward the
slab in the mantle wedge compared to the reference model results (Fig. 3.8 bot-
tom left). The differential motion of the Arabian plate w.r.t. the reference model
stems from the strong plate contact between Anatolia and Arabia, which trans-
fers the lateral crustal stress due to increased slab pull acting on the Aegean
plate, while the weaker Dead Sea fault decouples the Nubian and Arabian plate.

Nubia fixed

Figure 3.9 shows the motion results obtained for the Nubia fixed model. Differ-
ences with the reference velocity field occur in the Nubian and Aegean-Anatolian
plate on the order of 1 mmyr−1 (Fig. 3.9 top right), which is ∼20% of the SE-
directed absolute plate motion of Eurasia in this frame. The sensitivity mea-
sures are again small (S = -0.011; Tab. 3.5).

In the Nubia-fixed frame, the subducting plate velocity is practically zero
(see top part of the slab in the bottom right image of Fig. 3.9 and the SP velocity
in Tab. 3.5) and slab motion is only driven by the pull of the Aegean slab. Slab
rollback is maximum in this setting (Fig. 3.9 bottom right) and results in some
internal deformation of the Nubian plate close to the trench (Fig. 3.9 top left).
Compared to the Eurasia fixed model, slab rollback as recorded by the overrid-
ing plate has turned southward. Evidently, the larger W-component of crustal
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Figure 3.8: Eurasia fixed model results. Top left: velocity field at 5 km depth in model frame
of motion. In green the current model predictions, in brown the Reference model predictions.
Top right: magnitude and vectors of the velocity difference field at 5 km depth (current model
minus the reference model). Note the different velocity scales. Bottom left: vertical slice through
the Aegean slab showing the velocity field together with black velocity contours every cmyr−1

exceeding the color bar. Temperature isocontours at 1600, 1700, 1800, 1900 and 2000 K are shown
in white. The velocity vectors, interpolated onto a regular grid, are not plotted inside the slab.
Black lines at 410 and 660 km depth are included for scale. Bottom right: same vertical slice but
showing the viscosity field together with velocity vectors in the slab.

motion in the Aegean predicted in the Eurasian-fixed frame is caused there by
the NW directed absolute motion of Nubia. This leads to NW-directed trench-
parallel slab dragging (Spakman et al., 2018), which also affects the crustal mo-
tion field above the slab. In the Nubia-fixed frame there is no slab dragging, as
Nubia is not moving, allowing for slab rollback to dominate all southern Aegean
motion. In addition, in this frame there is a SE-directed push across the north-
ern plate boundary zone resulting from the SE motion of Eurasia (Fig. 3.9 top
left). This adds a SE component to the crustal flow field compared to that of the
Eurasia-fixed frame. Also, below the Aegean crust, mantle flow to the SSW has
increased as a result of rollback.

Comparison between all three models indicates that velocity patterns in the
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sublithospheric mantle away from the slab are similar in the different reference
frames. In particular, we note a broad zone of downward flow of ≤2 cmyr−1

in the lower mantle below the Aegean slab that results from the lower mantle
continuation of the slab (e.g. Spakman et al., 1993; van der Meer et al., 2018).

Figure 3.9: Nubia fixed model results. See caption of Fig. 3.8 for further explanation.

Nubia X 2

Even though the relative motions between Nubia and Eurasia and Nubia and
Arabia remain as in the reference model, increasing the absolute motion of Nu-
bia by a factor 2 affects the coupling of the plates across the plate boundaries
and the interaction with the underlying mantle. In order to retain the relative
motion between, e.g., Eurasia and Nubia, Eurasia motion also changes ampli-
tude and assumes a more northerly direction. Figure 3.10, top left, shows that
in this reference frame the Aegean region is almost mantle-stationary, showing
little to no motion (compare OP motion in Tab. 3.5). Differences w.r.t. the ref-
erence model after rigid Euler rotation into the Nubia X 2 frame are also most
notable in this region and in the plate boundary zone to the south, reaching up
to 0.8 mmyr−1 (top right image).
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In the Nubia X 2 model, rollback of the slab is effectively cancelled by the
advancing motion of Nubia as is clearly visible from the subvertical slab vec-
tors in the bottom right image of Fig. 3.10. Such interaction between advancing
plate motion and rollback has also been observed in laboratory experiments
of subduction (Schellart, 2005). Slab pull now leads to a near vertical sinking
of the slab compensated by reduced mantle material flowing in from the north
(Fig. 3.10, bottom left). Shear tractions of this flow acting on the thin litho-
sphere atop may also contribute to the southern Aegean region being mantle-
stationary. Now that slab rollback is absent, the surface motions in Anatolia are
mostly driven by Nubian plate push, while the Aegean region is in the ‘shadow’
of the laterally stagnant slab. Northward directed pull by the Eurasian plate
is of slightly smaller amplitude (the relative Nb-Eu motion is convergent) and
may contribute to rotations in the crustal flow field. Northward advance of the
slab due to the Nubia motion, a trench-perpendicular slab dragging effect, is
apparently resisted by the mantle, as Nubia crustal motion south of the slab is
smaller than in reference model (the difference flow field in Fig. 3.10 (top right)
is directed southward).

It is intriguing, how little of this dramatic kinematic difference between two
absolute plate motion frames (compare Fig. 3.10 left and Fig. 2a left) is recorded
in the difference field of crustal motions relative to the reference model flow
field (Fig. 3.10 right). This demonstrates that inferring deep geodynamic pro-
cesses from surface kinematics is best done in a mantle frame of reference
(Spakman et al., 2018).

Nubia X 4

In the Nubia X 4 frame, Nubia motion is ∼5 cmyr−1 (Tab. 3.5). Differences in
crustal velocity compared to the reference model are now considerably larger
(Fig. 3.11): differential motions lie around 2.5 mmyr−1 in the Aegean region,
while differences of about 1 mmyr−1 and 2 mmyr−1 are seen in the Arabian and
Nubian plates, respectively. The sensitivity measures are the largest so far, with
S = 0.018.

The overall flow field is associated with a slab rolling forward and northward
trench advance. This can be clearly seen in the right vertical slice of Fig. 3.11,
where the upper part of the slab is advancing northward through the mantle,
while the lower part of the slab is sinking vertically. The slab tip advances over
the 660 km viscosity jump. Slab sinking still excites a trenchward flow below
the south-Aegean lithosphere, although less than in the previous models and
more westward (Fig 3.11, bottom left). Where plate motions are similar in di-
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Figure 3.10: Nubia X 2 model results. See caption of Fig. 3.8 for further explanation.

rection as the flow in the sublithospheric mantle, mantle velocities are higher
compared to the reference model due to shear coupling with the lithosphere.
Mantle resistance against NNE slab dragging causes deformation in the Nu-
bian plate as exemplified by the outward radiating differential flow field to the
south of the trench. This pattern is probably related to lateral deformation of
the slab, evidenced by lower slab viscosity, due to slab-mantle coupling during
its northward transport.

Discussion

Our absolute plate motion experiments are designed around an important sub-
tlety for creating different absolute plate motion frames for our experiments:
new frames are created by rotating the reference frame with a uniform rigid
Euler rotation, retaining relative plate motions. This enables us to isolate the
crustal changes that are due to the changed coupling between the lithosphere,
mantle and slab. By rotating the crustal motions of the reference frame into the
new frame using the same uniform plate rotation, we can directly compare the
crustal flow fields.
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Figure 3.11: Nubia X 4 model results. See caption of Fig. 3.8 for further explanation.

Figures 3.8-3.11 demonstrate that the same relative plate motions described
in a different absolute frame of reference produce a crustal response that devi-
ates from the reference model in both direction and magnitude. In the slow
plate motion frames (the Eurasia fixed and Nubia fixed models), changes in ab-
solute plate motion lead to differences in internal plate deformation of both the
overriding and the subducting plate of up to 1 mmyr−1 relative to the motions
in the Reference model. In the other absolute motion frames with larger ab-
solute plate velocities, the differences increase to several millimeters per year
(with an MRMS of <1 mmyr−1). The differential motions (panels to the upper-
right in Figs. 3.8-3.11) prove to be regionally systematic and significant, but are
intriguingly small in amplitude when compared to cmyr−1-scale OP motions
driven by the regional coupling between the Aegean slab and the mantle.

The above results lead to the first conclusion from this set of experiments:
When viewed in the same relative plate motion frame, the crustal motion field
and its internal deformation cannot readily distinguish between slab rollback,
a stationary slab or a slab rolling forward. An important factor suppressing
and smoothing the differential crustal response is that we implemented the
crust/lithosphere as rheologically laterally coherent (apart from thinned re-
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gions and plate boundaries) and rather stiff (typically ∼3·1021-8·1023 Pas), al-
though of realistic strength (e.g. Burov, 2011), and without internal weaknesses
such as lithosphere-scale faults. As shown by Spakman et al. (2018) for the
Gibraltar subduction region of the western Mediterranean, the actual crustal
response may localize on fault systems and distributed deformation can poten-
tially cause signature tectonic deformation evident of plate-slab-mantle cou-
pling, even with low rates of several mmyr−1 as we found here.

In the models Reference, Nubia X 2 and Nubia X 4, the Nubia plate was given
increasing subducting-plate advance velocities. The predicted trench motion
(retreat, stationary, advancing, respectively) agrees with the findings of Schel-
lart (2005), who investigated the relation between subducting plate velocity and
trench migration with analogue modeling. Our models demonstrate a signifi-
cant effect on surface deformation of the dynamic balance between subduct-
ing plate advance velocity, slab pull induced motion and the viscous coupling
with the ambient mantle. Further, interaction of the plates with the mantle
away from the slab leads to changes in mantle flow as indicated by the absolute
strain rate difference field at 200 km depth in Fig. 3.12. As strain rate is invari-
ant for uniform Euler rotations of the plate motion frame, a direct comparison
between all our models is warranted and shows strong, detailed differences in
the strain rate field, particularly in and around the slab. Within the crust, geo-
logically significant strain rate differences on the order of 1·10−15 occur in and
around the plate boundary zones. Therefore, strain rate is also dependent on
the absolute plate motion frame, because the choice of frame determines the
viscous coupling between plate, slab and mantle.

Our second conclusion is that observations of crustal motions, when inter-
preted in a mantle reference frame, can lead to the identification of deep driv-
ing processes involving subduction. This is shown in our experiments by the
large sensitivity of the absolute crustal flow field (images to the upper-left in
Figs. 3.8-3.11) for deep processes ranging from pure slab rollback, when slab
pull is the only forcing, to various interactions between slab pull and slab drag-
ging. Further, our results underline that interpretations of crustal motions in
relative plate motion frames are only useful for identifying the nature of crustal
deformation, e.g. the sense of fault motion and style of distributed deforma-
tion, but cannot identify its deep causes such as slab rollback or roll forward.
This substantiates findings of Spakman et al. (2018) who, despite the present
uncertainty in the mantle frame of reference, advocated using an absolute plate
motion frame as reference for linking crustal deformation (geologic and geode-
tic) to deep mantle processes. The same holds for interpretation of mantle
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anisotropy caused by the accumulation of strain, i.e. through the integration of
strain rate, in time-dependent mantle flow models (e.g. Faccenda, 2014; Confal
et al., 2018).

3.4.3 Slab geometry

Our reference model considers a continuous slab. In the next set of experi-
ments, we test the crustal motion response to partial and complete detachment
of the slab, absence of the slab and vertical tearing of the slab (see Tab. 3.4).
Although these experiments are not intended to simulate any existing slab ge-
ometry for the Aegean region, they are motivated by proposed slab tearing pro-
cesses in the Mediterranean (e.g. Spakman et al., 1988; Wortel and Spakman,
2000; Spakman and Wortel, 2004, and Section 3.2). Here we focus on deep
detachment (below 200 km), which was predicted to occur in old lithosphere
(like the Mediterranean basin) by Duretz et al. (2011) and van Hunen and Allen
(2011).

Table 3.6: Model results set 2: Slab geometry.

Model name Results
ARMS MRMS S SP vel OP vel

[◦] [cmyr−1] [-] [cmyr−1] [cmyr−1]

Reference - - - 1.3 1.5
Slab detached 5.82 0.151 0.045 1.3 1.2
Slab partially detached 4.75 0.073 0.017 1.3 1.5
Slab detached and removed 5.79 0.133 0.044 1.3 1.3
No slab 26.62 0.459 0.158 1.2 0.6
Vertical tear Kefalonia 9.63 0.158 0.010 1.3 1.7

Slab detached

For the Slab detached model, all synthetic Aegean slab material between 200
and 300 km depth is removed. Figure 3.13a, top left, shows that this leads to a
decrease of velocity of the overriding plate towards the trench. The same effect
can be seen in the velocity difference plot (Fig. 3.13a, top right, note that the
scale of the velocity difference field is changed from 1 mmyr−1 in the previous
set of experiments to 1 cmyr−1 here); the difference in the Aegean-Anatolian
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Figure 3.12: Strain rate difference field at 5 and 200 km depth for experiment set 1. The strain
rate difference is computed as the absolute difference between the considered experiment and
model Reference. Crustal strain rate differences are predominantly located in the plate bound-
aries, the overriding plate and the areas in front of the trenches. For model Nubia X 4 the Nubian
and Arabian plates also display internal differences. In the mantle, differences are largest in and
around the Aegean and Cyprus slabs.
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region is at most 3 mmyr−1 (see also Tab. 3.6). Differences in the velocity do not
extend into the Eurasian plate, but do show a stronger response (∼0.6 cmyr−1)
in the western Hellenic subduction zone. The plate coupling is thus affected
strongest.

The vertical slice to the lower left in Fig. 3.13a shows that trenchward in-
flow above the slab is reduced compared to the reference model. Sinking of
the slab remnant is similar in direction and magnitude to the reference model;
even though sinking is no longer resisted by the connection of the slab to the
Nubian plate, it is hindered by the viscosity increase around 660 km depth.
Downward motion of the still attached part of the slab is reduced due to the
missing slab pull of the detached slab. Although the sinking of the detached
part still causes a strong south-directed motion directly under the Aegean plate
(Fig. 3.13a lower left), the reduced slab pull probably causes the reduced rota-
tional motion of the overriding plate.

Slab partially detached

When the slab is not completely horizontally detached, but only in the west
along the trench up to the island of Crete, the difference in surface response
with the reference model is smaller (Fig. 3.13b, top right). Model Slab partially
detached predicts a change in velocity magnitude half that of model Slab de-
tached (MRMS is now 0.073 instead of 0.151 cmyr−1, see Tab. 3.6) and a distinct
change in direction. Aegean motion is more southward than in the reference
model, directed towards the part of the slab that is still attached to the east of
Crete.

Unsurprisingly, mantle flow into the subduction wedge is still smaller than
in the reference model (Fig. 3.17). The motion of the upper 200 km of the slab
(not shown) has a slightly bigger vertical component than in the completely
detached model, but it is still smaller than for the reference setup.

Slab detached and removed

The relatively small differences between the reference model and the previous
detachment models (S = 0.045 and 0.017, respectively) prompt the question
whether the flow induced by the detached slab remnant is an important con-
tributor to the overriding plate motion or that the slab pull generated by the
upper 200 km of slab connected to the Nubian plate is dominant, or both.

Removal of the detached synthetic slab segment reduces the trench-normal
velocity of the overriding plate by 1-2 mmyr−1 (Fig. 3.14 top right and Tab. 3.6).
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(a) Slab detached

(b) Slab partially detached

Figure 3.13: Slab detached and Slab partially detached model results. See caption of Fig. 3.8 for
further explanation. Note that the scale of the velocity difference field is changed from 1 mmyr−1

in the previous set of experiments to 1 cmyr−1 here. Also, model velocity predictions (green
vectors) are not plotted in the plate boundary zones of the top left figures.
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The vertical model slices show that the inflow above the slab is greatly reduced
and the attached part of the slab sinks vertically into the mantle (as in model
Slab detached, Fig. 3.14). Nevertheless, the sensitivity measures are comparable
to that of model Slab detached with the slab remnant left in: S = 0.044 compared
to 0.045. Hence, in our models Aegean motion is primarily controlled by the top
200 km of the subducting plate, whereas the sinking of the deeper part of the
slab excites an asthenospheric flow toward the slab that has only a secondary
effect on crustal motion.

Figure 3.14: Slab detached and removed model results. See caption of Fig. 3.8 for further expla-
nation.

No slab

When the Aegean slab is completely removed below the depth of the litho-
sphere (120 km), overriding plate motion towards the trench is reduced by about
a factor three w.r.t. the reference model (Fig. 3.15 and Tab. 3.6). Differences
with the reference model are up to 1 cmyr−1, two-third of the reference OP mo-
tion. In the western and eastern margins of the subduction zone, differences
are largest, even exceeding 1 cmyr−1. The difference field in effect outlines the
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region that is subject to slab pull, mainly the OP and the trench. The substantial
response to the absence of the slab is also reflected in the sensitivity measures:
ARMS = 26.62◦, MRMS = 0.459 cmyr−1 and S = 0.158 (Tab. 3.6). The vertical ve-
locity slices show no fast flow underneath Aegean due to the lack of a slab and
its rollback.

Absence of the slab leaves the overall crustal flow field of the Aegean-Anatolia
region to become subject to the relative plate motions between the three ma-
jor plates (by stress transmitted across the plate boundary fault zones) and to
tractions at the base of the lithosphere. The relative plate motion between Nu-
bia and Eurasia is NW-SE convergent at ∼5 mmyr−1 and Arabia provides NNW
motion. Under eastern Anatolia WSW directed tractions again occur (Fig. 3.17),
but underneath the Aegean and western Anatolia, mantle motion is now NNW,
with even northward flow underneath mainland Greece. Together these drive
the much less southward motion of the Aegean-Anatolian plate that decreases
towards the trench.

Figure 3.15: No slab model results. Contours in the top right figure indicate velocities exceeding
the color scale in steps of 0.1 cmyr−1. See caption of Fig. 3.8 for further explanation.
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Vertical tear Kefalonia

As a last experiment in this set, we include a vertical slab tear at the Kefalo-
nia fault zone. As slab pull is now more concentrated on the southeastern part
of the slab (a similar, but smaller effect was seen for model Slab partially de-
tached), this results in increased (OP velocity = 1.7 cmyr−1) and more south-
ward motion of Aegea (Fig. 3.16). Largest differences with the reference model
are found right above the slab tear. The southwestward inflow of mantle mate-
rial above the slab and under the Aegean Sea is of smaller magnitude, as can be
seen in the comparison of mantle flow of this set of experiments in Fig. 3.17.

Figure 3.16: Vertical tear Kefalonia model results. See caption of Fig. 3.8 for further explanation.

Discussion

Negative slab buoyancy in combination with subducting plate motion deter-
mines the rollback of the slab, which in turn induces toroidal flow around and
poloidal flow from underneath the slab (e.g. Piromallo et al., 2006; Schellart
and Moresi, 2013; Chen et al., 2016, and references therein). Although reduced
(Fig. 3.17), a slab remnant from complete horizontal tearing is still able to gen-
erate toroidal flow (Fig. 3.13a). Removal of the slab remnant greatly diminishes
slab-induced mantle flow, but has only a mmyr−1-scale effect on the crustal de-
formation. In fact, in our models the slab pull and rollback of the top 200 km
of the slab exert the most control on the surface deformation of the overriding
plate (about half of Aegean motion). The area most strongly affected by the pull
of the slab is the trench and the Aegean part of the overriding plate (up to 60%
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of the crustal motion, MRMS = 0.5 cmyr−1), but Anatolia and Adria experience
deformation due to the slab as well.

Despite the simplicity of our geometric implementation of slab tears (see
the studies of Duretz et al. (2012, 2014) for 2D and 3D time-dependent model-
ing of the process involving viscous necking and sometimes simple shearing),
we can conclude that the changes in horizontal motions associated with com-
plete deep slab detachment (>200 km depth) are around 1.5 mmyr−1 (MRSM;
maximal differences are ∼3 mmyr−1). From comparison of models Slab de-
tached and removed and No slab, we can infer that shallower detachment will
have a greater signal in the crustal flow field.

Differences in slab pull are sensed by the sublithospheric mantle in a wide
radius around the Aegean slab, although most strongly in the region directly
above the slab, as evident from the velocity slices at 200 km depth in Fig. 3.17.
We cannot easily distinguish between the relative controls of traction from this
slab-induced asthenospheric flow and trench suction on the overriding plate.
Numerical models of continental collision and oceanic subduction, represen-
tative of the Hellenic system, indicated an active role of the former in thermally
modulating the lithosphere and shearing its base (Sternai et al., 2014). Ana-
logue models of Chen et al. (2016) even pointed towards a dominant control of
mantle flow, as backarc extension coincided with a locally large trench-normal
gradient in sublithospheric mantle velocity. The authors estimated the basal
drag force to be about an order of magnitude larger than trench suction. In our
models, the asthenospheric flow is governed by the sinking of the deeper (be-
low∼200 km depth) part of the slab. This is revealed by the Slab detached model
where the slab is entirely detached, but a large part of the sublithospheric flow
towards the slab under the Aegean is still generated. Model Slab detached and
removed with only a 200-km slab shows no strong sublithospheric flow, while
the rollback of this short slab explains a large component of the slab rollback
motion. Hence, we find that even though the southwest-directed sublitho-
spheric flow in the reference model is faster than the southwestward motion
of Aegea, the effect of slab pull by far dominates over mantle tractions. We
note that we observe this in a laterally highly curved subduction system, which
differs geometrically from the models in which toroidal flow appeared to be a
dominant driver of backarc basin motion. Moreover, different coupling of the
subducting and overriding plates over the subduction interface as defined by
the subduction zone viscosity could also explain differences in the transmis-
sion of slab motion to the overriding plate.

When no slab is present (model No slab), rollback cannot contribute to the
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Figure 3.17: Sublithospheric mantle velocity at 200 km depth for experiment set 2. Insets indicate
the perturbations w.r.t. the Reference model in terms of the Tunable feature slab geometry.
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deformation of the overriding plate. Overriding plate velocities in this case de-
crease towards the trench, indicating that the overriding plate has become a
compressional system driven by Arabia moving faster than Nubia. However, ve-
locities in the Aegean region are practically zero, so this area is not affected by
the Arabian push. Deformation is probably taken up internally by the thinner
lithosphere of the Anatolian region. In contrast, extension of the Aegean region
is increased when the slab is torn vertically, practically placing the Aegean slab
edge underneath Kefalonia. This allows for more southward rollback, as trench
retreat is no longer hindered by the connection to the Eurasian plate.

We conclude from these experiments that changes in slab geometry due to
tearing processes have a distinct horizontal surface motion signature on the
scale of several mmyr−1 that is limited to the overriding Aegean-Anatolian plate
and subduction zones. This signature is significant but small compared to the
continuing rollback in case of deep slab detachment. We also showed that if no
slab is present, the southward motion of the Aegean region is strongly dimin-
ished and the overall motion of Aegean-Anatolian plate is subject to the relative
plate motions and the sublithospheric flow under eastern Anatolia. This shows
that the overall geodetic motion field of the region is strongly sensitive to roll-
back of the Aegean slab.

3.4.4 Mantle heterogeneity

It is well known that seismic tomography models of the mantle differ (e.g. Becker
and Boschi, 2002; Schaeffer and Lebedev, 2013), which also led to studies trying
to quantify what tomographic models have in common (e.g. Lekic et al., 2012;
Shepard et al., 2017). Here we are not concerned with why tomography models
differ, but rather exploit the fact that they do to generate various data-based
temperature and density models of the mantle by scaling of different tomo-
graphic models. This strategy was followed earlier by Boschi et al. (2010), who
noted a dependence of surface deformation on the tomography model used
in simplified models of mantle flow. In this third set of experiments, we test
this dependence by 1) removing any sublithospheric density variations apart
from the slab (model No Tomo); 2) limiting mantle structure to the upper man-
tle (model No LM tomo); 3) creating a spread in mantle heterogeneity by con-
verting 8 different tomographic models to temperature anomalies (Tab. 3.4);
and 4) converting P06_CSloc with end member scaling profiles based on the
minimum and maximum uncertainty of Karato (2008) shown in Fig. 3.5g&h
to include the range of profiles found in the literature (models K08_min and
K08_max). Slices of the predicted velocity fields at 200 and 5 km depth are pre-
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sented together in Fig. 3.18 and 3.19. Several individual models are discussed
below, while the remainder is presented in App. 3.C.

Table 3.7: Model results set 3: Mantle heterogeneity.

Model name Results
ARMS MRMS S SP vel OP vel

[◦] [cmyr−1] [-] [cmyr−1] [cmyr−1]

Reference - - - 1.3 1.5
No tomo 11.50 0.233 0.077 1.2 1.1
No LM tomo 0.77 0.015 -0.007 1.2 1.5
CUB_S20RTS 5.43 0.120 0.041 1.2 1.3
TX2015 14.48 0.280 0.089 1.3 1.0
S40RTS 13.35 0.233 0.058 1.2 1.0
SL2013_S40RTS 10.39 0.022 0.044 1.3 1.5
SAVANI 17.14 0.304 0.092 1.3 0.9
LLNL_G3D 26.35 0.429 0.141 1.3 0.7
GAP_P4 16.97 0.271 0.052 1.3 0.9
SEMUCB 22.81 0.376 0.106 1.3 0.7
K08_min 2.19 0.048 -0.014 1.3 1.6
K08_max 1.74 0.035 0.010 1.3 1.4

No tomo and No LM tomo

Removing the density-induced component of mantle flow (model No tomo) iso-
lates the contribution of slab pull to the regional sublithospheric (Fig. 3.18)
and crustal (Fig. 3.19) flow pattern, apart from that induced by lithospheric
thickness variations. This slab pull results in inflow above the slab of up to
7 cmyr−1, increasing towards the slab (similar to Jadamec and Billen 2012; Alisic
et al. 2012). The inflow is fed by toroidal flow around the slab’s edges, strongest
around the eastern edge through the window between the Aegean and Cyprus
slab. Additional flow derives via the thinner Anatolian region from below the
Arabian plate, although due to the absence of the high temperature body un-
derneath eastern Anatolia, this flow is reduced and more westward compared
to the Reference model.
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Figure 3.18: Velocity field at 200 km depth for experiment set 3. Note the different velocity field
and vector scaling for K08_min.
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Figure 3.19: Velocity difference field at 5 km depth for experiment set 3.
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Despite significant slab-pull induced flow, the rollback of the slab and re-
sultant inflow above it are about 25% smaller than in the Reference model. This
could be attributed to the absence of the positive density anomaly in the lower
mantle associated with the deep extension of the Aegean slab (Spakman et al.,
1993; van Hinsbergen et al., 2005, ; Fig. 3.20), which may exert a downward suc-
tion on the upper mantle slab, although of small amplitude, as has also been
proposed elsewhere (Faccenna et al., 2013) (compare bottom row of Fig. 3.20
and Fig. 3.7c). However, model No LM tomo (Fig. 3.19) demonstrates that the
lower mantle contribution to the crustal flow field is small (S = -0.007, an order
of magnitude lower than for No tomo; Tab. 3.7) when upper mantle heterogene-
ity is included.

The crustal flow field of No tomo shows a change in the direction of mo-
tion of Anatolia, while in the Aegean region, the magnitude of velocity is most
affected by removing lateral temperature variations from the mantle (about
4 mmyr−1 smaller, Fig. 3.20). The more northward motion of eastern Anato-
lia could correspond to the smaller and mostly westward flow of the mantle
underneath. The slower motion of Aegea most likely results from the reduced
slab rollback now that the density-induced mantle flow is not enhancing SW
slab motion. Alternatively, the reduced mantle drag of Aegea impedes trench
retreat through coupling of the OP and the slab over the plate contact. Because
of the discrepancy between crustal and sublithospheric mantle motion direc-
tions, the former is more likely.

Interestingly, differences in plate velocity are only seen in the Aegean-Anatolian
region. Mantle traction on the bottom of the major plates does therefore not
seem to alter the deformation of these strong entities.

Mantle structure from different tomographic models

While individual models are discussed in App. 3.C, we can draw several general
conclusions from the mantle and crustal flow fields predicted by the 8 tomo-
graphic models in Figs. 3.18 and 3.19, respectively. Except for model SL2012
_S40RTS, the experiments lead to crustal motion difference fields that show a
smooth clockwise rotation of the Aegean-Anatolian region that reduces with
distance from the trench. Maximum differences are ∼8-9 mmyr−1, ∼60% of ref-
erence OP motion (Tab. 3.7). In most models, this differential pattern is charac-
terized by reduced Aegean motion and a more northward motion of Anatolia.
From inspection of the mantle flow fields at 200 km depth, these changes result
from interaction of the slab with the surrounding mantle flow in several ways:
1) the eastern Anatolian upwelling provides a backward push to the Aegean
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Figure 3.20: No tomo model results. See caption of Fig. 3.8 for further explanation.

slab; and 2) NNE flow from underneath Nubia interacts with the slab and re-
duces the lateral backward motion of the slab. Due to the absence of the Ana-
tolian upwelling and the presence of Nubian flow, the Aegean slab sinks ver-
tically instead of rolling back. These effects of remotely induced mantle flow
on subduction evolution are of similar scale an magnitude as inferred for the
Gibraltar slab in the western Mediterranean and from generic subduction ex-
periments (Chertova et al., 2018). Coupling over the subduction interface facil-
itates the slab acting as a stress guide transmitting forcing from the surround-
ing mantle to the overriding plate. Distinctly increased flow around the slab’s
eastern edge through the Aegean-Cyprus slab window is seen in a few models
(LLNL_G3D and GAP_P4) working against trenchward motion of the OP and
model SL2013_S40RTS features strong flow of material from underneath the
Black Sea contributing to slab rollback.

Seismic velocity anomaly conversion - K08_min and K08_max

The conversion of the P06_CSloc tomography model to temperature anoma-

lies for the reference model is done using the
(
∂l nVP
∂T

)
(z) profile of Karato (2008).

113



Chapter 3. Sensitivity of horizontal surface deformation to mantle dynamics

When we take into account the uncertainties given by Karato, the Aegean-Anatolian
motions differ by at most 1 mmyr−1 (Fig. 3.19). Sensitivity measures are there-
fore very small, an order of magnitude smaller than for the different tomo-
graphic models (S = -0.014 and 0.010 Tab. 3.7. When using the minimum seis-
mic parameter profile, seismic anomalies are translated into larger tempera-
ture anomalies and mantle velocities double. However, flow patterns are not
changed, explaining the minor effect on the surface deformation. The differ-
ence in surface response is even smaller for the maximum seismic velocity-
temperature derivative profile, which reduces mantle velocities, but again main-
tains the flow pattern (in agreement with Warners-Ruckstuhl et al., 2012).

Discussion

The response of crustal motion to modifications of the density-anomaly driven
mantle flow field can be significant, up to 9 mmyr−1, with a RMS sensitivity of
the magnitude and direction of up to 26◦ and 4 mmyr−1 (Tab. 3.7). Although
this response is most pronounced in the Aegean-Anatolian plate that is sur-
rounded by plate boundary faults, the motion of the Arabian plate is sensitive
to mantle flow as well through stress transfer over the Aegean-Anatolian and
Arabian plate boundary and through coupling with the underlying mantle.

The control of mantle flow on OP motion can have 2 sources in our exper-
iments: 1) Basal drag exerted by the mantle on the lithosphere directly trans-
lating into changes in overlying crustal motion and 2) interaction of the mantle
with the subducting Nubian plate transmitted by the slab to the OP via cou-
pling over the subduction interface. Our models allow us to tentatively dis-
tinguish between these sources. In the absence of mantle structure, slab-pull
induced flow underneath Aegean-Anatolia reaches 7 cmyr−1, about half that
when P06_CSloc heterogeneity is included, yet OP motion is reduced much
less (≤27%), indicating there is at least not a one-to-one translation of mantle
to plate motion (as already established in experiment sets 1 and 2). Moreover,
like model No tomo, most experiments with a different mantle structure lack
the upwelling material beneath Anatolia that is channeled towards the trench
by the thinner OP lithosphere, leaving the supraslab mantle flow to be con-
trolled by slab-pull induced motion. However, they produce larger sensitivity
measures, pointing to other flow sources interacting with the slab. The approx-
imately northward flow from underneath Nubia hindering slab rollback seems
responsible for reduced Aegean motion. (Similar responses to trench-oblique
mantle flow were inferred for the Gibraltar slab in time-dependent models by
Chertova et al. (2018)). This is corroborated by the differently scaled models
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K08_max and K08_min that although greatly changing the magnitude of the
flow, do not alter the flow pattern. The balance of mantle flow tractions inter-
acting with the slab therefore remains similar and leads to much smaller crustal
motion differences than the other experiments in this set.

The fit between surface observations of plate motion and dynamic topogra-
phy and predictions of geodynamic models based on different tomography de-
rived mantle heterogeneities has been investigated with various approaches,
e.g. through viscous sheet models with prescribed bottom mantle tractions
computed from global flow models (e.g. Becker and O’Connell, 2001; Warners-
Ruckstuhl et al., 2012), coupling of 3D shallow upper mantle finite element
models with a spectral mantle flow code (e.g. Steinberger et al., 2010; Osei Tutu
et al., 2018b) and 3D upper and whole mantle models (Boschi et al., 2010; Becker
and Faccenna, 2011; Faccenna et al., 2014; Adam et al., 2014; Steinberger, 2016).
In agreement with our results, plate motions were found to be quite sensitive
to mantle buoyancy forces, and tomography models with more detailed struc-
ture or seismically defined slabs provide a better fit with the observational data
(Becker and O’Connell, 2001; Boschi et al., 2010; Warners-Ruckstuhl et al., 2012;
Adam et al., 2014). Mantle structure also has a significant effect on dynamic to-
pography (Boschi et al., 2010; Steinberger et al., 2010; Warners-Ruckstuhl et al.,
2012; Steinberger, 2016), which we did not investigate here.

Becker and O’Connell (2001) found that including lower mantle density het-
erogeneities in their global flow models always improved the fit between pre-
dicted and observed plate motions, with 40% of plate driving torques coming
from the lower mantle. This seems at odds with the low sensitivity (S = -0.007)
of the No LM tomo model. However, said study employed radially symmetric
viscosity profiles for the flow calculations that did not reach the low astheno-
spheric values that our models exhibit (their minimum was 1·1020 Pas). Low
asthenospheric values could decouple lower mantle and lithosphere, as can
a larger viscosity gradient at 660 km depth (Conrad and Lithgow-Bertelloni,
2002). Alisic et al. (2012) moreover demonstrated that depth- and temperature-
dependent rheology combined with yielding complicates the relation between
plate motions and lower mantle (LM) heterogeneity in global instantaneous
models. While the inclusion of LM structure speeds up most plates connected
to low-temperature bodies in the LM, some slow down when connected to large-
scale high-viscosity structures, even though slab sinking rates increase (like the
Nazca plate in Fig. 9 of Alisic et al.).

Torque balance studies suggest a 20-50% contribution of horizontal trac-
tions deriving from deep mantle flow to plate motions (e.g. Becker and O’Connell,
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2001; Ghosh et al., 2008; Warners-Ruckstuhl et al., 2012). Global 3D computa-
tions indicate a first-order control of mantle drag from active upwellings on
Arabia/Eurasia convergence (Becker and Faccenna, 2011). The plate motions
we prescribe on the model boundaries naturally include mantle contributions
to their motions, but inside the model, plates are free to deform in response
to horizontal and radial tractions generated by mantle flow. Our models indi-
cate a RMS sensitivity of crustal motion to mantle-structure induced flow (not
considering the synthetic slab) of up to 4 mmyr−1, about 27% of the overrid-
ing plate velocity. In case of the reference model, ∼2 mmyr−1 of mean OP
motion is generated by mantle flow interacting with the slab and lithosphere
(model No tomo), hinting towards a smaller contribution of horizontal tractions
to lithosphere motion. Most likely, as the traction exerted by mantle flow on the
base of the lithosphere depends on the viscosity contrast between lithosphere
and asthenosphere (e.g. Ghosh et al., 2008), our pressure-, temperature- and
strain rate dependent rheology including nonlinear dislocation creep leading
to a low-viscosity layer under the lithosphere (see viscosity profile in Fig. 3.5)
reduces the viscous coupling between lithosphere and mantle in our models.
The coupling between slab and surrounding mantle that this set of experiments
shows to play an important part in OP motion will also be affected by changes
in our nonlinear viscosity. This we will investigate with the last set of experi-
ments.

3.4.5 Sublithospheric mantle rheology

The predictions of mantle flow and its coupling to surface deformation are gov-
erned by the nonlinear flow laws for mantle rheology. Because upper and lower
mantle rheology is still highly uncertain (Karato, 2010; King, 2016a,b) and non-
linear rheologies introduce numerical complexities, many studies are restricted
to radially symmetric viscosity profiles (e.g. Steinberger and Calderwood, 2006;
Boschi et al., 2010; Warners-Ruckstuhl et al., 2012). In a final set of experiments,
we test the influence of sublithospheric mantle viscosity on surface deforma-
tion (Tab. 3.8) by using a laterally constant two-layer viscosity profile (model
Two-layer viscosity) or rheological end members obtained by multiplying the
local viscosity, composed of contributions from various deformation mecha-
nisms (Eqs. 3.6-eq:co2), with a prefactor of 0.5 or 2 (models Mantle viscosity X
0.5 and Mantle viscosity X 2). We also investigate the upper/lower mantle vis-
cosity jump by switching the lower-mantle viscosity parameters to the B-family
of Čížková et al. (2012) listed in Tab. 3.2. Note that the rheological parameters
of the subducting plate are not changed. Slices of the mantle velocity field at
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200 km depth are presented collectively in Fig. 3.21, individual model results
are given in Figs. 3.22-3.25.

Table 3.8: Model results set 4: Sublithospheric mantle rheology.

Model name Results
ARMS MRMS S SP vel OP vel

[◦] [cmyr−1] [-] [cmyr−1] [cmyr−1]

Reference - - - 1.3 1.5
Two-layer viscosity 15.11 0.212 0.036 1.3 1.0
Mantle viscosity X 0.5 10.63 0.287 -0.066 1.3 2.0
Mantle viscosity X 2 8.78 0.191 0.048 1.3 1.1
Mantle viscosity B 2.37 0.080 -0.025 1.3 1.6

Two-layer viscosity

For a radial mantle viscosity profile of 1·1021 Pas in the upper mantle and 5·1022 Pas
in the lower model (conform Faccenna and Becker, 2010; Boschi et al., 2010),
model predictions indicate that the motion of the Aegean and west Anatolian
region is reduced by up to 7 mmyr−1 (Fig. 3.22). It is also directed more trench-
normal, i.e. less southward, than in the reference case. From the vertical slices,
it is clear that the upper mantle viscosity of 1·1021 Pas greatly reduced the mag-
nitude of sublithospheric mantle flow and prohibits rollback of the slab (it only
sinks vertically). Not only the magnitude of mantle flow is changed, flow pat-
terns are strongly altered as well (top left image in Fig. 3.21). Interestingly, un-
derneath the Mediterranean basin, flow remains northward until it hits the Hel-
lenic and Cyprus subduction zones, while flow in the Reference model is SSE
under the Nubian shore and deflected eastward in the Mediterranean Sea by
the slab (Fig. 3.17). Note that the poloidal and toroidal inflow of material above
the slab is also reduced w.r.t. model No tomo; the dynamic support of the slab
by the surrounding mantle counteracts the buoyancy force of the slab, reducing
rollback and rollback-induced mantle flow, which in effect considerably slows
the motion of the overriding plate.
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Figure 3.21: Sublithospheric mantle velocity at 200 km depth for experiment set 4. Note the
varied scaling of the velocity field and vectors for better visibility. Insets show radial viscosity
profiles underneath stable Nubia and Eurasia for the current experiment in red in contrast to
the Reference model in black.

Mantle viscosity X 0.5

When the nonlinear sublithospheric mantle viscosity is reduced by a factor 2,
mantle flow velocities markedly increase, but flow patterns are not affected
(Fig. 3.21 and bottom left image of 3.23). The viscosity of the surrounding man-
tle also feeds back into the strength of the subducting plate, which exhibits a
lower viscosity despite unchanged rheological parameters. The Aegean slab
sinking velocities double (note the different velocity vector scaling), inducing
an increase in overriding plate motion of up to 5 mmyr−1 and a stronger change
in direction of motion towards the trench (Fig. 3.23). Increased WSW flow un-
derneath eastern Anatolia possibly contributes to the change in direction of the
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Figure 3.22: Two-layer viscosity model results. See caption of Fig. 3.8 for further explanation.

crustal flow field above. The crustal velocity differences are limited to the over-
riding plate and the Aegean trench. In the latter, motion towards the OP contact
is increased.

Mantle viscosity X 2

Doubling the sublithospheric mantle viscosity has, not surprisingly, an effect
opposite to model Mantle viscosity X 0.5. Similar to model Two-layer viscosity,
it leads to vertical slab sinking due to a higher resistance of the surrounding
mantle to lateral slab motion (bottom panels in Fig. 3.24), and inflow above the
slab is decreased. As a result, motion of Aegea decreases by up to 4 mmyr−1.
However, temperature anomalies do feed back into the flow field through the
viscosity formulation, and thus mantle patterns are not changed as much as
in model Two-layer viscosity. Therefore, even though the MRMS of these two
models are similar, the ARMS of Mantle viscosity X 2 is about 42% smaller.
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Figure 3.23: Mantle viscosity X 0.5 model results. Note the different velocity field and vector
scaling in the vertical slices as compared to previous models. See caption of Fig. 3.8 for further
explanation.

Mantle viscosity B

A lower viscosity jump around the 660 km phase transition does not affect sur-
face deformation as much as the previous rheological changes (Fig. 3.25 and
Tab. 3.8), but the magnitude of Aegean-west Anatolian motion does increase
by up to 1.5 mmyr−1. This is likely due to increased slab sinking (as evidenced
by the faster motions of the slab and overlying mantle in the vertical slices of
Fig. 3.25) now that the lower mantle provides less resistance to the sinking of
the slab.

Discussion

The viscosity of the mantle plays a large role in determining flow speeds in the
mantle (Fig. 3.21). The large effect mantle viscosity has on the flow magni-
tudes is however not one-to-one translated to the magnitude of velocity of the
overriding plate; the crustal sensitivity in our set of experiments is <3 mmyr−1

(MRMS), with a maximum absolute response of 5 mmyr−1. This is significant

120



3.4. Experiments

Figure 3.24: Mantle viscosity X 2 model results. See caption of Fig. 3.8 for further explanation.

compared to the motions of the major plates. The largest differences in velocity
occur in the plate boundary zone between the NAT and the Gulf of Corinth for
changes in upper mantle rheology. The velocity in this complex zone above the
slab scales with the velocity of the OP.

Again a large role in transferring mantle stresses to the crust is played by the
Aegean slab. Whether directly through coupling over the subduction interface
or indirectly due to changes in rollback-induced asthenospheric flow, the lat-
eral motion of the slab controls the deformation of the OP: when the slab does
not rollback, Aegean motion decreases and when rollback increases, so does
Aegean motion. Moreover, models Mantle viscosity X 0.5 and Mantle viscosity
X 2 demonstrate that the region of the overriding plate that is affected is pre-
dominantly the western part, which we can link to the increase, respectively,
decrease of slab rollback. This again indicates that for overriding plate defor-
mation, the resistance of the mantle to slab motion is more important than
the horizontal tractions generated by mantle flow. Otherwise eastern Anatolia
would be more responsive to the strong changes in the velocity of the upwelling
underneath (Fig. 3.21).

Interestingly, when the mantle viscosity follows a radially symmetric profile,
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Figure 3.25: B-family model results. See caption of Fig. 3.8 for further explanation. Note the
different scaling of the bottom left velocity field as compared to previous models.

a change in surface motion outside the Aegean-Anatolian plate is seen. Both
the Adriatic part of the Nubian plate and the Arabian plate show differential
motion w.r.t. the reference model. Here, vertical and horizontal mantle trac-
tions could be the cause, as mantle flow is reduced when the temperature in
the hot upwellings underneath the heel of Italy and Arabia no longer feeds into
the viscosity of the mantle.

Jadamec and Billen (2012) compared Newtonian and composite mantle (and
slab) rheologies for their 3D instantaneous models of flow around the Alaskan
slab. As we do, they found that strain rate-dependent mantle rheology leads to
much larger mantle wedge velocities. As can also be seen in the viscosity cross-
section of Fig. 3.20, low-viscosity ellipses are generated in Jadamec and Billen’s
models directly above the upper part of the subducting plate and underneath
the overriding lithosphere, as well as a lower viscosity region around the entire
slab. The elliptical zones lead to decreased coupling between mantle and over-
lying lithosphere. In our models, increased coupling due to a constant upper
mantle lithosphere does however not counteract the effect of reduced slab pull
on the overriding plate.

122



3.5. Discussion

The interaction of slabs and the lower mantle has been extensively inves-
tigated with time-dependent numerical models (e.g. Yanagisawa et al., 2010;
Čížková and Bina, 2013; Garel et al., 2014; Goes et al., 2017). Čížková and Bina
(2013) showed that although lower mantle viscosity is not the primary control
on trench retreat, higher values do impede slab rollback. An increased viscos-
ity jump also reduces slab sinking velocities and trench retreat in the models of
Garel et al. (2014). Our models agree in the sense that lowering the viscosity of
the top part of the lower mantle (model B-family) increases instantaneous slab
rollback.

3.5 Discussion

3.5.1 Sensitivity of the crustal flow field to geodynamic processes,
mantle structure, and rheology

We have presented a set of regional full-mantle instantaneous dynamics mod-
els centered around the Aegean-Anatolian (A-A) plate and Aegean subduction
with realistic non-Newtonian crust, lithosphere and mantle structure based on
geological and geophysical observations. Model predictions indicate that the
observed crustal velocity field carries information on both shallow and deep
geodynamic processes. Quantitatively, we expressed this in various sensitiv-
ity measures and difference plots relative to a reference model that provides
a good fit (∼6 mmyr−1 RMS misfit) to GPS observations of the A-A plate (with
an RMS of 17.4 mmyr−1). As such, the largest data sensitivities are already ac-
counted for in the reference model, but in a way that cannot disentangle the
separate contributions of the different mantle processes. The latter we inves-
tigated by independently varying the Tunable features of the reference model.
Our assessment in terms of sensitivity measures is therefore particularly useful
for inter-model comparison of data sensitivity to deep processes.

Crustal motion sensitivity to lithosphere and plate boundary rheology

The crustal response obtained in the experiments may generally underestimate
the actual surface response to deep processes because we used an approxima-
tion of the A-A lithosphere. This approximation, although it comprises litho-
sphere thickness variations and viscoplastic rheology, on average retains a strong
core of lithosphere strength on the order of 1·1023-1·1024 Pas (see for exam-
ple the radial viscosity profiles in Fig. 3.5). The vertical heterogeneity of the
lithosphere in terms of viscosity determines the relation between surface de-
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formation (as recorded by for example GPS velocities) and deformation of the
lithosphere at depth (Flesch and Bendick, 2012; Bendick and Flesch, 2013). In
our case, they will be strongly coupled, as we did not implement a lower crustal
weak layer between the shallow crust and lithospheric mantle (Burov, 2011),
its existence unverified for the region. Also, our lithosphere does not contain
internal weaknesses on which deformation can localize, such as lithosphere-
cutting faults or strong lateral rheological heterogeneity. Such localization may
affect the amplitude and sense of fault motion, crustal block rotations or re-
gional crustal shear, shortening or extension, even on the scale of mmyr−1, as
exemplified by Spakman et al. (2018). A simple experiment where we uniformly
decrease the nonlinear crustal viscosity by a factor 10 shows that the velocity of
the A-A region increases to 3 cmyr−1 in the Aegean, exceeding GPS velocities in
the absolute frame by ∼1 cmyr−1, and the Aegean region moves more westward
than observed.

The choice for our lithosphere rheology also determines the rheology of
the subducted slab. A different rheological parameterization of the subducting
plate could affect model predictions as, on the one hand, weaker plates facil-
itate the bending required for subduction, while on the other hand, stronger
slabs better transmit the slab pull that drives plate motion (Elsasser, 1969; Con-
rad and Lithgow-Bertelloni, 2002; Stegman et al., 2006; Wu et al., 2008; Garel
et al., 2014).

Lastly, we made a relatively simple approximation of plate boundaries as
∼30 km wide zones of reduced viscosity relative to the surrounding lithosphere.
We exploit a natural trade-off between fault width and strength assuming their
product is some measure of integrated plate boundary strength. The plate bound-
ary zones accommodate stress and motion transfer across the faults and our
implementation suppresses strong local changes, which also contributes to the
overall spatially smooth crustal motion responses we observe. We have kept
the lateral plate boundary viscosity distribution that we obtained for the ref-
erence model constant throughout subsequent model runs, thereby fixing the
coupling between the interacting plates. As our experimental focus is on slab-
mantle coupling, plate-mantle coupling and mantle flow forcing of surface mo-
tion, keeping the model lithosphere rheologically fixed ensures that response
to changes in the dynamics of the sublithospheric system can be adequately
investigated.

In summary, our adopted rheology for the lithosphere modulates the crustal
flow sensitivity to smooth regional patterns, as also observed in recent ana-
logue modeling (Sembroni et al., 2017), leading to amplitudes that likely pro-
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vide a lower bound to the actual surface response to mantle processes.

Crustal motion sensitivity to slab geometry

Our models demonstrate a strong sensitivity of the crustal flow field to Aegean
slab pull and trench suction, while the slab simultaneously acts as a stress guide
for the viscous interaction between the slab and the surrounding mantle, in-
cluding effects of mantle flow. Our experiments with various slab tears and
with an only 200-km long slab all show a characteristic response in crust and
mantle flow, with amplitudes ranging between ∼0.7 and 1.6 mmyr−1, when
compared to the reference model. This latter model demonstrates that roll-
back of the top part of the slab is mainly responsible for the horizontal mo-
tion of the Aegean region. Our geometrical implementation of slab tears may
be a simplification of the process of tearing (time-progressive necking), but
the results clearly demonstrate that surface observations of horizontal crustal
motion include a ‘detachment signal’ significantly larger than the precision of
GNSS-derived surface motions (typically 0.1-0.5 mmyr−1 in the motion field of
Kreemer et al. (2014)).

Crustal motion sensitivity to sublithospheric mantle flow and viscosity

A larger overall signal is found for the interaction of mantle flow with the sub-
ducting and the horizontal plates: the spread in temperature structure from
conversion of tomographic models leads to changes in A-A direction of 5 to 26◦

and to a 1.2 to 4.3 mmyr−1 reduction in magnitude (only for the merged model
SL2013_S40RTS a 0.8 mmyr−1 increase is found). A large part of this mantle flow
control on the surface deformation derives from flow contributing to enhanc-
ing or hindering rollback of the slab, as was also observed by Chertova et al.
(2018) for subduction in the western Mediterranean.

Viscous resistance of the mantle to lateral slab motion affects this important
driver of A-A motion: simply scaling the composite mantle rheology with a fac-
tor 0.5 or 2 changes the subduction regime from fast rollback to near-stationary
subduction. Consequently, A-A differential motion is characterized by a 9-11◦

change in direction and a 2-3 mmyr−1 change in magnitude. This sensitivity
is smaller than the range of sensitivities found for mantle-structure induced
motion. A laterally constant, two-layer sublithospheric mantle viscosity profile
leads to variations in the sublithospheric flow pattern and increased viscous re-
sistance to slab motion, which alters the direction (by 15◦) and magnitude (by
2 mmyr−1) of the A-A plate motion.
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Crustal motion sensitivity to absolute plate motions

Experiments in which the absolute frame of motion was varied via the veloc-
ity boundary conditions highlight that although in these frames different geo-
dynamic processes are at play (e.g. pure slab rollback, stationary subduction
and slab roll-forward, combined with different magnitudes and directions of
plate-mantle coupling), the sensitivity of the crustal flow field is smooth and
small when compared to the motions in the reference model after these are
rotated into the new mantle frame. A-A motion for slow subduction differs
by 0.7◦ and 0.3 mmyr−1 compared to the reference model, while faster sub-
ducting systems (5 cmyr−1) show a sensitivity of 5◦ and 1 mmyr−1. Although
these instantaneous responses may seem small, when integrated over geolog-
ical times they do lead to slab morphology changes and changes in slab posi-
tion, as was demonstrated in time-dependent experiments by Chertova et al.
(2014b), which may leave a geological imprint (Spakman et al., 2018).The dif-
ferent geodynamic processes also lead to geologically significant differences in
the strain rate on the order of 5·10−16 s−1 in the crust. In the sublithospheric
mantle, differences are even larger (∼1·10−14 s−1) and most evident around
the subducting plates. Here the slab’s motion through the mantle as driven
by the horizontal Nubian plate changes the coupling to the surrounding man-
tle through the strain rate-dependent rheology. These findings of slab-mantle
coupling stress the importance of interpreting observations of surface motion
as well as making predictions of seismic anisotropy in a mantle frame of refer-
ence. We showed that only in the mantle frame interpretations of crustal mo-
tion can lead to a proper identification of the particular style of subduction, as
was also advocated by Spakman et al. (2018).

Related to this is the following. Our modeling with different absolute motion
frames (but keeping relative plate motions fixed) shows that the stress trans-
ferred across the plate boundaries between plates is different for each adopted
mantle frame. This suggests that imposing kinematic boundary conditions on
plate edges in numerical modeling of e.g. the A-A region should not be done
in some relative plate motion frame, e.g. taking Eurasia or Nubia fixed, as is
common practice. Instead, kinematic boundary conditions in a mantle frame
should be used, such as to physically properly incorporate the coupling be-
tween mantle, slab and plates, and to get physically meaningful results of trac-
tions at the base of the lithosphere.
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Relative importance of investigated geodynamic drivers

Based on the above, we can construct a qualitative ranking of geodynamic drivers
of crustal motions in the Aegean-Anatolian region. First, the data fit obtained
with the reference model shows that the combination of stress transfer across
the plate boundary zone surrounding the A-A region and sublithospheric man-
tle processes (subduction, mantle flow) generate the largest part of A-A motion
by reducing the data RMS of ∼17 mmyr−1 to ∼6 mmyr−1. Of the drivers sep-
arately investigated, the pull of the slab and its viscous interaction with the
mantle provide the largest contribution to overriding plate motion (most no-
tably demonstrated by removing the slab in model No slab).

Second is the crustal motion sensitivity due to the slab’s interaction with
the surrounding mantle due to far-field buoyancy-induced mantle flow in par-
ticular, together with basal drag exerted by this same mantle flow. As such, the
crustal flow field exhibits large sensitivity to the differences in buoyancy-driven
flow resulting from a suite of seismic tomography models. We note that the low
viscosity below the lithosphere induced by the nonlinear rheology tends to re-
duce the coupling between mantle flow and the lithosphere. Variations in the
overall scaling of tomography models to temperature anomalies showed that
the distribution of temperature anomalies is more important than their ampli-
tude.

Third is the sensitivity of crustal flow to variations in the bulk viscosity of
the mantle. On a comparable level is the sensitivity of horizontal crustal mo-
tions to differences in slab geometry, i.e. between a continuous and a vertically
or horizontally torn slab (below 200 km). The last category is formed by the
sensitivity of crustal flow for changes in the mantle frame (while keeping the
relative plate motions the same), although these changes have a significant ef-
fect on the strain-rate field in the crust and around the slab due to changes in
slab-mantle coupling.

We remark that even though there are differences in the magnitude of mo-
tion sensitivity, all responses are significant and may possibly be amplified in
case of detailed lateral crustal heterogeneity. In all, they show that sublitho-
spheric processes contribute significantly to crustal deformation and can ex-
plain a large part of the motion signal (cf. reference model), independent of
processes intrinsic to the crust/lithosphere.

Because of the intrinsic connectivity between processes in the crust-mantle
continuum, trade-offs exist between the Tunable features that define the geo-
dynamic drivers by virtue of uncertainties in plate motions, mantle structure,
viscosity, temperature and density. Such trade-offs may also lead to non-linear
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responses when striving to include as many drivers as possible, which calls for
systematic sensitivity studies along the lines of Baumann et al. (e.g. 2014) as a
basis for data fitting using forward model searches. We note that other, inde-
pendent data sets with different process sensitivity, such as seismological ob-
servations of strain-induced mantle anisotropy and surface topography, may
bring independent constraints. We consider it paramount that if the goal is to
construct a model that is a close simulation of reality, not only to include as
many processes as possible, but as well constrain the model by as many inde-
pendent data sets as possible. Naturally, this requires not only huge compu-
tational efforts, but also understanding of the physical relations between pro-
cesses, material properties and observations, where again testing data sensitiv-
ity is key. Striving for a data-fitting model based on a subset of driving processes
that still fits the data well risks obtaining biased interpretations of driving pro-
cesses.

3.5.2 Drivers of Aegean and Anatolian deformation

We provide here a brief discussion of other modeling approaches particularly
to highlight some of the proposed important geodynamic drivers of eastern
Mediterranean crustal deformation and qualitatively compare these to what we
inferred. Subsets of driving forces in the eastern Mediterranean and the Mid-
dle East have been investigated by many studies. For example, time-dependent
3D models of asymmetric continental collision and oceanic subduction (Ster-
nai et al., 2014) suggest that Aegean slab rollback and the thus induced man-
tle flow predominantly drive Aegean extension and Anatolia motion. Boschi
et al. (2010); Faccenna and Becker (2010); Becker and Faccenna (2011); Fac-
cenna et al. (2013, 2014) computed global instantaneous mantle flow and pre-
dicted surface motions based on different tomographic models using a radially-
symmetric viscosity and a uniform-thickness lithosphere without a crust. Fac-
cenna and Becker (2010) proposed the important role of regional-scale man-
tle flow for A-A surface motions, while Faccenna et al. (2013) specifically sug-
gested that upwellings underneath Afar and Arabia of which associated flow
turns westward underneath Anatolia account for ∼50% of Anatolian motion
and provide a push on the Aegean slab. Also Faccenna et al. (2013) attribute a
large part of Aegean and Anatolian motion to Aegean slab pull, as inferred from
a model with a regionally-isolated, seismically-defined slab. Faccenna et al.
(2014) expanded on the modeling of Faccenna and Becker (2010); Boschi et al.
(2010), leading to the proposition of two large upper mantle convection cells
in the Mediterranean, with downwelling at the Aegean and Tyrrhenian slabs
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and upwelling underneath eastern Anatolia and Iberia. In this system, Arabia-
Eurasia convergence accounts for approximately 40% of Anatolia motion. Man-
tle drag and slab pull account for the rest of Anatolia motion. Several models
with the most detailed representations of the Aegean slab reproduced the WSW
to SW direction of Aegea, but the magnitude of Aegean motion remained un-
derestimated, which the authors attribute to the absence of GPE forcing. Al-
though these results are somewhat difficult to compare with ours because of
differences in the treatment of the lithosphere (rheology, structure and plate ve-
locities) and the mantle rheology (linear versus nonlinear), they also highlight
the importance of negative-buoyancy induced mantle flow and the interaction
of slab and mantle. In our modeling, the role of upwelling mantle flow in pro-
ducing surface motions is somewhat suppressed because of the rheologically
strong, but realistic, lithosphere as well as by the nonlinear mantle rheology,
which reduces the viscous lithosphere-mantle coupling.

GPE associated with surface topography and crustal structure is not part
of our study, but has been put forward as an important driver of surface mo-
tion in thin sheet studies of the eastern Mediterranean, e.g. Özeren and Holt
(2010); Carafa et al. (2015); England et al. (2016) (although the thin sheet models
of for example Jiménez-Munt et al. (2003); Özbakir et al. (2017) point to other
drivers). Özeren and Holt (2010) optimized the fit between flow due to inter-
nal GPE body forces from heterogeneous crustal structure and geodetic data
by tuning stresses on the domain boundaries. A good fit requires significant
SW pull along the Hellenic trench from the Kephalonia f cmyr−1ault to about
33◦E and an increasingly large NNE push further eastward. The contribution
of this plate interaction (i.e. the boundary conditions) to the crustal motion is
variable throughout the domain, but approximately similar to that of the GPE
differences. Basal tractions were not considered Özeren and Holt based on ear-
lier global studies (Ghosh et al., 2008, 2009) that showed basal tractions directly
below the Aegean do not affect the lithosphere above, although Carafa et al.
(2015) proposed just the opposite. In this more recent study including lateral
lithospheric variations, side and basal tractions drive Aegean motion, while
GPE controls Anatolia motion. Such tractions represent forcing by plate and
mantle interaction, but in a way that is difficult to interpret in terms of driving
processes.

Models with topography-derived GPE but without mantle tractions and as-
suming uniform crust and lithosphere thicknesses (England et al., 2016) also
demand compressional tractions along the boundary with Arabia and exten-
sional tractions on the Hellenic boundary. GPE variations and boundary trac-
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tions combined lead to a RMS misfit of the GPS of ∼4.7 mmyr−1. This consti-
tutes an improvement of the fit by ∼3.2 mmyr−1 compared to a model in which
GPE forcing is not included. As such, in the work of England et al. the largest
part of the observed motion (with an RMS of ∼20 mmyr−1) is explained by the
combination of plate boundary forces and thin-sheet viscosity.

From the above we conclude that the various approaches to modeling east-
ern Mediterranean surface flow lead to different propositions of dominant drivers
of surface motion. What these investigations share is an incomplete physical
representation of the geodynamic processes that may lead to surface flow due
to the adopted method and/or approximations. Our work focused on the in-
corporation of mantle processes using realistic plate motions, lithosphere and
mantle structure and mantle rheology, but is incomplete with regard to lateral
crustal structure and lacks surface topography. For instance, GPE variations
could provide an improvement of the data fit obtained for our reference model
of 5.9 mmyr−1.

Although we did not strive to find an optimal model that minimizes the mis-
fit of the reference model with the GPS observations, the obtained misfit of
5.9 mmyr−1 compared to an overall data RMS of 17.1 mmyr−1 and the various
data sensitivities we deduced from our experiments allow for making several
inferences about the more prominently contributing geodynamic processes.
Based on our models and the relative small contribution of lateral crustal GPE
variations obtained in other studies, we conclude qualitatively that Aegean mo-
tion is predominantly driven by slab rollback due to slab pull, and next by the
impact from remotely-excited mantle flow on slab motion. Eastern Anatolia
motion is dominated by the interaction with the Nubia and Arabia plates by
stress transfer across the Cyprus and EAF plate boundaries, while eastern Ana-
tolia may also experience west-directed mantle tractions from upwelling un-
derneath eastern Anatolia and Arabia. Differences in lithospheric thickness
help focus the upwelling flow towards the Aegean slab. A quantitative compari-
son of drivers is postponed to future research as our modeling does not include
strong lateral rheological variation in the lithosphere, which may localize defor-
mation differently in fitting the GPS motions, and does not include a dynamic
free surface with topography and short-wavelength crustal density variations,
which would implicitly introduce GPE-related force contributions.
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3.6 Conclusions

We investigated the sensitivity of horizontal surface motions of the eastern Mediter-
ranean plate boundary region to plate motions and mantle processes. From
elaborate synthetic crust-mantle models of temperature, density and rheology
we predicted the instantaneous flow field of the crust and mantle by solving the
Stokes equations for compressible flow. We first constructed a reference flow
model that reduces the RMS motion amplitudes of ∼17 mmyr−1 to an RMS data
misfit of ∼6 mmyr−1. This reduction is obtained for a crust-lithosphere system
without surface topography and without detailed lateral variations in internal
plate structure (e.g. no faults) and with a core of realistic rheological strength
of 1·1023-1·1024 Pas. This isolates the sensitivity of predicted crustal motions to
the combination of plate interaction across boundary fault zones and mantle
processes (subduction, slab-plate-mantle coupling, mantle flow). It also pro-
vides a strong filter on the kinematic crustal response leading to smooth re-
gional motion patterns that may serve as lower bounds on the actual crustal
response.

From the reference model and four sets of experiments in which we vary
model properties relative to those of the reference model, we conclude the fol-
lowing:

• The reference model demonstrates a large sensitivity of the Aegean-Anatolian
crustal flow field to mantle processes, but does not discern between the
relative contributions of various mantle processes and attributes. The
obtained RMS data misfit of ∼6 mmyr−1 provides a minimum estimate
of the remaining crustal motions for the region that may require explana-
tion by deformation accommodated by internal crust-lithosphere struc-
ture and by processes internal to the lithosphere such as lateral gradients
of GPE.

• Variations in absolute plate motion frame while retaining the relative plate
motions showed that the predicted crustal flow field is strongly sensi-
tive (cm/yr scale) to the style of subduction, from slab rollback to roll-
forward, and leads to potentially diagnostic flow patterns when viewed in
the proper mantle reference frame. Interestingly, when the predicted pat-
terns were compared in a relative sense to those of the reference model
(by uniform rotation of the motion frames), the crustal sensitivity is of
the order of a mmyr−1 (RMS), which reveals the impact of the viscous
coupling between slab, plates and mantle (as dampened by the strong
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lithosphere layer).

• For the eastern Mediterranean plate boundary zone, the sensitivity of the
crustal flow field for slab pull and for remotely excited mantle flow that
impacts on the slab proves large (0.5-1 cmyr−1 scale), as revealed by com-
parison of crustal flow for models without a slab and without heteroge-
neous mantle.

• The motion sensitivity patterns in terms of direction, magnitude and/or
location within the Aegean-Anatolian plate can help identify local driv-
ing processes. For example, our experiments with variations in slab ge-
ometry reveal that the crustal motion field is sensitive to both partial
and complete slab detachment, but only the former leads locally to more
trench-oblique crustal motions. Comparison of models with complete
slab detachment, without the detached slab remnant and completely with-
out a slab stresses the important role of the top 200 km of the slab in
causing the horizontal crustal motions associated with slab rollback.

• The crustal flow field is sensitive to the regional patterns of mantle flow,
as revealed by the experiments with flow excited by mantle-buoyancy
fields that were each derived from a different tomography model. The
scaling of seismic velocity anomalies to temperature and density has a
much smaller impact on crustal motions. We did notice a relatively strong
sensitivity of the crustal flow field to bulk variations (factors 0.5 or 2) in
mantle viscosity.

• Horizontal crustal motions of the Aegean-Anatolian plate result for a ma-
jor part from (in order of regional importance): 1) Aegean slab pull and
plate boundary stress-transfer; 2) viscous coupling of the slab to regional
mantle flow; 3) buoyancy-induced mantle flow driving the surrounding
major plates as well as providing basal drag to the Aegean-Anatolian mi-
croplate. These drivers can be strongly modulated by the upper-mantle
rheology.

• Our application is generic enough to conclude that horizontal crustal
motions are generally sensitive to mantle processes, i.e., even in the case
that deformation of the lithosphere is suppressed by absence of local
weakness. The actual response could be various and dependent on the
regional crust/lithosphere and mantle structure and is expectedly larger
in amplitude and less smooth in pattern than modeled here with a later-
ally strong lithosphere.
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• Our experiments show that the inclusion of mantle processes in any mod-
eling that aims at interpreting crustal motions requires a mantle frame
of reference (and thus a representation of crustal motion data in that
frame). This is particularly important when only kinematic boundaries
are used. For instance, a mantle frame of reference ensures that pre-
scribed, or inverted, basal tractions relate directly to the mantle.

• Because crustal motions may generally contain signal of mantle processes,
any modeling that does not bring mantle processes into play for explain-
ing crustal deformation can at best provide a data-sensitivity test for the
geodynamic processes under consideration.
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3.A 3D initial temperature conditions

The construction of our 3D initial temperature distribution starts with a back-
ground temperature profile Tbg that varies with depth z (Eq. 3.12). The 1D
profile consists of a fixed surface temperature Ttop , a uniform temperature
Ta that is prescribed to the depth of the deepest lithospheric plate zLmax and
is the adiabatic temperature at this depth, and an adiabatic reference profile
Tadi abat (z) that is perturbed by a thermal boundary layer at the CMB δTl tbl (z)
(see Tab. 3.9). Tadi abat (z) is computed below the Nubian continent.

Tbg (z) =


Ttop ifz = z0

Ta = Tadi abat (zLmax ) ifz0 < z ≤ zLmax

Tadi abat (z)+δTl tbl (z) ifzLmax < z

(3.12)

with

∂Tadi abat (z)

∂z
= Tadi abat (z)αg

cp

δTl tbl (z) = [TC MB −Tadi abat (z = 2900km)]erf

(
2900− z

dl tbl

)
,

where we follow Steinberger and Calderwood (2006) for the calculation of the
perturbed adiabatic temperature and the values Ttop = 285 K and Tadi abattop =
1613 K. However, we neglect the latent heat jump in the adiabatic profile that
Steinberger and Calderwood (2006) do include.

Inside the compositional fields representing the crust and lithospheric man-
tle, we overwrite Tbg (z) with a lithospheric temperature TL(r,ci ) based on posi-
tion r and plate type. We prescribe a linear temperature gradient in a Continen-
tal Plate (CP), the plate cooling model inside an Oceanic Plate (OP) (Schubert
et al., 2001) and a plate cooling profile in the Subducting Plates (SP) according
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to McKenzie (1970):

TL(r,ci ) =



TC P = Ttop + Ta−Ttop

dC P
(z − zC Ptop ) ifci = CP

TOP = Ttop + (Ta −Ttop )
[ z−zOPtop

dOPmax

+ 2
π

∑
n

{
1
n exp

(−κn2π2tOP

d 2
OPmax

)
sin

( (z−zOPtop )nπ

dOPmax

)}]
ifci = OP

TSP = exp
(

zmα0g
cp

)[
Ta + (Ta −Ttop ) ifci = SP

× 2
π

∑50
n=1

{
(−1)n

n exp
((

Re −
p

Re2 +n2π2
)

xSP
dSP

)
sin

(
(1−ySP )nπ

dSP

)}]
(3.13)

See Tab. 3.9 for the definition of used symbols.
In the sublithospheric mantle, we perturb the background temperature with

spatially varying temperature anomalies to capture the structure of the mantle
as described in Section 3.3.2.

3.B Crustal (P,T) lookup tables

We created material properties lookup tables for crustal (P,T) conditions by ex-
tending a small python program supplied with ASPECT, using the following ex-
pressions for density

ρ(T,P ) = ρ0 (1−α (T −Tadi abat ))exp
(
βP

)
,

thermal expansivity (Schmeling et al., 2003)

α(T,P ) =α0

(
V

V0

)δT

α0(T ) = a0 +a1T +a2T −2

V (T,P )

V0(T )
=

(
1+ 2

C

(
−1

2
+

√
1

4
+ PC

3KT0

))− 3
2

C = 5− 3

2

(
4−K ′

T0

)
KT0 (T ) = b0 +b1T

β= 1/KT0 (T ),
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Table 3.9: Parameter definitions and values for the initial temperature conditions.

Parameter symbol value unit

Maximum depth of lithosphere zLmax m
Background temperature Tbg K
Surface temperature Ttop 285† K
Adiabatic surface temperature Tadi abattop 1613† K
Adiabatic temperature at zLmax Ta K
Continental plate temperature TC P K
Oceanic plate temperature TOP K
Subducting plate temperature TSP K
CMB temperature TC MB 3580† K
Continental plate thickness dC P m
Maximum oceanic plate thickness dOPmax 125 km
Subducting plate thickness dSP 120 km
Lower thermal boundary layer thickness dl tbl 200 km
Reference thermal diffusivity κ 1·10−6 m2s−1

Reference thermal expansivity α0 K−1

Reference specific heat cp 1250 Jkg−1K−1

Subduction velocity vSP ms−1

Reynolds number Re = vSP dSP
2κ -

Local down-dip slab coordinate xSP - m
Local surface-normal slab coordinate ySP - m
† Steinberger and Calderwood (2006).

and specific heat

cP (T ) = c0 + c1T + c2T 2 + c3T 3.

For parameter definitions and values, see Tab. 3.10. V (T,P )
V0(T ) is approximately a

third-order Birch-Murnaghan equation of state (Schmeling et al., 2003). The
specific heat formulation is a third-order fit to the line MDG in Fig. 2 of Jacobs
and Van den Berg (2011), which is taken from Stixrude and Lithgow-Bertelloni
(2005).
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Table 3.10: Parameter definitions and values used in the computation of the oceanic and conti-
nental crust (P,T) lookup tables.

Parameter symbol value unit

Reference density oceanic crust ρ0 3000 kgm−3

Reference density continental crust ρ0 2700 kgm−3

Compressibility β 0.25·10−11 Pa−1

Anderson-Gruneisen parameter δT 5.5
α0 constants† a0 3.034e-5 K−1

a1 7.422e-9 K−2

a2 -0.5381 K
Bulk modulus KT0 (T ) constants† b0 1.345e11 Pa

b1 -2.23e7 PaK−1

Bulk modulus P derivative† K ′
T0

5.37 -

Specific heat cP constants‡ c3 3.67728e-7 Jkg−1K−4

c2 -0.0013917 Jkg−1K−3

c1 1.78294 Jkg−1K−2

c0 498 Jkg−1K−1

† Schmeling et al. (2003), ‡ Jacobs and Van den Berg (2011)

3.C Flow predictions of experiment set 3

Here we present the crust and mantle flow predictions for each of the models
with mantle structure from tomographic models other than UU-P06_CSloc as
discussed in Section 3.4.4. Details of the tomographic models can be found in
Tab. 3.11.

CUB_S20RTS

The CUB_S20RTS model shows reduced overriding plate motion towards the
trench (about 2 mmyr−1, Fig. 3.26). This coincides with smaller upper mantle
velocities in the eastern Anatolian region (Fig. 3.18). Compared to the model
without sublithospheric mantle heterogeneity, toroidal flow around the slab’s
eastern edge is also reduced. Rollback of the slab seen in the vertical slice is
less than in the reference model, as is the downward flow underneath the slab
tip. This could be due to the smaller and more laterally spread out cold lower
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Table 3.11: Summary of the seismic tomography models used in this study. All models are sam-
pled at a resolution of 0.5◦ x 0.5◦ x 10 km before conversion to temperature anomalies.

Tomographic Wave Model Reference References
model type transition† model(s)

UU-P07 P ak135 Amaru (2007)
P06_CSloc P CUB_S20RTS Amaru (2007)
CUB_S20RTS P w(z) CRUST2.0, Amaru (2007)

average Ritzwoller et al. (2002)
200-300 km Ritsema et al. (1999)

GAP_P4 P av. P-wave distribution Obayashi et al. (2013)
LLNL_G3Dv3 P - Unified, CRUST2.0, Simmons et al. (2012)

GyPSuM, SS precursor
S40RTS S CRUST2.0, PREM Ritsema et al. (2011)
SL2013_S40RTS S 660 km 3D ref model, PREM Schaeffer and Lebedev (2013)
SAVANI S CRUST2.0, PREM Amiguet et al. (2014)
TX2015 S TX2011_ref Lu and Grand (2016)
SEMUCB-WM1 S SEMum2, French and Romanowicz (2014)

SAW24B16
†Model transition indicates where multiple tomographic models were merged to form a whole-mantle model if applicable.

mantle anomaly. The former probably results from the smaller, but still present,
SW push against the slab from upwelling underneath eastern Anatolia.

TX2015

The TX2015 model shows little upper mantle flow towards the trench under-
neath Anatolia and as such resembles the model without mantle heterogeneities
(Fig. 3.18). Indeed even w.r.t to the latter model, mantle flow beneath Anato-
lia seems somehow hindered and inflow above the slab derives mainly from
toroidal flow. This leads to up to 7 mmyr−1 less trenchward motion of the over-
riding plate (Fig. 3.27, upper panels). As can be seen from the bottom panels in
Fig. 3.27, slab motion is subvertical and flow patterns in the upper mantle are
smooth. Notably, flow underneath Nubia is directed towards the slab (∼NNE).

S40RTS

In model S40RTS, upper mantle flow from below the Arabian peninsula is con-
veyed underneath Anatolia to the above-slab region (rotational, westward mo-
tion as seen in Fig. 3.18). It is diverted in the uppermost mantle by the Cyprus
slab, while at deeper depths flow is allowed to be more northwest until close to
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Figure 3.26: CUB_S20RTS model results. Top left: velocity field at 5 km depth. In green the
current model predictions, in brown the Reference model predictions. Top right: magnitude and
vectors of the velocity difference field at 5 km depth (current model minus the reference model).
Note the different velocity scales between left and right figure. Bottom left: vertical slice through
the Aegean slab showing the velocity field together with temperature isocontours at 1600, 1700,
1800, 1900 and 2000 K in white. The green velocity vectors, interpolated onto a regular grid, are
not plotted inside the slab. Black lines at 410 and 660 km depth are included for scale. Bottom
right: same vertical slice but showing the viscosity field together with velocity vectors in the slab.

the slab. There is no additional mantle upwelling underneath eastern Anato-
lia however. Also, the Aegean slab rolls back less than in the reference model.
Therefore trenchward motion of the overriding plate is reduced by up to 4 mmyr−1

(Fig. 3.28) and has a larger northward component.

SL2013_S40RTS

In this model, the upper mantle heterogeneities derive from the SL2013 to-
mographic model, while the lower mantle anomalies are still derived from the
S40RTS model. Sensitivity measures are greatly reduced (S = 0.044 versus 0.113)
compared to S40RTS, mainly due to a reduction of the MRSM (compare ARMS
and MRMS in Tab. 3.7). Southward motion originating from the Black Sea com-
bined with a westward-turning flow coming from underneath Arabia results in
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Figure 3.27: TX2015 model results. See caption of Fig. 3.26 for further explanation.

a counterclockwise rotational difference of up to 2 mmyr−1 in the whole Aegea-
Anatolia-Arabia region (Fig. 3.29). The flow field underneath the lithosphere
shows a very fast upwelling underneath the northwestern edge of the Black Sea
that directly feeds the region above the Aegean slab (see Figs. 3.18 and 3.29)
and probably causes the more southward motion of Aegea. Southwestward
flow away from the back of the slab is comparable to the Reference model, while
toroidal flow components are reduced.

SAVANI

For the SAVANI model, the crustal flow pattern in the Anatolian region shows
more northward directions, while in the Aegean Sea directions correspond well
with the reference model, but the magnitude of velocity is lower (Fig. 3.30).
Aegean motion is reduced by up to 6 mmyr−1 (Tab. 3.7). The mantle flow field
at 200 km depth shows stronger toroidal flow than model No tomo and strong
northward flow under the northern part of Arabia. There is little southwest-
ward flow directly behind the slab around the 410 discontinuity, but NNE flow
underneath the Mediterranean basin and Nubia parallel to slab rollback (bot-
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Figure 3.28: S40RTS model results. See caption of Fig. 3.26 for further explanation.

tom images of Fig. 3.30). This push against the slab and the absence of flow
from eastern Anatolia reduce Aegean motion, while flow from the Arabia up-
welling deflects Anatolian crustal motion northward.

LLNL_G3D

The LLNL_G3D model shows a very strong northward inflow of mantle mate-
rial through the gap between Aegean and Cyprus slab (Fig. 3.18). Rotational
flow around the western slab edge is also stronger than in the reference model.
There is no contribution to inflow above the slab from the Anatolian region
however. Slab motion is reduced and mostly downward, perhaps due to the
NNE mantle flow from underneath Nubia that deflects around the slab. This
drop in rollback compared to the reference model and the absence of flow from
underneath Anatolia lead to the largest reduction in trenchward motion of the
overriding plate (up to 9 mmyr−1 in the Aegean) and more northward motion
of Anatolia (Fig. 3.31). LLNL_G3D also has the highest sensitivity measures of
all experiments in set 3 (Tab. 3.7).
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Figure 3.29: SL2013_S40RTS model results. See caption of Fig. 3.26 for further explanation.

GAP_P4

Aegean crustal motion is reduced and more northward when the GAP_P4 to-
mographic model is used to generate mantle structure (Fig. 3.32). Anatolian
motion is not so much reduced in magnitude, but directed more northward.
Strong mantle flow into the area is seen via the Aegean and Cyprus slab window
and from underneath eastern Anatolia and Arabia (Fig. 3.18). Flow underneath
Nubia is northward and turns NNW west of -3◦E (in our coordinate system).
Interaction of this flow with the slab and overriding plate leads to smaller ve-
locities (by up to 6 mmyr−1 smaller) towards the trench and more northward
directed motion of the whole Aegean-Anatolian region.

SEMUCB

The SEMUCB tomography model results in very smooth temperature varia-
tions in the mantle (Fig. 3.33 bottom left). There is little flow coming from the
eastern Anatolian region, although NNE flow from underneath Nubia enters
the zone above the slab through the Aegean-Cyprus slab window. Slab motion
is reduced and vertical, as seen in the vertical slices of Fig. 3.33. The combined
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Figure 3.30: SAVANI model results. See caption of Fig. 3.26 for further explanation.

effect is lessened Aegean motion compared to the reference model (Fig. 3.33),
up to 8 mmyr−1. Northward motion of Arabia is increased due to N to NNE
mantle flow underneath.
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Figure 3.31: LLNL_G3D model results. See caption of Fig. 3.26 for further explanation.
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Figure 3.32: GAP_P4 model results. See caption of Fig. 3.26 for further explanation.
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Figure 3.33: SEMUCB model results. See caption of Fig. 3.26 for further explanation.
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4
Why does Victoria rotate?
Continental microplate dynamics in numerical
models of the East African Rift System1

1This chapter is to be submitted as Glerum, A. C. and Brune, S., ‘Why does Victoria rotate?
Continental microplate dynamics in numerical models of the East African Rift System’.
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Abstract

The Victoria block between the eastern and western branches of the
East African Rift System (EARS) is one of the largest continental microplates
on Earth. In striking contrast to its neighboring plates, Victoria rotates
counterclockwise with respect to Nubia. The cause of this distinctive ro-
tation has remained speculative so far.

Using 3D upper mantle scale numerical models, we investigate the
role of preexisting strength heterogeneities in the rotation of a continen-
tal microplate. We find that the amount of rotation is primarily controlled
by the distribution of stronger zones that transmit the drag of the major
plates along the edges of the block and weaker regions that facilitate the
rotation. For right-lateral step-overs, a counterclockwise rotation of the
microplate occurs that induces a clockwise shift of the local extension di-
rection along the overlapping rift branches.

When modeled preexisting weaknesses follow the distribution of the
mobile belts that surround the Victoria block and when the stronger re-
gions of the Tanzania craton and Turkana depression are included, our
experiments reproduce the rotation of Victoria as recorded by geodetic
measurements and fault slip data. Comparison of the predicted stress
field and tectonic regimes to observations helps to elucidate the inter-
pretation of local stress and strain indicators and to reconcile different
opening models used to interpret this extensional system.

4.1 Motivation

Over 5000 km long, the East African Rift System (EARS) is the largest continen-
tal rift worldwide. Its eastern branch stretches from Afar to the Tanzania di-
vergence, its western branch reaches from northern Uganda to Mozambique
and a less prominent offshore arm locates along the coasts of Tanzania and
Mozambique. These rift branches accommodate divergence between the ma-
jor Nubia and Somalia plates and together with diffuse zones of deformation
in the southwest Indian Ocean they delineate the Victoria, Rovuma, and the
Lwandle microplates (Fig. 4.1a, Chorowicz, 2005). GPS and earthquake slip data
allowed for quantifying the current motion of all involved plates (Calais et al.,
2006; Schmeling et al., 2008), illustrating that Somalia, Rovuma and Lwandle
rotate clockwise with respect to Nubia. It however also became clear that Vic-
toria’s rotation constitutes a remarkable exception (Déprez et al., 2013; Saria
et al., 2013; Fernandes et al., 2013; Saria et al., 2014). The Victoria microplate
(also known as Ukerewe Nyanza (Hartnady, 2002)) was found to rotate counter-
clockwise with respect to the Nubian plate around an Euler pole several hun-
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dred kilometers north of the plate (see black arrows and purple star labeled C06
in Fig. 4.1a).

Figure 4.1: a) Plate kinematic configuration of the East African Rift System. Thick red lines repre-
sent block model plate boundaries of Schmeling et al. (2008) including the Victoria (VI), Rovuma
(RO) and Lwandle (LW) microplates. Black arrows indicate the absolute (halved vector heads;
Kreemer et al. 2014) and relative (full vector heads; Saria et al. 2014) plate motions, albeit de-
picted in a different scale. Relative velocity vectors along the plate boundaries represent motion
with respect to the plate to the west of the boundary, other relative motions are with respect to
Nubia. The dashed black box indicates this study’s model domain as well as the area shown in b).
Purple stars indicate Euler poles describing the rotation of VI with respect to Nubia: C06 - Calais
et al. (2006), S08 - Schmeling et al. (2008), S13 - Saria et al. (2013), D13 - Déprez et al. (2013) ,
F13 - Fernandes et al. (2013), S14 - Saria et al. (2014) and K14 - Kreemer et al. (2014). b) Zoom-in
showing individual rift faults from the GEM fault database (Global Earthquake Model Founda-
tion, n.d.), forming the western and the eastern branch. The Tanzania craton is outlined in black
(Nyblade and Brazier, 2002), other hashed areas indicate the Proterozoic mobile belts digitized
from Ring (2014). Abbreviations: ASZ- Aswa Shear Zone, TRM - Tanganyika-Rukwa-Malawi rift
segment, MER - Main Ethiopian Rift.

The driving mechanism behind the rotation of the Victoria microplate has
remained enigmatic so far (Saria et al., 2014). It has been suggested that north-
eastward asthenospheric flow could exert basal drag on the keel of the Tanzania
craton (Calais et al., 2006), which underlies large parts of Victoria (Fig. 4.1b).
Interpreting numerical models of the EARS, Koptev et al. (2015, 2016) specu-
lated that asymmetrical plume impingement on the keel of the Tanzania cra-
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ton might generate sufficient torque to drive Victoria rotation. Neither of these
suggestions have been quantified in more detail. Large-scale numerical man-
tle flow simulations, however, suggest only a limited impact of basal shear trac-
tions on East African plate kinematics (Stamps et al., 2015).

Figure 4.2: The key hypothesis of this study: the counterclockwise Victoria microplate rotation
is due to E-W extensional far-field plate motions acting on the curved, overlapping rift branches
of the EARS.

Here we propose the hypothesis that Victoria rotation is controlled by the
first-order geometry of adjacent rift arms, which are guided by the inherited
distribution of strong (e.g. cratonic) and weak (e.g. mobile belts) lithospheric
domains. This hypothesis is inspired by previous observations of rotating mi-
croplates at mid-ocean ridges (Schouten et al., 1993). These oceanic microplates
are bounded by weak overlapping ridge segments on their plate-velocity per-
pendicular sides and by stronger coherent young oceanic lithosphere in the
overall plate boundary direction (Heroux et al., 2005; Katz et al., 2005). In east
Africa, we find a similar plate boundary configuration albeit at much larger
scale (Fig. 4.2): the weakened lithosphere of the eastern and western rift branches
runs perpendicular to the ∼E-W directed regional extension, while the Turkana
depression and the Tanzania craton constitute strong domains to the northwest
and southeast of the Victoria microplate.

In this paper, we first summarize observations and different viewpoints on
East African tectonics and shortly review the kinematics of oceanic microplates.
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We then use generic 3D numerical models to test our hypothesis for the rota-
tional motion of a continental microplate and to investigate first and second or-
der controls on such microblock rotation. Finally, we compare the results of an
EARS-specific numerical model to regional GNSS and stress field observations
and thereby provide a unifying perspective on plate kinematics and proposed
stress sources of the East African Rift System.

4.2 Tectonic introduction

4.2.1 Kinematics of the EARS

The strong core of the Victoria microplate is formed by the kidney-shaped Archean
Tanzania craton (Chorowicz, 2005; Buck, 2006). In E-W direction, Victoria is
encompassed by the eastern and western branches of the EARS, which fol-
low lithospheric suture zones that formed during several Proterozoic orogenies
(hatched areas in Fig. 4.1b, e.g. Daly et al., 1989; Versfelt and Rosendahl, 1989;
Smith and Mosley, 1993; Ring, 1994; Hetzel and Strecker, 1994). At the Tanzania
divergence, the eastern branch separates into several strands that in part die
out against the strong cratonic lithosphere. Similarly, in northern Uganda, the
western branch terminates at Precambrian fabric, the NW-trending Aswa shear
zone (Katumwehe et al., 2015), and in proximity to the location of a WNW-
ESE trending failed Cretaceous rift basin. This Cretaceous rifting event, which
also generated the Turkana depression and the Anza graben (Bosworth and
Morley, 1994), significantly thinned the continental crust (Ebinger et al., 2000;
Benoit et al., 2006). Therefore, after more than 100 My of thermal equilibration
with thinned radiogenic crust, this failed rift constitutes a strong region that
is thought to affect the progression of the Main Ethiopian Rift and the Kenya
rift approaching from the north and south, respectively (Ebinger et al., 2000;
Brune et al., 2017). Note that due to their curvature, several major rift seg-
ments, notably the Albertine and Rukwa rifts, are extending obliquely to the
present-day regional ∼E-W extension direction derived from GPS data (indi-
cated in Fig. 4.1a).

The timing of initiation and propagation of the eastern and western rift
branches is complex. The eastern branch started to develop in the Early Miocene
in southern Ethiopia, preceded by the onset of volcanism 45-37 Ma (Chorowicz,
2005; Connolly, 2009; Rooney, 2017). Nyblade and Brazier (2002) suggested that
when the southward propagation of the eastern branch reached the Tanzanian
craton at ∼12-10 Ma, stress was transmitted across the craton to initiate rifting
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in the western branch. However, Roberts et al. (2012) found that the western
branch initiated much earlier - contemporaneous with the eastern rift - around
∼25 Ma in the Rukwa Rift basin based on geochronology, tephro- and magne-
tostratigraphy and drainage development. These authors therefore suggested
a synchronous development of parts of the eastern and western branch (in
particular northern Malawi and central Tanganyika), which is also supported
by trends in volcanism (Morgan, 2015). Thermochronological data from Tor-
res Acosta et al. (2015) support a clear southward progression of the Kenya rift.
Comparison of their results to other regions is however not in favor of a co-
genetic extension evolution, but of a diachronous one instead, where individ-
ual rift segments initiated at different times and propagated north and south
(Ebinger, 1989). Nevertheless, there is general agreement that rifting was estab-
lished in both branches by ∼10 Ma (e.g. Ebinger and Scholz, 2012; Ring, 2014;
Torres Acosta et al., 2015).

The opening kinematics of the fault segments along the EARS branches have
been the topic of a long-standing debate that can be represented by 3 kine-
matic models: (1) Based on the arcuate shape of specifically the western branch
and local kinematic indicators, the EARS was initially interpreted as a strike-
slip system with a relative NW-SE extension direction (Chorowicz et al., 1987;
Tiercelin et al., 1988; Scott et al., 1992; Wheeler and Karson, 1994; Chorowicz,
2005) implying large strike-slip motion especially on the Tanganyika-Rukwa-
Malawi (TRM) and Aswa segments (Fig. 4.3a). (2) In a second view, the EARS
is considered an extensional system resulting from relative E-W regional exten-
sion, where the strike of obliquely oriented rift segments was guided by pre-
existing fabrics of mobile belts (Shudofsky, 1985; Morley, 1988; Ebinger, 1989;
Morley et al., 1992; Coussement et al., 1994; Lezzar et al., 2002; Morley, 2010).
In this view, oblique rifts like the TRM segment (Fig. 4.1b) are also expected to
experience some degree of strike-slip motion (Fig. 4.3b). (3) More recently, a
modified version of this model was put forward by Delvaux and Barth (2010)
and Delvaux et al. (2012), in which deformation is purely extensional and or-
thogonal to the rift segments, including the TRM segment (Fig. 4.3c). This last
opening model is informed by numerous available focal mechanisms indicat-
ing normal faulting that have been collected since the earlier models were sug-
gested. As mentioned by these authors, the stress field may have changed over
time, complicating the interpretation of fault-slip measurements in terms of
regional extension direction. For example, Quaternary clockwise rotations of
the extension direction from ENE-WSW to NW-SE were inferred in the central
Kenya rift (Strecker et al., 1990) and the northern Malawi rift (Mortimer et al.,
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2007).

Figure 4.3: Kinematic models of the EARS as described in Chorowicz (2005), Morley (2010) and
Delvaux et al. (2012) and references therein. a) NW-SE regional extension with large strike-slip
motion on NW-striking structures such as the TRM segment. b) Regional E-W extension leading
to a minor strike-slip component on oblique segments. c) Regional E-W extension with predom-
inantly normal faulting sub-orthogonal to the rift segments.

4.2.2 Oceanic microplates

Besides Victoria, several smaller rotating continental microplates have been
recognized (e.g. Sinai and Sergipe, Danakil, and Jan Mayen; Szatmari and Mi-
lani, 1999; Eagles et al., 2002; Gaina et al., 2009). However, there is also another
class of rotating microplates that has long been identified at fast-spreading
mid-ocean ridges (e.g. the Easter microplate; Herron, 1972; Engeln and Stein,
1984; Naar and Hey, 1991; Cogné et al., 1995). These oceanic microplates spin
with an angular velocity that can be up to an order of magnitude higher than
that of the surrounding major plates (Schouten et al., 1993; Koehn et al., 2008)
and they grow during their life-time of about 5-10 My (Keary et al., 2009) due to
the accretion of newly formed oceanic crust, leading to spiraling pseudofaults.

Based on the moving instantaneous relative rotation poles documented by
these pseudofaults and the high rotation rates, Schouten et al. (1993) proposed
"edge-driven microplate kinematics" for the evolution of microplates in be-
tween two spreading centers, in which drag of the surrounding plates on the
microplate’s edges drives rotation around a vertical axis. In case this drag is slip
free, the relative instantaneous rotation poles should be located at the propa-
gating rift tips, while if slip between the plates does occur, the poles will lie away
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from the microplate boundaries. While Schouten et al. (1993) applied their
mechanism to the Easter and Galapagos microplates, Katz et al. (2005) repro-
duced the behavior with analogue wax models, in which overlapping spread-
ing centers self-consistently nucleate on the spreading ridge. Although rotating
microplates have been observed as specific modes of rift or ridge segment in-
teraction in analogue and numerical models (e.g. Katz et al., 2005; Koehn et al.,
2008; Allken et al., 2012; Ammann et al., 2017; Brune et al., 2017), it has not been
investigated whether the edge-driven mechanism of Schouten et al. (1993) ap-
plies to the rotation of large continental blocks like the Victoria microplate. In
contrast to oceanic microplates, their continental counterparts evolve within
complex inherited continental structures and it is unclear how this affects the
microplate rotation.

4.3 Numerical methods

We use the open source, massively parallel, finite element code ASPECT (Kro-
nbichler et al., 2012; Heister et al., 2017) to solve the extended Boussinesq equa-
tions of momentum, mass and energy (assuming an infinite Prandtl number)
combined with advection equations for each Eulerian compositional field:

−∇· (2ηε̇
)+∇P = ρg (4.1)

∇· (v) = 0 (4.2)

ρ̄cP

(
∂T

∂t
+v ·∇T

)
−∇· (k +ν)∇T = ρ̄H (4.3)

+ (
2ηε̇

)
: ε̇

+αT (v ·∇P )

v ·∇ci −∇·ν∇ci = 0, (4.4)

where ε̇ is the deviator of the strain rate tensor 1
2 (∇v+(∇v)T ), density ρ = ρ0(1−

α(T − T̄ )) with T̄ the adiabatic reference temperature, ρ̄ is the adiabatic refer-
ence density and ν is the artificial diffusion. All other symbols are defined in
Tab. 4.1.

Our description of the rheological model used to compute effective viscosity
η in Eq. 4.1 is similar to that outlined in Glerum et al. (2018), with the addition
of linear strain weakening of the cohesion and the internal angles of friction.
The rheological model thus consists of a viscoplastic rheology, harmonically
averaging the contributions of diffusion and dislocation creep and Drucker–
Prager plasticity.
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Diffusion and dislocation creep follow (Karato and Wu, 1993; Karato, 2008):

η
di f f |di sl
e f f = 1

2

(
1

A

)1/n

ε̇(1−n)/n
e exp

(
Q +PV

nRT

)
, (4.5)

where in case of diffusion creep, n = 1, while for dislocation creep n > 1. The

effective deviatoric strain rate is defined as ε̇e =
√

1
2 ε̇

′
i j ε̇

′
i j . See Tab. 4.1 for the

definition of other symbols.
Plastic yielding is implemented by locally rescaling the effective viscosity in

such a way that the stress remains on the yield envelope (Willett, 1992; Kachanov,
2004), with the effective plastic viscosity given by

η
pl
e f f =

6C cosφp
3(3−sinφ)

+ 6P sinφp
3(3−sinφ)

2ε̇e
. (4.6)

The internal angle of friction φ is linearly weakened based on the accumulated
plastic strain ε (e.g. Huismans and Beaumont, 2003; Naliboff and Buiter, 2015;
Le Pourhiet et al., 2017) tracked on a compositional field as:

φweakened =φ+ (φ−φ ·φw f )

(
min(max(ε,εmi n),εmax )−εmi n

εmi n −εmax

)
. (4.7)

The nonlinearities in the Stokes equations introduced by the viscoplastic rhe-
ology are iterated out using Picard iterations (Kelly, 1995).

4.4 Model setup and postprocessing

We investigate the factors controlling microplate rotation with increasingly com-
plex models, ranging from a generic, abstracted geometry of two arcuate rift
branches within an otherwise homogeneous lithosphere to a model tailored to
the EARS specifically. The following section first discusses the setup of these
models, before describing the postprocessing of model results in terms of Euler
poles, tectonic stress regimes and along-rift displacement.

4.4.1 Model setup

To capture the scale of the EARS, we consider a rectangular cuboid domain of
variable length in the x-direction (2100-2850 km) and y- and z-dimensions of
2700 and 300 km, respectively (see outline in Fig. 4.1a and the actual domain
in Fig. 4.4). The reference domain is variably discretized in depth leading to
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a lithospheric resolution of 9.375 km, while below 160 km depth resolution is
18.650 km. For optimal use of the second order finite elements applied in solv-
ing the governing equations, visualization of the solution is performed on a
mesh of twice the resolution.

Figure 4.4: Simplest model setup. A raised LAB (depth shown in blue-to-red colors) is used to
seed the rift. The perturbed depth of the LAB is constructed using a Gaussian distribution with
standard deviation σ and amplitude (i.e. maximum thinning factor) f . The lateral distribution
of the perturbation can be divided into the straight rift seeds extending from the front and back
domain boundaries and the curved segments that follow the outline of an ellipse centered at the
midpoint of the domain and can thus be characterized by the minor and major axes of the ellipse
a and b and their opening angles αW and αE . The vertical slice shows the initial temperature
field (which includes the same perturbation) together with the laterally homogeneous crustal
layers outlined in white. Temperatures at the upper crust/lower crust and Moho interfaces are
indicated below the temperature scale bar. Top and bottom temperatures are fixed at 273 and
1594 K, respectively.

We prescribe the velocity on the domain boundaries facing in the x-direction
to represent the far-field plate motions. The Somalia-Nubia Euler pole found
from geodetic and geological data inversion shows a practically E-W present-
day relative extension direction (Saria et al., 2014), as plotted in Fig. 4.1a along
the eastern model domain boundary. Furthermore, the rift-normal extension
predicted by this pole is within 2% agreement with rift-normal Nubia-Somalia
motion at the Main Ethiopian Rift reconstructed from seafloor spreading over
the last 5.6 My by DeMets and Merkouriev (2016). Good agreement is also
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found for the magnitude of the relative velocity of Somalia of about 5 mmyr−1

at this location. According to DeMets and Merkouriev (2016), the relative ex-
tension direction has remained relatively stable over the last 10 My, between
100-120◦N. Hence we simplify our extensional boundary conditions to orthog-
onal, constant velocities, applied such that the material is moving outward with
a velocity of vx = 0.5vdi ver g ence on the right and left boundary (the tangential
velocity components are left free). This outflow is compensated by inflow of an
equal volume of material through the bottom boundary, and the front and back
boundaries can thus be kept free slip. The top boundary is a true free surface to
allow for the formation of topography in response to the internal stress state.

The initial state of the model includes four compositional layers - upper
crust, lower crust, mantle lithosphere and sublithospheric mantle - that are in-
dividually perturbed to initiate rifting or to create areas of different rheological
strength (e.g. representing the thick, strong Tanzania craton or the weak mobile
belts). The reference Moho is set at 35 km, within the ranges found by Tugume
et al. (2013) and Globig et al. (2016) for the African continent. We choose the
unperturbed LAB to lie at 120 km depth, loosely based on the models com-
pared in Globig et al. (2016) and within the range of Artemieva (2006). Pertur-
bations of the LAB to seed the rift are specified through a Gaussian distribution
of thinning factor f around line segments representing the rift seed axis (see
also Fig. 4.4 for the definition of the parameters f ,α, a and b that define the rift
seed geometry). The initial temperature distribution in the lithosphere follows
a steady-state geotherm (Turcotte and Schubert, 2002) that considers the local
thickness of the compositional layers and their material properties (i.e. density,
thermal conductivity and radioactive heating). The lithosphere-asthenosphere
boundary is defined as a specific isotherm (1576 K), below which a mantle adia-
bat (T ′

a(d) = α|g |T
Cp

) is assumed. The material properties of each composition are

listed in Tab. 4.1; the upper crust follows a wet quartzite rheological law (Rutter
and Brodie, 2004), the lower crust is described by wet anorthite (Rybacki et al.,
2006), while all mantle material behaves like dry olivine (Hirth and Kohlstedt,
2003). Linear strain weakening (Eq. 4.7) on the interval [0.0,0.5] is applied to
one or both of the plastic parameters (cohesion and the internal angle of fric-
tion), where the initial strain is zero.

The more complex models include rift seed and Turkana depression geome-
tries that are digitized from Fig. 4.1b (assuming a conversion factor of 111 km/◦)
and a thicker cratonic area digitized from Mulibo and Nyblade (2013). The tran-
sition to thicker or thinner areas is smoothed by a hyperbolic tangent with a
half-width of 25 km.
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Table 4.1: Material property definitions and reference values

Property Upper Lower Lithospheric Sublithospheric Unit
crust crust mantle mantle

Reference temperature T0 293 293 293 293 K
Reference density ρ0 2700 2850 3280 3300 kgm−3

Thermal expansivity α 2.7·10−5 2.7·10−5 3·10−5 3·10−5 K−1

Thermal diffusivity κ 7.72·10−7 7.31·10−7 8.38·10−7 8.33·10−7 m2s−1

Heat capacity Cp 1200 1200 1200 1200 Jkg−1K−1

Radioactive heating H 1.5·10−6 0.2·10−6 0 0 Wm−3

Prefactor Adi f f 5.97·10−19 2.99·10−25 2.25·10−9 2.25·10−9 Pa−1s−1

Activation volume Vdi f f 0 38·10−6 6·10−6 6·10−6 m3mol−1

Activation energy Qdi f f 223·103 159·103 375·103 375·103 Jmol−1

Prefactor Adi sl 8.57·10−28 7.13·10−18 6.52·10−16 6.52·10−16 Pa−ns−1

Activation volume Vdi sl 0 38·10−6 18·10−6 18·10−6 m3mol−1

Activation energy Qdi sl 223·103 345·103 530·103 530·103 Jmol−1

Stress exponent n 4.0 3.0 3.5 3.5 -
Cohesion C 20·106 20·106 20·106 20·106 Pa
Internal friction angle φ 20 20 20 20 ◦

Strain weakening interval [0.0,0.5] [0.0,0.5] [0.0,0.5] [0.0,0.5] -
[εmi n ,εmax ]

φ weakening factor φw f 0.25 0.25 0.25 0.25 -
Unperturbed thickness d 20 15 85 180 km
Abbreviations: diff = diffusion creep, disl = dislocation creep

Table 4.2: Reference model rift seed geometry parameters as defined in Fig. 4.4.

Parameter Value Unit

Thinning factor f 0.75 -
Standard deviation σ 50 km
Minor axis a 375 km
Major axis b 750 km
Distance to boundary dB 675 km
Opening angles αW ,αE 90,90 ◦
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4.4.2 Postprocessing

To quantify our model results, we compute the rotation pole of the microplate
in between the eastern and western rift branches relative to the western plate.
This is done by querying the finite element solution for the velocity values at
3 km depth (w.r.t to the initial unperturbed surface) on a regularly-spaced grid
covering the entire domain and a more refined grid around the rift. We com-
pute the relative velocity of the rotating microplate by adding 0.5vdi ver g ence

such that the western plate has zero velocity on the domain boundary. For all
points falling within the area spanned by the original rift seed segments (up
to a 100 km distance to these segments), we then invert for the Euler pole by
first subtracting the rotation’s pivot point obtained through the least squares
method from all velocity point coordinates and then solving v = AΩ, where v
are the velocity vectors andΩ is the rotation vector (e.g. Calais et al., 2006). An
estimate of the confidence of the location of the pivot point and thus of the
rigidity of the microplate is obtained from the root mean square residual dis-
tance between the point and the lines normal to the velocities (RMSD).

On the same grid, we also compute the maximum horizontal compressional
stressσHmax and the tectonic regime (normal faulting NF, normal faulting with
a strike-slip component NS, strike-slip faulting SS, thrust faulting with a strike-
slip component TS or thrust faulting TF) from the plunges of the compressional
stress eigenvectors as outlined in Zoback (1992, Tab. 3). Note that this is the
convention used in the World Stress Map Project (Heidbach et al., 2016). We
further track the displacement along the rift segments with passive particles
advected with the flow. These particles are at start-up distributed along the
rift in pairs at opposite 200 km distances from the rift seed axis. After 10 My
of model time, we decompose the pairwise relative motion vector into a rift-
parallel and rift-normal component.

4.5 Results

We first investigate generic models of microplate rotation that consider a sim-
pler symmetric setup. The aim is to deduce the impact of various factors on
continental microplate rotations, before focussing on the EARS in particular.

4.5.1 Generic model results

To explore our hypothesized control of the distribution of weak zones on mi-
croplate rotation, we first describe the results of our reference model. Then we
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assess the impact of possible controls by varying the following model ingredi-
ents with respect to this reference model:

• Lateral distribution of weaknesses:

1. The extent of the initial rift arm seeds (opening angles αW and αE )

2. The distance between the initial rift arm seeds (ellipse minor axis a)

3. The symmetry of the initial rift arm seeds (different opening angles
α for the eastern and western branch)

• Lithospheric strength:

4. The amplitude of the initial LAB perturbation (thinning factor f )

5. The width of the initial LAB perturbation (standard deviation σ)

6. The thickness of the rotating plate (LAB depth)

• Far-field plate motion:

7. The prescribed velocity on the left and right vertical boundary (vx )

8. Plate motion reference frame (vx )

The reference model

Our reference model includes an initial thinning of the lithosphere along the
outline of an ellipse with a minor axis a = 375 km and a major axis b = 750 km,
comparable to the scale and geometry of the EARS (see ellipse axes in Fig.4.1b).
The extent of the rift arm seeds α is 90 degrees (see Fig. 4.4 and Tab. 4.2). The
LAB depth is raised by 30 km along this rift axis to seed rifting. Due to ini-
tial thermal equilibration this reduces the strength of the lithosphere along the
rift, which is a simplified approach to mimic the inherited weakness of mo-
bile belts and previous rift phases. We run the model for 10 My of model time
while applying an extension velocity vx of 2.5 mmyr−1 on both the left and right
boundary, values that are similar to what has been suggested for the EARS (see
Section 4.4.1).

Figure 4.5 presents several snapshots of the reference model evolution. De-
formation localizes along the rift seeds and as a consequence, the area inside
the rift branches behaves more and more rigidly. N-S propagation of the rift
arms is slow, only several tens of kilometers in 10 My. The velocity field shows
E-W motion of the major plates (as prescribed on the boundaries), with some
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Figure 4.5: Generic reference model ellipse 90◦. Depicted are the strain rate field, maximum
horizontal compressive stress σHmax colored according to tectonic regime and velocity vectors
at 3 km depth at 1, 5 and 10 My for model ellipse 90◦. High resolution σHmax directions are
plotted in an area of 100 km around the rift seed axes if the strain rate exceeds 1·10−16 s−1.
Bright blue vectors in c) are 4 times enlarged compared to the black vectors to better visualize
the microplate rotation. The inset in e) illustrates characteristic local deviations from far-field
kinematics by comparing σHmax (red), rift trend (purple) and the orthogonal of the extension
direction (black).

loss of speed towards the rift due to internal deformation of the plates. Inside
the rift arms, the velocity field shows a rotational pattern around the center of
the microplate. This motion is described by an angular velocity of 0.1021 ◦My−1

around the vertical rotation axis that passes through the point (x,y) = (1053,
2758) km (in a western plate fixed frame, Fig. 4.6). As expected for this symmet-
ric setup, the pole is very close to the central x-coordinate. It is worth noting
that a mirrored rift seed geometry (so the branch coming from the north is de-
flected west and the southern branch east) produces the same, but clockwise
rotation of the microplate.

Within the major two plates, the maximum horizontal compressive stress
is predominantly N-S orientated. Inside the rift arms, however, the local ex-
tension direction and σHmax deviate successively from the far-field extension
direction. In the curved rift segments, the stress orients itself at an angle to both
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the regional extension direction and the rift axis (Fig. 4.5e), a process that has
been described in previous studies (Withjack and Jamison, 1986; Autin et al.,
2010; Brune, 2014). In front of the rift tips, σHmax rotates such that it aligns
with the outline of the ellipse.

We find that rift-parallel motion is largest along the most oblique segments
of the rift (as expected), up to 30 km over the full 10 My. The rotation of the
block also results in block-parallel motion along the more diffuse block bound-
aries, but only up to 22 km. The curved rift segments each accommodate be-
tween 19 and 32 km of E-W extension in 10 My. What can also be seen (Fig. 4.5)
is that Nubia and Somalia motion outside the rift sections is E-W, while in the
more coupled areas, the velocity field is deflected in the direction of rotation.
Note that the entire motion field is point symmetric around the center of the
block (see brown arrows in Fig. 4.5c).

Extent of initial rift arm seeds

Because we hypothesize that the rotation of the microplate is induced by the
coupling to the surrounding plates, but facilitated by the decoupling from these
same plates, we expect some relationship between the extent of the rift arm
seeds (α) and the speed of rotation. Therefore we vary the initial extent between
30◦ and 150◦ in steps of 30◦ and compare the derived rotation poles given in
Tab. 4.3. End results after 10 My are also shown in Fig. 4.6a-e. Angular velocity
is highest for an opening angle of 90◦ and decreases with deviation from this
optimum angle. The rotation pole also moves northward with deviation from
90◦. These changes are not symmetric around 90◦ however, as seen in Fig. 4.6.

For an extent of 30◦, the strain rate field shows an ellipsoidal pattern of de-
formation, as well as two additional high strain rate branches directly crossing
the potential microplate area. From 90◦ onward, the ellipsoidal area between
the branches is seen to behave as a coherent block, which is also reflected in the
low RMSD of the pole location. For an extent of 150◦, the rift arms connect to
the straight rift segments to form a full ellipse, in effect prohibiting any motion
of the microplate. In all actively deforming areas, the tectonic stress regime is
normal faulting. In low strain rate areas, some strike slip regimes are seen.

Distance between the initial rift arm seeds

The ellipticity of the reference rift seeds resembles that of the EARS (Fig. 4.1b).
A lower ellipticity implies a higher obliquity of the rift seeds, a longer rift seed
length for the same opening angle and a larger surface area of the microplate.
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Figure 4.6: Controlling factors of the generic model. Strain rate field, maximum horizontal com-
pressive stress σHmax and velocity vectors at 3 km depth and 10 My for the generic models, to-
gether with the microblock rotation poles relative to the western plate in v). Bright blue vectors
in a)-u) are 4 times enlarged compared to the black vectors to better visualize the microplate
rotation.A red box indicates the reference model. Details on each of the models are given in
Tabs. 4.3-4.8.
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Table 4.3: Rotation poles relative to the western plate for different extents of the initial rift arm
seeds.

Model Extent α Pole location RMSD Angular velocity
name [◦] [km,km] [km] [◦My−1]

ellipse 30◦ 30 (1057, 4487) 131 0.0454
ellipse 60◦ 60 (1055, 3755) 57 0.0597
*ellipse 90◦ 90 (1053, 2758) 42 0.1021
ellipse 120◦ 120 (1051, 2917) 27 0.0914
ellipse 150◦ 150 (1051, 5566) 23 0.0340
*reference model

As shown in Tab. 4.4 (top 4 models) and Fig. 4.6f&j, extending the width be-
tween the arms (increasing minor axis a) as well as the width of the domain
reduces the rotation velocity and increases the distance of the pole to the cen-
ter of the domain. The decrease does not scale with a, but is largest for going
from a = 375 km to a = 562.5 km. When the reference domain dimensions are
maintained (dB gets smaller, circle models), less deformation is taken up by
the major plates and rotation is faster, though still markedly slower than in the
reference case.

As for a = 375 km, for circular rift seed models rotation velocity drops when
opening angleα is smaller than 90◦ (Tab. 4.4 and Fig. 4.6g-i). However, changes
in angular velocity and pole location are less evident for greater opening angles.
What stands out in terms of the stress regime is the strike-slip seen in the most
oblique segments of the circular rifts with an extent α of 90◦ or higher.

Symmetry of initial rift arm seeds

As opposed to our symmetric reference model, the extent of the western and
eastern EARS branches is not equal (Fig. 4.1b). EARS-like opening angles of
160◦ and 120◦, respectively, reduce the angular velocity of the microplate by a
factor ∼2 (Tab. 4.5 and Fig. 4.6v) and displace the pole northward and, more-
over, to the east. This is due to the higher coupling along the eastern side of the
microplate compared to the completely decoupled western side.
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Table 4.4: Rotation poles relative to the western plate for different extents and widths of the
initial rift arms.

Model Extent Minor Major dB Pole RMSD Angular
name α axis a axis b location velocity

[◦] [km] [km] [km] [km] [km] [◦My−1]

small circle 90◦ 90 375 375 675 (1057, 4650) 38 0.0435
*ellipse 90◦ 90 375 750 675 (1053, 2758) 42 0.1021
wide ellipse dB constant 90 562.5 750 675 (1045, 6474) 69 0.0265
circle dB constant 90 750 750 675 (1081, 8300) 59 0.0164
circle 60◦ 60 750 750 300 (1128, 7647) 142 0.0228
circle 90◦ 90 750 750 300 (1085, 6562) 52 0.0276
circle 120◦ 120 750 750 300 (1063, 6521) 36 0.0277
*reference model

Table 4.5: Rotation poles relative to the western plate for asymmetric extents of the initial rift
arms.

Model Extent Extent Pole RMSD Angular
name αW αE location velocity

[◦] [◦] [km,km] [km] [◦My−1]

*ellipse 90◦ 90 90 (1053, 2758) 42 0.1021
ellipse 160,120◦ 160 120 (1141, 4808) 32 0.0523
*reference model

Amplitude and width of initial rift arm seeds

The initial rift seeds locally control the strength of the lithosphere and thus the
initial amount of decoupling between the major and rotating plates. To test the
effect of our initial conditions on the microblock motion, we vary thinning fac-
tor f and the rift axis normal extent of the seed σ as detailed in Tab. 4.6 and
Fig. 4.6k-n. A thinning factor that is too small (model thick LAB seed) does not
localize deformation in the rift arms. A thin LAB seed however enhances local-
ization, leading to an almost doubled angular velocity and very rigid plates. A
wider seed (σ is doubled) hardly affects model results, while a smallerσ reduces
the rotation of the microblock by ∼25%.
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Table 4.6: Rotation poles relative to the western plate for rift seed geometry.

Model Thinning σ Pole RMSD Angular
name factor f location velocity

[-] [km] [km,km] [km] [◦My−1]

thick LAB seed 0.1 50 (1053, 12285) 64 0.0131
*ellipse 90◦ 0.2 50 (1053, 2758) 42 0.1021
thin LAB seed 0.3 50 (1055, 2125) 43 0.1871
small LAB seed 0.2 25 (1054, 3275) 50 0.0745
*ellipse 90◦ 0.2 50 (1053, 2758) 42 0.1021
wide LAB seed 0.2 75 (1054, 2732) 42 0.1041
*reference model

Thickness of the rotating plate

As the Victoria block contains the thick Tanzania craton, we investigate the
effect of increased strength of the microblock due to a thicker lithosphere by
increasing the LAB depth locally inside the microplate to 140, 160 or 180 km
(for a summary of craton thickness estimates see for example Weeraratne et al.
(2003)). The thickness of the crustal layers is not changed. Although the mi-
croblock is clearly more plate-like (i.e. lower internal strain rates, Fig. 4.6o-q,
and small RMSD, Tab. 4.7), the effect of microblock strength on the rotation
pole is counterintuitive: rotation drops with increased thickness. Perhaps this
is caused by mantle resistance to motion of the increasingly thick cratonic root.

Closer inspection of the stress regime in the most oblique rift sections shows
that the region undergoing strike-slip grows with craton thickness. Inside the
craton, the tectonic regime transitions from strike-slip to thrust faulting.

Prescribed extension velocities

For our reference model, the relative extension velocity is symmetrically di-
vided between the left and right boundary. However, keeping either Nubia or
Somalia fixed and moving the other plate with the full extension velocity pre-
scribes the same relative plate motion. These different plate motion frames re-
sult in larger angular velocities and displace the rotation pole either to the north
(SO fixed) or to the south (NB fixed). The fixed major plate does not transmit
motion to the microplate, and the whole rift system migrates towards the other
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Table 4.7: Rotation poles relative to the western plate for different microplate craton thicknesses.

Model Craton Pole RMSD Angular
name LAB depth location velocity

[km] [km,km] [km] [◦My−1]

*ellipse 90◦ 120 (1053, 2758) 42 0.1021
craton 140 thick 140 (1050, 3051) 7 0.0843
craton 160 thick 160 (1050, 3153) 1 0.0795
craton 180 thick 180 (1050, 3223) 1 0.0766
*reference model

side (Fig. 4.6). A slight displacement of the pole in the direction of motion is
found (Tab. 4.8).

The EARS is a slow-spreading system (∼5 mmyr−1). A doubled extension ve-
locity vdi ver g ence results in four times the reference angular velocity and faster
propagation of the rift arms, about 130 km in 10 My. The rift arms also become
thinner, leading to deeper topographic lows in the rift valleys (hence the strain
rate field in Fig. 4.6s is computed at 5 km depth).

From Fig. 4.1a, it is clear that the relative velocity of Somalia decreases from
north to south due to its clockwise rotation, so in a fourth model we prescribe
the domain-boundary orthogonal component of the velocity computed from
the Euler pole of Saria et al. (2014) (see Tab. 4.8). Due to the north to south
velocity decrease, the higher velocity acting on the northwest part of the mi-
croblock compared to the southeast displaces the location of the rotation pole
to the west. This westward displacement of the pole can be better understood
when considering the velocity field in the Nubia fixed frame. In this case the
counterclockwise velocity of the microblock is larger on the southeast side than
in the reference model, hence the rotation pole should be further away from the
southeast, i.e. it is displaced northwestward. The slower velocity in the south
also results in a smaller angular velocity and is mirrored in a lower strain rate in
the southern rift segment (Fig. 4.6u).

4.5.2 East African Rift models

The previous rift seed geometries do not lead to a rift system that mimics the
asymmetry of the EARS western and eastern branches, nor the obliquity of its
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Table 4.8: Rotation poles relative to the western plate for different prescribed extension veloci-
ties.

Model vxwest , vxeast Pole RMSD Angular
name location velocity

[mmyr−1] [km,km] [km] [◦My−1]

SO fixed −5.0,0.0 (1038, 3219) 99 0.1180
*ellipse 90◦ −2.5,2.5 (1053, 2758) 42 0.1021
NB fixed 0.0,5.0 (1075, 1937) 75 0.1225
velocity doubled −5.0,5.0 (1055, 2060) 43 0.4073

N-S velocity decrease ± (ve+Ω(y−yc ))
2000 (971, 2856) 44 0.0676

ve = 0.3983 myr−1,Ω= 9.4295 ·10−5 myr−1km−1, yc = 1350 km

*reference model

straight segments. Incorporating this specific rift geometry, we again obtain
a rotating microblock that is very plate-like (Fig. 4.7 and Tab. 4.9). Over time,
both the plate-like area and the rotation velocity increase. As can be seen in the
zoom-ins of the TRM segment, within the TRM the tectonic regime transitions
from normal faulting at 1 My, to strike-slip at 5 My and oblique normal slip at
10 My. The other rift segments exhibit normal faulting only. Again, the nor-
mal faults in the rift form at half the angle between the rift seed and the local
extension direction (which deviates from E-W).

Motion of the Nubian plate is E-W except for some southward component
near the northern rift tip; some northward movement is seen for Somalia. Areas
located within the microblock and along the eastern side of the TRM segment
have a significant N-S component of motion, in accordance with the counter-
clockwise rotation of Victoria. Along the TRM segment and the oblique north-
ern part of the eastern branch, rift-parallel motion is largest, up to 26 km. Due
to the different orientations of eastern and western rift segments, the total ex-
tension at a particular latitude is not constant along the system.

Figure 4.8a demonstrates that our predicted rotation pole agrees well with
the GPS-derived poles from the literature, falling within the area spanned by
the poles and within the specific 95% confidence limit of Saria et al. (2014). In
fact, the poles of the subsequent variations on this model described below all
plot within an acceptable range according to the literature.
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Tanzania craton and Turkana depression

Inclusion of the Tanzania craton that cross-cuts the eastern rift branch pro-
hibits the eastern rift from developing in the cratonic area (Fig. 4.8c). Instead,
it is diverted around the eastern edge of the craton. The maximum horizontal
stress also aligns with the craton edge. Increased transmission of plate motion
to the microblock through the strong craton leads to higher angular velocities
and a slight displacement of the pole to the east. A similar effect is seen when
the Turkana depression is included (Fig. 4.8d) through a local thinning of the
upper and lower crustal layers to 15 and 10 km, respectively: The depression
locally deflects the stress field to align with the depression, except in front of
the western branch tip, where stress rotates to become orthogonal to the de-
pression. Transmission of motion is higher in the north, bringing the larger
rotation pole eastward and closer to the microplate.

North to south velocity decrease

As before, a gradient in the prescribed velocity decreases the strain rate in the
southern parts of the system (Fig. 4.8e-g). This prolongs the existence of the
strike-slip regime in the TRM segment and reduces the angular velocity. Due
to the reduced velocity in the south, the addition of the strong Tanzania craton
affects results less than in the case of uniform boundary conditions. Together
with the stronger Turkana depression, a Victoria block rotation of 0.0708 ◦My−1

around a pole at (1165, 3076) km is found. This latter model, the most com-
plex model, matches best with the most recent Victoria rotation pole of Saria
et al. (2014) at (1032, 2837) km in our coordinate system with a magnitude of
0.0740 ◦My−1, as illustrated by Fig. 4.8a. Interestingly, the models with a gradi-
ent in the prescribed velocity exhibit the largest regions of strike-slip and show
a stablest rotation pole between 5 and 10 My when the Tanzania craton is in-
cluded.

In summary, our results show that with ongoing localization over time, the
relative instantaneous rotation pole describing the microplate rotation moves
closer to the microplate. Contemporaneously, the residuals in pole location
decrease, signifying a more rigid behavior of the microplate. Larger extent of
the preexisting weaknesses and a thicker microplate also increase the plate-
ness. Only highly localized models have the instantaneous rotation pole at or
inside the microplate boundaries; most lie less than 1000 km north of the mi-
croplate. Stresses in high-strain rate regions indicate normal faulting, except
when the strength of the craton exceeds that of the major plates’ lithosphere or
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Figure 4.7: EARS reference model. Strain rate field, maximum horizontal compressive stress
σHmax colored according to the tectonic stress regime and velocity vectors at 3 km depth for
the EARS initial rift seed configuration at 1, 5 and 10 My. Bright blue vectors in c) are 4 times
enlarged compared to the black vectors to better visualize the microplate rotation.

Table 4.9: Rotation poles relative to Nubia at 5 and 10 My for different lithospheric strength con-
figurations and prescribed extension velocities.

Model Time vxwest , vxeast Tanzania Turkana Pole RMSD Angular
name craton depression location velocity

[My] [mmyr−1] [km] [km,km] [km,km] [km] [◦My−1]

EARS 5 −2.5,2.5 120 20,15 (1211, 3148) 4 0.0651
10 (1203, 3197) 4 0.0772

craton 5 −2.5,2.5 140 20,15 (1234, 3336) 5 0.0875
10 (1244, 3183) 4 0.0964

Anza 5 −2.5,2.5 120 15,10 (1166, 3303) 8 0.0698
10 (1178, 2887) 4 0.0866

N-S vel. decrease 5 ± ve+Ω(y−yc )
2000 120 20,15 (1137, 3634) 13 0.0468

10 (1138, 3303) 12 0.0542

N-S vel. craton 5 ± ve+Ω(y−yc )
2000 140 20,15 (1176, 3395) 6 0.0643

N-S vel. craton 10 (1190, 3349) 8 0.0637

N-S vel. craton Anza 5 ± ve+Ω(y−yc )
2000 140 15,10 (1153, 3233) 6 0.0686

N-S vel. craton Anza 10 (1165, 3076) 5 0.0708
ve = 0.3983 myr−1,Ω= 9.4295 ·10−5 myr−1km−1, yc = 1350 km
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Chapter 4. Why does Victoria rotate?

under highly oblique, faster extension. In front of the rift tips, the maximum
compressive stress aligns itself with the edges of the microplate. Despite the
overall extensional setting, we find that rigid areas may exhibit strike-slip and
even thrust faulting regimes.

4.6 Discussion

Our results show major geometric control of preexisting weak and strong do-
mains on the rotation of a continental microplate. The distribution of the litho-
spheric weaknesses (i.e. their extent and distance) exerts a first order control
on the location and magnitude of the angular velocity vector describing the
rotation. When the distribution resembles that of the present-day rifts of the
East African Rift System, a rotation pole close to the Euler poles inverted from
geodetic and geological data is found (Fig. 4.8). In the following, we first com-
pare our generic model results against previous modeling studies, before dis-
cussing our EARS-specific findings and their implications for our understand-
ing of the stress patterns and kinematics of the present-day system.

4.6.1 Modeling of generic microplate rotation

The generic 3D numerical models presented in Section 4.5.1 clearly demon-
strate how a large continental microplate can rotate under E-W regional exten-
sion through the edge-driven mechanism. This rotation is predominantly con-
trolled by 1) the length and obliquity of the stronger microplate edges where
the motion of the major plates is transmitted to the microplate, 2) that of the di-
verging segments facilitating the rotation and 3) the absolute distance between
the segments.

Our models agree with the edge-driven oceanic microplate model of Schouten
et al. (1993) in that it is the drag of the bounding plates on the microplate that
generates the continental microplate’s rotation. However, other characteristics
disagree: for example, we never find instantaneous poles located at or even
close to the rift tips, as Schouten et al. suggested in their idealized model. Also,
although in the reference case the line connecting the instantaneous rotation
poles is orthogonal to the regional extension direction, this geometric relation
proposed by Schouten et al. does not hold when the prescribed velocity varies
along the model boundaries. This might be related to the differences in rift and
ridge geometry: Our models consider two aligned straight rift segments that
first divert before propagating oblique to the extension direction towards the
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opposite branch. In Schouten et al.’s oceanic models, the straight and overlap-
ping segments are initially offset.

The capture of ∼30-70 km sized microblocks by offset faults segments and
subsequent rotation of these blocks was demonstrated by Koehn et al. (2008)
with 2D visco-elasto-plastic spring models. Such blocks form when the rift
segments initiating from random noise interact and subsequently capture the
blocks when the rift tips propagate at an angle to their original N-S direction.
Comparable to our findings, the direction of rotation depends on the kinemat-
ics of the transfer zone: in case of a right-lateral step, rotation is counterclock-
wise and vice versa. Koehn et al. (2008) attribute the rotation to the connec-
tion of opposing corners of the microblock to the major plates. They also find
high stresses in the connected corners of the microplates and low compressive
stresses at rift tips. A similar stress distribution can be seen in our models, for
example by comparing σHmax in the high and low strain rate areas of the mi-
croplate in Fig. 4.5.

Analogue and numerical modeling approaches agree that the offset between
interacting mid ocean ridge or continental rift segments is a crucial compo-
nent for the formation of microplates. By means of analogue modeling, Aco-
cella (2008) found that the ratio of total length of the interacting segments to
initial offset determines whether a transform forms (for a small ratio) or an
overlapping spreading center (OSC; for a large ratio), a precursor of oceanic
microplate formation. Crustal scale 3D numerical models of continental rift
interaction found an overlapping, propagating, but non-linking mode for inter-
mediate brittle-ductile coupling and larger offsets (Ê4 times the upper crustal
thickness, Allken et al. 2012). Growing rotating microplates between OSCs and
non-rotating microplates between parallel ridges also form in the crustal scale
models of Gaina et al. (2013) for large initial offsets (Ê 60 km) and slow heal-
ing rates. Similar kinematics are found for oblique preexisting weak or strong
regions: A northwest trending oblique rift seed and coupled crust and litho-
spheric mantle produced a counterclockwise rotating OSC in the 3D numerical
models of Ammann et al. (2017). In the models of Brune et al. (2017), counter-
clockwise rotating continental microplates formed for left-laterally deflected
propagating rifts as a consequence of an oblique, NW-trending strong inher-
ited structure.

Based upon the above modeling results of previous studies, it is evident
that not only the segment offset, but also the strength and thickness of the
lower crust and thus the brittle-ductile/crust-mantle coupling are an impor-
tant factor in switching between different modes of interaction of extensional
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segments. We have not explored the space spanned by the rheological and
crustal thickness parameters, but instead used standard flow law parameters
and crustal thicknesses representative of the region (see Section 4.4.1). Only
for the smallest rift seed extents, so negative overlap, or a small perturbation
of the LAB, the rifts fail to localize sufficiently or directly crosscut the would-be
microplate (Fig. 4.6).

4.6.2 Predicted Victoria microplate rotation and GNSS velocity
observations

Despite their simplicity, our EARS models provide a very good fit with kine-
matic models from geodetic data inversion. Figure 4.9d shows the predictive
relative rotation of Victoria w.r.t. Nubia along the western branch and Somalia
motion w.r.t. Victoria along the eastern branch. The respective southward and
northward increase in extension velocity and higher relative velocities in the
northeast versus southwest match the trends in the velocity solution of Saria
et al. (2014) plotted in Fig. 4.9a. For a specific latitude, extension is not equally
distributed between the eastern and western branch (Calais et al., 2006). As
such, the rotation pole at (1165, 3076) km and 0.0708 ◦My−1 describing Victo-
ria’s rotation fits that of Saria et al. (2014) well ((1032, 2837) km and 0.0740 ◦My−1).

Different model assumptions prohibit a more precise match between our
model poles and those found from data-inversion. First of all, the inversion of
GNSS data, earthquake slip vectors and geologic indicators assumes that the
plates are rigid blocks, with only some studies accounting for elastic strain ac-
cumulating on plate boundary faults. Our models do not include elastic de-
formation, but do allow for internal deformation of the plates. Also, for sim-
plicity we choose to only prescribe the domain-boundary orthogonal compo-
nent of the present-day relative Nubia-Somalia motion (like Brune et al. 2017;
Koptev et al. 2018). The much smaller parallel component (∼0.5 mmyr−1) will
in some places reduce the obliquity of the extension direction, while increas-
ing it in others. As oblique extension has been suggested to be more efficient
(Brune et al., 2012), this could change the localization of deformation and in
turn the microplate rotation. Neglecting the small, but significant (É20%) tem-
poral changes in extension direction as suggested by plate reconstructions (e.g.
Iaffaldano et al., 2014; DeMets and Merkouriev, 2016) might similarly change
the present-day velocity prediction.
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Figure 4.9: Summary plot of EARS data and modeling a) Victoria microplate rotation from geode-
tic data inversion (Saria et al., 2014). Relative velocity vectors in orange represent the motion of
the plate to the east of the plate boundary w.r.t. the plate to the west of the boundary. b) σHmax
directions from the World Stress Map (Heidbach et al., 2016) including all data types and quali-
ties, colored according to tectonic regime as in Figs. 4.5 - 4.8. Note that σHmax bars of the WSM
have a uniform length that does not represent their magnitude. c) Our schematic representation
of the edge-driven Victoria rotation due to transmittance of the motion of the major plates. d)
Results of model NS vel. craton Anza including σHmax , and indicating in black the absolute
velocity field and in orange the relative motion of Victoria w.r.t. Nubia along the western branch
(at 100 km from the original seed) and the relative motion of Somalia w.r.t. Victoria along the
eastern plate boundary (as in a)).
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4.6.3 Alternative mechanisms of Victoria rotation

Many authors investigating oceanic microplate rotation dismiss a mantle con-
tribution to the rotation (e.g. Katz et al., 2005) and even assign mantle drag
to the resisting forces (Neves et al., 2003). Victoria’s counterclockwise motion
has in contrast been suggested to derive from mantle flow interacting with the
Tanzania craton’s keel (Calais et al., 2006; Koptev et al., 2015, 2016). Calais
et al. (2006) argued that since models of plume-craton interaction show fo-
cusing of mantle flow around the keel and seismic anisotropy indicates NE-
ward mantle flow underneath east Africa, this flow could act on the thickest,
southern part of the Tanzania craton, inducing a rotation. The authors do note
that the WNW motion of Nubia as predicted by the global hotspot frame of
Gripp and Gordon (2002) does not match anisotropy directions, and, thus, at-
tribute these to plume-related flow. However, in more recent plate motion ref-
erence frames (e.g. Doubrovine et al., 2012), absolute Nubia motion is NNE
(Fig. 4.1a), agreeing with the cited seismic anisotropy. Also, there is some dis-
agreement on the distribution of low seismic velocity anomalies seen in the east
African upper mantle. For example, while Ebinger and Sleep (1998); Hansen
et al. (2012); Mulibo and Nyblade (2013) and Sun et al. (2017) advocate for one
east African superplume, Pik et al. (2006) distinguish separate lower and upper
mantle plumes and Davis and Selvadurai (2002) and Halldórsson et al. (2014)
consider a lower mantle plume splitting in the upper mantle, complicating the
interpretation of seismic anisotropy in terms of plume-induced flow.

Plume-craton interaction has been extensively investigated by Koptev et al.
(2015, 2016, 2017, 2018) with 3D upper mantle box models. Counterclockwise
rotation of the central cratonic block was obtained in several model configu-
rations (Koptev et al., 2016), including models with a single plume offset from
the center and with two plumes impinging on the NE and SW corners of the
craton. Localization of strain initially driven by the applied far-field extension
was intensified by plume-related heat transport and channeling of plume ma-
terial. The authors attribute the counterclockwise rotation to the distribution of
plume forces interacting with the keel of the craton without quantifying it fur-
ther. At the same time, the plume head impingement in their models induces
a configuration of strain localization and lithospheric weakness similar to our
EARS models. It is hence not clear whether Victoria rotation in their models
is predominantly due to plume push or actually controlled by the edge-driven
mechanism discussed above.

We have not investigated the influence of mantle flow on the rotation specif-
ically, but an overall upward flow that could be attributed to a broad upwelling
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of lower mantle material is prescribed as bottom boundary condition (at 300 km
depth) to compensate the prescribed extensional outflow. Flow in the sublitho-
spheric mantle (at 160 km depth) of model N-S vel. decrease is NNE along the
center of Victoria and deflects NE or NW depending on the closest domain
boundary. Focusing of the flow is seen specifically along the eastern branch,
leading to NE flow in the Tanzania divergence area and in the central western
branch. The addition of the Tanzania craton in model N-S vel. craton redi-
rects the sublithospheric flow field to a more eastward direction. The E to NE
directed mantle flow underneath the southern part of the craton is thus not a
driver of rotation, but merely a consequence of the presence of a craton. This is
not to say that plume-induced flow cannot contribute to microplate rotation,
our models however indicate that it is not required to generate microplate ro-
tation.

4.6.4 Potential sources of the observed stress field

Our EARS model that best matches geodetic constraints provides stress predic-
tions at the large and intermediate scale that we can compare to observations
of the present-day and paleo stress field. Figure 4.9 juxtaposes the present-
day maximum horizontal stress directions of model N-S vel. craton Anza and
the World Stress Map (WSM; Heidbach et al., 2016). This latter includes data
from mostly earthquake focal mechanisms as well as well bore breakouts, in-
situ stress measurements and young geological indicators (e.g. fault-slip analy-
sis). In general, our predicted stress orientations agree very well with the WSM:
predominantly normal faulting regimes are seen that rotate along the curved
western rift but are directed at an angle to the rift trend in the more oblique
sections. However, we do not reproduce the more E-W oriented normal faulting
seen in the western branch around a latitude of −3◦N. WSM data in the Rukwa
rift area is scarce, but some oblique normal faulting is documented and com-
pares very well to our model predictions. Inside the microplate, in the more
rigid domains, we obtain a good match with σHmax in strike-slip mode trend-
ing NNE along the western branch and E-W along the eastern branch. Also the
rotation of σHmax west of the Tanzania divergence matches well.

The few occurrences of other than normal faulting tectonic stress regimes
seen in the WSM were also found through processing of focal mechanisms by
Delvaux and Barth (2010), with strike-slip regimes speckled around the west-
ern and eastern branches. Their box averages, however, only leave normal to
oblique normal slip regimes, with the exception of strike-slip in the Mbeya area
between Lakes Rukwa and Malawi. Focal mechanisms are very local indica-
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tors of the stress field that can be affected by higher order stress sources. For
example, stress can locally be deflected by oblique fabrics, such as the folia-
tion in the Ubende belt. This hypothesis was put forward by Morley (2010) for
the Rukwa rift: the strength anisotropy deriving from the foliation reorientates
the stress field such that the oblique rift does not exhibit the predicted oblique
slip, but pure normal faulting. Analogue modeling studies by Corti et al. (2013)
and Philippon et al. (2015) even show stress reorientation along single faults
within an oblique rift segment. As our initial model conditions cannot take
into account small-scale fabric trends such as foliation, nor can we examine
our results at individual fault scale, it is not surprising that we do not obtain the
small-scale stress variations obtained from in-situ measurements. One impor-
tant observation from our models is however that the regional σHmax does not
need to be oriented orthogonally to the velocity nor to the relative velocity, or
parallel to the rift trend. Hence direct comparisons of kinematic models and
stress indicators is not warranted. For example, Fernandes et al. (2013) found
good agreement in direction (É20◦) between their model velocities from GNSS
stations and the focal mechanisms of Delvaux and Barth (2010) in the Alber-
tine, Kivu and northern Tanganyika rifts, but large deviations along the south-
ern Tanganyika and Rukwa rifts. This disagreement between velocity and stress
directions is clearly demonstrated in our modeling (Fig. 4.9) and as such a mis-
match between kinematic and stress directions does not mean the kinematic
model fails to describe the deformation of the system under investigation.

4.6.5 Implications for the local and regional kinematics of the EARS

Based on present-day and inferred past regional extension directions and our
model results, we can synthesize the three EARS opening models presented
in Fig. 4.3. In an overall E-W extending system of partly overlapping arcuate
rift branches (Shudofsky, 1985; Morley, 1988; Ebinger, 1989; Morley et al., 1992;
Coussement et al., 1994; Lezzar et al., 2002; Morley, 2010), our edge-driven mi-
croplate model intrinsically leads to local WNW-ESE extension directions (Chorow-
icz et al., 1987; Tiercelin et al., 1988; Scott et al., 1992; Wheeler and Karson,
1994; Chorowicz, 2005). In the oblique rift sections, normal faulting thus oc-
curs at a small angle to the trend of the rift and pre-existing weaknesses with
few strike-slip occurrences (e.g. Fig. 4.9b, Delvaux and Barth, 2010). Never-
theless, the rift-parallel and -orthogonal motion is predominantly accommo-
dated by normal faulting (Delvaux and Barth, 2010; Delvaux et al., 2012). Small
scale sources such as basement fabric locally deflect the stress field such that
even the non-overlapping, oblique TRM section deforms under a mostly nor-
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mal faulting regime (Morley, 2010).

4.7 Conclusions

Our generic modeling suite demonstrates that the distribution of the lithospheric
weaknesses (i.e. their extent and distance) exerts a first order control on mi-
croplate rotation. The strength (i.e. thickness) of the microplate and the geom-
etry of the weaknesses in the plane orthogonal to the rift axis are only of second
order control. For model geometries with right-lateral rift branch step-overs,
we find a counterclockwise rotation of the microplate, which generates a clock-
wise shift of the local extension direction along the overlapping rift branches.

We provide a mechanical explanation for the counterclockwise rotation of
the continental Victoria microplate in the Nubia-Somalia divergent plate bound-
ary. The “edge-driven” rotation stems from shear of the major plates along the
northwest and southeast corners of the microplate, where a strong failed rift
and cratonic lithosphere both transmit this motion and divert propagation of
the rift branches surrounding Victoria. These overlapping rift branches fol-
lowing the weak Proterozoic suture zones around the craton facilitate the ro-
tation. Under regional ∼E-W extension, our models show that this rotation re-
sults in local extension directions that strike more WNW-ESE. Together with
the oblique orientation of the pre-existing weaknesses, this leads to predomi-
nantly normal faulting oblique to the regional and local extension direction. In
the most oblique (45◦) section of the western branch, the Tanganyika-Rukwa-
Malawi segment, this can produce transient strike-slip faulting, although com-
parison to stress observations suggests a local stress reorientation, possibly due
to inherited mechanical anisotropy (Morley, 2010).

Acknowledgements

We are grateful to Sarah D. Stamps for providing us with the plate boundary
outlines in Fig. 4.1a and a Matlab script to compute Euler poles from velocity
vectors, which we adapted to a Python script suited for our Cartesian models.
We thank John Naliboff for constructive discussions. We thank the Computa-
tional Infrastructure for Geodynamics (geodynamics.org) which is funded by
the National Science Foundation under award EAR-0949446 and EAR-1550901
for supporting the development of ASPECT. Computations were performed on
the German computer cluster Konrad, an HLRN facility. Figures in this paper
were made with ParaView, InkScape and the Generic Mapping Tools.

179





5
Concluding remarks

5.1 Summary

In this thesis, I have investigated the interaction between deep mantle, litho-
sphere and crust through the numerical modeling of geodynamic processes
driving surface deformation. To this end, I first extended the application of our
modeling tool ASPECT to lithospheric deformation by the incorporation and
benchmarking of multi-material viscoplastic rheologies including Drucker–Prager
plasticity, dislocation creep and diffusion creep deformation mechanisms (Chap-
ter 2). The development of 2D and 3D viscoplastic subduction models of in-
traoceanic subduction, self-consistent or driven by prescribed plate motions in
combination with open mantle boundaries, provided the basis for Chapter 3.
Here I developed a workflow that includes 1) the construction of a complex
3D model setup compounding a synthetic crust/lithosphere system abstracted
from observations with 3D mantle structure from seismic tomography models;
2) the computation of instantaneous compressible flow predictions; and 3) the
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statistical comparison of the model crustal flow field with observational data
and the reference model in order to isolate the sensitivity of surface observa-
tions to specific mantle processes. This comparison exposed the importance
of mantle processes in producing the surface motions of the eastern Mediter-
ranean, in particular interplate coupling and slab motion due to slab pull and
interaction with the surrounding mantle. In addition, the experiments stress
the importance of prescribing kinematic boundary conditions and interpret-
ing predicted motions in an absolute mantle frame of reference.

In Chapter 4, I demonstrated with upper-mantle scale models of the East
African rift system how the drag of the diverging Nubia and Somalia plates
along the strong edges of the Victoria microblock generates a counterclock-
wise rotation of this block facilitated by the rifts localizing on preexisting weak-
nesses. The distribution of the stronger and weaker lithospheric zones (e.g.
their extent and offset) exerts the primary control on the angular velocity and
the plateness of the block. As such, a distribution representative of the EARS
produces a good fit with geodetic and stress field data. This model indicates
that under regional E-W extension, the edge-driven microplate rotation leads
to a clockwise reorientation of the local extension direction to WNW-ESE. This
local extension direction combined with further reorientation of the stress field
due to local lithospheric fabric proposed by other studies probably causes the
predominantly normal faulting, even in the most oblique sections of the rift
system.

5.2 Outlook

As the two chapters investigating the controls on surface motion in the complex
plate boundary zones of the Mediterranean and east African regions demon-
strate, both shallow and deep mantle processes can affect crustal flow. Al-
though this was suggested by many papers in the past, usually focusing on
a particular model aspect and employing simplified methods, I particularly
demonstrated this by means of elaborate compressible crust-mantle models
that self-consistently combine lithosphere and underlying mantle processes as
well as employ a realistic viscoplastic rheology. To fully exploit the information
on geodynamic drivers carried by observational data, future modeling studies
will benefit from 1a) combining certain aspects of the instantaneous and time-
dependent modeling approaches I developed here and 1b) expanding these ap-
proaches with processes on smaller spatial and temporal scales such as partial
melting and surface erosion. In addition, 2) more data types should come into
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play, like gravity observations and topography, that also characterize the state
instead of force balance of the system under investigation, like melt distribu-
tion and seismic anisotropy.

The first future direction entails the combination of the comprehensive set
of mantle processes from Chapter 3 (e.g. subduction and other buoyancy-driven
flow) and the more detailed treatment of the mechanical properties of the crust
and its drivers (such as GPE forcing due to lateral crustal thickness and to-
pography variations enabled through free surface boundary conditions). Ad-
ditional improvements could involve the inclusion of elastic deformation (e.g.
Olive et al., 2016), finer mechanical layering of the lithosphere (e.g. Duretz et al.,
2016), direct inclusion of regional crustal and lithospheric thickness data and
a dynamic plate boundary strength through a low-frictional and viscous treat-
ment of the boundary zones (e.g. Osei Tutu et al., 2018).

The second direction would profit from a possible distinction in the sensi-
tivity of certain observations to individual geodynamic processes (e.g. like the
different sensitivity of the lithospheric stress field and dynamic topography to
shallow and deep mantle dynamics, Osei Tutu et al., 2018b). It does however re-
quire additional postprocessing of the numerical solution (e.g. to compute the
geoid) or the implementation of additional dynamics (e.g. magma dynamics
for melt generation and migration, Dannberg and Heister, 2016). In any case,
a community-based numerical tool like ASPECT is essential. This way devel-
opment is driven by the diverse interests of its user base that simultaneously
shares the workload of the continuous development of a modern, versatile tool.
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Androvicova, A., Čížková, H. and van den Berg, A. P. (2013), ‘The effects of rhe-
ological decoupling on slab deformation in the Earth’s upper mantle’, Studia
Geophysica et Geodaetica 57(3), 460–481.

Argus, D. F., Peltier, W. R., Drummond, R. and Moore, A. W. (2014), ‘The Antarc-
tica component of postglacial rebound model ICE-6G_C (VM5a) based on
GPS positioning, exposure age dating of ice thicknesses, and relative sea level
histories’, Geophysical Journal International 198, 537–563.

Artemieva, I. M. (2006), ‘Global 1◦×1◦ thermal model TC1 for the continental
lithosphere: Implications for lithosphere secular evolution’, Tectonophysics
416, 245–277.

Autin, J., Bellahsen, N., Husson, L., Beslier, M. O., Leroy, S. and d’Acremont, E.
(2010), ‘Analogue models of oblique rifting in a cold lithosphere’, Tectonics
29(TC6016).

Avouac, J.-P. (2015), ‘From geodetic imaging of seismic and aseismic fault slip
to dynamic modeling of the seismic cycle’, Annual Review of Earth and Plan-
etary Sciences 43, 233–271.

186



Bibliography

Ayachit, U. (2015), The ParaView guide: a parallel visualizaiton application, Kit-
ware.

Bangerth, W., Dannberg, J., Gassmöller, R., Heister, T. et al. (2017), ‘ASPECT:
Advanced Solver for Problems in Earth’s ConvecTion, User Manual’.
URL: https://doi.org/10.6084/m9.figshare.4865333

Bangerth, W., Hartmann, R. and Kanschat, G. (2007), ‘deal.II – a general
purpose object oriented finite element library’, ACM Trans. Math. Softw.
33(4), 24/1–24/27.

Bangerth, W., Heister, T. and Kanschat, G. (2012), ‘deal.II differential equations
analysis library’.
URL: http://www.dealii.org/

Baumann, T. S., Kaus, B. J. P. and Popov, A. A. (2014), ‘Constraining effective rhe-
ology through parallel joint geodynamic inversion’, Tectonophysics 631, 197–
211.

Baumgardner, J. R. (1985), ‘Three-dimensional treatment of convective flow in
the earth’s mantle’, Journal of Statistical Physics 39(5-6), 501–511.

Bayer, R., Le Mouel, J.-L. and Le Pichon, X. (1973), ‘Magnetic anomaly pattern
in the western Mediterranean’, Earth and Planetary Science Letters 19, 168–
176.

Becker, T. W. and Boschi, L. (2002), ‘A comparison of tomographic and geody-
namic mantle models’, Geochemistry, Geophysics, Geosystems 3.

Becker, T. W. and Faccenna, C. (2011), ‘Mantle conveyor beneath the Tethyan
collisional belt’, Earth and Planetary Science Letters 310, 453–461.

Becker, T. W. and O’Connell, R. J. (2001), ‘Predicting plate velocities with mantle
circulation models’, Geochemistry, Geophysics, Geosystems 2.

Bendick, R. and Flesch, L. (2013), ‘A review of heterogeneous materials and their
implications for relationships between kinematics and dynamics in conti-
nents’, Tectonics 32, 980–992.

Benoit, M. H., Nyblade, A. A. and Pasyanos, M. E. (2006), ‘Crustal thinning be-
tween the Ethiopian and East African Plateaus from modeling Rayleigh wave
dispersion’, Geophysical Research Letters 33(L13301).

187



Bibliography

Berra, F. and Angiolini, L. (2014), ‘The evolution of the Tethys Region through-
out the Phanerozoic: a brief tectonic reconstruction’, AAPG Memoir 106, 1–
27.

Bijwaard, H., Spakman, W. and Engdahl, E. R. (1998), ‘Closing the gap between
regional and global travel time tomography’, Journal of Geophysical Research
103, 30055—30078.

Bird, P. (2003), ‘An updated digital model of plate boundaries’, Geochemistry,
Geophysics, Geosystems 4(3).

Biryol, C. B., Beck, S. L., Zandt, G. and Özacar, A. A. (2011), ‘Segmented African
lithosphere beneath the Anatolian region inferred from teleseismic P-wave
tomography’, Geophysical Journal International 184, 1037–1057.

Bocchini, G., Brüstle, A., Becker, D., Meier, T., van Keken, P., Ruscic, M., Pa-
padopoulos, G., Rische, M. and Friederich, W. (2018), ‘Tearing, segmenta-
tion, and backstepping of subduction in the Aegean: New insights from seis-
micity’, Tectonophysics 734-735, 96 – 118.

Bos, B. and Spiers, C. J. (2002), ‘Frictional-viscous flow of phyllosilicate-bearing
fault rock: Microphysical model and implications for crustal strength pro-
files’, Journal of Geophysical Research 107(B2).

Boschi, L., Faccenna, C. and Becker, T. W. (2010), ‘Mantle structure and dy-
namic topography in the Mediterranean Basin’, Geophysical Research Letters
37(L20303).

Bosworth, W. and Morley, C. K. (1994), ‘Structural and stratigraphic evolution
of the Anza rift, Kenya’, Tectonophysics 236, 93–115.

Bower, D. J., Gurnis, M. and Seton, M. (2013), ‘Lower mantle structure from
paleogeographically constrained dynamic earth models’, Geochemistry, Geo-
physics, Geosystems 14(1), 44–63.

Bozkurt, E. and Oberhänsli, R. (2001), ‘Menderes Massif (Western Turkey):
structural, metamorphic and magmatic evolution – a synthesis’, Interna-
tional Journal of Earth Sciences 89(4), 679–708.

Braun, J. (1994), ‘Three-dimensional numerical simulations of crustal-scale
wrenching using a non-linear failure criterion’, Journal of Structural Geology
16(8), 1173–1186.

188



Bibliography

Braun, J. and Beaumont, C. (1995), ‘Three-dimensional numerical experiments
of strain partitioning at oblique plate boundaries: Implications for con-
trasting tectonic styles in the southern Coast Ranges, California, and cen-
tral South Island, New Zealand’, Journal of Geophysical Research: Solid Earth
100(B9), 18,059–18,074.

Braun, J., Thieulot, C., Fullsack, P., DeKool, M., Beaumont, C. and Huismans,
R. S. (2008), ‘DOUAR: A new three-dimensional creeping flow numerical
model for the solution of geological problems’, Physics of the Earth and Plan-
etary Interiors 171, 76–91.

Brun, J.-P., Faccenna, C., Gueydan, F., Sokoutis, D., Philippon, M., Kydonakis,
K. and Gorini, C. (2016), ‘The two-stage Aegean extension, from localized to
distributed, a result of slab rollback acceleration’, Canadian Journal of Earth
Sciences 53(11), 1142–1157.

Brun, J.-P. and Sokoutis, D. (2007), ‘Kinematics of the Southern Rhodope Core
Complex (North Greece)’, International Journal of Earth Sciences 96(6), 1079–
1099.

Brun, J. and Sokoutis, D. (2010), ‘45 Ma of Aegean crust and mantle flow driven
by trench retreat’, Geology 38, 815–818.

Brune, S. (2014), ‘Evolution of stress and fault patterns in oblique rift systems:
3d numerical lithospheric-scale experiments from rift to breakup’, Geochem-
istry, Geophysics, Geosystems .

Brune, S., Corti, G. and Ranalli, G. (2017), ‘Controls of inherited lithospheric
heterogeneity on rift linkage: Numerical and analog models of interaction
between the Kenyan and Ethiopian rifts across the Turkana depression’, Tec-
tonics 36, 1767–1786.

Brune, S., Popov, A. A. and Sobolev, S. V. (2012), ‘Modeling suggests that oblique
extension facilitates rifting and continental break-up’, Journal of Geophysical
Research: Solid Earth 117(B8).

Buck, W. R. (2006), ‘The role of magma in the development of the Afro-Arabian
Rift System’, Geological Society, London, Special Publications 259(1), 43–54.

Buiter, S. J. H. (2012), ‘A review of brittle compressional wedge models’, Tectono-
physics 530-531, 1–17.

189



Bibliography

Buiter, S. J. H., Babeyko, A. Y., Ellis, S., Gerya, T. V., Kaus, B. J. P., Kellner, A.,
Schreurs, G. and Yamada, Y. (2006), The numerical sandbox: comparison of
model results for a shortening and an extension experiment, in S. J. H. Buiter
and G. Schreurs, eds, ‘Analogue and Numerical Modelling of Crustal-Scale
Processes’, Vol. 253, Geological Society, London, Special Publications, pp. 29–
64.

Burkett, E. R. and Billen, M. I. (2009), ‘Dynamics and implications of slab
detachment due to ridge-trench collision’, Journal of Geophysical Research
114(B12402).

Burkett, E. R. and Billen, M. I. (2010), ‘Three-dimensionality of slab detachment
due to ridge-trench collision: Laterally simultaneous boudinage versus tear
propagation’, Geochemistry, Geophysics, Geosystems 11(11, Q11012).

Burov, E. (2011), ‘Rheology and strength of the lithosphere’, Marine and
Petroleum Geology 28, 1402–1443.

Burstedde, C., Ghattas, O., Gurnis, M., Stadler, G., Tan, E., Tu, T., Wilcox, L. and
Zhong, S. (2008), Scalable adaptive mantle convection simulation on petas-
cale supercomputers, in ‘2008 SC - International Conference for High Perfor-
mance Computing, Networking, Storage and Analysis’, pp. 1–15.

Burstedde, C., Wilcox, L. and Ghattas, O. (2011), ‘p4est: Scalable algorithms
for parallel adaptive mesh refinement on forests of octrees’, SIAM Journal on
Scientific Computing 33, 1103–1133.

Calais, E., Ebinger, C., Hartnady, C. and Nocquet, J. (2006), ‘Kinematics of the
East African Rift from GPS and earthquake slip vector data’, Geological Soci-
ety, London, Special Publications 259(1), 9–22.

Cammarano, F., Goes, S., Vacher, P. and Giardini, D. (2003), ‘Inferring upper-
mantle temperatures from seismic velocities’, Physics of the Earth and Plan-
etary Interiors 138, 197–222.

Capitanio, F. A. and Faccenda, M. (2012), ‘Complex mantle flow around het-
erogeneous subducting oceanic plates’, Earth and Planetary Science Letters
353–354, 29–37.

Capitanio, F. A. and Replumaz, A. (2013), ‘Subduction and slab breakoff controls
on Asian indentation tectonics and Himalayan western syntaxis formation’,
Geochemistry, Geophysics, Geosystems 14(9).

190



Bibliography

Carafa, M. M. C., Barba, S. and Bird, P. (2015), ‘Neotectonics and long-term seis-
micity in Europe and the Mediterranean region’, Journal of Geophysical Re-
search: Solid Earth 120, 5311–5342.

Chang, S.-J. and Van der Lee, S. (2011), ‘Mantle plumes and associated flow
beneath Arabia and East Africa’, Earth and Planetary Science Letters 302, 448–
454.

Chen, Z., Schellart, W. P., Strak, V. and Duarte, J. C. (2016), ‘Does subduction-
induced mantle flow drive backarc extension?’, Earth and Planetary Science
Letters 441, 200–210.

Chertova, M. V., Geenen, T., van den Berg, A. and Spakman, W. (2012), ‘Using
open sidewalls for modelling self-consistent lithosphere subduction dynam-
ics’, Solid Earth 3, 313–326.

Chertova, M. V., Spakman, W., Geenen, T., van den Berg, A. P. and van Hins-
bergen, D. J. J. (2014), ‘Underpinning tectonic reconstructions of the west-
ern Mediterranean region with dynamic slab evolution from 3-D numerical
modeling’, Journal of Geophysical Research: Solid Earth 119, 5876–5902.

Chertova, M. V., Spakman, W. and Steinberger, B. (2018), ‘Mantle flow influence
on subduction evolution’, Earth and Planetary Science Letters 489, 258–266.

Chertova, M. V., Spakman, W., van den Berg, A. P. and van Hinsbergen, D. J. J.
(2014b), ‘Absolute plate motions and regional subduction evolution’, Geo-
chemistry, Geophysics, Geosystems 15, 3780–3792.

Choi, E. and Petersen, K. D. (2015), ‘Making Coulomb angle-oriented shear
bands in numerical tectonic models’, Tectonophysics 657, 94–101.

Chorowicz, J. (2005), ‘The East African rift system’, Journal of African Earth Sci-
ences 43, 379–410.

Chorowicz, J., Le Fournier, J. and Vidal, G. (1987), ‘A model for rift development
in Eastern Africa’, Geological Journal 22(Thematic issue), 495–513.

Christensen, U. R. and Yuen, D. A. (1985), ‘Layered convection induced by
phase transitions’, Journal of Geophysical Research 90(B12), 10291–10300.

Christiansen, E. and Pedersen, O. S. (2001), ‘Automatic mesh refinement in
limit analysis’, International Journal For Numerical Methods In Engineering
50(6), 1331–1346.

191



Bibliography

Cloos, M. (1993), ‘Lithospheric buoyancy and collisional orogenesis: Subduc-
tion of oceanic plateaus, continental margins, island arcs, spreading ridges,
and seamounts’, GSA Bulletin 105(6), 715.

Coblentz, D. D. and Sandiford, M. (1994), ‘Tectonic stresses in the African plate:
constraints on the ambient lithospheric stress state’, Geology 22, 831–834.

Cogné, J., Francheteau, J. and Courtillot, V. (1995), ‘Large rotation of the Easter
microplate as evidenced by oriented paleomagnetic samples from the ocean
floor’, Earth and Planetary Science Letters 136(3), 213 – 222.

Confal, J. M., Faccenda, M., Eken, T. and Taymaz, T. (2018), ‘Numerical simula-
tion of 3-D mantle flow evolution in subduction zone environments in rela-
tion to seismic anisotropy beneath the eastern Mediterranean region’, Earth
and Planetary Science Letters 497, 50–61.

Connolly, J. (2009), ‘The geodynamic equation of state: What and how’, Geo-
chemistry, Geophysics, Geosystems 10(Q10014).

Conrad, C. P. and Lithgow-Bertelloni, C. (2002), ‘How mantle slabs drive plate
tectonics’, Science 298.

Corti, G., Philippon, M., Sani, F., Keir, D. and Kidane, T. (2013), ‘Re-orientation
of the extension direction and pure extensional faulting at oblique rift mar-
gins: comparison between the Main Ethiopian Rift and laboratory experi-
ments’, Terra Nova 25(5), 396–404.

Coussement, C., Gente, P., Rolet, J., Tiercelin, J.-J., Wafula, M. and Buku, S.
(1994), ‘The North Tanganyika hydrothermal fields, East African Rift system:
Their tectonic control and relationship to volcanism and rift segmentation’,
Tectonophysics 237, 155–173.

Crameri, F., Schmeling, H. A., Golabek, G. J., Duretz, T., Orendt, R., Buiter, S.
J. H., May, D. A., Kaus, B., Gerya, T. V. and Tackley, P. J. (2012), ‘A compari-
son of numerical surface topography calculations in geodynamic modelling:
an evaluation of the ‘sticky air’ method’, Geophysical Journal International
189, 38–54.

Crameri, F. and Tackley, P. J. (2014), ‘Spontaneous development of arcuate
single-sided subduction in global 3-D mantle convection models with a free
surface’, Journal of Geophysical Research: Solid Earth 119, 5921–5942.

192



Bibliography
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Samenvatting

Het aardoppervlak is continu aan deformatie onderhevig. Computermodellen
kunnen een brug slaan tussen directe observaties van deze deformatie, zoals
geodetische satellietdata, en de dynamica van de gehele lithosfeer en onderlig-
gende mantel die mogelijk aan de deformatie ten grondslag liggen. Daarvoor
is numerieke modelleersoftware nodig die zowel op de schaal van de observa-
ties als op de schaal van de geodynamische processen de relevante fysica, het
mechanisch materiaalgedrag, kan representeren.

De eindige-elementen code ASPECT (Advanced Solver for Problems in Earth’s
ConvecTion) maakt gebruik van moderne softwaretechnologie om op verschil-
lende tijd- en ruimteschalen de pertinente fysische-mathematische vergelij-
kingen op te lossen voor een bepaald geodynamisch model. Omdat deformatie
van de aardkorst en onderliggende aardmantel ook gebeurt door middel van
andere mechanismen dan de reeds in ASPECT aanwezige viskeuze deformatie,
ga ik in Hoofdstuk 2 in op de implementatie van niet-lineaire reologieën voor
meerdere materialen, zodat ASPECT toepasbaar wordt voor het modelleren van
korst-, lithosfeer- en manteldeformatie.

Het breukgedrag van de korst kunnen we modelleren met verschillende plas-
tische continuüm beschrijvingen waarvoor ik het Drucker–Prager criterium im-
plementeer. Na het testen van ‘solver’ parameters en uitvoerige benchmarks
waarbij de resultaten worden vergeleken met analytische oplossingen, theorie
en resultaten van andere codes, gebruik ik deze voor ASPECT nieuwe reologi-
sche beschrijving, een combinatie van plasticiteit met diffusie- en dislocatie-
kruip, om voor het eerst met ASPECT subductie in 2D en 3D te modelleren.
Subductie, het proces waarbij een tektonische plaat onder een andere plaat de
mantel in schuift, wordt o.a. gefaciliteerd door de plasticiteit in de korst. Wan-
neer de spanning in de korst te groot wordt, faalt het materiaal, waardoor de
viscositeit vermindert en de subducerende plaat wordt ontkoppeld van de bo-
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venliggende plaat. Deze nieuwe functionaliteit voor het incorporeren van com-
plex materiaalgedrag in de beschrijving van de deformatie van korst en mantel
en mijn verdere ontwikkelingen om realistische geometrieën van platen voor
te schrijven in ASPECT maken het vervolgens mogelijk om de geodynamica
binnen het Afrikaanse continent te modelleren alsook de interactie tussen de
Afrikaanse en de Euraziatische plaat in het oostelijke Middellandse Zeegebied.

De Afrikaanse plaat is aan bijna alle kanten omgeven door mid-oceanische
ruggen, waar oceanische lithosfeer uit elkaar drijft en nieuwe korst gevormd
wordt. Aan de noordkant subduceert de Afrikaanse plaat echter onder Eurazië,
dat net wat langzamer beweegt. Dit subductieproces vindt al meer dan 100
miljoen jaar plaats en de plaatgrens tussen Afrika en Eurazië is dan ook een
uitermate gecompliceerd gebied met verscheidene kleinere tektonische frag-
menten, zoals de Egeïsche-Anatolische (E-A) regio. Deze regio beweegt sneller
en in een andere richting dan de omliggende grote platen en deze afwijkende
bewegingen worden aan verschillende dynamische processen toegeschreven.
Welke van deze processen dominant zijn is echter een onderwerp van continu
debat. In Hoofdstuk 3 van mijn proefschrift probeer ik op een nieuwe wijze
deze processen te categoriseren.

Er is veel observationele data beschikbaar van het oostelijk Middellandse
Zeegebied, waaraan numerieke modellen van voornamelijk de korst vaak ge-
toetst worden. In Hoofdstuk 3 probeer ik daarom eerst vast te stellen voor
welke diepere processen geodetische data gevoelig is. Daarvoor construeer ik
geodynamische computermodellen van het oostelijke Middellandse Zeegebied
die de gehele manteldiepte (∼2900 km) omspannen. De geometrie van de pla-
ten inclusief hun diktes en grenzen baseer ik op geologische en geofysische
data. De temperatuur van de mantel onder de lithosfeer komt van seismolo-
gische modellen van de 3D mantelstructuur, en de mechanische eigenschap-
pen worden geïmporteerd via thermodynamische materiaalmodellen. Vervol-
gens test ik hoe de beweging van de korst verandert ten opzichte van een re-
ferentiemodel dat goed overkomt met de geodetische data wanneer opgelegde
plaatbewegingen, de geometrie van de slab, de mantelstructuur en de reologie
systematisch worden gevarieerd.

Het referentiemodel laat zien dat een groot deel van de korstbeweging van
17 mm/jaar wordt verklaard door mantelprocessen (slechts 6 mm/jaar niet).
De modelvariaties wijzen vervolgens op een grote bijdrage van de ‘slab pull’ en
de interactie van de omringende mantel met de slab (5-10 mm/jaar), waarbij
de top 200 km van de slab (het in de mantel hangende deel van de Afrikaanse
plaat) de grootste rol speelt. Ook de interactie tussen de sublithosferische man-
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tel, de slab en de tektonische platen én de ruimtelijk variërende mantelstro-
ming blijken van grote invloed. De schaalfactor tussen seismologische infor-
matie en de temperatuur en dichtheid is minder van gewicht, net als het ab-
solute kinematische frame van de voorgeschreven bewegingen van de grotere
platen t.o.v. de diepe mantel. Wel blijkt dat alleen in het juiste absolute frame
de kinematica correct geïnterpreteerd kan worden (e.g. ‘slab rollback’ of ‘roll-
forward’). Tot slot tonen de modellen een grote gevoeligheid van korstbewe-
gingen voor de bulk-viscositeit van de sublithosferische mantel. Waarschijnlijk
worden deze door mij voorspelde gevoeligheiden van de korst voor manteldy-
namica onderschat, vanwege de afwezigheid van laterale kleinschalige hetero-
geniteit in de relatief sterke modellithosfeer. De dynamische processen kan ik
als volgt samenvatten geordend op volgorde van de grootte van hun bijdrage
aan de korstbeweging in het E-A gebied: 1) de ‘slab pull’ en dynamische koppe-
ling over de plaatgrenzen; 2) de viskeuze koppeling tussen de slab en de stro-
ming van de omringende mantel; 3) de materiaalfrictie tussen de mantel en de
onderkant van de platen.

In het oosten van het Afrikaanse continent vindt juist een heel ander pro-
ces plaats, daar breekt het continent langs een recent systeem van horsten en
slenken, bekend als de Oost-Afrikaanse Rift, als gevolg van de beweging van de
omringende tektonische units en de onderliggende mantel. Deze plaatgrens in
wording tussen de Nubia plaat in het westen en de Somalische plaat in het oos-
ten omvat net als het oostelijk Middellandse Zeegebied meerdere tektonische
korst-lithosfeer fragmenten die afzonderlijk van de omringende platen bewe-
gen. Met name de Victoria microplaat onderscheidt zich duidelijk op basis van
breukbewegingen en aardbevingen. Met behulp van geodetische satellietme-
tingen is bepaald dat Victoria tegen de klok in beweegt t.o.v. Nubia. Het me-
chanisme achter deze rotatie, die afwijkt van de klokwijze rotaties van de pla-
ten om Victoria heen, is onbekend. In Hoofdstuk 4 laat ik zien dat de rotatie
veroorzaakt kan worden door het meesleuren van Victoria door de Afrikaanse
plaat in het noordwesten van de microplaat en door de Somalische plaat in het
zuidoosten, waar de lithosfeer mechanisch sterker is vanwege eerdere plaattek-
tonische gebeurtenissen. Precambrische gebergtevorming heeft ook gezorgd
voor de overgeleverde lithosfeerzwakte (mobiele gebergtegordels) waarlangs
de Oost-Afrikaanse Rift zich heeft ontwikkeld. De diverse riftsegmenten in deze
gordels faciliteren Victoria’s rotatie door de ontkoppeling van de omringende
platen.

Met een set generieke modellen laat ik eerst zien dat de distributie van sterke
en zwakke regio’s de locatie en magnitude van de plaatrotatie-vector bepaalt.
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Met behulp van modellen die gebaseerd zijn op de verdeling van lithosfeer-
plaatsterkte in oost Afrika, demonstreer ik vervolgens dat met ons mechanisme
Victoria beweegt volgens de geobserveerde rotatie. Aangezien het model deze
observatie goed voorspelt, vergelijk ik ook de materiaalspanning in het gebied
en het tektonische regime van de korst met observaties. Op regionale schaal
komen voorspelling en observatie goed overeen. De discrepantie tussen de ge-
observeerde richting van breukafschuiving en de ‘oblique slip’ die mijn model
voorspelt daar waar de Oost-Afrikaanse Rift de kleinste hoek maakt met de re-
gionale relatieve plaatbeweging kan duiden op kleinschalige laterale heteroge-
niteit in de lithosfeer die het spanningsveld lokaal beïnvloedt, maar die niet in
het model meegenomen is. Met behulp van de gehele voorspelling van snel-
heid en spanningsveld kan ik tot slot de uiteenlopende theorieën omtrent de
interpretatie van de kinematica van de Oost-Afrikaanse Rift verenigen.

226



Acknowledgements

This thesis could not have come to be without the support of my colleagues,
friends and family, and some words of thanks are very much due to those that
helped me along the way. First of all, I am grateful to Dr. Arie van den Berg for
putting me on the path to academia, as it led me to so many wonderful people,
places and opportunities. My promotor Prof. Dr. Wim Spakman gave me the
chance to pursue my interests each and every day. His enthusiasm and trust
in my capabilities were instrumental in the production of this work. Wim, you
know when and how to make (seemingly) tough decisions easy, as “geluk is een
keuze”.

Together with Dr. Cedric Thieulot (copromotor) and Menno Fraters I em-
barked on the ASPECT journey early on; thank you both for all the discussions
and sharing of the highs and lows along the way. Wolfgang, Timo, Juliane and
Rene, I really appreciate the chance to be part of the development of the AS-
PECT code and its community.

Dr. Sascha Brune (copromotor) generously gave me the time to finish this
thesis and is the living example of efficiency and interdisciplinary collabora-
tion. Prof. Dr. Douwe van Hinsbergen, thank you for your energy and guidance.

Day-to-day it was the office mates - Menno, Yue, Lydian, Pete, Masha, Sha-
laleh, Bram - that sparked discussion and generated diversion. Max, Sibiao,
Anthony, Derek, Eva, Janneke (paranimf), Candela, Suzanne (paranimf), Dirk,
Nienke, Ale and all the Usual Suspects, thank you for the social aspects of sci-
ence: I hope there will be many more tea, dancing, APES borrels, karaoke and
happy hardcore.

Day or night, Theo would fix the cluster, which was well appreciated. Till
and Uwe, thank you for your support.

Outside of the office, I greatly enjoyed going on excursions with G. C. Miölnir
to keep in touch with my geologist side.

227



Acknowledgements

And yes, there are also people whose lives do not revolve around rocks or
governing equations. Thank you Muchacha’s (Charlotte, Charlotte, Cleo, Evelien,
Judith, Ootje and Simone) for reminding me. We have grown together from ea-
ger new students to people that have found their place in life and I am grateful
for sharing that journey with you. BILBO girls (Iris, Liesbeth, Maaike, Loes and
Gabriella), I love reading books with you. Together with lifelong friends Jill, Eve-
lyn and Frederique, you all help me live a more balanced life. Hopefully some
of my enthusiasm for the planet we live on has rubbed off on you.

My family and their unconditional love and support got me to where I am
today. Papa and mama, Pieter and Gitta, Rian and Anneke, Riet and Ad, thank
you for always being there for me. Thomas, you stand by me, push me when I
need pushing and steady me when I need steadying. Thank you for following
our dreams together.

228



Curriculum Vitae

June 9, 1988 Born in Rotterdam, The Netherlands

2000 - 2006 Pre-university education
Christelijk Gymnasium Sorghvliet, Den Haag, The Netherlands

2006 - 2009 BSc. Earth Sciences
Utrecht University, Utrecht, The Netherlands
Cum Laude

2008 - 2009 Exchange program
Macquarie University, Sydney, Australia

2009 -2012 MSc. Geophysics
Utrecht University, Utrecht, The Netherlands
Cum Laude

2007 – 2011 Student teaching assistant
Utrecht University, Utrecht, The Netherlands

2012 Trainee Office Geophysicist
Fugro Survey BV, Leidschendam, The Netherlands

2012 - 2019 PhD candidate
Mantle dynamics group, Utrecht University, The Netherlands

from April 2017 Researcher
GFZ Potsdam, Potsdam, Germany

229




