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About this book

This volume contains the extended abstracts of contributions presented during GeoMod 2014 at the
Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences (GFZ Potsdam), showing
the state of the art of the tectonic modeling community.

GeoMod is a biennial conference dedicated to latest results of analogue and numerical modelling
of lithospheric and mantle deformation. It started in 2002 in Milan as RealMod2002, then moved to
Lucerne (GeoMod2004), Florence (2008), Lisbon (2010), and Lausanne (2012).

GeoMod2014 took place from 31 August to 3 September 2014 with 138 participants from 25
countries on all continents. The scientific programme of GeoMod2014 was organized in seven
topical sessions listed below. The conference was followed by a 2-day short course on "Constitutive
Laws: from Observation to Implementation in Models" (including lectures, lab visits, and practical
exercises), as well as a 1-day hands-on tutorial on the ASPECT numerical modelling software.

GeoMod2014 focused on rheology and deformation at a wide range of temporal and spatial
scales: from earthquakes to long-term deformation, from microstructures to orogens and subduction
systems. For the first time, the discipline of volcanotectonics was included, while the (mantle)
geodynamics community was more strongly represented than in previous editions. The bridge to
field geology has traditionally been strong. At GeoMod 2014, fitting to the focus on rheology, the
rock mechanics community was also represented. We thank our sponsors DFG, GFZ Potsdam and
Geo.X, the conveners and all participants for contributing to a successful conference.

The GeoMod2014 Committee
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Geodynamics

Session Description: Geodynamics

Conveners: Francesca Funiciello (U Roma Tre), Stephan Sobolev (GFZ)

We are living in the time when initially observational-qualitative geology is rapidly turning into
the quantitative-predictive science where numerical and analogue modelling are essential. Both
these modelling techniques have their strong and weak sides and their combination is potentially
very desirable, but is not often practiced. In this session we would like to focus at geodynamic
problems where both modelling techniques could best cooperate. Those include, but are not
limited to deformation of lithosphere, subduction, mantle convection and plumes. We invite
contributions of numerical and analogue modellers in all these fields and particularly welcome joint
numerical-analogue modelling approaches and ideas on efficient cross-technique collaboration.

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 234



Anomalous structure of the oceanic lithosphere in the
North Atlantic and Arctic oceans: preliminary analysis
based on bathymetry, gravity and crustal structure

O. Barantseva, I. M. Artemieva, H. Thybo, M. Herceg

IGN, University of Copenhagen, Denmark
e-mail: olba@ign.ku.dk
session: Geodynamics

We present preliminary analysis of the crustal and upper mantle structure of the oceanic lithosphere
in the North Atlantic and Arctic oceans with the specific goals of establishing factors that control
variations in crustal thickness, and recognizing upper mantle structure which, together with the
crustal structure, controls the bathymetry.

In comparison to continents, oceanic crust and upper mantle is commonly believed to have
a simple structure, and in young oceans (< 80Ma) bathymetry usually follows the square-root-
of-age law. However, this is not true for the Northern Atlantic, northwards from the Charlie
Gibbs transform zone. Although the Northern Atlantic ocean started opening ca. 65Ma, it has
anomalously thick crust and anomalously shallow bathymetry that does not follow theoretical
predictions. These anomalies may, in part, be controlled by mantle processes at around Iceland.
Further north and into the Arctic ocean, spreading rate decreases rapidly, having effect on the
structure of the oceanic lithosphere. In the Arctic Ocean the main geodynamic factor that controls
the crustal and lithospheric development, is the presence of a unique system of ultraslow mid-ocean
ridges.

Our analysis is based on modeling of gravity anomalies caused by subcrustal anomalous masses.
The calculations are based on removing the gravitational effect of water, crust and the deep mantle
from the observed gravity field. The bathymetry is based on the global NOAA database ETOPO1.
For crustal correction we use a part of the global model CRUST1.0, and for comparison, a regional
seismic model EUNAseis. Gravity data is derived from GOCE satellite data. As a result we aim
at understanding the links between the deep lithosphere dynamics, ocean spreading, ocean floor
bathymetry, heat flow and structure of the oceanic lithosphere in the region where classical models
of evolution of the oceanic lithosphere appear to be unreasonable.

Proceedings of GeoMod 2014 (31.08.-05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 235
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Fig. 1.: Simplified map of the area of study. North-Atlantic and Arctic transitional ridge system.
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Abstract

Understanding the physics of lithospheric deform-
ation requires good constraints on lithospheric
rheology and in particular on the effective vis-
cosity. Typically, rheology is determined from
laboratory experiments on small rock samples,
which are extrapolated to geological conditions -
an extrapolation over 10 orders of magnitude in
deformation rates. Ideally, we thus need a new
independent method that allows constraining the
effective rheology of the lithosphere directly from
geophysical data, which is the aim of this work.

Our method uses the fact that the geodynamic-
ally controlling parameters of lithospheric deform-
ation are its effective viscosity and density struc-
ture. By appropriately parametrising the rhe-
ological structure of the lithosphere we perform
instantaneous forward simulations of present-day
lithospheric deformation scenarios with a finite
element method to compute the gravity field as
well as surface velocities. The forward modelling
results can be compared with observations such
as Bouguer anomalies and GPS-derived surface
velocities. More precisely, we automatise the for-
ward modelling procedure with a Markov-Chain
Monte Carlo method, and in fact solve a joint
geodynamic and gravity inverse problem. The
resulting misfit can be illustrated as a function
of rheological model parameters and a more de-
tailed analysis allows constraining probabilistic
parameter ranges.

Yet, the lithosphere has non-linear rheologies
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that can be plastic or temperature-dependent
powerlaw creep depending on stresses. As the
thermal structure of the lithosphere is in gen-
eral poorly constrained, and only affects the dy-
namics of the lithosphere in an indirect manner,
we developed a parameterised rheology that ex-
cludes a direct temperature dependency. To test
the accuracy of this approximation we perform
lithospheric-scale collision forward models that in-
corporate a temperature-dependent visco-plastic
rheology to create synthetic surface observations.
In a second step, we deploy these synthetic data
sets to perform a joint inversion, using our simpli-
fied parameterized rheology. Results show that
we can recover the rheology of the lithosphere
reasonably well, provided that lithospheric layers
contribute to the large-scale dynamics. In addi-
tion, we have applied the models to the India-Asia
collision zone, and first results are consistent with
the Tibetan plateau having a weak lower crust,
but the Indian mantle lithosphere having large
viscosities.
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Fig. 1.: Left: 3D model of salt tectonics in the presence of sedimentation and erosion ("downbuilding"), of
which we use one snapshot to define the geometry of our model. From this snapshot, we compute the gravity
anomalies and the surface velocities, which forms our synthetic dataset. Right: In a next step, out inversion
method runs many forward models in which density and viscosity of each of the layers is varied in an automatic
fashion and the resulting model output is compared with the data which gives one misfit value per simulation
(dots on these plots). Models that fit the data well have red colors. Results show that we can retrieve the true
data (larger circles) very well, provided that the layers are not too thin (pictures taken from Baumann et al.
2014).
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Magma-poor rifted margins often exhibit
highly extended continental crust with a thick-
ness of less than 10 km. The width of these thin
crustal regions varies from 70 km off Iberia (Whit-
marsh et al., 2001) to 200 km in the Central South
Atlantic segment (Contrucci et al., 2004). The
respective conjugate margin, however, is often re-
stricted to few tens of kilometres resulting in
large scale crustal asymmetry (Hopper et al.,
2004; Unternehr et al., 2010). Seismic obser-
vations as well as kinematic reconstruction of the
Iberia/Newfoundland conjugates suggest that an
array of ocean-ward younging sequential faults is
responsible for the typical asymmetric architec-
ture (Ranero and Perez-Gussinye, 2010). Up to
now, no thermo-mechanically verified model ex-
ists that explains the existence of highly thinned
crust, margin asymmetry, and sequential fault
activity simultaneously.

Here, we use thermo-mechanical modelling
(SLIM3D, Popov and Sobolev, 2008) to un-
derstand the spatio-temporal evolution of the
Iberia/Newfoundland and the Brazil/Angola
passive margins. Our finite element model in-
volves an elasto-visco-plastic rheology formula-
tion that allows for the self-consistent generation
of faults and ductile shear zones as well as stress-
and temperature-dependent viscosity. We con-
strain our experiments with detailed plate kin-
ematic history of the pre-break up and early sea-
floor spreading phase, laboratory-based rheology,
and melt fraction evaluation of mantle upwelling.

Proceedings of GeoMod 2014 (31.08.-05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001)

Our results are consistent with observed fault pat-
terns, crustal thickness, and basin stratigraphy.

We propose rift migration as a key process
during magma-poor margin formation (for more
detail, see Brune et al., 2014). Our numerical
models show that steady-state rift migration is
maintained by sequential faulting in the brittle
crust and balanced by lower crustal flow (Fig. 1).
Hence, the degree of rift migration is controlled
by the lower crustal viscosity adjacent to the mov-
ing rift, whereas the viscosity of the lower crust
is a function of lower crustal composition, initial
thermal structure, intensity of strain softening
and most importantly extension velocity. By
demonstrating how rift velocity affects the final
margin width, we explain the formation of highly
thinned crust and the along-strike asymmetry
variation of the Central South Atlantic segment
(Fig. 2). The effect of initial lower crustal vis-
cosity was most important to shape the Iberia-
Newfoundland margins. Their structure is best
described with an initially decoupled, moderately
asymmetric fault phase that is followed by crust-
mantle coupling, sequential faulting, and low de-
gree rift migration. Rift migration may be also
relevant for other highly thinned and asymmet-
ric margin pairs such as Antarctica—India, the
North-East Atlantic, the Southern South Atlantic
segment and the East Australia/Lord Howe Rise
conjugate.
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Fig. 1.: Active faults are shown in red, inactive faults in black. Brittle faults are indicated with solid lines, ductile
shear zones with dashed lines. The wide margin is formed through rift migration and sequentially active faulting
towards the future ocean. Hence, undisturbed pre-salt sediments pre-dating breakup are predicted by our model
to be deposited in the landward part of the margin.
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Fig. 2.: (a) Conjugate margin structure for 4, 8, and 10 mm/a full rift velocities. The width of simultaneously
faulted areas is indicated by black arrows, while sequentially faulted domains are depicted by blue arrows. The
width of the wide margin increases with rift velocity. The reason for this behaviour is shown in (b): Higher
velocities lead to advection of the isotherms to shallower depths. This heats the lower crust more efficiently
forming a weaker and larger exhumation channel (see white iso-viscosity line that cuts into the lower crust).
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Oblique extension takes place when the relat-
ive velocity of two diverging plates is at an angle
to the zone of deformation. Brittle deformation
is accommodated by complex normal fault sys-
tems that are controlled by reactivation of pre-rift
structures, extension direction, erosion, sediment-
ation, melting and dyke dynamics. The relative
impact of these processes on the observed fault
pattern, however, is difficult to deduce from field-
based studies alone. This study provides insight
in crustal stress patterns and fault orientations by
employing a laterally homogeneous, 3D rift setup
with constant extension velocity and direction
(Fig. 1). While previous analogue models elucid-
ated the fault patterns of initial rift phases, the
entire rift evolution from the beginning of exten-
sion to breakup has not be addressed so far. In
order to validate the model, I explicitly compare
its results to a set of analogue experiments that
have been conducted on crustal scale (Clifton
et al., 2000) and lithospheric scale (Agostini et
al., 2009). Despite the simplicity of the setup,
the presented rift models feature a large variety
of fault orientations that are solely due to the
three-dimensionality of oblique rift systems.

The presented numerical models cover all pos-
sible rift obliquities (i.e. rift-orthogonal exten-
sion, low obliquity, high obliquity, strike-slip de-
formation) by extending a previous study that fo-
cused on the moderately oblique Gulf of Aden Rift
(Brune and Autin, 2013). Hence, model results
are applicable to diverse oblique rifts that existed
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in the past or are active at present day, such as
the presently active Main Ethiopian Rift (Corti,
2008), the Gulf of California Rift (Bennett and
Oskin, 2014) the Equatorial Atlantic Rift (Heine
and Brune, 2014), and the Antarctica/Australia
Rift (Whittaker et al., 2007). Moreover, the
model yields insight in oblique mid ocean ridges
like the Reykjanes and Mohns Ridge (Dauteuil
and Brun, 1993) and the South West Indian Ridge
(Montési et al., 2011).

Rift evolution is computed using the finite
element model SLIM3D that features realistic,
elasto-visco-plastic rheology and a free sur-
face. The modelled lithospheric segment involves
crustal and mantle layers accounting for self-
consistent necking of the lithosphere. Along-
strike model sides use a periodic boundary condi-
tion that mimics an infinitely long rift zone. Des-
pite recent advances, 3D numerical experiments
still require relatively coarse resolution so that
individual faults are poorly resolved. This issue is
addressed by employing a simple post-processing
method that uses the surface stress-tensor to eval-
uate stress regime (extensional, strike-slip, com-
pressional) and preferred fault azimuth (Brune
and Autin, 2013). The described method is ap-
plicable to any geodynamic model and easy to
introduce.

The evolution of a moderately oblique rift sys-
tem is illustrated in Fig. 2. Initial small-scale
faults strike with an azimuth that exactly in the
middle between the rift-parallel and the extension
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Fig. 1.: (a) Fundamental geometry of oblique extension. The angle of obliquity « is defined as the angular
difference between extension velocity and rift normal. (b) The numerical model setup involves four layers: felsic
crust (grey), mafic crust (red), strong mantle (olive), and weak mantle (light green). Extensional velocities are

prescribed at the boundaries in x-direction.

orthogonal direction. This agrees with previous
analogue experiments and theoretical considera-
tions (Withjack and Jamison, 1986). The small-
scale faults coalesce into an en-échelon system
at 6 My. The phase of en-échelon deformation
is accompanied with smoothly varying fault ori-
entations that exceed the rift-parallel azimuth of
0° (Fig. 2c). At 11 My, pronounced rift-parallel
faults emerge adjacent to the rift centre. This
takes place at the end of the en-échelon deform-
ation when strong lithospheric necking occurs
below the central part of the rift. Simultaneously,
a thin, strike-slip dominated area emerges in the
rift centre indicating strain-partitioning. The
latest stages of rifting show intermediate fault ori-
entations while additional extension-orthogonal
fault azimuths emerge during breakup.

While fault directions are often used to infer pa-
laeo plate movements, this study shows that local
changes in crustal stress field and fault orienta-
tion may arise intrinsically during rift maturation
and may not require plate motion changes. These
changes follow a characteristic temporal pattern
that is linked to the maturity of the rift system.
In natural rift systems this pattern might be
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modified by additional heterogeneities, erosion,
sedimentation, melting and dyke dynamics.
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Fig. 2.: (a) The surface strain rate at 1 My shows small-scale shear zones that correspond excellent to the
theoretically derived value (—22.5°, Withjack and Jamison, 1986). Further evolution involves rotating sigmoidal
shear zones and basin-ward localization until crustal break-up is achieved. (b) Cross sections show the degree
of lithospheric necking. (c) Azimuth diagram depicting the characteristic evolution of stress-inferred fault
directions at the model surface. Abbreviated directions indicate the rift-parallel azimuth (R), intermediate fault
orientation (1), extension-orthogonal direction (O), and the direction of extension (E). For comparison, fault
distributions of analogue experiments by Clifton et al. (2000) and Agostini et al. (2009) are plotted at 1 My,
and 6 My, respectively.
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Numerical experiments of continental rifting often start from laterally homogeneous crustal layers
with an inserted prescribed inhomogeneity to trigger deformation. Some examples of the prescribed
inhomogeneity are a thermal anomaly, a variation in Moho geometry, or an inherited weak region.
This approach has the advantage of controlling the location of rifting and keeping the rift buffered
from boundary effects of the model domain. Yet a review of present-day passive margins quickly
reveals that most passive margins are built on former collision zones. This is perhaps not surprising
as continents are long-lived and therefore have undergone several deformation phases, increasing
the likelihood of a rift forming at or near a suture. But collision zones can also act as intrinsic
rift-localizers for several reasons: rifting at a suture may be initiated by extensional collapse of the
mountain chain, the thicker crustal root of orogens and their associated increase in heat producing
elements makes orogens thermally weak, and inherited thrust faults form large-scale heterogeneities.

Here we use 2-D numerical experiments to explore the role of inherited crustal structures on
continental rifting and passive margin formation by actually making inherited collision zones. We
first examine a series of experiments in which we explicitly prescribe collisional structures, such
as increased Moho depth and inherited thrust zones. Differences in extension duration (the time
from rift initiation to break-up) and crustal shear zone patterns result from varying the prescribed
collisional structures. Overall the experiments have relatively fast break-up and develop short
crustal tapers. Our second series of experiments builds a Wilson Cycle of subduction, collision, and
extension. Closure of a 60 Ma ocean leads to continental collision and slab break-off, followed by
some tens of kilometres of slab eduction. We use this set-up to investigate how extension localizes
on a former continental collision zone. We will present first results of the roles of post-collision
thermal equilibration time, lower crustal rheology, and shear zone healing on the evolution of passive
margins that develop on continental collision zones.
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This contribution aims to revaluate the charac-
ter and evolution of large-scale crustal post-rift
subsidence of basins that formed and evolved
within extensional tectonic settings. Contin-
ental margins and intra-continental basins have
been conventionally explained in terms of time-
dependent thermal contraction of a thermal an-
omaly formed at the time of basin initiation. A
common feature of models based on generic prin-
ciples is to predict a post-rift subsidence com-
ponent decaying exponentially in time with a
rate controlled by the thermal diffusivity of the
mantle lithosphere only. It has being now re-
cognized that additional thermal and mechanical
processes may modify (retarding, reducing or en-
hancing) the overall thermal subsidence pattern.
However, their impact on the resulting 3D basin
evolution is still to be quantified yet. Such pro-
cesses comprise regional compensation to time
varying sediment loading and internal thermal
stresses, non—linear lithosphere thickening due to
coupling between 3D conductive mantle cooling
and thermal blanketing by low conductive sed-
iments, and accelerated subsidence in response
to vertical advection of the mantle lithosphere in
response of mechanical loading by sediments and
eustatic sea level changes. Conventional mod-
els which are based on first-order principles and
which do not consider these "low-order" thermo-
mechanical interactions are likely to result in-
adequate to explain the subsidence history as
observed in many of the world’s continental mar-
gin and intra-continental sedimentary basins.

The aim of this contribution is to analyze
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quantitatively the post-rift evolution of basins
formed under extensional tectonics by means of
3D numerical modelling taking into account the
dynamic coupling between sedimentation, litho-
spheric flexure and thermal contraction on the
distribution, both in time and space, of the basin
subsidence. We present and describe a quantitat-
ive tool to assist studies on the evolution of rift-
type basins by means of a 3D thermo-mechanical
program to model sedimentary basins evolution
comprising: (1) uniform or non-uniform litho-
spheric stretching and related initial subsidence;
(2) time-varying thermal evolution and associated
subsidence /uplift component; (3) time-dependent
loading distributions (sedimentation and sea level
changes) and resulting vertical deformation; and
(4) thermal effects on the mechanical structure of
the lithosphere in terms of EET variations both
in time and space by means of different rheologies.
Versatility of the program stems from its mod-
ular structure that enables to address a variety
of lithospheric processes and to account for the
coupling among those, see Figure 1.

Efforts have been made to integrate into a uni-
fied modelling platform up-to-date concepts of the
thermo-mechanical behaviour of the lithosphere
in response to internal and external forcing. Act-
ive sediment deposition is considered to occur in
time in the overlying basin domain. The thermal
state and evolution of the forming basin is fully
coupled with the evolving thermal configuration
of the deeper crustal and mantle lithosphere. The
thermal evolution of the system is governed by
3D conduction considering the effects of thermal
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- Serial and Parallel iterative solvers

Example of a coupled cycle
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Fig. 1.: (Upper Figure) Schematic representation of the code structure illustrating the different modular components
and combinations of across-modules coupling available. (Lower Figure) Example of a coupled cycle to model

the subsidence evolution of a rift-type basin.

cooling as well as sediment loading and/or sea
level changes. The lithosphere-asthenosphere
boundary (LAB) is modelled as a thermal bound-
ary whose location and geometry change in time
in response to the computed thermal evolution.
Lithospheric deformation occurs due to mechan-
ical loading (sedimentation and sea-level changes)
as well as time-dependent thermal stresses (bend-
ing moment and intraplate forces) due to a vary-
ing thermal configuration.

Applicability of the program to complex geolo-
gical systems is ensured by accounting for vari-
ations through time and space of all rock prop-
erties, whether thermal or mechanical, as well
as loading functions, sedimentation, thermal and
intraplate stresses. Functional dependency of
rock thermal properties on computed state vari-
ables (pressure and temperature) are considered.
In this regard, the program enables not only to
model the temporal evolution of a basin in a
self-consistent way based and depending on the
physics implemented, but it also offers enough
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flexibility to incorporate detailed information of
the sedimentary succession and of the deeper
crustal and mantle configuration as preserved at
present. Therefore, data-based 3D lithosphere-
scale geological model can be used to derive input
parameters (lithosphere geometry and sediments
thickness), while backward in time backstripping
of these models can assist the forward modelling
efforts by providing constraints on the configur-
ation of the basin at the time of its initiation.
The main advantages are (1) to determine how
the rifting processes producing a 3D spatially
variable stretching of the lithosphere, including
syn-rift sediment deposition, might impact the
post-rift evolution of the basin and the associated
accumulation space for the sedimentary systems;
and (2) to quantify the impact of the flexural
behaviour of the lithosphere in response to both
the post-rift thermal evolution (i.e. lithosphere
cooling) and sedimentation history (i.e. gradual
loading) on the post-break up vertical movement.
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Introduction

First order large scale stress fields, associated
with active plate tectonic processes, interact with
lateral heterogeneities in the lithosphere and gen-
erate strain redistribution [Zoback, 1992].

Continental lithosphere exhibits lateral vari-
ation in its mechanical properties, as evidenced
from observations and supported by mechanical
models [Audet and Biirgmann, 2011; Burov, 2011;
Ranalli, 1997; Tesauro et al., 2012]. Lateral vari-
ation of strength in the lithosphere has been
proven to be an important factor controlling the
localization of deformation and far-field strain
transmission [Sokoutis et al., 2005; Tommasi and
Vauchez, 1997; Willingshofer et al., 2005; Ziegler
et al., 1998]. Numerous modelling studies invest-
igated the localization of deformation in com-
pressional settings in case of lithospheric weak
zones flanked by stronger domains. Such models
have been successfully applied to examples of rift
inversion [Brun and Nalpas, 1996; Cerca et al.,
2004] or compression of weak orogenic wedges at
plate boundaries [Willingshofer et al., 2005].

In this contribution, we focus on the strain
redistribution resulting from the presence of a
stronger rheological heterogeneity embedded in a
weak lithosphere. To this purpose we use litho-
spheric scale analogue models. The experiments
have been grouped in two sub-series character-
ized by different investigated parameters. First
we investigated the role of varying convergence
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velocity and thickness of the upper brittle mantle
when a strong lithospheric domain strikes perpen-
dicular to the convergence direction. Both these
parameters play an important role in the crust-
mantle coupling. Subsequently we kept these two
parameters constant and we varied the orienta-
tion of the rheological boundaries with respect
to the convergence direction. In fact, reactivated
lithosphere heterogeneities are often observed to
strike oblique with respect to the main horizontal
stress field.

Experimental set-up and modelling
procedure

Figure 1 illustrates the set-up and different geo-
metrical configurations for the presented exper-
iments. Strength envelopes are representative
for the very initial stage of deformation. All
experiments consisted of three domains with dif-
ferent mechanical properties: two external blocks
shared the same lithospheric stratification (ref-
erence lithosphere) and one central block where
the increase in strength with respect to the refer-
ence lithosphere was achieved by increasing the
brittle/ductile ratio in the crust.

The reference model lithosphere was defined
by a four layers rheological stratification (brittle
upper crust/ductile lower crust/brittle upper
mantle/ductile upper mantle) representative for
a stabilized lithosphere, characteristic for regions
with low geothermal gradient [Afonso and Ranalli,
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Fig. 1.: a) Sketch of the experimental set-up; b) representative strength profiles calculated for a convergence
velocity of 1 cm/h; c) effect of different convergence velocities on the strength on the ductile layers and
crust-mantle coupling; d) top view of the experiments: in sub-series A the strong domain has been kept parallel
to the moving wall, while in sub-series B different obliquity angle have been tested.
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2004] (Figure la).

The brittle crust and brittle upper mantle were
simulated with dry feldspar and quartz sand re-
spectively, while the lower crust and ductile litho-
spheric mantle were represented with silicone mix-
tures characterized by viscous non-Newtonian be-
haviour. The model lithosphere was resting on
a high density and low viscosity fluid mixture
representing the lower lithospheric mantle and
asthenosphere. This facilitated the isostatic com-
pensation. The density of the lithospheric mantle
was lower than the asthenospheric fluid in all
experiments, so that subduction was impeded.

The models were built inside a transparent
Plexiglas box with dimensions 36 cm x 42cm x
15 ¢m equipped with an internal moving wall. Ex-
periments have been performed in normal gravity
field. Deformation was monitored during the
experiments with top view pictures and laser
scanning at regular time intervals. At the end
of each experiment the model was cut in cross
sections parallel to the convergence direction in
order to visualize the internal deformation at the
latest experimental stage.

Preliminary Results

Experimental outcomes confirmed the role of lat-
eral strength contrast in the lithosphere as an
important factor controlling strain redistribution
in compressional settings (Figure 2, 3).

In presence of a strong domain oriented perpen-
dicular to the convergence direction deformation
always localized along the rheological boundaries
(Figure 2). Strain rate governed the geometry of
the deep lithospheric structure. High convergence
velocity resulted in asymmetry of the lithospheric
root and main transport direction towards the
moving wall (Experiment 1). A more symmetric
deep lithospheric root characterized experiments
with low convergence velocity (Experiment 2).

Brittle/ductile ratio in the lithospheric mantle
determined the absence (low B/D) or presence
(high B/D) of faults in the upper brittle mantle
and the width of the area affected by upper
crustal faults. Distributed deformation in the
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upper brittle crust characterized Experiment 3
where the increased brittle mantle thickness en-
hanced the decoupling along the ductile lower
crust (Figure 2).

When the strong domain was oblique to the
convergence direction, deformation resulted only
partially localized along the rheological boundar-
ies, due to the along-strike increase in distance
from the moving wall (Figure 3b). Two main
thrust systems with different transport direction
developed, connected by a complex transition
zone (Figure 3 D).

The presented modelling results provide valu-
able insight for the strain localization in intra-
plate settings under various rheological and geo-
metrical configurations and are applicable to nat-
ural areas.
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Fig. 2.: Experimental results for sub-series A. Representative cross sections and DEM (Digital Elevation Models)

of the experiments’ surface at 20 % bulk shortening for different convergence velocities and thickness of the
brittle upper mantle.
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domain (SD) strikes perpendicular to the convergence direction; b) Experiment 5 (sub-series B): the strong
domain (SD) strikes at 60° to the convergence direction. Convergence velocity is 1 cm h™! for both experiments.
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This research is focused on various aspects
of the evolution of the western Mediterranean
region. This region underwent a long and com-
plicated history of slab rollback and lithosphere
tearing, for which the only direct observations
come from its geological history and present day
mantle structure inferred by tomographic data.
Different tectonic reconstructions were proposed
for this region based on these observations. Des-
pite the general agreement on the initiation of
subduction rollback around 35Ma and slab buoy-
ancy being a major driving force leading to the
present day slab under the Rif-Gibraltar-Betic
(RGB) these reconstructions propose distinctly
different initial configuration of the subduction
zone, as well as temporal evolution of the re-
gion during 35Ma to 0 Ma. We categorize all
tectonic reconstructions into three different evol-
ution scenarios and based on this in the first part
of the research we investigated the evolution of
the region employing 3D thermo-mechanical nu-
merical modeling. The criteria to discriminate
between these reconstructions are fits between
observed and predicted slab and major subduc-
tion evolution temporal constraints, which are
Mid-Miocene (16 Ma) thrusting of the Kabylides
onto the African margin and a stalled subduction
under the RGB arc since the Tortonian (~8 Ma).

The first scenario (S1) proposes that subduc-
tion rollback started from a 300 km long trench
to the southeast from Baleares. Initially rollback
occurred southward with a rotation to westward,
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but changed its direction to westward after reach-
ing the African margin (e.g. Rosenbaum et al.
2002; Spakman and Wortel 2004; van Hinsber-
gen et al. 2014). In the second scenario (S 2)
a long trench from Gibraltar to Baleares is as-
sumed with predominantly southward rollback
(e.g. Gueguen et al. 1998; Faccenna et al. 2004).
In the last, third scenario (S3), it is proposed
that subduction has started at the African mar-
gin with predominantly northwestward rollback
(Verges and Fernandez 2012).

From these scenarios we configured three dif-
ferent initial buoyancy conditions in terms of
initial geometry of subduction zone at 35Ma and
optimize developed models by fitting the major
morphological and temporal constraints varying
the parameters for non-linear rheology implemen-
ted in our models and the geometrical settings
within a range appropriate for each reconstruc-
tion scenario.

We obtained a good match between present-
day mantle structure tomography (Spakman and
Wortel 2004, Bezada et al. 2013) and predicted
slab morphology for subduction models based
on S1 (Fig. 2). For S3 we could simulate the
curved slab structure under Betics in top 200 km,
however, the deep part of the slab extends far to
the south under the Africa, which is inconsistent
with tomographic constraints. For the scenario
S2 we could not find a subduction model that
reasonably fits the observed mantle structure un-
der Gibraltar (Fig. 2).

254



M. V. Chertova et al.

Geodynamics

Fig. 1.: An illustration of rollback as portrayed in the three different reconstruction scenarios: scenario 1 (S1),
scenario 2 (S2) and scenario 3 (S 3). Dashed lines represent proposed transform faults regions.

We concluded from our experiments that only
models with the subduction evolution starting
from a short NW-dipping subduction zone under
Baleares at 35 Ma defining scenario S1 can suc-
cessfully predict trench rollback to the African
margin of the RGB- and Kabylides slabs, west-
ward tearing of the African margin and slab ro-
tation by more than 180°, a dominant westward
opening of the Algerian basin, and, finally a res-
ulting slab under Gibraltar around 8 Ma.

This part of the research provides us with the
favorable subduction framework for future invest-
igations of the geological /tectonic evolution of the
western Mediterranean region. Based on this we
continued our research with investigation on the
influence of absolute plate motions on the subduc-
tion evolution of this region. For a regional Earth
subduction zone absolute plate motions might be
an important factor controlling the subduction
evolution and present-day stress field.

So far, instantaneous models of the western
Mediterranean region as well as tectonic recon-
structions only utilize relative plate motion refer-
ence frames with fixed Europe or Africa. However,
only when considering the evolution of this region
in an absolute plate motion frames for Africa and
Iberia one can investigate the coupling between
plate motion, mantle, and subduction. By us-
ing 3D thermo-mechanical modeling, we evaluate
the impact of adopting four different absolute
plate motion frames on subduction evolution of
the western Mediterranean region during the last
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35Ma. The first one is determined from the
global moving hotspot reference frame (GMHRF)
of Doubrovine et al. (2012) and three are in-
vented frames: a motion model with an African
plate fixed to the mantle, a model with a fixed
Iberian plate and a model in which Africa motion
is twice that of GMHRF. We kept the same relat-
ive Africa-Iberia convergent motion in all motion
frames.

The numerical experiments started from the
same paleogeography, rheology and subduction
settings conforming to subduction scenario S 1.
The models demonstrated distinctly different 3-D
subduction evolution showing a critical sensitivity
of slab morphology evolution on absolute plate
motions adopted. We achieved the best results
in terms of fitting present day mantle structure
and major temporal constraints with the model
based on GMHRF (Fig. 3). The model with
faster Africa demonstrated significant decrease
in lithosphere tearing and associated rollback
and resulted in slab stalling at the longitude of
the eastern Betics. The African-fixed or Iberia-
fixed reference frames led to a too early slab
arrival at Gibraltar (Fig. 3). The model with
Iberia fixed also resulted in a slab located to the
north of the tomographically observed slab with
continental lithosphere involved into subduction
process during the final phase of the rollback
(Fig. 3).

Our models demonstrated a strong correlation
between the increase in northward Africa mo-
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Best subduction models for:
scenario 51 (§1.3-2) scenario S2(S2.1-4) scenario 83 (S3.1-4)

Fig. 2.: 3-D view on the evolution of the best model obtained for each reconstruction scenario. Left: model based
on S1, starting from a short trench at the Baleares margin, view from SE. Middle: model based on scenario S 2,
starting from a long initial subduction zone and long slab, view from NE. Right: model based on scenario S 3,
starting from a trench at the African margin, view from SE. Blue contours at the surface show the shape of the
slab at depth of 200 km.
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Africa-fixed (green) vs
reference model (blue)

Africa motion 6mm/yr (green)
vs reference model (blue)

Fast Africa, |7 mm/yr (green)
vs reference model (blue)

Fig. 3.: Slab morphology in the four subduction models at 20 Ma and 15 Ma. The reference model is shown in
blue in all panels and belongs to a northward Africa motion of 8 mm/a. The first column shows the Africa-fixed
model: the second column the Iberia-fixed model; the third column shows the model with two-times faster
Africa. The 1400K isotherm is shown from 200 km downward. The coastlines are shown in absolute plate

motion frame of the reference model, i.e. GMHRF.

tion and a decrease in the speed of westward slab
rollback along the African margin (Fig. 3). We re-
late this to an increased slab-mantle coupling and
this provided new insight into propagation and
dynamics of subduction transform edge propag-
ator (STEP) faults as proposed by Govers and
Wortel (2005). We conclude that absolute plate
motions of the subducting and overriding plates
can induce important dynamic slab-mantle coup-
lings that may strongly affect subduction evolu-
tion. Furthermore, accurate absolute plate mo-
tion constraints are crucial for modeling subduc-
tion evolution and dynamics in natural settings
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and visa versa, modeling of natural subduction
may provide novel constraints on absolute plate
motions.
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According to widely accepted models, mantle
plumes ascend from the lower mantle and cause
massive melting when their heads reach the base
of the lithosphere. Classical geodynamic models
consider plumes as purely thermal and thus pre-
dict a flattening of the plume head to a disk-like
structure and thin plume tails. However, there
are seismic observations and paleo-topography
data that are difficult to explain with this clas-
sical approach. In addition, geochemical data
indicate that plumes have a different composi-
tion than the average mantle material and it has
been suggested a long time ago that subducted
oceanic crust could be recycled by mantle plumes
(Hofmann & White, 1981).

While recent numerical models have considered
a different chemistry (Sobolev et al., 2011,
Ballmer et al., 2013) to explain complex plume
shapes or zoning within plumes, they are either
restricted to only a part of the plume evolution or
use simplified material models. However, due to
the high density of recycled oceanic crust, thermo-
chemical plumes are expected to have much smal-
ler buoyancy than thermal plumes. Therefore
it is especially important to incorporate real-
istic material properties as they can influence
the plume dynamics crucially, and determine if
a plume reaches the lithosphere or remains in
deeper parts of the mantle.

We perform numerical experiments in 3D spher-
ical shell geometry to investigate the dynamics of
the plume ascent, the interaction between plume-
and plate-driven flow and the dynamics of melt-
ing in a plume head. For that purpose, we use
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the finite-element code ASPECT (Kronbichler et
al., 2012), which allows for complex temperature-
, pressure- and composition-dependent material
properties. Moreover, our models incorporate
phase transitions (including melting) with the
accompanying rheological and density changes,
Clapeyron slopes and latent heat effects for the
peridotite and eclogite phase, mantle compress-
ibility and a highly temperature- and depth-
dependent viscosity.

We study under which conditions low-buoyancy
plumes ascend through the whole mantle, their
internal chemical zoning and the structures they
form in the upper mantle. We then compare these
results to observations of dynamic topography,
geochemical trends and melting degrees of ocean
island basalts, buoyancy fluxes and seismic tomo-
graphy.

Modeling shows that high plume buoyancy res-
ults in plumes directly advancing to the base of
the lithosphere, while plumes with slightly lower
buoyancy pond in a depth of 300 km to 400 km
and form pools or a second layer of hot material
(Figure 1). These structures become asymmetric
and finger-like channels begin to form when the
plume gets entrained by a quickly moving overly-
ing plate (Figure 2). Our models also suggest that
thermo-chemical plumes ascend in the mantle
much slower compared to thermal plumes and
have thicker plume tails. The conversion of plume
excess temperatures to anomalies in seismic ve-
locity shows that thermo-chemical low-buoyancy
plumes can explain a variety of features observed
by seismic tomography much better than purely
thermal plumes.
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Fig. 1.: Snapshots of a thermal (a) and three thermo-chemical (b, ¢, d) plumes with different volumes, and the
generated surface uplift. Colors represent excess temperature, the solid lines are isolines of chemical composition
and dashed lines mark 410 km and 660 km depth. In dependence of their initial temperature and buoyancy flux
thermo-chemical plumes show three different regimes: Primary plumes (d) ascend directly to the lithosphere,
plumes with slightly lower buoyancy pond in 300 km to 400 km depth and generate smaller secondary plumes
(c), and even lower buoyancy leads to plumes not reaching the lithosphere, but staying below 300 km depth.
The surface uplift caused by a thermo-chemical plume is about an order of magnitude smaller than that of a

purely thermal plume.

Fig. 2.: A thermo-chemical plume rising from the core-
mantle boundary and getting entrained by an overly-
ing, moving plate. The figure shows the isosurface of
the chemical composition (fraction of recycled oceanic
crust) and colors give an estimate of the melt fraction.
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Summary

Because laboratory experiments are crucial for
exploring new physics and testing theories, they
have long played a central role for understand-
ing the physics that governs thermal convection
and mantle dynamics. Mantle dynamics on geolo-
gical time scales is dominated by "fluid" behavior,
so that liquids around room temperature, and
fluid mechanics techniques, can generally be used.
With the development of computer power and
lasers, it has become possible in the last years
to measure the temperature, velocity, concen-
tration and deformation fields in experimental
tanks. Laboratory experiments can therefore also
constitute important tools for benchmarking com-
plex numerical codes. Moreover, the rheological
characterization of complex fluids has made im-
portant progress. I shall review recent results on
the dynamics and diversity of mantle plumes and
lithospheric intrusions, and on the generation of
asymmetric subduction and plate tectonics in the
laboratory.

Plume signatures in a complex
fluid: velocity, temperature,
compositional fields

It is now possible to follow the ascent and growth
of a starting plume through both its velocity and
temperature fields (fig. 1). Key measurements
are then the velocity of the stagnation point loc-
ated on the top of the plume head V4, and the
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velocity of the particles at this point V,(A). The
former will give the same information as follow-
ing dye (which underlines the maximum deforma-
tion) or following shadowgraph (which underlines
the maximum temperature gradient), while V,(A)
gives the same value as the uplift of the maximum
vorticity centers. The latter constitutes the "true"
plume head velocity. The difference V4 — V,(A)
represents plume head growth by thermal diffu-
sion, which remains quite small. We observe that
the plume samples mostly the material coming
from the thermal boundary layer above the heat
source (fig. 1), in agreement with early numerical
simulations (Farnetani and Richards, 1995).

When the bottom of the tank contains denser
fluid (fig. 2—left), the interplay of the compos-
itional and thermal buoyancies produces com-
plicated plume morphologies and histories which
depend strongly on the buoyancy ratio B (Kuma-
gai et al, 2008).

On the other hand, in a visco-elasto-plastic
fluid (e.g. Carbopol), the morphology of plumes
is very different from the mushroom-shape ob-
served in newtonian fluids: a plug flow develops
inside the plume thermal anomaly, producing a
rising finger-shape with strong shear zones con-
fined along its edges (fig. 2—right)). And two
conditions must now be fulfilled for an instability
to develop and rise: 1) the Yield number ¥y com-
paring the buoyancy-induced stress to the yield
stress, should be greater than a critical value
Uy =~ 6 (Davaille et al, 2013); and 2) the Bing-
ham number B;, comparing the yield stress to
the viscous stresses, needs to be locally smaller
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Fig. 1.: Thermal starting plume in sugar syrup (y = 47). a) Streamlines in the laboratory reference frame on top
of the plume image. The yellow cross represents the stagnation point A at the head top, the stars the rotation
centers CR in the laboratory reference frame, and the yellow open circles point to the vorticity extrema. b)
Streamlines in the "plume head" reference frame on top of the plume image, and c) on top of the vorticity field.
d) Plume uplift through time followed through the image intensity along the plume vertical axis; the bright
lines are the isotherms (labelled in white). e) Superposition of the plume images taken every 5 s between t =
100 and t = 500 s. The internal structure of the plume conduit, with its 5 isotherms, appears to be steady.
The outer bright line underlines the steady growth of the plume head. The positions of the centers of rotation
(corresponding to the position of the maximum values of the stream function) are represented in blue (early
times) to red (late times) (adapted from Davaille et al., 2011a).
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Fig. 2.: Left: Different morphologies as B increases. A thermochemical plume was generated on a flat heater
with a constant power. Initially the orange denser material was in a thin layer at the bottom of the tank.
The green lines are the isotherms. top) thermal and compositional fields. The white arrows indicate the fluid
motions. bottom) local buoyancy ratio.(from Kumagai et al, 2008). Right : Thermal plume in a yield-stress
and shear-thinning carbopol gel. a) Temper- ature (visualized by isotherms) and velocity structure. b) shear
rate calculated from the velocity fields. Note how deformation is confined on the edges of the thermal finger.

(from Davaille et al, 2013).

than 1. Moreover, the instability halts its ascent
as soon as ¥y < U, or Bi > 1 (Massmeyer et al,
2013). The experimental finger-shaped plumes
show strong similarities with diapiric intrusions in
the Earth’s lithosphere. A 10 km-diameter purely
thermal anomaly could only be emplaced in a
partially molten lithosphere (with o9 ~ 100kPa),
but the yield stress of the surrounding matrix
could reach up to ~ 50 MPa if the instability also
exhibits a chemical density anomaly.

Planetary dynamics: lessons from
soft matter

On Earth, seismic tomography studies show that
the subduction zones — and therefore the cold
plates — distribution delimits two large cells in
the mantle (the Pacific and the Indo-Atlantic
"boxes"), each cell containing several hot instabil-
ities (plumes). The existence of several scales
of convection suggests that the Earth’s mantle
is in the "mobile lid" regime of convection in a
strongly temperature-dependent viscosity (e.g.
Solomatov, 1995; Androvandi et al, 2011). Given
the mantle physical characteristics, this would im-
ply that the effective viscosity of the lithosphere
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is not more than ~ 30 to 3000 times more viscous
than the bulk mantle, in agreement with estim-
ates using bathymetry and geoid constraints),
regional models of subduction, or slab bending
(Androvandi et al, 2011).

However, with an actual viscosity contrast
across the lithosphere > 107, the Earth should
be in the stagnant lid regime, i.e. a one-plate
planet like for example Mars. So, if temperature-
dependent viscosity is clearly a key ingredient
for plate formation, this ingredient alone is not
sufficient to generate Plate Tectonics convection.
To make plate tectonics work, weakening and
shear localization are also required. Moreover,
the lithosphere can support over long time peri-
ods dormant weak zones (faults or rifts), which
can be preferentially reactivated to become new
plate boundaries. For years, experimentalists
have been looking for an analogue fluid present-
ing the "right" kind of rheology to allow self-
consistent, true plate tectonics. We are now us-
ing aqueous colloidal dispersions of nanoparticles,
whose rheology depends strongly on the solid
particle fraction ¢, and on the chemical activ-
ity a,, being Newtonian at low ¢, and low a,,
and presenting yield stress, elasticity, and brittle
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Fig. 3.: Experiment at high Rayleigh number and inter-
mediate viscosity ratio (Rahot = 5.3x107; v = 142).
Snapshot of a vertical cross-section taken 8 cm from
the front lateral wall. The bright lines are isotherms,
except the clear straight line labelled 'T" at position x
= 110 mm which is the thermocouple probe. Several
hot plumes are seen while only one cold downwelling
is observed. This situation resembles what is observed
on Earth for example in the Pacific “box". (from
Androvandi et al, 2011).

properties as ¢p, or a, increase (Di Giuseppe et
al, 2012). So by heating these fluids from below,
as well as drying them (as an analogue to cool-
ing) from above, several regimes can be observed
whereas a visco-elasto-plastic skin forms at the
surface and either stays there (convection under
a stagnant lid), or breaks and sinks episodically
in the fluid (episodic subduction, fig. 4—left, Di
Giuseppe and Davaille, 2010), or presents the
continuous motion and renewal of surface plates
(fig. 4—right, Davaille et al, 2011b). The latter
regime is close to the continuous plate tecton-
ics observed on Earth, and subduction is always
asymmetric.
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Subduction

Fig. 4.: Left: Spontaneous asymmetric subduction in a layer of colloids dried from above at constant temperature
and humidity. Top) view from above. The "trench" is outlined in yellow and the direction of trench rollback is
indicated by the yellow arrows. Bottom) view from the side. The contrast has been enhanced to better see
the subducting plate. The trench position is marked with a black arrow. (from Di Giuseppe & Davaille, 2010).
Right : Convection in silica colloidal suspension: regime of continuous Plate Tectonics. a-b) View from the side.
Two plates coming from the upper skin are subducting towards us. b) is the interpreted cartoon of the inset
in a). The left subducting plate is folding and forming a pile on the tank bottom. c) View from the top: a
spreading ridge is visible as well as a subduction zone.
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Introduction

Subduction zones are major features on Earth
and are believed to be one of the main drivers of
plate tectonics and mantle convection. The sub-
ducted slabs are negatively buoyant and have the
natural tendency to sink into the Earths’ mantle,
pulling their trailing plates at the surface. Slabs
generally have a plane perpendicular component
of movement that forces the trench at the surface
to migrate (retreat or advance). In such cases,
the overriding plate follows the subduction hinge,
while remaining in physical contact with the sub-
duction plate and deforming in the meantime.

Several works have used laboratory experi-
ments to investigate a number of natural as-
pects of subduction (e.g. Kincaid & Olson
1987; Faccenna et al. 1996; Buttles & Olson
1998; Funiciello et al. 2003; Schellart 2004;
Boutelier & Cruden 2008). In this work, we
present three-dimensional fluid dynamic laborat-
ory experiments of narrow subduction zones with
an overriding plate and an interplate rheology.
These results are based on and build on recent
modelling studies on subduction zones with an
overriding plate (Meyer and Schellart, 2013) as
well as an interplate rheology (Duarte et al., 2013,;
Duarte et al., 2014).
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Material and methods

In our subduction experiments we use a low vis-
cosity glucose tank (Fig. 1) to simulate an upper
mantle reservoir and a mixture of high viscos-
ity silicone and fine iron powder to simulate the
subducting plate (negatively buoyant) and over-
riding plate (neutrally buoyant). Mixtures of
petrolatum and paraffin oil with an adjustable
rheology are used to lubricate the subduction
interface by applying them to the surface of the
subducting plate. Our models are scaled using
the Reynolds number and the Stokes velocity, in-
suring that geometry, kinematics, and dynamics
(driving and resisting forces) are proportional to
the natural example (see Duarte et al., 2013 for
a detailed description of the scaling and model-
ling apparatus). No external velocity or force
boundary conditions are applied in our models.

Fig. 1.: Model setup of our reference experiment
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Fig. 2.: Example of a subduction experiment with both a subducting plate and an overriding plate, and an
interplate rheology (adapted from Duarte et al., 2013).

Modelling results

The main results are: 1) The shear stresses at
the subduction interface have a control on the
plate velocity, with high shear stresses correlating
with low velocities and vice-versa. Calculations
of the interfacial shear force and comparison with
natural subduction zones suggest that globally
the interfacial shear stresses are low (<33 MPa);
2) In our models of narrow subduction zones the
overriding plate always experiences overall ex-
tension, with an area of maximum (extensional)
deformation localizing at a finite distance from
the trench (~300km), and with some shortening
often occurring at the forearc. This implies that
the extension is mainly driven by the toroidal
component of the mantle return flow; 3) Only
a small portion of the potential energy of the
subducted slab is used to deform the overrid-
ing plate (less than 1%). Considering that the
energy dissipated in the slab and in the subduc-
tion zone hinge is also minor (less than 30 %), it
implies that majority of the energy (< 70 %) is
dissipated in the ambient sub-lithospheric mantle.
Furthermore, our models indicate that overriding
plate deformation force is of comparable mag-
nitude as the ridge push force (2 x 102 Nm™! to
3x 102 Nm™1).

Final remarks

Even though our models of subduction incorpor-
ate some simplifications (isoviscous plates and
sub-lithospheric mantle, isothermal conditions)
the rigorous scaling procedure assures that they
are robust at a first order approximation. We
thus conclude that in nature the subduction zones
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interfaces are weak, in narrow subduction systems
the overriding plate deformation is mainly con-
trolled by the toroidal component of the mantle
return flow and the energy dissipated in the over-
riding plate during such deformation is relatively
low when compared to the potential energy re-
lease of the subducted slab.
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Thermo-mechanical instabilities occurs primar-
ily at a seismically distinct zone called D” zone
along the core—mantle boundary of the Earth’s
interior, triggering upwelling of hot and buoyant
mantle materials in the form of thermal plumes.
Understanding the mechanics of mantle plumes
has raised renewed research interest in the last
couple of decades, especially in the context of ex-
plaining the origin of large igneous provinces, i. e.
the Deccan Traps and the Siberian Traps, and
hotspots, i.e. the Iceland and Hawaiian Islands.
A direction of plume research investigates the
upwelling dynamics of plumes and the possible
physical factors which may control this process.
It has been demonstrated from physical and nu-
merical experiments that the ascent behaviour
of mantle plumes can be unsteady, leading to a
complex evolutionary path through the mantle.
Such an unsteady ascent is largely attributed
to the time-dependent variations of plume-head
geometry. The present study aims to explore
the key physical parameters that may control
the plume geometry, a question that still invokes
controversies among the researchers.

We ran scaled model experiments by injecting
a hot (~60°C), buoyant viscous fluid (glycer-
ine) into a relatively cold (30 °C) fluid (glycerine)
medium. Experiments produced plumes with a
bulbous head, which progressively increased in
size during their ascent, and subsequently started
to curl inwardly at their flanks, giving rise to a
mushroom like shape (Figure 1a). On the other
hand, the plume head continued to increase in
size without any curling when the fluid was injec-
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(b)

(a)

Fig. 1.: Different plume geometry from experiments:
(a) Balloon-shaped, (b) Mushroom-shaped plumes.

ted slowly. The latter condition produced plumes
with a bulbous head (Figure 1b), as documented
from many seismic tomography.

For a quantitative analysis of these two prin-
cipal two types: bulbous- and mushroom-shaped
plumes, we performed numerical simulations em-
ploying the Volume of fluid (VOF) method for
multiphase fluid flows. The VOF method applies
the flow equations based on volume averaging
and tracks the interfaces of two fluid phases us-
ing a phase indicator function v (also denoted as
color function or volume fraction). v = 1 implies
a phase, say Phase 1, whereas v = 0 indicates an-
other phase, say Phase 2. The interface between
two phases can be tracked with 0 < v < 1. The
VOF formulation assumes that the fluid phases
taken for modeling remain in the immiscible state.
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Non-dimensionalization of the different paramet-
ers in the governing equations is an important
step while handling the fluid problems either the-
oretically or computationally. In our studies we
have considered a fluid (Phase 2) of lower dens-
ity (pp), which is injected into a stagnant fluid
(Phase 1) of higher density (pp), as exercised in
the laboratory experiments. Model simulations
predict the development of plumes in two prin-
cipal modes: i) ballooning mode and ii) curling
mode, leading to the bulbous and mushroom-
shaped geometry respectively. There can be a
transition in the mode of plume ascent as a func-
tion of two independent physical variables: dens-
ity contrast (Ap = z—;, pa and p, are mantle and
plume density respectively) and material influx
rate (normalized in terms of Reynolds number
Re = 2% where v is the injection velocity and d
is length of the cross-sectional area).

The ballooning mode (Figure 2) occurs in a
condition of high Ap (~1.2) and low Re (~6),
which transforms into the curling mode (Fig-
ure 3) as the condition is reversed (Ap = 1.1
and Re = 18). We investigated the thermal
structures of plumes from temperature profile
across the plume head. The ballooning and curl-
ing types show contrasting temperature profiles
(Figure 4). Ballooning type of plumes are charac-
terized by steeper thermal gradients across their
boundaries, as compared to that in the curling
type. Secondly, the temperature remains later-
ally more uniform in case of ballooning. In the
advanced stage the profile shows a temperature
drop inside the head, which resulted possibly
from a secondary convection process operating
inside the plume head. The thermal front of a
plume migrates laterally with time, and the rate
of migration depends on the mode of ascent. The
curling mode shows the thermal front migration
at much faster rates, about ten times that for the
ballooning mode (Figure 4).

Results from this fluid models has been em-
ployed to addresses a fundamental question why
seismic images rarely detects the curling type of
plume geometry, although it is widely reported
from various model simulations. The maps of
the temperature distribution in close proximity

Proceedings of GeoMod2014 (31.08.—05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001)

¥ nn
o 02 [ 0.2 o 02 0 02
x—

4 Myr 8 Myr 12 Myr 18 Myr
0.4 0.6 08 10

- -

Normalized Temperaturo———p

Fig. 2.: Progressive development of a plume in bal-
looning mode in VOF models. Mapping of the plume
shapes by (a) phase and (b) thermal boundary are
shown.
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Fig. 4.: Temperature profile of plume head along a horizontal, central line passing through the head. Both
temperature and horizontal distance have been shown by their values normalized with respect to the corresponding
far-field temperatures and the horizontal model dimension, respectively.

to the plumes suggest that they differ consider- References
ably from plume phase boundary in case of the
curling mode plume. The thermal structure al-
ways reveals a balloon-shaped geometry even if
the phase boundary suggests a mushroom-shaped
plume head. We infer that seismic tomography

perhaps tracks the thermal boundary of plumes, tiphase Flow, http://dx.doi.org/10.1016/
j.ijmultiphaseflow.2014.02.007.

Dutta, U., Sarkar, S., Baruah, A.,Mandal,
N., (2014). "Ascent modes of jets and
plumes in a stationary fluid of contrasting
viscosity"'.  International Journal of Mul-

rather than the mantle-plume phase boundary.

Dutta, U., Sarkar, S., Mandal, N., (2013). "Bal-
looning versus curling of mantle plumes: views
from numerical models". Current Science. 104

(7), 893-903.
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ASPECT (Kronbichler et al., 2012), short for
Advanced Solver for Problems in Earth’s Convec-
Tion, is a new Finite Element code which was
originally designed for thermally driven (mantle)
convection. It has, among others, the following
advantages and properties:

1. Modern numerial methods: linear and non-
linear solvers, stabilization of transport dom-
inated processes;

2. adaptive mesh refinement;

3. Build from the ground up for parallelism (a
high scalability on multiple processors);

4. Trivial to go from 2D to 3D

5. Build upon the well maintained and suppor-
ted liberies deal.ii, Trilinos and p4est.

Here we present an application of ASPECT to
modeling of fully thermo-mechanically coupled
subduction. Our subduction model contains three
different compositions: a crustal composition on
top of both the subducting slab and the overrid-
ing plate, a mantle composition and a sticky air
composition, which allows for simulating a free
surface for modeling topography build-up. We im-
plemented a visco-plastic rheology using frictional
plasticity and a composite viscosity defined by
diffusion and dislocation creep. The lithospheric
mantle has the same composition as the mantle
but has a higher viscosity because of a lower
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Fig. 1.: Model setup. C1 is mantle material, C2 and
C3 are crust materials and C4 is a sticky air material.

temperature. The temperature field is implemen-
ted in ASPECT as follows: a linear temperat-
ure gradient for the lithosphere and an adiabatic
geotherm for the sublithospheric mantle. Initial
slab temperature is defined using the analytical
solution of McKenzie (1970). The plates can be
pushed from the sides of the model, and it is pos-
sible to define an additional independent mantle
in/out flow through the boundaries.

We show that this model produces good results:

1. the free surface works in building reasonable
topography;

2. the deformation is highly localized in the
overriding and subducting plate in clear vis-
ible shear bands;
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3. a self-consistent evolution of the evolution of western Mediterranean subduction, roll-

of the subduction channel through the vis-  back, and slab segmentation, Tectonics,
coplastic rheology; doi:10.1002/2013TC003349

4. transfer of crustal material from the subduct-
ing plate to the overriding plate;

5. Slab shape depending on mantle flow.

This setup is then used to investigate the west-
ern Mediterranean subduction and subsequent
rollback. About 30Ma this rollback was initi-
ated (Van Hindsbergen et al, 2014) and pulled
Sardinia and Corsica from Iberia as a big block.
We will show a preliminary set of models and
results, highlighting the codes capabilities, such
as the Adaptive Mesh Refinement, topography
development, the influence of mantle flow on the
subduction evolution, and the investigation into
this blocklike behavior of Sardinia and Corsica.
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To perform any numerical model of convection in Earth’s mantle, initial internal conditions (e. g.,
temperature and composition), boundary conditions (e.g., the velocity fields at the surface and
the core-mantle boundary), and parameters such as the mantle viscosity profile must be imposed.
Such conditions and parameters are crucial for simulating mantle convection, however, none are
fully constrained, and assumptions on their values must be made. Using palacomagnetically-
derived tectonic plate motion velocities as time-dependent surface boundary conditions in numerical
convection models, it is possible to simulate convective flow within Earth’s mantle for periods
encompassing several hundreds of Ma. Recent work has shown that such models can, to first-order,
successfully reproduce the global present-day lower mantle velocity signature inferred from seismic
tomography. For such models, assumptions must be made on the initial conditions and surface
kinematics, along with a mantle viscosity profile. In this project, we will study the effect of the
assumed initial condition on the resulting 3D flow field in simulations of mantle convection. We will
investigate whether the assumption of an initial condition affects the present-day mantle dynamical
structure on both local and global scales and aim to determine the time-dependence of the effect of
initial conditions. We will investigate both isochemical (i. e., purely thermal) and thermochemical
(thermal and compositional) modes of convection in Earth’s mantle, and simulate convection over
time periods of several hundreds of Ma. We will use the finite-element mantle convection code
CitcomS in parallel with the interactive plate tectonic reconstruction software, Gplates, to simulate
convection in Earth’s mantle with palacomagnetically-derived tectonic plate motion velocities as
time-dependent surface boundary conditions. We will quantitatively and qualitatively compare
predicted present-day mantle structure to inferences from alternative seismic tomography models
and aim to determine the effect of initial conditions on numerical model results.
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The orogenic zone at the South Island of New
Zealand is of particular current interest in geo-
dynamics/tectonics research as an active and
young continental collision. These characteristics
make the region amenable to studying the (enig-
matic) nature of continental plate collisions using
present-day geophysical/geological observables.

The fundamental nature of the lithospheric
deformation, especially the deformation of the
mantle lithosphere (sub-crustal lithosphere), at
the South Island is unresolved. Two end-member
behaviours have been proposed: mantle litho-
sphere may be accommodated by subduction-
like underthrusting of one plate along a narrow
shear zone (Beaumont et al., 1996); or it may
be shortened by distributed thickening of a vis-
cous mantle lithosphere root (Molnar et al., 1999;
Stern et al., 2000). It may also be that litho-
sphere is deforming by a combination of these
two, with a temporal transition from one to an-
other (Pysklywec et al., 2002). An important
feature of the South Island tectonics is the highly
oblique nature of the plate collision: strike-slip
motion (~4cm/a) along the boundary exist at
the same time with convergent motion (~1cm/a).
Moreover, the convergence velocity varies along
the boundary owing to the proximity of the Euler
pole of rotation. To the north, Hikurangi west-
dipping subduction and to the south, Peysegur
east-dipping subduction may also be modifying
the collision in a type of subduction scissor (Pysk-
lywec et al., 2010). However, previous studies on
modelling the dynamics of the South Island colli-
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sion have not included these important factors in
the direction parallel to the plate boundary; in-
stead considering this as a two-dimensional prob-
lem.

In the research we are conducting 3D geody-
namical modelling to explore these tectonic ques-
tions for the collision. We are using a newly-
developed code "Elefant" by Cedric Thieulot
which has been designed for geodynamical simula-
tions at crustal and lithospheric scales. It solves
the Stokes and heat transport equations using
finite element methods, relying on open-source
solvers — MUMPS and SPLIB.

The code is very versatile and offers such fea-
tures as:

e The so-called Arbitrary Lagrangian-Eulerian
method (Donea et al., 2004) meaning that
the grid deforms vertically allowing a free
surface, but stays intact along the horizontal
axes

e Lagrangian markers used to track the mater-
ial displacements

e Velocity- and pressure-based boundary con-
ditions allowing more realistic and flexible
constraints for the models

e Diverse available rheologies — brittle, viscous
and visco-plastic

Elefant has been thoroughly benchmarked and
optimised for using on supercomputers; it scales
well for 100+ cores. The NZ models are currently
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being tested and running on the SciNet cluster
— Canadas largest supercomputer.

The input parameters of the model is 4-layered
structure with convergence occurring alongside
with the strike-slip motions along the weak zone
representing the Alpine fault. Here, I will show
the first results of the work — general structures
formed, material displacements, velocities, strain
rate, and character of deformation from the for-
ward computational modelling.
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It is common to treat the lithosphere as a
purely elastic plate parameterized by its flex-
ural rigidity or effective elastic thickness if glacial
isostatic adjustment processes are modeled. Fur-
thermore, the viscous or viscoelastic mantle struc-
ture underlying the elastic plate is considered in
a spherical, i.e. 1D symmetry. These assump-
tions downgrade the lithosphere to a thin plate
where its rheological characteristics and struc-
tural features are neglected; but the assumptions
are widely accepted as the horizontal extensions
of the classical glacial loads in Scandinavia and
North America are too large as to be sensitive
to small-scale lateral variations of lithospheric
strength. Likewise, the presently observed fading
adjustment process due to the loading processes
dating back several thousands of years is governed
by the large-scale flow of mantle material.

To proof the validity of such an assumption,
we apply the spectral finite element code VILMA
which is based on Martinec (2000) where the
field equations of a self-gravitating viscoelastic
continuum are solved in the time domain and
which allows for lateral variations in viscosity
structure (Klemann et al., 2008) but also power-
law rheology. On the two latter aspects we focus
in this study where we investigate the influence
of a rheologically constrained lithosphere with
lateral variability in temperature and structure,
which is based on Tesauro et al. (2012), on the
response to glacial loading processes.

As a case example, we discuss the evolution of
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viscosity on a cross section that cuts the Lauren-
tide ice sheet from its centre to the periphery
and we apply a power-law rheology, where the
effective viscosity is determined from the load
induced stress field, o, which is determined from
the viscoelastic deformations of the earth:

1 E
Alo| 1 PRT

Here, A, E and n are material dependent quantit-
ies following from the considered earth structure
and the temperature, T, follows from the con-
sidered thermal state of the lithosphere.

For reference, Fig. 1 shows the effective vis-
cosity for a homogeneous shear-stress state of
1MPa and 10 MPa, respectively, on this cross
section. The increase of viscosity with radius is
mainly due to the temperature decrease. Lat-
eral heterogeneity reflects structural features of
the lithosphere. Qualitatively, one can expect
that the effective viscosity is lowest during the
termination phase when the fast ice retreat in-
duces largest changes in the stress state and, so,
enhances the sub-lithospheric material transport.

This is shown in Fig. 2, where the viscosity
in the mantle lithosphere drops by more than
one magnitude during the termination phase and
increases afterwards again.

Furthermore, we extend this study to more
recent and smaller scale processes like the Little
Ice Age and present time loading processes in tec-
tonically active regions like Southern Patagonia,
Antarctic Peninsula or Alaska.

(1)

Tleff =
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Fig. 1.: Effective viscosity for homogeneous stress state of 1 MPa and 10 MPa. For orientation, the extension of
the Laurentide ice sheet is shown at the top of each plot in blue. The map below shows the chosen profile from

west of Hudson Bay towards Florida in red and the maximum extension of the adopted ice-sheet model again in
blue.

20 kyr 10 kyr
0 0
6300 6300
3 10 g g 100 €
3 s 8 £
S 6200 8 k) 6200 8
200 200
6100 6100
5 kyr 0 kyr
0 0
6300 6300 5
E 10 g g 100
3 s 8 £
S 6200 8 k) 6200 8
200 200
6100 6100

18 20 22 24 26 28 30 32 34
logyq [Visc. (Pa s)]

Fig. 2.: Effective viscosity at 20, 10, 5 and 0 ka before present day. Blue line at top shows the current extension
of the ice sheet and the dashed line shows the extension at last glacial maximum.
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Introduction

The Barents Sea and Kara Sea region as part of
the European Arctic shelf is located in an intrac-
ratonical setting between the Proterozoic East-
Furopean Craton in the south and young Ceno-
zoic passive margins in the north and the west.
The region amalgamated during three major oro-
genies from latest Precambrian to late Paleozoic
times (Breivik et al., 2002; Cocks and Torsvik,
2005; Gee et al., 2006; Gudlaugsson et al., 1998;
Otto and Bailey, 1995; Puchkov, 2009; Ritzmann
and Faleide, 2007; Roberts and Siedlecka, 2002)
and subsequently, underwent multiple phases of
locally varying subsidence (Breivik et al., 1998;
Clark et al., 2013; Faleide et al., 1993; Gud-
laugsson et al., 1998; Henriksen et al., 2011; Jo-
hansen, 1992). The present-day architecture of
the sedimentary cover indicates different under-
lying crustal and lithospheric terranes and the
influence of locally diverse causative geological
processes. We assess how the density and temper-
ature varies in response to the heterogeneous com-
position of the crystalline crust and the deeper
lithosphere.

Therefore, a 3D structural model was de-
veloped resolving the sedimentary configura-
tion, the crystalline crust and the lithospheric
mantle. The sedimentary part is composed of four
megasequences boundaries (pre-mid-Permian,
mid-Jurassic, mid-Cretaceous and earliest Eo-

Proceedings of GeoMod 2014 (31.08.-05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001)

Oslo, Norway

cene. The geometries of the final 3D-structural
model are well constrained as they are consistent
with interpreted seismic refraction and reflection
data, geological maps and previously published
3D-models.

The thickness distribution of each sediment-
ary megasequence varies strongly across the shelf
indicating locally different development of the
corresponding basins. The southwestern Bar-
ents Sea is characterized by narrow and elong-
ated megasequence thickness maxima. Thereby,
the distribution of sediment maxima indicates
that the locus of major subsidence shifted to-
wards the present-day continent-ocean bound-
ary, thereby forming a fan-shaped basin system.
The East Barents Sea Basin and the South Kara
Sea Basin reveals a thick mid-Permian to mid-
Jurassic megasequence indicating major subsid-
ence back then. The overlying thinner sediment-
ary megasequences reveal that subsidence contin-
ued to early Cenozoic times in these two basins.

While the crystalline crust is thinned beneath
regions where preserved sediments are thickest,
the lithosphere-asthenosphere boundary (LAB)
does not show any clear correlation with the sed-
imentary megasequences nor with the subsedi-
mentary crust. Instead, the LAB as the base of
the structural model, reveals a step-wise deepen-
ing structure towards the east. Thereby, levels
of similar depths exhibit a clear correlation with
the outline of sub-sedimentary crustal terranes
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as defined by Marello et al. (2013).

The shallow LAB beneath the western Bar-
ents Sea (—60km to —105km) coincides with
Caledonian Basement (southwest) and the Bar-
entsia crustal block (northwest). Thereby, the
local LAB depth configuration does not allow a
clear differentiation of these two terranes. Late
Cenozoic volcanism in the NW Barents Sea may
have overprinted structural imprints of a Barent-
sia block. The eastern Barents Sea is underlain
by LAB depths of about —150 km which widely
correlates with the Timanian basement (Marello
et al., 2013). The west coast of Novaya Zemlya
exhibits the transition to the Uralian domain as
observable by a major thickening of the litho-
sphere.

To extend the structural analysis in particular
towards the composition of the subsiding crys-
talline crust we performed 3D gravity modelling.
Therefore, the sedimentary units were assigned
lithology-dependent matrix densities and porosit-
ies to calculate bulk densities which consider the
effects of erosion, compaction as well as the max-
imum thickness of the late Cenozoic ice sheet. For
the mantle (down to 250 km depth), we implemen-
ted a published velocity-density model (Levshin
et al., 2007). To calculate an initial density con-
figuration of the crystalline crust, the concept
of Pratt’s isostasy is applied and the resulting
density distribution is used to define an upper
and lower crust.

The obtained gravitational response of the
parameterized 3D-structural model is compared
with the observed gravity field to further investig-
ate the composition of the lithosphere and partic-
ularly to define the extent of possible high-density
bodies in the crystalline crust. To assess the ma-
jor controlling factors of the thermal field, the
obtained 3D-density model is used to calculate
the lithosphere-scale 3D conductive thermal field
of the Barents Sea and Kara Sea region. Con-
sequently, the predicted thermal field is validated
with measured borehole temperatures. Highest
temperature are calculated for the westernmost
Barents Sea, which is in accordance with the
local rifting history (Fig. 1). Additionally, re-
gions which are known to have experienced strong
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Fig. 1.: Temperature distribution @ —7km depth.

late Cenozoic uplift and erosion such as the NW
Barents Sea and Svalbard reveal higher temperat-
ures (Fig. 1). Beneath the remaining shelf areas
minor positive temperature anomalies delineate
the geometry of sedimentary basins (Fig. 1). Low-
est continental temperatures occur beneath the
mainland due to a lack of a thicker sedimentary
coverage (Fig. 1).

The developed present-day 3D model provides
an ideal base to reconstruct the subsidence/uplift
history of the Barents Sea and Kara Sea region
through time by considering also the composi-
tional heterogeneities of the crystalline crust and
the deeper lithosphere.
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Within the Solar System, Earth is the only
planet to be in a mobile-lid regime, whilst it is
generally accepted that all the other terrestrial
planets are currently in a stagnant-lid regime,
showing little or no surface motion. A transitional
regime between these two, showing episodic over-
turns of an unstable stagnant lid, is also possible
and has been proposed for Venus (Armann and
Tackley, JGR 2012).

Using plastic yielding to self-consistently gen-
erate plate tectonics on an Earth-like planet with
strongly temperature-dependent viscosity is now
well-established, but such models typically focus
on purely thermal convection, whereas composi-
tional variations in the lithosphere can alter the
stress state and greatly influence the likelihood
of plate tectonics. For example, Rolf and Tackley
(GRL, 2011) showed that the addition of a contin-
ent can reduce the critical yield stress for mobile-
lid behaviour by a factor of around 2. Moreover,
it has been shown that the final tectonic state of
the system can depend on the initial condition
(Tackley, G3 2000 — part 2); Weller and Lenardic
(GRL, 2012) found that the parameter range in
which two solutions are obtained increases with
viscosity contrast.

We can also say that partial melting has a
major role in the long-term evolution of rocky
planets: (1) partial melting causes differenti-
ation in both major elements and trace ele-
ments, which are generally incompatible (Hof-
mann, Nature 1997). Trace elements may contain
heat-producing isotopes, which contribute to the
heat loss from the interior; (2) melting and vol-
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canism are an important heat loss mechanism at
early times that act as a strong thermostat, buffer-
ing mantle temperatures and preventing it from
getting too hot (Xie and Tackley, JGR 2004b);
(3) mantle melting dehydrates and hardens the
shallow part of the mantle (Hirth and Kohlstedt,
EPSL 1996) and introduces viscosity and com-
positional stratifications in the shallow mantle
due to viscosity variations with the loss of hydro-
gen upon melting (Faul and Jackson, JGR 2007;
Korenaga and Karato, JGR 2008).

We present a set of 2D spherical annulus sim-
ulations (Hernlund and Tackley, PEPI 2008) us-
ing StagYY (Tackley, PEPI 2008), which uses
a finite-volume scheme for advection of temper-
ature, a multigrid solver to obtain a velocity-
pressure solution at each timestep, tracers to
track composition, and a treatment of partial
melting and crustal formation. We address the
question whether melting-induced crustal pro-
duction changes the critical yield stress needed
to obtain mobile-lid behaviour as a function of
governing parameters.

Our results show that melting and crustal pro-
duction strongly influence plate tectonics on ter-
restrial planets. For the same parameters the use
of a treatment for melting and crustal production
facilitates breaking the stagnant-lid, replacing it
with episodic-lid; however, a smoothly evolving
mobile lid can also be replaced by episode-lid.
Several factors can play a role on these, namely
lateral heterogeneities, differences in the lid thick-
ness and internal planetary temperatures induced
by melting and crustal production.
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Subduction initiation at straight passive mar-
gins can be investigated with 2-D numerical mod-
els, because the geometry is cylindrical (Fig. 1B).

However, on Earth, straight margins rarely oc-
cur. The construction of 3-D models is therefore
critical in the modelling of spontaneous subduc-
tion initiation at realistic, curved passive margins
(Fig. 1A).

Here we report on the results obtained from
gravitationally driven, 3-D thermomechanical nu-
merical models using a visco-plastic rheology and
a passive margin with a single curved section in
the middle. The models show that the curvature
angle 5 (Fig. 1A) can control subduction initi-
ation: the greater [ is, the more difficult subduc-
tion initiation becomes (Figs. 1-3).

The 3-D thermomechanical models provide an
in-depth physical understanding of the processes
(Figs. 4-6). Temperature is a critical parameter
because it controls density, thus affecting stresses
and pressure gradients. In the initial stage, iso-
therms are horizontal, but this configuration rap-
idly changes with deformation (Fig. DR1). If
subduction initiation is fast, as in models 1 and 2,
then thermal re-equilibration of the sinking slab
with the surrounding mantle is delayed. Hence,
the slab remains cold to great depths, the density
contrast with the mantle is maintained (cold slab
in hot mantle), and the oceanic slab thus sinks
rapidly. There is, therefore, a positive feedback
between temperature and the sinking velocity of
the oceanic slab (e.g., McKenzie, 1977), which
can be further enhanced if the cold oceanic slab
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Fig. 1.: Initial stage (A) and final results (B-D) of
modelling. The initial stage shows a zig-zag structure
to simulate a curved margin, lengths of continent and
ocean, and angles « and 3. « is the dip of continent-
ocean lithospheric boundary surface, and is 45° for
all models; 3 is the angle between the trace of the
curved section of the margin at the Earth's surface
and the z-axis, and is 0° (model 1 in B), 20° (model
2in C), or 40° (model 3 in D). t — time to subduction
initiation
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Fig. 2.: Sections through the end result (at 1.964 Ma) of model 2 with 5 = 20°, at z = Okm (front wall),
z = 100km (middle), and z = 200 km (back wall). Note that the oceanic slab reaches 200 km depth (subduction
proper) faster in the front than in the back. UC — upper crust; LC — lower crust.

Fig. 3.: Sections through the end result (at 9.393 Ma) of model 3 with 5 = 40°, at 8 = 20°, at z = Okm (front
wall), z = 100km (middle), and z = 200km (back wall). Note that the oceanic slab reaches 200 km depth
(subduction proper) in the front of the model, but not in the back. Colours as in Fig. 2.

Proceedings of GeoMod2014 (31.08.-05.09.14, Potsdam, DE, doi: 10.2312/GFZ.geomod.2014.001) 286



F. O. Marques, F. R. Cabral, T. V. Gerya, G. Zhu, D. A. May

Geodynamics

A - t;; p=0°
Continent
T
x
s
o 100
]
o

0 500
Distance (km)

0
©
o
. 0 mo
-—
x
2
=3
4 8
2
o
6
1000

Fig. 4.: Velocity vectors (white arrows) overlain on pressure maps (coloured). The difference in the size of velocity
vectors in A (bigger) and B (smaller) indicates why an increase in 5 hampers subduction initiation. Insets on
right are close-ups of the dashed square areas marked in A and B.
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B-p=0%t=1.215Ma

C - p=20°% t=1.964 Ma

D - B =40° t=9.393 Ma

Fig. 5.: Color maps representing the model temperat-
ures in the initial stage (A), and at the front wall in
the last stage of Models 1, 2 and 3. Note the higher
temperature, from B to D, in the core of the sinking
slab.

transforms into high-density eclogite (not mod-
elled).

Specifically, we find that pressure gradients
(Fig. 4), arising from density differences between
oceanic and continental rocks, drive subduction
initiation, and strongly influence the timing. The
main difference between straight (cylindrical) and
curved margins is that the orientation of the pres-
sure gradient in 3-D is no longer constant, thus
producing a horizontal, along-margin compon-
ent of flow (Fig. 6). We thus conclude that the
reason for the impedance of subduction initiation
is the result of partitioning of the vertical velocity
component into a horizontal component, which
therefore decreases the effective slab pull.

We infer that, although favourable for subduc-
tion initiation in a 2-D model, because the estim-
ated force balance is adequate, the pronounced
curvature in the southeast Brazilian margin is a
likely explanation why subduction initiation is
hampered there.
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spectively. Note the great incorporation of the Z
component, towards the front wall (bottom), from
A to C. Zero in A, as expected for a 2D equivalent
model, and maximum in C. Positive and negative
values in the scale bar mean downward and upward
flows, respectively.
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Geodynamic evolution of subduction zones is
often complex, due to the variable nature and
rheology of interacting lithospheres, 3D slab geo-
metry and related mantle flow. In order to under-
stand the temporal evolution of this dynamics,
the long-term geological record should be con-
sidered, including the present-day kinematics, the
long-term history of deformation and magmatism
within the upper plate. This leads to conceptual
models that imply complex physical processes
that can be tested through numerical modeling.

In this study, we focus on the eastern Mediter-
ranean region where a long-lived subduction zone
has been active since the Mesozoic. In this re-
gion, the Tethyan active margin is characterized
by successive subductions of oceanic and contin-
ental ribbons, slab retreat episodes and possible
slab tearing processes, notably interpreted from
tomographic models showing low-velocity anom-
aly below Anatolia [Ricou et al., 1986; Piromallo
and Morelli, 2003; van Hinsbergen et al., 2005a;
Jolivet et al., 2013].

Using G-Plates software, we first modeled the
kinematic evolution of the eastern Mediterranean
in the last 100 Myrs, accounting for a large num-
ber of geological data, including the magmatic
occurrences (figure 1). Since 35-30 Ma, the geody-
namics of this region has been dominated by the
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subduction and collision of Arabia with Eurasia
and with the development of a large back-arc
domain in the Aegean region, resulting from an
increase of the rate of slab retreat. This slab
retreat is associated with the southward migra-
tion of high-potassic magmatism in the back-arc
domain with time, and with the southwest fast mi-
gration of the Aegean plutons during the middle
Miocene from the Menderes to the Cyclades (fig-
ure 1).

In addition, a major change occurred in the
dynamics of the back-arc opening in the middle
Miocene (figure 1) with a new increase of the rate
of trench retreat and large-scale block rotations
on the edge of this extensional domain in the
Hellenides and in western Anatolia [Kissel and
Laj, 1988; van Hinsbergen et al., 2005b]. This
kinematic change is coeval with the southwest
migration of the back-arc plutons and with the
increase of their mantle component compared
to their crustal component from east to west
[Altherr and Siebel, 2002]. Finally, sparse alkaline
volcanism emplaced in the Aegean and western
Anatolia since ~15 Ma with the same westward
migration trend, indicating a hot asthenospheric
upwelling associated with a low rate of partial
melting [Dilek and Altunkaynak, 2009].

Using high-resolution 3D thermo-mechanical
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Fig. 1.: Kinematic reconstructions of eastern Mediterranean region at 30, 15 and 9 Ma, highlighting the main

metamorphic, tectonic and magmatic features.

numerical modeling, we reproduce a relatively
simple model of retreating subduction neighbor-
ing a collisional domain that we compare with
these geological observations. These numerical ex-
periments are performed with the code I3ELVIS,
considering non-newtonian visco-plastic rheolo-
gies and notably integrating partial melting and
melt extraction processes as well as fluid and melt
transport mechanism [Gerya and Yuen, 2003; Zhu
et al., 2013]. The resolved grid has a resolution
of 3.4, 2.5 and 4.4 km in the z, y and z dimen-
sions respectively and ~130 millions additional
randomly distributed moving markers.
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The initial model setup shows an oceanic litho-
sphere and a continental plate (considered as
Arabia) converging toward a continental upper
plate (considered as Eurasia) (figure 2a). The
evolution of the model shows first the subduction
of the oceanic crust then of the continental crust
below the upper plate margin that is stretched as
a result of the trench retreat (figure 2b). When
the contient buoyancy and the slab pull forces
overstep the strength of the lithosphere, the slab
is torn first horizontally then vertically along the
subducted continental margins (figure 2¢). The
slab tear results in the exhumation and the re-
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bound of the subducted continental crust and
the establishing of a collisional regime (figure 2c).
Aside of the collisional domain, the oceanic sub-
duction protracts for longer and slab roll-back
and trench retreat occur as faster rates since the
slab tearing reduced the along-strike dimension
of the slab (figure 2c). Consequently, the upper
plate extension rates increase and strike-slip de-
formation accommodates the rotation of crustal
blocks.

The rebound of the subducted continental
crust following the slab tearing, combined with
3D mantle flow, carries partially molten mantle
wedge toward the base of the stretched upper
continental plate (figure 3a). This material then
migrates progressively toward the subducting
oceanic plate replacing progressively the partially
hydrated and molten crustal material previously
developed in the back-arc region (figures 3b and
3c). Finally, asthenospheric material rises at the
base of the crust, undergoing a possible adiabatic
partial melting inducing the development of an
alkaline volcanism at the surface (figure 3).

Results from these numerical experiments show
a tectonic and magmatic evolution that can be
compared to the geological observations across
the eastern Mediterranean region. This exercise
shows the potential of this double-sided approach
involving an independent reconstruction of the
long-term evolution of subduction zones based
on kinematic reconstructions and 3D thermo-
mechanical numerical modeling to investigate the
complex interactions between slab behavior, mag-
matic history, mantle flow and crustal deforma-
tion.
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Introduction

One of the most robust results from tomographic
studies is the existence of two antipodally located
Large Low Shear Velocity Provinces (LLSVPs) at
the base of the mantle, which appear to be chem-
ically denser than the ambient mantle. Results
from reconstruction studies (Torsvik et al., 2006)
infer that the LLSVPs are stable, long-lived, and
are sampled by deep mantle plumes that rise
predominantly from their margins.

The amount of the anomalous LLSVP-material
that gets entrained into the rising plumes poses
a constraint on the survival time of the LLS-
VPs, as well as on the plume buoyancy, on the
lithospheric uplift associated with plume interac-
tion, and geochemical signature of the erupted
lavas observed at the Earth’s surface. Recent
estimates for the plume responsible for the form-
ation of the Siberian Flood Basalts give about
15 % of entrained dense recycled oceanic crust,
which made the hot mantle plume almost neut-
rally buoyant (Sobolev et al., 2011). In order for
the entrainment to take place, the destabilizing
viscous stresses acting on a volume of anomal-
ously dense material at the CMB must exceed
the gravitationally stabilizing stresses associated
with its buoyancy. At what conditions are these
criteria met in a dynamically active deep mantle?

While hot rising plumes may act as a sink
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that entrains the dense material away from the
CMB, the subducting slabs that bring composi-
tionally dense oceanic crust (OC) into the lower-
most mantle, may act as a source of the dense
material. A key questions is: at what conditions
can a relatively thin (~6 km) layer of OC-material
segregate at the CMB and contribute to, or even
form, the large-scale compositional anomaly?

To investigate this question, we perform high-
resolution numerical simulations of thermochem-
ical convection in 2D domains: both Cartesian
and hollow cylinder. For this purpose, we have
developed a FEM code with particle-in-cell meth-
odology, building on efficient solvers MILAMIN
(Dabrowski et al., 2008), together with packages
MUTILS (Krotkiewski and Dabrowski, 2013),
and Triangle (Shewchuk, 1996) .

Results

In agreement with other studies, we find that
the parameters that govern segregation, accumu-
lation, and entrainment of compositional anom-
alies are the buoyancy ratio (chemical to thermal,
where the latter is computed for the temperature
difference across the whole layer), as well as the
thermally and compositionally induced viscosity
variations. An illustrative result of our simu-
lations is presented in Figures 1-3, where the
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Fig. 1.: Snapshot from one of the simulations to explain
the set-up of numerical experimets of segregation of
subducted oceanic crust (OC). Left plot: Color-field in
the cylinder interior represents the fraction of OC ma-
terial (computed for each grid-element) — red means
pure OC-material. Regions where OC-fraction is less
than 0.2 are colored gray. The black and white lines
are hot (T = 0.6) and cold (T* = 0.3) isotherms,
respectively (where T™* is the nondimensional temper-
ature). The purple line on the exterior illustrates the
direction of the imposed angular velocity boundary
conditions (negative means clockwise) — black dashed
line indicates the zero angular velocity value. Right
plot: Base ten logarithm of viscosity, according to the
applied depth- and temperaure-dependent viscosity-
profile from (Steinberger & Calderwood, 2006). The
black contours represent the OC-fraction value of 0.5.
The compositional density anomaly in the presented
case is ~ 1.8 %, corresponding to a buoyancy ratio of
~0.57.

effect of buoyancy ratio of the OC-material on
the thermochemical evolution is demonstrated.

The results of our numerical models illustrate
that there is both thermal and mechanical feed-
back between the compositionally distinct mater-
ials. The amount of basal heat that flows into
the ambient material, and provides the excess
buoyancy to drive the convective flow, depends
on the volume, or topography, of the anomalously
dense material at the CMB. This is largely due to
the thermally insulating effect of the latter. The
topography of the compositionally dense material,
in turn, depends on the flow of the ambient mater-
ial: the dense material is thickened beneath the
upwelling flow, and thinned, or absent, beneath
the downwelling flow. The amount of thicken-
ing or thinning of the dense basal material is
proportional to the strength of the ambient flow.
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In cases when the anomalouly dense OC-
material manages to accumulate at the CMB,
the resulting piles are typically comprised of a
mixture of both materials, rather than pure OC-
material (based on simulations with two mater-
ials: OC and ambient mantle). This is due to
two processes. First, the OC-material is intro-
duced into the lowermost mantle as a very thin
layer, incapable of complete segregation from its
surrounding ambient material. It is, however,
capable of slightly reducing the upward flow in
its vicinity, albeit on a larger lengthscale. Thus,
by retarding its own ascent into the rising plumes,
it retards the ascent of the ambient material to
which it is viscously coupled, thus both materials
end up constituting the piles. The second pro-
cess that influences the compositional mixture of
the dense piles is the convective flow that may
develop in the piles interior. This can lead to en-
trainment of the ambient material into the dense
pile-material, further diluting the mixture. The
process of convective flow in the dense pile interior
leads to a decrease of the piles effective buoyancy
ratio over time, increasing its topography and
facilitating its entrainment into plumes. The effi-
ciency of this process, compared to the efficiency
with which new dense material gets added to the
pile, determines the piles survival-time.
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Fig. 2.: Snapshots from the results of two numerical experimets of segregation of subducted oceanic crust (OC),
for two different buoyancy ratios (Br). The compositional density anomaly of OC-material is ~1.8% (Br ~0.57)
in the simulation presented in the top row, and ~3.6% (Br ~1.14) in the bottom row. Explanation of the
colors and the set-up is presented in Figure 1. Dense piles of accumulated OC-material formed in case a) have
a smaller lateral extent than the piles formed in case b). Further, piles in case a) are constituted by a more
homogeneous mixture of OC- and the ambient materials, compared to case b) — where a vertical gradient of the
fraction of OC-material within the pile can be observed.

b)

Hoal Fl
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Fig. 3.: Heat (a), b), d), €)) and OC-material (c) and f)) flux over time, measured at mid-depth, for the two
simulations presented in Figure 2. Plots b) and e) are zoom-ins on plots a) and d). All values are nondimensional,
and scaled to the values measured at the downwelling regions. In plots c¢) and f) — blue means OC-material
flows downwards — towards the CMB, and red means it flows upwards (due to entrainment by rising plumes).
Higher heat flux and more efficient entrainment of dense material by plumes can be observed for the simulation
with lower buoyancy ratio (case a) in Figure 2).
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The evolution of lithosphere necking is a fundamental parameter controlling the structural architec-
ture and thermal-state of rifted margin. Among others, parameters such as extensional strain-rate
and thermal layering of the lithosphere exert a fundamental control on necking shape and evolution.
Despite a large number of analogue and numerical modelling studies on lithosphere extension are
available in the literature, a quantitative description of lithosphere necking evolution is still lacking.

We simulated by physical models the progression of lithosphere thinning and necking during
orthogonal rifting at different extensional strain-rates. Our models involve a continental 4-layer
mechanical lithosphere, which rests on a glucose syrup asthenosphere. Both the topography and the
lithosphere base were monitored by time-lapse laser scanning. At the end of deformation, we remove
each of the four layers and acquired the surface shape of the underlying ones by laser scanning. This
technical approach allowed us to quantify the evolution in space and time of the thinning factors for
the crust, mantle, and lithosphere as a whole. Laser-scanning monitoring provided also a detailed
picture of the neck shape evolution, which shows a strong dependency on the strain-rate. At low
strain-rates, necking is “boxed” with steep flanks and aflat-lying roof. Few deep basins develop at
surface. At high strain-rates, more distributed thinning occurs isolating portions of less deformed
mantle.A more distributed deformation affects the model topography. Despite large differences in
shape, the aspect ratio (height/amplitude) of the necks converge towards very similar values at the
end of the experiments.

The significant differences and evolutionary pathways produced by the plate divergence rate on
the lithosphere necking profile, suggest that this parameter can exert a fundamental control on
the time and space distribution of heat flow during rifting. Following up on this we can speculate
on the location and timing of synrift magmatism, which is expected to be preferentially produced
on one shoulder for slow plate divergence rate, and more widely distributed and delayed at fast
divergence rates.
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Laboratory modeling at a scale 1:4,000,000 was
carried out to understand the mantle flow pat-
terns under the Jalisco and Michoacan blocks
of the Northern Middle American subduction
zone. Scaled model consists of two polyethylene
strips that are forced into a tank filled with corn
syrup. One of the strips dips 60°"¢ and moves at
a velocity of 25 mm/min simulating the Rivera
plate. The other one dips 45“"¢, moves at 75
mm/min and represents the Cocos plate. An ac-
rylic plate 3-mm thick simulates the continental
crust of western Mexico. Analysis of pathlines
described by embedded markers in the syrup re-
veal complex, three-dimensional flow patterns in
the simulated subduction zone.

The differential motion of the slabs creates a
shallow counter-toroidal rotation flow in the sim-
ulated mantle wedge from the slow Rivera plate
to the fast moving Cocos plate. Similarly, the dif-
ferential motion gives rise to a deep toroidal flow
asthenospheric mantle around the edges of the
Rivera slab. Moreover, a hydraulic jump develops
in the deep portion of the slow moving strip rep-
resenting the Rivera slab that causes upwelling
poloidal flow under the acrylic plate representing
western Mexico. The upwelling eventually merges
with the shallow counter-toroidal and poloidal
flow of the simulated Cocos slab. Model results
are in excellent agreement with seismic aniso-
tropy studies and geochemistry of lavas erupted
in the Jalisco and Michoacan blocks. Our results
indicate that mantle mixing in the mantle wedge
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of the Rivera slab is an ongoing process driven by
the differential motion between subducting slabs.
Rollback of the Rivera plate, if any, likely is a
second order effect.

Sponsored by Conacyt
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The Moho is the boundary between Earth’s
crust and the mantle. Moho depth is an import-
ant parameter in identification of crustal struc-
ture and it is also related to geological and tec-
tonic evolution of each zone. The crustal thick-
ness model and Moho depth may be used for
studying the state of local and regional isostasy,
hence assisting in the characterization of ver-
tical stresses in the lithosphere. These horizontal
and vertical stresses are factors that clearly con-
tribute to the seismicity in the upper-to-mid
crust. Crustal thickness models are also useful
for mineral and geothermal exploration, as areas
of thinned crust are sites where the hotter mantle
is closer to the Earth’s surface. This can result
in enhanced plutonic and volcanic activities in
the region. In this research, Moho depth is de-
termined according to geopotential models and
3D Euler Deconvolution method. Euler Decon-
volution method is not dependent on an initial
depth or density limitations. This method is gen-
erally used in determining source position and
estimating magnetic and gravity anomalies and
it is proper to determine depth of vertical and
horizontal contacts so it can be used in estim-
ating crust-mantle boundary (Moho depth). In
Euler Deconvolution method, Structural index
and window size of estimator are important para-
meters which affect solution very strongly. To
estimate crustal thickness using Euler Deconvo-
lution method it is assumed that crust-mantle
boundary is a horizontal sheet or it has sill type
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anomaly which can be expressed in an infinite 2D
space. Data used to estimate Moho depth are free
air gravity anomaly resulted from expansion of
spherical harmonic coefficients of EIGEN-GL04C
model (Figure 1), after comparing this model to
GPS leveling data, it has been chosen as the most
precise model in Iran. In this study Moho depth
was estimated for various structural indices and
window sizes, in this way the best structural in-
dex and window size in the studied region (Iran)
and in structural zones of Iran were determined
by comparing Moho depth estimated from Euler
Deconvolution method and Moho depth calcu-
lated by receiver function method in 91 seismic
stations of studied region. The results show that
for a window size of 45km and structural index
of 0.5 the best Moho depth is estimated for the
region, finally the results were also compared to
CRUST 2.0 model. Figures 3 to 9 show results
of Moho depth estimation using Fuler Decovolu-
tion method for window sizes of 15km to 30 km
and structural index of 0.5, along 7 profiles in
Figure 2.
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The density and viscosity are two major factors
controlling mantle dynamics. The geoid, being
extremely sensitive to both of them, is a per-
fect tool reflecting mantle structure. That is
why many researchers use the geoid inversion
problem to reveal the viscosity-density structure
of the lithosphere since decades. The spectral
method for solving Navier-Stokes and Poisson
equations remains most common technique for
such type of problem so far (e.g., Hager and
O’Connel, 1981). This method is based on spher-
ical harmonics decomposition of physical fields
(e. g., viscosity, density, etc.) that allows obtain-
ing a semi-analytical solution for stress, velocity
and gravitational potential with high computa-
tional efficiency and preciseness. In its classical
formulation, this technique considers the viscos-
ity structure as a number of laterally uniform
layers, representing its averaged value for each
depth. Most solutions assessing only radial vis-
cosity structure for the mantle that have good
fit to the observed geoid, show considerably low
value of 1 x 10?2 Pass to 6 x 10?2 Pas for the litho-
sphere that is too low for the lithospheric plates,
and thus do not able to reproduce a plate-like
dynamics. Introducing of weak boundaries, di-
viding strong plates will lead to severe changes in
the plate dynamics and, as consequence, in both
the geoid and dynamic topography.

So far, most of the studies including strong
variation of viscosity have been performed with fi-
nite differences (FD)/elements (FE)/volume (FV)
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methods (e.g. Ratcliff et al., 1997; Yoshida
et al., 2001; Tackley, 2008). Using the spec-
tral method on the sphere, we developed the
ProSpher code that implies advantages of both
spectral-based and FD numerical methods, tak-
ing into account strong lateral variations of vis-
cosity, self-gravitation and compressibility, and
demonstrates high computational performance
and preciseness under high resolution and strong
lateral viscosity contrasts (see Petrunin et al.,
2013 for more details).

In this study, we intend to determine a pure
impact of weak plate boundaries (WPB) on the
dynamic topography and geoid. Our numerical
experiments assume lateral viscosity variations
(LVV) across WPB in uppermost 150 km of the
upper mantle only, and only because of effective
viscosity decrease along tectonically active plate
boundaries (Fig. 1a). In this study we do not
intend to construct a self-consistent global model
of the mantle, which would require a more ex-
tensive work on a joint interpretation of various

fields.

To determine a 3D density structure we apply
widely-used method connecting shear wave seis-
mic velocity anomalies with density anomalies
using standard scaling-factor approach, which
has been applied to S40RTS tomography model

304



A. G. Petrunin, M. K. Kaban, B. Steinberger, H. Schmeling Geodynamics
A B
3000 | | |
0 50 100 150 200 250 300 | | |
; i [ T 19 20 21 2 23 4
Log,, viscosity g 20 21 22 Log;, viscosity

Fig. 1.: WPB based on an integrated global model of plate boundary deformations GSRM (Kreemer et al., 2003);
B: radial viscosity model of the mantle (based on Steinberger and Calderwood, 2006)

(Ritsema et al., 2011) as follows:

5‘/5 (/r7 07 gb)
_ din(p(r)
T AV, (1,0, 0)

6P(Ta0a¢):a ,O(T'),

(1)

where (r,0, ¢) are spherical coordinates (radius,
latitude and longitude, correspondingly), dp—
is density variation, a— is scaling factor and
5&:5((1:79071;3) is relative shear-wave velocity perturba-
tion. The radial density p (r) profile is obtained
from the PREM model (Dzewonski and Ander-
son, 1981). Taking into account that the presence
of WPB changes an average radial viscosity value,
that itself affects geoid, we use an algorithm that
allows keeping the mean radial viscosity profile
unchanged within all models.

The modeling results show that the effect of
WPB is significant and may remarkably modify
the dynamic topography (Fig. 2) and geoid
(Fig. 3). The amplitude of the geoid perturb-
ations reaches —40m to 70 m with RMS ~20 m.
The maximum changes are found around the big
subduction zones at the western margin of South
America and over the Southwestern Pacific. The
maximum of the observed geoid around South
America can be explained by introducing a weak
zone separating the Nazca and South American
plates. The negative changes of the dynamic
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geoid are mainly associated with mid-oceanic
ridges. Geoid perturbations mainly result from
changes of the dynamic topography, which are
about —300m to 400 m.

The amplitude of the geoid undulations grows
with increasing of the viscosity contrast between
WPB and plates up to values of 2.5-3 orders
of magnitude. Further weakening of WPB does
not produce significant effect on the geoid. This
threshold likely manifests the level when the
plates might be considered as decoupled.

The obtained results also show that including
WPB may significantly improve the reliability of
the global dynamic (snapshot) models and should
be considered in future studies.
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Fig. 2.: A: the calculated dynamic topography for the model with reference radial viscosity profile (Fig. 1b) and
plates viscosity of 10%3; B: an impact of WPB on the dynamic topography for WPB viscosity contrast of 103
with respect to the plate viscosity
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Fig. 3.: A: the resulting geoid for the model with WPB and plate’s viscosity of 1023; B: undulations of the geoid
as a difference between models with and without WPB. The viscosity at plate boundaries are three orders of
magnitude less than the plate’s viscosity
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Abstract

The Himalayas and the adjacent Tibetan Plat-
eau represent the most remarkable feature of the
Earth’s surface as the largest region of elevated
topography and anomalously thick crust. Un-
derstanding the formation and evolution of the
Himalayan-Tibetan region has become of high
interest in the scientific community and differ-
ent models have emerged over the last decades.
They range from wholescale underthrusting of
Indian lithospheric mantle under Tibet, distrib-
uted homogeneous shortening or the thin-sheet
model, slip-line field model to the lower crustal
flow model for the exhumation of the Himalayan
units and lateral spreading of the Tibetan plat-
eau. While some of these models have successfully
illustrated some of the basic physics of contin-
ental collision, none can simultaneously repres-
ent active processes such as subduction, under-
thrusting, delamination, channel flow or extru-
sion, which are thought to be important during
continental convergence, since these mechanisms
require the lithosphere to interact with the un-
derlying mantle.

3D numerical models prove to be powerful tools
in understanding the dynamics of coupled sys-
tems. However, because of yet recent develop-
ments and various complexities, the current 3D
models simulating the dynamics of continental
collision zones have relied on certain explicit as-
sumptions, either focusing on crustal dynamics
or slab-mantle dynamics.
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Here, we employ the parallel 3D code LaMEM
(Lithosphere and Mantle Evolution Model), using
a finite difference staggered grid solver, which is
capable of simulating lithospheric deformation
while simultaneously taking mantle flow and an
internal free surface into account, which allows
for the development of topography. We build our
model setup to resemble a simplified tectonic map
of the India-Asia collision zone and we perform
a large number of 3D simulations to investigate
the role subduction, continental collision and in-
dentation play on the lithosphere dynamics at
convergent margins. The results show that the
arrival of a laterally finite continent at the sub-
duction front introduces a strong buoyancy force
that changes dramatically the force balance and
the dynamics of the system. Trench advance, slab
thinning and detachment are processes occurring
at the collision zone, while trench retreat, slab
roll-back and buckling, coupled with extensive
lateral extrusion of material in the upper plate,
represent the main processes along the oceanic
subduction front. The great variation in slab
shape across the subduction-collision zone is con-
sistent with observations from tomographic stud-
ies suggesting that 3D models are appropriate to
study continental collision settings.

We also analyse the conditions under which
large topographic plateaus, such as the Tibetan
Plateau can form in an integrated lithospheric
and upper-mantle scale model and we discuss the
implications these offer for the Asian tectonics.
In particular, it has been suggested that slab pull
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Fig. 1.: The effect of external forcing on upper plate topography in an India-Asia-like setup. (a—b) Simulation
results with free subduction after 90 Ma (a) and 70 Ma (b). (c-d) Simulation results with external forcing after
30 Ma. Two additional cases are considered: weak slab-pull (a—c) and strong slab-pull (b-d). External forcing is
referred here as an integrated force needed to sustain the present-day convergence of India towards Eurasia
(~5cm/a) and is implemented numerically as internal Dirichlet boundary conditions. Irregular-shaped crustal
blocks such as the Tarim Basin N of the Tibetan Plateau have also been tested (c—d). The subducting slab and
the lower mantle are displayed as phases, while topographic maps are shown for the upper plate and continental
indentor. Topography has an amplitude exaggeration of x30 and the velocity arrows represent surface velocity
in the upper plate. The results suggest that external forcing and the presence of strong blocks within the
Asian lithosphere are necessary to create anomalously high topographic fronts and plateaus, analogous to the

Himalayas and the Tibetan Plateau.

is not enough to sustain the on-going convergence
of India towards Eurasia, and external forcing,
such as ridge push, plume push or slab suction, is
important. Furthermore, the presence of strong
crustal blocks within the Asian lithosphere such
as the Tarim Basin or the Sichuan Basin have also
been proposed to be important for the shaping
and uplift of the Tibetan Plateau. We test these
hypotheses (Figure 1) and show that external
factors are necessary to create anomalously high
topographic fronts and plateaus, analogous to the
Himalayas and the Tibetan Plateau.
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Strain weakening is known to be one of the
driving factors for the localisation of deforma-
tion into discrete faults, entire fault systems and
finally into plate boundaries. Nevertheless, the
quantitative relationship between weakening and
localisation still remains unclear especially when
the evolution of whole fault systems is considered.
This lack of understanding is at least partly due
to the unavailability of geological data with a
temporal resolution high enough to image these
comparatively fast processes. Physical models
using granular materials are able to mimic the
process and provide the high temporal and spa-
tial resolution necessary to describe the processes
of weakening and localisation with satisfactory
precision. Most importantly strain localisation
emerges physically self-consistent from simple
grain-grain interaction. Physical models therefore
seem to be the ideal tool to assess the interplay
of both phenomena. However, so far attempts
have been made only to quantify either strain
weakening (e.g. Lohrmann et al., 2003, using
Ring-Shear-Tests) or strain localisation as isol-
ated properties (e.g. Schrank et al., 2008, using
the classical Riedel-experiment). While Ring-
Shear-Tests are a standard procedure in industry
that is correspondingly well developed and yields
excellent data on the intrinsic mechanical prop-
erties of a granular medium, they do not allow
monitoring the process of localisation because
of experimental inaccessibility of the shear zone.
In Riedel-type strike-slip experiments, on the
other hand, no measurements of shear stresses
have been available so far. Furthermore, they
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contain a strong boundary condition in form of
a pre-defined linear discontinuity at the base,
that might force localisation in otherwise non-
localising materials (Schrank et al., 2008).

We developed a new experimental set-up in
which deformation of a layer of granular material
(sand) in strike-slip mode is driven solely by push
from one side and without the need of a basal
discontinuity. This is made possible by a layer of
low viscosity silicone on which the sand pack rests
(cf. fig. 1.) and that reduces the basal drag force
to an amount that allows pushing the sand as a
rigid block without forming a wedge. The push
is applied by a moving indenter, that acts on one
half of the sand pack, while the other half is held
back by a stationary back wall opposite the in-
denter, such that in between the two a shear zone
forms. The indenter is equipped with a sensor
that measures the force integrated over the shear
stress along the entire shear zone and the basal
drag. The deformation of the sand pack is mon-
itored by a video camera from above. By means
of digital image correlation (DIC) displacement-
and strain fields can be calculated from the video
data, and these in turn can be used to calcu-
late a localisation intensity factor (Schrank et al.,
2008). Thus, simultaneous monitoring of shear
stress and localisation is possible with this set
up.

Here we present data from experiments in this
set-up, using materials that show strain weaken-
ing to a different amount. These data show a
principal pattern of correlated strain weakening
and localisation in which overall weakening lags
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Fig. 1.: Experimental set-up. A sand pack resting on low viscosity silicon is deformed in strike-slip mode by an
indenter ("moving back wall") moving against a stationary back wall. The applied integrated shear force is
measured by a force sensor connected to the indenter, and the resulting deformation is recorded by a video
camera from the top (not shown in figure).

behind the overall localisation (cf. fig. 2). We at-
tribute this lag to the evolution of the fault zone 1

system. More specifically, we hypothesize, that \l? ::: _
small areas of reduced localisation intensity occur- 0.8
ring between adjacent segments of the evolving % 0.6} 1
shear zone act as force bridges that keep up the < 0 4i |
overall strength, while localisation within the il «

fault segments themselves increases. Only when 0.2

the bridges rupture, the overall stress decreases, 0 }

but without a significant increase of overall local- 0.90

isation. Furthermore, we do not measure a direct 0.85 | A

correlation between the amount of weakening and ey

the amount of localisation, i.e. localisation in £ 0.80

the fully evolved shear zone is similar for differ- & 5

ent materials, independently of the amount of £

weakening that occurred. The main difference 0.70 ]

between materials that we observe is the amount 0.65
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of displacement needed to start localisation. displacement u [mm]

Fig. 2.: Plots showing normalized integrated push force

We conclude, that the weakening of lithospheric and the amount of localisation (according to Schrank
scale faults strongly depends on their small-scale et al., 2008) for two selected experiments, using mater-
structural evolution and is to be distinguished ials with different strain weakening behaviour (quartz
from the strain weakening of rock (or sand, in ~ sand, strong weakening, blue, and glass beads, less

weakening, green). The amount of localisation is ap-

our experiments) as an intrinsic material prop- )
proximately the same, although the amount of weaken-

erty. Our experimental set-up, that facilitates o . . .

ol £ d . ing is very different. Note the different displacement
simultaneous nile?u?urements ot force an strain, increments, at which localisation and weakening occur
offers the possibility to evaluate this interplay  ¢or both materials.
between lithospheric scale weakening and struc-
tural evolution.
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The Arctic Ocean, one of the world’s smallest
and shallowest, is also amongst the most tecton-
ically complicated. Bathymetry of the Arctic
Ocean is delineated by two major basins, the
elongate Furasia Basin and the larger Amerasia
Basin, which are surrounded by extensive contin-
ental shelf margins (Figure 1). Our current under-
standing of its Mesozoic and Cenozoic evolution
reveals a history dominated by ocean basin con-
sumption and opening, multiple plate boundary
reorganizations and successive magmatic events.
While the timing and rates of seafloor spread-
ing within the Eurasia Basin are relatively well
constrained, our existing state of knowledge of
the evolution of the Amerasia Basin pails in com-
parison. Some of the most fundamental and out-
standing questions about the Amerasia Basin con-
cern the timing of extension and possible seafloor
spreading (Jurassic to Cretaceous), style of open-
ing (counter-clockwise, orthogonal or other), loca-
tion of continental versus oceanic or "transitional
crust, timing of magmatism (High Arctic Large
Igneous Province), and quantifying the amount of
direction of recent extension (possibly more than
100 %). The opening of the Amerasia Basin is also
widely thought to be associated with the closure
of an intervening ocean basin, the South Anuyi
Ocean, located between Siberia, North America
and Panthalassa (Figure 2). Furthermore, con-
sidering the Arctic within a global context and
with dynamic and connected plate boundaries,
demands a consideration of adjacent plate mar-
gins, including those within Panthalassa, North
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Fig. 1.: Topographic overview of Arctic region with
major structural and geographic features labeled.

America and the nearby Mongol-Okhotsk Ocean.

The onshore geological record and near-surface
geophysical data across the circum-Arctic is of
variable resolution and coverage, and is compoun-
ded by limited accessibility e. g. ice-coverage and
expensive reconnaissance and field missions. Am-
biguity has permitted a myriad of alternative
tectonic scenarios (an example is shown in Fig-
ure 2) and there is a need to look to other data-
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Fig. 2.: Three timesteps from the revised plate reconstruction of the Arctic and Panthalassa region presented
in Shephard et al. (2013). Age grid, coloured to age of oceanic lithosphere (Myr), plate velocities in black,
continental regions in grey with present-day coastlines in dark grey, plate boundaries in black. Plate and ocean
basin acronyms: 1ZA lzanagi, FAR Farallon, CCR Cache Creek, SAO South Anuyi Ocean, EUR Eurasia, MOK
Mongol-Okhotsk, AM Amerasia Basin, AFR Africa.
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sets to better constrain surface kinematics and
generate refined plate reconstructions. Seismic
tomography has the potential to help reveal past
kinematic history in regions where subduction
processes were sufficiently long-lived to produce
considerable amounts of slab that have sunk into
the mantle. For example, by assuming vertical
sinking of slabs and mantle sinking rates, the loc-
ation and timing of subduction can be linked to
features inferred from seismic tomography (e.g.
van der Meer et al., 2012; Sigloch and Miha-
lynuk 2013, Figure 3). Subduction within the
highest Arctic region is suggested to have oc-
curred since at least the Late Jurassic, of which
associated slabs can be interpreted to be located
under present-day Greenland Siberian Shelf and
North America (Shephard et al., 2013; Gaina et
al., 2013).

With ever-increasing detail of global plate mo-
tion models, advances in numerical modeling and
the resolution of seismic tomography, alternative
plate reconstructions can now be robustly tested
within a geodynamic framework.

Shephard et al. (in press) (Figure 3) compared
the spatial and temporal evolution of slabs pre-
dicted by two alternative regional reconstructions
(Shephard et al., 2013 and Seton et al., 2012) with
seismic tomography. While noting an improved
match between seismic tomography and a mantle
flow model with a refined plate reconstruction,
reasonable offsets still remained. Kinematic vari-
ability remaining to be further tested includes
the timing and location of intra-oceanic and/or
continental subduction, subduction polarities, re-
lative plate velocities, convergence and the rate
of subduction, age of subducting lithosphere and
dip of subducting slabs.

We also present preliminary investigations into
the interaction of these regional slabs with the
Pacific Large Low Shear Wave Velocity Province
(LLSVP). In combination with its antipodal
LLSVP located under Africa, these dominant,
degree-two features of the lowermost mantle are
thought to be of thermochemical origin and have
possibly been stable for > 410 Myr (Bull et al.,
2014; Torsvik et al., 2008) (Figure 4). However,
the specific role of these Arctic and Panthalassa
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Fig. 4.: Forward modelled mantle structure of Bull et
al. (2014) showing residual non-dimensional temper-
ature isosurfaces +/-0.15 (red/blue respectively) in
the lower mantle for the Pacific LLSVP. Present-day
coastlines are superimposed in black and reconstruc-
ted subduction zones from 0 Ma to 120 Ma shown by
coloured lines.

slabs in LLSVP stability and topography as well
as plume generation zones and the D” boundaries
remains to be further quantified (Bower et al.,
2013). By integrating surface kinematics, global
mantle flow models and seismic tomography we
aim to unravel the complex interaction of surface
and mantle dynamics of this region, stretching
throughout the Phanerozoic to present-day.
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Fig. 3.: Top panel, projection of vertical section, black (50°N, North America) superimposed over reconstructed
subduction locations based on Shephard et al., 2013 (230 Ma to 0 Ma). Panels 1-4 forward modeled mantle

thermal (slab) structure predicted by four alternative models (differing rheologies). Bottom panels, two seismic
tomography models at same vertical section.
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The active tectonics of Iran results from the
northward Arabia—Eurasia convergence. At the
southwestern and southern boundaries of the
Arabia-Eurasia collision zone, the convergence is
taken up by the continental collision in the Zagros
Mountains, and the active subduction of Makran,
respectively. Further north, the northward mo-
tion not absorbed by the Makran subduction is
expressed as the N-trending right lateral shear
between central Iran and Eurasia at a rate of
16 mm/yr (e.g., Regard et al., 2005; Vernant et
al, 2004).

The Khur area is located in the central and
western part of Central Iran (Stocklin 1968) that
characterized by an intricate heterogeneous struc-
tures and combination of ancient continental
faulty blocks and narrow suture zones. Faults
play important role in the tectonic evolution of
the area and breaking it into smaller blocks. Ma-
jor deep and long-lived faults separate structural
zones.

Several map-scale NE-SW-trending faults are
stretched in the Central Iran. These are Great
Kavir, Ordib and Chapedony faults. Ordib fault
bounds the Anarak-Khur massif to the south-
east. The fault is represented on the surface
by a series of sub-parallel vertical reverse faults
locally passing into steep thrust dipping to north-
west. The width of the fault zone ranges from
several hundred meters to 1.5km to 2km. The
amount of displacement decreases eastward, and
the major fault branches out into a series of minor
faults which cut practically through all the rock
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complexes from the Upper Proterozoic to Neo-
gene, even locally through the oldest Quaternary
sediments. Many of faults in this zone are accom-
panied by heavy crushing, schistosity and hydro-
thermal alteration of the rocks (Aistov, 1984).

It has been recognized that fault blocks in
strike-slip tectonic domains must progressively
rotate around vertical axes as the overall strike-
slip motion continues. Two direct consequences
of the deformation mechanism are (1) slip on each
of the fault within a domain must be related to
the rotation of the blocks bounded by these faults,
and (2) the faults themselves must also rotate
because they are the boundaries of the blocks
(Kissel and Laj 1989). When rotation becomes
sufficiently large, slip on the rotating faults ceases
because the resolved shear stress on them has
decreased and the normal stress has increased to
the point where the frictional resistance is too
great for further slip. If crustal deformation is to
proceed it must be accommodate by a set of new
faults, more favorable oriented to the principle
direction of the regional stress field (Hogai et al,
1993).

In Kaboodan area the blocks rotated in dom-
ino style in different sizes between the strike-slip
faults clockwise around vertical axis. These rota-
tions are directly controlled by the orientation of
the faults relative to the direction of the principle
tectonic shortening.

The following results can be summarized as
follows:

1. The Ordib fault and other NE-SW-trending
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Fig. 1.: Location of the studied area and the Kaboodan structural zones. Fault patterns and the rotated blocks
in this area.
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Tectonic plate motions are a surface representa-
tion of convection in the Farth’s mantle. Seismic
tomography reveals that most subducted plates
eventually sink into the lowermost mantle. Yet
the relation of plate tectonics and mantle dy-
namics remains incompletely understood. The
observed stability of the two Large Low Shear Ve-
locity Provinces (LLSVPs) over at least 250 Myr,
and possibly much longer, is an important con-
straint on models of mantle dynamics, and diffi-
cult to explain with current models.

Approximately stable LLSVPs that match ob-
served locations and shapes can be reproduced by
3D numerical models with imposed locations and
amounts of subduction, as dictated by the plate
tectonic reconstructions for the past 250 Myr. In
these models, LLSVPs are represented by ther-
mochemically distinct piles, which form when an
initially flat and compositionally dense basal layer
gets deformed by the ambient mantle flow. The
long-term stability of LLSVPs in these models is
aided by subduction, which has occurred in sim-
ilar areas during this period, and mostly stayed
away from the LLSVPs; yet it is unclear what
could have caused relative stability of subduction
zone locations. The fact that the locations of
major upwellings (divergent plate tectonic quad-
rupole; Conrad et al., 2013) have approximately
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remained stable for the past 250 Myr, but the
location of the strongest downwellings (conver-
gent quadrupoles) have moved along the great
circle bisecting between the divergent quadru-
poles, may suggest that it is the upwellings them-
selves that maintain stability and orchestrate the
global mantle flow. Yet we currently have no
dynamically consistent model that explains such
behaviour.

Another surface representation of mantle dy-
namics are hotspots, believed to be caused by
mantle plumes. Plumes may interact with spread-
ing ridges, causing increased volcanism and crust
production in ridge segments nearby. They may
also be instrumental in causing ridge jumps,
which may lead to continental fragments in the
oceans. Recent results show that plumes and
plates also interact at the base of the mantle:
the locations and distribution of hotspots can
be much better explained with a geodynamic
model where plumes are triggered, mainly along
the margins of thermochemical piles, by slabs ap-
proaching the core-mantle boundary, rather than
freely developing (Figure 1).

Important parameters governing the thermo-
chemical evolution of the mantle are buoyancy
ratio (chemical vs. thermal), the dependence of
viscosity on temperature and chemical compos-
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Fig. 1.: Thermo-chemical piles near the core-mantle boundary plotted as chemical isosurface in ¢ and d, and
plumes rising from their margins as isosurface 250 K hotter than the surrounding mantle in a and b, coloured
according to the height above the CMB. The figure shows the model for present-day after 250 Myr of plate

motions imposed as surface boundary condition.

ition, as well as the deviation of lower mantle
temperature from the adiabatic profile. There
is a large uncertainty associated with each of
these parameters. For instance, the buoyancy
ratio depends on the origin of the chemically
anomalous material, which is currently debated.
This material, which is responsible for the large
scale heterogeneity in the mantle — such as the
LLSVPs — may be either primordial, recycled
subducted crust, or leaked outer core material
— or a combination of these.

Numerical experiments can also show under
what circumstances, and to what degree, sub-
ducted crust can accumulate in the lowermost
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mantle, and/or primordial material can remain
there for billions of years without being entrained.
A modelling result that illustratres how the lower
mantle viscosity affects segregation, accumula-
tion, and reentrainment of the subducted oceanic
crust is shown in Figure 2.

The behaviour of mantle plumes depends on
how much of the chemically different, heavier
material is carried upward by them. Numerical
models can show under which conditions the low-
buoyancy thermochemical plumes could arrive to
the lithosphere from the core mantle boundary
(Figure 3).

Geodynamic models can be constrained by vari-
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Fig. 2.: Numerical modelling of thermochemical convection in the mantle, illustrating the process of segregation,
accumulation, and reentrainment of subducted oceanic crust (OC) for two (subtly) different viscosity-profiles.
Left column (figures a), c), and e)) are results obtained with the depth- and temperaure-dependent viscosity-
profile from (Steinberger & Calderwood, 2006). Right column (figures b), d), f)) are results obtained with the
same profile, but with viscosity lowered by a factor of five in the lowermost 500 km of the mantle. The top
two rows (figures a), b), ¢) and d)) show the fraction of the OC-material in a small part of the hollow cylinder
domain at two different simulation times: ~1.4 Gyr and ~1.8 Gyr. The red and blue lines are hot (7 = 0.6)
and cold (T = 0.4) isotherms, respectively (where T* is the nondimensional temperature). The bottom row
shows the base ten logarithm of viscosity for the two cases at time ~ 1.8 Gyr. The black and white lines are
isolines for compositional field values 0.6 and 0.4, respectively (where 1 means pure oceanic crust). The main
observation is that reducing viscosity in the lower mantle leads to noticably smaller piles, with more ridge-like
topography, and composed of a mixture of OC- and ambient material that has a smaller fraction of the OC,
compared to the piles produced in a lower mantle with higher viscosity. The compositional density anomaly in
both cases is ~1.8 %, corresponding to a buoyancy ratio (chemical to thermal) of ~0.57.
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Fig. 3.: A thermo-chemical plume rising from the core-mantle boundary and interacting with an overlying, moving
plate. The figure shows the isosurface of the chemical composition (fraction of recycled oceanic crust). The
plume is colored by the difference of the local temperature to the adiabatic temperature profile.

ous observations, including geoid, dynamic topo-
graphy, and lithospheric stresses. Forward model
predictions of slabs and plumes can be compared
against seismic observations, with the help of
recent developments in mineral physics.
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Features such as crustal geometry, structural
style, amount of magmatism, sedimentary archi-
tecture, and subsidence history vary among rifted
margins along the world as well as along strike of
a single margin. The most variable characteristic
is the extent of continental crust deformed by
extension. Seismic data from margins around the
world exhibit a large variation of the basin width,
particularly of the width of a domain where con-
tinental crust was thinned to less than 15 km (hy-
perextended domain), which spans from less than
50km to more than 150km in margins such as
conjugate Iberia-Newfoundland, the fossil Alpine
Tethys, or part of the South Atlantic margin
(e.g. Van Avendonk et al., 2006, 2009; Perén-
Pinvidic and Manatschal, 2009; Zalan et. al.,
2011; Aslanian and Moulin, 2012; Perén-Pinvidic
et al, 2013). The South Atlantic Brazilian margin
is an extreme example of along strike basin-width
variation. The margin width changes from about
600 km in southern Santos Basin to less than
150 km in Camamu Basin (Figure 1). Their hy-
perextended domains range from 300 km in San-
tos to about 50 km wide in Camamu Basin. Even
though Brazilian margins have features similar
to those of the so-called magma-poor conjugate
Newfoudland-Iberia, the high volume of early vol-
canism, especially in Santos and Campos basins,
suggest this basins may share some characterist-
ics with magma-rich margins (e.g. Mohriak and
Leroy, 2012; Quirk et al., 2013).
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Along strike variation in the Brazilian offshore
basin-width coincides with changes in the geo-
logical provinces in onshore Brazil, from the
Ribeira and Araguai mobile belts to the Sao Fran-
cisco craton (SFC) (figure 1). The role of initial
lithospheric conditions (such as rock rheology
and thermal structure) and of the rate of exten-
sion on the evolution of rifts and rifted margins
have been discussed over the past decades (e.g.
Kusznir and Park, 1987; Buck, 1991, 1999; Lavier
and Manatschal, 2006; Huismans and Beaumont,
2011). However, the impact of each of these
factors on the necking/thinning of the contin-
ental crust, particularly on the formation of very
wide (> 150km) asymmetric margins, remains
unclear. Therefore, we use numerical experiments
to test if there is a physical relationship between
initial conditions and the width of the basins;
as well as to assess tectonic subsidence histories.
We assumed a range of composition (plagioclase,
dry or wet quartz dominated crust; and, dry
or wet olivine mantle), initial crustal thickness
(30km to 45km), initial lithosphere thickness
(increasing with thermal age varying between
250 Myr and 1Gyr), initial geotherm (varying
with thermal age, crustal thickness and surface
heat flow), and velocity of extension (0.5cm/yr,
lem/yr or 2cm/yr).

We find that small crustal thicknesses
(< 35km) result in narrow margins (< 150 km).
Figure 2 a shows the results for a 500 Myr- litho-
sphere, 30km crust and strong (dry olivine)
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Fig. 1.: On the left, simplified geological map of Brazil depicting the cratonic (black) and mobile belts (grey)
domains (modified from Alkimin et al, 2001). Red lines show limits between offshore basins. Green lines show
the approximate location of the cross-section of the Brazilian basins displayed on the right. Cross-section
cartoons, from bottom to top: Santos Basin and its conjugate at the Namibian margin; Espirito Santo and its
conjugate, Kwanza Basin; and, Camamu Basins and its conjugate, Gabon Basin. Orange rectangles encompass
various locations proposed for the continent-ocean boundary (COB) in each margin, and interpreted areas of
transitional crust or exhumed mantle. Cross-sections and COBs from Sakariasse, (2007), Blaich et al, (2010),
Zalan et al. (2011), Heine et al (2013) and references therein.

mantle. Deformation is localized at a narrow
area (keystone block H) at the center of the mod-
els throughout the rifting process. The thinning
and stretching evolution results in a set of narrow
conjugate margins (Lavier and Manatschal, 2006;
Van Avendonk et al., 2009). Even though there
is a delay in thinning the base of the block H in
figure 2 a, early crustal necking can occur when
the mantle is weak (wet olivine). On the other
hand, a wide margin (150km to > 300 km) can
be formed for an initially thick crust (> 35km),
a slow rate of extension (< 1cm/yr) and Moho
temperatures above 600 °C (figure 2). An initially
narrow zone of deformation widens with time and
thinning is distributed over a very wide area. The
width of the thinning and stretching area also
varies with crustal and mantle composition. A
wet mantle rheology allows for more widening of
the margin than a dry mantle because mantle
flow can compensate for crustal thinning and al-
low for even more distributed deformation even
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though the mantle is weak (Figure 2c¢). The
experiment with 45km crust and a wet olivine
upper mantle result in a wide (> 300 km) highly
asymmetric lithosphere even for a lithosphere as
old as 500 Myr. One margin can be less than one
third the width of its conjugate. A young litho-
sphere/hot geotherm also helps to widen the rift
basins. In cold Archean cratonic areas, without
significant thickness of ductile lower crust even
when the crust is thick, a brittle upper mantle
probably controls deformation and early coup-
ling between the crust and mantle forms a block
H, leading to a narrow margin. For wide mar-
gins, syn-rift subsidence is mostly shallow (300m
depth or less), locally reaching 1km to 1.5km
depths more than 10 Myr after the onset of rift-
ing. For narrow margins, the subsidence curves
show a first phase of rapid subsidence during the
initiation of block H, followed by a slow uplift
accompanying the weakening and deformation of
block H (figure 3). However, this uplift alone is
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Fig. 2.: Effective accumulated strain field overlay (ell) for models with crust dominated by plagioclase rheology
and an initial geotherm corresponding to a 500 Myr old lithosphere. From top to bottom, the models experience
200 km of extension over 20 Myr (extension velocity of 1cm/yr). At the left, the time after the onset of rifting
for each of the five stages of the evolution depicted for the three experiments. (2a) 30km initial crust, and dry
olivine mantle; (2b) 45 km initial crust, and dry olivine mantle; and, (2¢) 45km initial crust, and wet olivine
mantle. White solid lines depict the boundaries between crust and mantle (Moho), and between litospheric
mantle and asthenosphere (LAB, 1300 °C).
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not enough to result in shallow water conditions.

The processes controlling rif evolution vary de-
pending on initial conditions. We interpret that
whether deformation localizes in block H or deloc-
alizes into a wide margin is due to: strengthening
of the upper crust, weakening or strengthening of
the strong upper mantle below the initial zone of
deformation, and the presence or absence of a sig-
nificant thickness of ductile lower crust. The later
is not defined here as a separate layer of the crust
with different composition. Ductile lower crust
thickness increases with crustal thickness and
geothermal gradient (when Moho is above 600 °C
significant thickness of the lower crust can flow).
Moreover, if the crust is thick, bending stresses
are high enough to result in upper crust harden-
ing, forcing the deformation to migrate outside
of the initial zone of crustal deformation (Lavier
et al., 2000). This lateral migration is later re-
inforced by three other processes: strengthening
of the middle to lower crust due to viscous flow
at high strain rates, lateral lower crustal flow
from the undeformed to the deformed area, and
strengthening of the lithosphere as the mantle
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bottom, which displays the strain rate of the experiment

uplifts (Buck, 1991) As a result wide margins
can form (figure 2). When the strong mantle is
weakened sufficiently, deformation localizes there
and thinning and exhumation may follow (fig-
ure 2, a and b). Brittle faulting or heat transfer
in the strong mantle can cause sufficient weak-
ening to initiate thinning and exhumation. But
it also possible that diking could provide the
necessary weakening.
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Melting has always played a key role in Earth evolution. Early solidification of a magma ocean
may have left the mantle compositionally stratified and may have continued in the form of a
long-lived basal magma ocean (BMO). Ongoing upper mantle/transition zone melting, perhaps
associated with water and carbonate, may have caused "internal differentiation”, resulting in dense
enriched products that sink. Throughout Earth’s history melting in the shallow mantle has produced
crust, most of which was recycled into the interior and some of which may have segregated above
the core-mantle boundary, joining possible enriched products from early differentiation, internal
differentiation and BMO solidification to produce a Basal Melange (BAM). Here we investigate
the thermal and chemical evolution of Earth’s interior from the ~molten state to billions of years
later using global-scale numerical simulation. Our previously-published models that included only
oceanic crustal production and recycling (e.g. Nakagawa & Tackley, 2014 GCubed) indicated that
(i) a layer of subducted crust can rapidly build up above the CMB, (ii) early-formed layering above
the CMB may have been necessary to avoid rapid early core cooling and a too-large present-day
inner core, (iii) magmatism is the dominant heat transport mechanism early on, (iv) melting acts as
a thermostat, buffering mantle temperature. Here we improve the models to handle deep melting
including melt fractions of up to 100 %, fractional melting using a eutectic model, segregation of
melt and solid, and a parameterized magma ocean treatment at high melt fractions (using an eddy
diffusivity based on mixing length theory, similar to previous 1-D treatments). We investigate and
characterize the evolution of deep mantle structure in the limits of negatively buoyant melt and
positively buoyant melt. We focus on the interplay of deep melting and melt migration, primordial
layering, recycled crust and harzburgite, and products of upper mantle internal differentiation, in
producing a heterogeneous deep mantle BAM.
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Fig. 1.: Sequence of events in the early (< 1Byr) evolution of an Earth-like planet starting from a 100 % molten
state. Quantities are scaled to minimum and maximum values.
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Subduction is likely to be the most studied phenomenon in Numerical Geodynamics. Over the past
20 years, hundreds of publications have focused on its various aspects (influence of the rheology
and thermal state of the plates, slab-mantle coupling, roll-back, mantle wedge evolution, buoyancy
changes due to phase change, ...) and results were obtained with a variety of codes.

Slab detachment has recently received some attention (e.g. Duretz, 2012) but remains a field
worth exploring due to its profound influence on dynamic topography, mantle low and subsequent
stress state of the plates, and is believed to have occured in the Zagros, Carpathians and beneath
eastern Anatolia, to name only a few regions.

Following the work of Schmalholz (2011), we propose a two- and three-dimensional numerical
benchmark of slab detachment. The geometry is simple: a power-law T-shaped plate including an
already subducted slab overlies the mantle whose viscosity is either linear or power-law. Boundary
conditions are free-slip on the top and the bottom of the domain, and no-slip on the sides.

When the system evolves in time, the slab stretches out vertically and shows buoyancy-driven
necking, until it finally detaches. The benchmark is subdivided into several sub-experiments with a
gradual increase in complexity. An array of objective measurements is recorded throughout the
simulation such as the width of the necked slab over time and the exact time of detachment. The
experiments will be run in two-dimensions and repeated in three-dimensional, the latter case being
designed so as to allow both poloidal and toroidal flow.

We show results obtained with a multitude of Finite Element and Finite Difference codes, using
either compositional fields, level sets or tracers to track the compositions. A good agreement is
found for most of the measurements in the two-dimensional case, and preliminary three-dimensional
measurements will be shown.
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The undulating nature of the earth surface (to-
pography) on both continents and sea floor and
the observed geoid anomaly are influenced by the
convective processes within the Earth’s mantle
driven by density anomalies. Hot, less dense ma-
terial tends to rise and push the overlying litho-
sphere upward, whereas cold, denser material
tends to sink and pull the lithosphere downward
(Steinberger, 2014). This mechanism is simplist-
ically illustrated in figure 1.

dynamic topography

/\/ surface
less
dense

Fig. 1.: The concept of dynamic topography (Steinber-
ger, 2014)

more
dense

Evidence from ancient coastal areas currently
submerged (Hartley et al. 2011) suggests signi-
ficant changes in topography of several hundred
meters relative to the present day Europe. The
effect of such changes on the present-day relief
and land area would drastically change the face
of Europe as shown in figure 2.

The geoid is about 90 % (Hager & Richards,
1989) determined by both the density anomalies
driving the mantle flow and the dynamic topo-
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graphy caused at the Earth surface and the core-
mantle boundary. The remainder is largely due to
strong heterogeneities in the lithospheric mantle
and the crust, which also need to be taken into
account. Surface topography caused by density
anomalies both in the sub-lithospheric mantle
and within the lithosphere depend on lithosphere
rheology. Here we investigate these effects by as-
sessing the differences between modelled dynamic
topography and geoid from the spectral mantle
flow code (Hager & O’Connell, 1981) and a fully
coupled code of the lithosphere and mantle ac-
counting for strong heterogeneities in the upper
mantle rheology (Popov & Sobolev, 2008).

The coupled code approach simulates the visco-
elasto-plastic rheology of the lithosphere and the
radial and lateral viscosity variations in the mater-
ial in the uppermost 300 km of the Earth interior
including the lithosphere-asthenosphere bound-
ary. In contrast, the mantle flow code simulates
a 3-D density structure inferred from shear wave
seismic tomography and assumes a radial vis-
cosity variation from the CMB to the surface
to compute a deviatoric normal stress, which is
then converted to the dynamic topography using
a scaling coefficient.

This study is the first step towards, linking
global mantle dynamics with lithosphere dynam-
ics using the observed geoid as a major constraint
and results from both codes will be presented
and compared with the observed geoid and dy-
namic topography. This effort will also serve as
a benchmark of the two existing numerical codes
developed for geodynamic modelling.
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Fig. 2.: Topography of Europe: A) Present-day +150m; B) Present-day C) Present-day —150 m (Steinberger,
2014)
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Numerical models that investigate the dynam-
ics of the lithosphere and upper mantle need
to start from an initial geometry with a set of
prescribed mechanical and thermal conditions.
Initial conditions are required in order to localize
and initiate deformation. Without such initial
conditions, deformation may take a long model
time to localize, up to millions of years. The
reason for this is that these models need to accu-
mulate numerical disturbance to create starting
points for the deformation. A method that is
often used in models of extension of continental
lithosphere to localize deformation faster is to
use "seeds' to initiate extension. These seeds
are usually small regions that are weaker than
the surrounding crust and lithosphere. Multiple
ways of prescribing weak seeds are found in the
literature.

One way of implementing a weak seed is
through thermal effects. A weak region can be
achieved by a temperature anomaly in the crust
or lithosphere, which can be created by directly
imposing a temperature difference, by assigning
high radiogenic heat production, by perturbing
the basal heat flow, or by modelling a thermal
upwelling in the mantle below. For models with
a temperature-dependent viscosity, the elevated
temperature reduces the viscosity. An advant-
age of using an imposed temperature anomaly is
that it will dissipate with time, thus reducing the
impact on later model stages.

Another way of implementing a weak region is
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to compose the seed of a material with a lower
rheological strength than its surroundings. This
can be achieved by imposing a lower viscosity,
a lower value for the angle of internal friction,
or assigning different material properties, such
as a von Mises seed in a frictional plastic mater-
ial. Prescribing the weak seed as a region which
already has accumulated strain, leading to strain-
weakening, is also a frequently used approach. In
the literature a variety of shapes and sizes for this
kind of weak seeds can be found. Examples in-
clude square seeds, fault-shaped weak inclusions
and rectangular seeds with different aspect ratios.
Randomly distributed seeds have also been used.

A weak zone can also be created by an abrupt
variation in the thickness of the crust and/or litho-
sphere. A locally thinned crust can be thought
to be caused by a previous rifting phase, whereas
a thicker crust could represent preceding moun-
tain building. These variations in thickness affect
the mechanical strength and impose a thermal
anomaly.

The literature is scarce concerning the effects
of the different methods of implementing a weak
zone on the results of the model. However, the
variety in shape, size, orientation, mechanical and
thermal properties and depth of the seed(s) begs
the question whether these different approaches
could have an effect on model evolution. We
therefore present a series of numerical models
conducted with the codes ELEFANT and SULEC
that aims at investigating the role of weak seeds
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Fig. 1.: Results for different vertical positions of the weak seed in a dimensionless single layer extensional system.
The internal angle of friction ¢ is 15. In the top figure, the weak seed is placed in the middle of the model
domain, while in the bottom figure the weak seed is placed at the top. Results are calculated with ELEFANT.

in the initial and later stages of continental ex-
tension. The basis model is always the same (a
multi-layered thermo-mechanically coupled ex-
tension model of the upper mantle), the only
difference between the models is formed by the
size and nature of the weak seed. In figure 1 pre-
liminary results concerning the placement of the
weak seed are shown for a simple, dimensionless,
one layer model. The viscosity of the layer is 10°.
On the poster for GeoMod2014, results will be
presented for the more complex, multi-layered
extension model of the upper mantle.
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Abstract

Present models of orogeny generally assume that
mountains grow upwards by gradual accretion of
crustal material during continental collision. This
mechanism is characterized by high topographic
build-up and material transport within the pro-
and retro-wedge. However, at least half of the
mountain ranges worldwide are characterized by
low and distributed topographies with little or
no exhumation in retro-wedges. In this study we
analyse if mountain chains may grow downwards,
by active accretion of crustal material to the
lower plate. In this model the upper crust is
decoupled and deformed, while the lower crust is
subducted to mantle depth and subjected to slab
retreat. This mechanism allows a foreland shift
in the timing of exhumation and the location of
the main subduction zone, explaining the often
geometrical misfit between the crustal position of
the lower plate and the geometry of slabs inferred
by teleseismic tomography.

Introduction

When the continental crust reaches a subduction
zone continental collision forms generally high
topography, because of the excess of low-density
material accumulated at the plate margin. Ana-
logue and numerical models demonstrated the
gradual accretion of crustal material to the up-
per plate along retro-shears (Beaumont et al.,
1996). In these models continental subduction
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results in upper plate deformation and formation
of double-vergent orogens. Typical examples in-
clude the Swiss Alps and the Pyrenees (Schmid et
al., 1996; Beaumont et al., 2000). These are dom-
inantly high-convergence orogens with low angles
of subduction and where the contact between the
collisional plates is positioned in line with the
location of slabs detected by teleseismic mantle
tomography.

The other half of worldwide orogens forms low-
topography mountain ranges at retreating sub-
duction boundaries, where the rapid roll-back of
subducted slabs is accommodated by upper plate
extension and formation of back-arc basins (e. g.,
Faccenna et al., 2004). A common feature of
these orogens is the geometrical misfit between
the crustal position of the lower plate and the geo-
metry of slabs inferred by teleseismic tomography.
The aim of this study is to analyse numerically
the physical concepts and implications of such
low topography mountain ranges.

Methods

The study of collisional systems and the evolution
in time of associated deformation was analysed by
the means of high-resolution thermo-mechanical
numerical modelling designed to investigate the
physical processes related to orogenic building.
All numerical experiments were performed with
the I2VIS code (Gerya and Yuen, 2003). This
code is based on conservative finite differences
and a marker-in-cell technique. The momentum,
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continuity and energy equations are solved on Eu-
lerian frame, and Lagrangian markers that move
according to the velocity field interpolated from
the fix grid transport physical properties. The
model uses non-Newtonian visco-plastic rheolo-
gies to simulate multiphase flow.

Model Setup: The computational domain
spans 1000 km x 200km and contains a (600 km
wide) high-resolution area of 0.5km x 0.5km.
Constant velocities are applied to the to sim-
ulate a total convergence of 1cm/a. A rheolo-
gically weak zone at the bottom of the contin-
ental crust represents a suture zone, separating
two continental domains after the closure of an
ocean. The continental crust is homogeneous
and has a total thickness of 35km. It is sub-
divided into 20 km of felsic and 15km of mafic
rocks. The underlying mantle is composed of
dry olivine. The initial temperature field of the
continental lithosphere was varied. It increases
linearly from 0°C at the surface to 400°C to
800 °C at the crust-mantle boundary (Moho) and
1300 °C at the lithosphere-asthenosphere bound-
ary at 120km to 160 km depth. For the astheno-
spheric mantle a thermal gradient of 0.5°Ckm™!
is used. To allow for topographic build up of
the lithosphere a layer of 20 km and low viscosity
(1018 Pas) and low density (1kgm™3) is imple-
mented above the lithosphere. The large viscosity
contrast between this layer and the lithosphere
minimizes shear stresses (< 104 Pa) making it an
efficient free surface (e.g. Schmeling et al., 2008).
The topography of the model (air/crust interface)
evolves according to a transport equation that is
solved at each time-step on the Eulerian grid and
accounts for erosion and sedimentation (Gorczyk
et al., 2007).

Results

Our numerical results indicate that (i) deforma-
tion might be localized in lower orogenic plates
and (ii) collisional systems are able to develop
solely by foreland-vergent deformation and mi-
gration of the main subduction zone.
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Similar to the orogenic retro-wedge scenarios,
the onset of contraction leads to an initially sym-
metric situation in which pro- and retro- shears
display limited offsets at the scale of the orogen.
The subsequent localized deformation within the
weak (subduction) zone leads to a concentration
of deformation almost exclusively in pro-shears.
This causes a large-scale asymmetry, where de-
formation and associated exhumation gradually
migrate towards the foreland. The large displace-
ment in the pro-wedge accommodates almost the
entire shortening and allows for the subduction
of lower crust. The upper crust decouples and
records significant internal shortening during the
foreland propagation of the deformation front,
while the upper orogenic plate is passively ex-
humed and deformed, although with significant
lower values than normally observed in typical
retro-wedges. The resulting orogenic geometry
is highly asymmetric and almost exclusively ori-
ented towards the foreland, deformation and ex-
humation migrating in the same direction.

Discussion

Our numerical results indicate that (i) deforma-
tion might be localized in lower orogenic plates
and (ii) collisional systems are able to develop
solely by foreland-vergent deformation and mi-
gration of the main subduction zone.

Similar to the orogenic retro-wedge scenarios,
the onset of contraction leads to an initially sym-
metric situation in which pro- and retro- shears
display limited offsets at the scale of the orogen.
The subsequent localized deformation within the
weak (subduction) zone leads to a concentration
of deformation almost exclusively in pro-shears.
This causes a large-scale asymmetry, where de-
formation and associated exhumation gradually
migrate towards the foreland. The large displace-
ment in the pro-wedge accommodates almost the
entire shortening and allows for the subduction
of lower crust. The upper crust decouples and
records significant internal shortening during the
foreland propagation of the deformation front,
while the upper orogenic plate is passively ex-
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Fig. 1.: Tectonic model of a continent-continent collision zone. Compositional map.
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humed and deformed, although with significant
lower values than normally observed in typical
retro-wedges. The resulting orogenic geometry
is highly asymmetric and almost exclusively ori-
ented towards the foreland, deformation and ex-
humation migrating in the same direction.
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SLIM-3D is a three-dimensional thermomech-
anical code capable of simulating lithospheric
deformation with elasto-visco-plastic rheology
(Popov and Sobolev, 2008). It incorporates an
arbitrary Lagrangian Eulerian formulation, free
surface, and changes in density and viscosity, due
to endothermic and exothermic phase transitions.
It has been successfully applied to model different
geodynamic processes at divergent (Brune and
Autin, 2013; Melnick et al., 2012), convergent
(Quinteros and Sobolev, 2013; Quinteros and So-
bolev, 2010) and transform (Popov et al., 2012)
plate boundaries. However, although SLIM-3D
already includes many features, fluid flow has not
been incorporated into the model yet.

The aim of the here presented study is to over-
come this shortcoming of SLIM-3D. We are espe-
cially interested in modeling subduction evolution
with respect to fluid flow. Fluids play a crucial
role in subduction evolution. For example, excess
mechanical weakening along tectonic interfaces,
due to excess fluid pressure, may enable oceanic
subduction (Dymkova & Gerya, 2013). Hence,
the water content may be a critical parameter for
subduction initiation. Studies have also shown a
correlation between the location of slab dehydra-
tion and intermediate seismic activity (Hacker et
al., 2003). Furthermore, expelled fluids from the
subduction slab affect the melting temperature,
consequently, contributing to partial melting in
the wedge above the downgoing plate and res-
ulting in chemical changes in earth interior and
extensive volcanism (Cagnioncle et al., 2007). In
summary, fluids have a great impact on tectonic
processes and therefore should be incorporated
into geodynamic numerical models.
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Here we use existing approaches to imple-
ment fluid flow into SLIM-3D (McKenzie, 1984;
Morency et al., 2007). The coupling between solid
and fluid flow rests upon the assumption that flu-
ids flow through a porous and deformable solid.
Thus, we couple the solid momentum equation,
continuity equation for solid and fluid, as well as
the Darcy equation. This system of equations be-
comes, however, nonlinear, because permeability
is assumed to be a power-law function of porosity.
Ultimately, the evolution of porosity is governed
by the compaction pressure and the advection of
the porous solid.

We plan to show the implementation of the
fluid flow into the existing thermo-mechanical fi-
nite element code and present first results. Even-
tually, we will carry out experiments to better
understand controls on magma emplacement and
variations in the temperature field. We are es-
pecially interested in the coupling of subduction
processes and the evolution of the magmatic arc.
Thereby, we will study the migration of the vol-
canic front in respect to subduction processes and
geometry in order to identify models that best fit
the geodynamic evolution of the Central Andes.
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Abstract

Mantle plumes are amongst the most influen-
tial thermal events for continental lithosphere as
they provide extra heat and strong mantle flow
that could change and erode the originally de-
pleted continental root. Xenolith research shows
that many Precambian lithospheres show a multi-
stage modification/enrichment through mantle
metasomatism process that might change the
buoyancy and rheology of continental root. We
performed new numerical experiments to explore
the lithosphere dynamics of a plume impacting
continental lithosphere. A combined rheology
with parameters close to dislocation and diffu-
sion creep experiments is applied. Our models
demonstrate that the mechanical erosion of litho-
sphere mainly focuses on the edge of the con-
tinental root, and it is strongly affected by the
internal buoyancy and rheology of the portion
of the root that is exposed to the plume flow.
Models with increased plume flux or closer plume
proximity, however, are not found to induce more
erosion. By either losing their high viscosity or
chemical buoyancy, a significant part of contin-
ental root might be eroded away during tens of
Myrs by the plume impact. Thus, our results in-
dicate that metasomatic refertilization that could
change the buoyancy and rheology of lithosphere,
is an essentia for the destruction of continental
roots. Furthermore, our results demonstrate how
a plume event could have caused the significant
thinning of Proterozoic lithosphere beneath SW
Namibia in southern Africa, at 70 Ma.
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Introduction

The heterogeneity of lithosphere with cratonic,
platform and oceanic lithosphere, is one of the
most salient features of modern plate tectonic.
The long lasting thick cratonic lithosphere is con-
sidered to be generally stable and not subject
to change since it is formed in Archean, at least
in terms of geodynamics. However, the finding
that North China Craton [Gao et al., 2008; Zhu
and Zheng, 2009] has lost significant part of its
root shows that craton might also be affected
by mantle dynamic activities. With the devel-
opment of modern geosciences techniques, more
and more new evidences show that the physically
stable cratons might also experience some mantle
dynamics and be modified in different aspects
such as seismic properties, chemical composition
[Chesley et al., 2004; Carlson et al., 1995, 2005;
Simon et al., 2003; James et al., 2001; Griffin et
al., 2003a]. Consider the significant lithosphere
heterogeneity observed, either from the different
thickness of different types of lithosphere or from
the geochemical modifications (e. g. mantle meta-
somatism), the geodynamical modelling of its
effects is required. Mantle plumes are suggested
to be responsible to some observations related
to mantle dynamics. Therefore, it is interest-
ing to know how lithospheric refertilization and
mantle plume influence the stability of the con-
tinental lithosphere. Numerical experiments are
performed to explore the erosion process when a
plume impact thick continental root with differ-
ent buoyancy and strength.
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Fig. 1: A) Two-layer Cratonic root setup: 1) a highly
depleted layer from Moho to 150 km with the chem-
ically tracking value gradually decrease from 1 to C'n;
2) a less depleted layer from 150km to 200 km with
constant chemically tracking value Cn. B) Typical
geotherms of cratonic (black) and normal lithosphere
(gray) as the initial thermal condition and chemical
profile of cratonic layer (zoomed box). C) Typical
viscosity profile corresponding to the geotherms in B.

Results and discussion

Figure 2 show the plume craton interaction for
about 125 Myrs through temperature, buoyancy
and viscosity evolution. When the plume ar-
rives at around 30 Myrs, the lower cratonic root
become relatively more gravitational unstable
as the deep blue area indicates and is strongly
sheared at the edge by the plume induce flow
(30.7 Myr in Fig. 2B). However, the high viscos-
ity of cratonic root prevent the significant devel-
opment of gravity instability in this model and
only the root material at edge of cratonic root
is eroded away. After the major plume flow im-
pact, small scale convection develops underneath
the normal lithosphere and it propagates to the
edge of cratonic root and cause further erosion
(41.7Myr in Fig. 2B). Once the plume mater-
ial cools down, the lower part of cratonic root
returns back to neutrally buoyant (125 Myrs in
Fig. 2B). Comparing the cratonic root before and
after the plume, we can see the main impact and
erosion is focused on the edge of thick continental
root.
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As the first layer of the root has little effects
on the dynamics, we parameterize the chemical
buoyancy and strengthening factor (Ap and An in
Fig. 3) of the second layer to explore their effects
on the erosion of cratonic root by plumes. We
calculate average thermal thickness and chem-
ical root remain at the left cratonic edge at
every time step in order to monitor the extent
of erosion. Figure 3 A and 3B show these two
quantities at 50 Myr (20 Myrs after the plume
rising up) for a range of models. Four models are
selected to demonstrate the evolution histories
of these two quantities in Figure 3C and 3D,
in which the impact of plume arrival is clearly
indicated by the kink points near 30 Myrs for
all of these lines. After the plume, the average
thermal thicknesses grows slowly as the mantle
cools down (Fig. 3 C), while the erosion of chem-
ical root might still continue (red and blue lines
in Fig. 3D) or slows down (green line in Fig. 3D).
As it shows, the craton edge in the model with
Ap = 31.5kgm™ and An = 4 maintains an av-
erage thermal thickness around 190 km and 90 %
of its original cratonic root at 50 Myrs. By either
reducing the buoyancy (e.g. 10kgm™=3) or the
strengthening factor (e.g. < 2), the erosion of
cratonic root edge would increase considerably; if
both the buoyancy and strengthening factor are
reduced, even more significant erosion could be
observed (Fig 3 A, 3B). Therefore, the erosion of
cratonic root is strongly depended on the buoy-
ancy and strength of the cratonic root.

Our geodynamical models demonstrate how
the continental root would be eroded by the hot
mantle flow induced by plume and find the buoy-
ancy and strength of the lowermost root play
a dominant role on this process. The effects of
plume induced flow on a typical chemical cratonic
root with Ap ~ 30kgm™3 and mild composi-
tional strengthening factor (3-4) is quite limited.
By either losing the chemical buoyancy or redu-
cing the compositional strengthening factor, signi-
ficant erosion of continental root by plumes could
happen. The most likely mechanism for contin-
ental root to lose the chemical distinguished char-
acteristics is lithosphere refertilization through
mantle metasomatism. By decreasing the Mg#
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Fig. 2.: A): The full image of temperature field when plume rise up near cratonic root. The area within the
gray box is zoomed out in Fig. 2B. B): The evolution of temperature (left), horizontal buoyancy (middle) and
viscosity (right) when plume impact thick cratonic root. The four time snapshots are: 0 Myrs, 30.67 Myr,
41.7 Myr and 125.5 Myrs. The plume rises up at 30 Myr. This model has Ap = 21kgm™3; An = 3 as showed
in Figure 3.
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Fig. 3.: Effects of buoyancy and viscosity of the second cratonic layer on the erosion of cratonic root edge.
(A) and (B) shows the average thermal thickness and chemical root remain of craton edge (1914km to
2046 km) at 50 Myrs, respectively. C) and D) shows the 140 Myrs evolutions of four selected models in A
and B: green lines for (Ap = 31.5kgm™3; Ay = 4); red lines for (Ap = 10.5kgm~3; An = 4); blue lines for
(Ap =31.5kgm=3; An = 1) purple lines for (Ap = 21kgm~3; An = 3).
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of the originally depleted continental lithosphere
and raising its pyroxene and garnet content,
the chemical buoyancy/density of the SCLM
would decrease/increase substantially[Griffin et
al., 2003(b); Carlson et al., 2005]. Another im-
portant aspect of refertilization through mantle
metasomatism is thermal effects. Through the
heat advection from the metasomatism agents
(hot fluid or melts) and enriched radiogenic ele-
ment, the temperature of refertilized lithosphere
would increase accordingly, but its effects would
be smaller than the change of Mg# [Griffin et al.,
2003(b)]. The influence of metasomatic refertiliz-
ation on the viscosity of mantle rock is unclear
due to the lack of related research, but the re-
search about elastic thickness of Slave province
in Canada shows that the metasomatic refertiliz-
ation might also affects the rheology [Poudjom
Djomani et al. 2005]. However, the heating of
continental root itself has a rheological effect as
the temperature is the main factor of mantle
rheology, especially for the root material at the
rheological boundary. Therefore, it’s reasonable
to link the change of buoyancy and strengthening
factor in our models to metasomatic refertiliza-
tion that happen to the continental root, even
though we didn’t include this process in our nu-
merical models due to the lack of mathematic
description.

Conclusion

1. For any significant thinning of cratonic root,
it is most likely that one of the factor of
buoyancy and viscosity or both were changed
significantly, otherwise the chemically buoy-
ant and strengthened root would strongly
resist the erosion and deformation.

2. Metasomatic refertilization, as the main
mechanism to change the composition of con-
tinental root, has an important geodynamic
meaning for the continental lithosphere.
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Deformation of forearcs during ridge subduction

Stefanie Zeumann, Andrea Hampel

Institut fiir Geologie, Leibniz Universitit Hannover, Callinstrafie 30, 30167 Hannover

e-mail: zeumann@geowsi.uni-hannover.de
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Subduction of oceanic ridges causes consider-
able deformation of the forearc. Depending on
the orientation of the ridge relative to the plate
convergence direction, the ridge may either be sta-
tionary (e.g. Cocos Ridge at the Central Amer-
ican margin) or migrate along the margin (e.g.
Nazca Ridge at the Peruvian margin). Here we
use the finite Element program Abaqus to invest-
igate the tectonic evolution of forearcs affected
by ridge subduction.

The 3D models consist of a wedge-shaped fore-
arc, under which an oceanic plate carrying the
ridge is subducted (fig. 1). Following the ap-
proach of Cailleau and Oncken (2008) we use a
cylindrical shape with a radius of 225 km for the
subducting plate. Since the focus is on the de-
formation of the forearc we consider the oceanic
plate as rigid. The plate interface is divided into
the coupling zone with a variable friction coef-
ficient and a frictionless section. The coupling
zone along the plate interface is up to 30 km deep
(fig. 1).

In a systematic series of experiments, we con-
sider migrating and non-migrating ridges by chan-
ging the angle between ridge and plate conver-
gence direction. We further varied the ridge
shape, the mechanical strength of the forearc
and the frictional behaviour of the plate interface
to identify the most crucial parameter for forearc
deformation.

First results with a purely elastic forearc show
that in all models the forearc is uplifted (fig. 2a)
and moved sideward during ridge subduction. For
a stationary ridge, where the plate convergence
direction is parallel to the ridge and perpendicular
to the trench, the deformation pattern is sym-
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Fig. 1.: Model geometry includes a deformable wedge
and a rigid slab carrying the oceanic ridge. The
red line indicates the coupling zone along the plate
interface.

metrical with respect to the ridge axis (fig. 2 a-d).
The strain components show co-existing domains
of both shortening and extension. Along the
ridge axis, contraction occurs at the ridge tip and
extension behind it (Fig 2b). The strain com-
ponent parallel to the margin (i. e. perpendicular
to the ridge axis) reveals extension at the ridge
tip and contraction above the flanks of the ridge
(fig. 2d-e). In models with a migrating ridge,
the strain field becomes asymmetric with respect
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to the ridge axis (fig. 2 e-f). The maximum con-
traction is found above the leading flank of the
ridge.

A preliminary parameter study shows that the
displacement and strain fields depend on the ridge
shape (height, width), on the friction coefficient
along the plate interface and, to a lesser extent,
on the Young’s moduli of the forearc. A higher
ridge increases the amount of uplift whereas a
broader ridge enlarges the region of uplift. A
higher friction coefficient results in lower uplift for
constant ridge height. Shortening and extension
perpendicular to the margin increase with increas-
ing ridge height or decreasing Young’s moduli of
the forearc layers. In contrast, a higher friction
coefficient leads to lower extension but higher con-
traction. The strain component parallel to the
margin is primarily affected by the ridge shape
whereas material properties of the forearc and
friction coefficient along the plate interface have
nearly no influence. Increasing the ridge height
increases the magnitude of both the extension at
the ridge tip and the contraction above the ridge
flanks. In contrast, a wider ridge decreases the
overall amount of strain. In all models the ridge
indents the forearc wedge (fig. 2¢). The indent-
ation increases if a) the Young’s moduli of the
forearc layers decrease, b) the ridge is higher and
c) the friction coefficient of the plate interface
is increased. For example, increasing the ridge
height from 1000 m to 2000 m enlarges the indent-
ation by nearly 300 m after one million years of
modelling time. Furthermore, the indentation de-
pends on the frictional coupling between the two
plates, with higher friction coefficients leading to
larger re-entrants.

Future models will include the implementation
of plastic behaviour to investigate the permanent
deformation of forearcs during ridge subduction.
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Fig. 2.: Central part of the model surface at 1 Ma of model time for a 100 km broad and 1km high ridge. Black
arrows indicate the plate convergence direction and black dashed line mark the ridge position. a) Uplift, b)
strain component along the ridge axis, c) displacement along the ridge axis, and d) strain component normal to
the ridge axis for a model with a plate convergence direction normal to the margin. e) Strain component normal
to the ridge axis for a model with a plate convergence direction 60° oblique to the margin. f) Comparison of
the strain component normal to the ridge axis for the white profiles in pictures d (black) and e (red).
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GeoMod2014 - Conference Outline

Time 31. August 1. September 2. September 3. September
08:45 - 09:00 - Welcome - -
09:00 - 11:00 - (Seismo-)tectonics ~ Volcanism  and Rheology (orals)
(orals) Volcanotectonics
(orals)
11:00 - 13:00 - (Seismo-)tectonics ~ Volcanism  and Rheology (poster)
(posters) Volcanotectonics
(poster)
13:00 - 14:00 - Lunch break Lunch break Lunch break
14:00 - 16:00 - Tectonics and Geodynamics Fluids and
Surface processes  (orals) Deformations
(orals) (orals)
16:00 - 18:00 - Tectonics and Geodynamics Fluids and
Surface processes  (posters) Deformations
(poster) (poster)
18:00 - 21:00 Ice  Breaker - - -
Party
19:00 - 22:00 - Joint Conference -

Dinner

GeoMod2014 - Short course on "Constitutive Laws: from Observation to Implement-
ation in Models" by Onno Oncken, Mathias Rosenau, Fabio Corbi, Georg Dresen Erik Rybacki,
Stephan Sobolev, and Sascha Brune

Thursday 4 September: 09:00 - 18:00

Friday 5 September: 09:00 - 14:00

GeoMod2014 - Hands-on tutorial on "ASPECT: a next-generation geodynamic
modelling software" by Anne Glerum and Juliane Dannberg

Thursday 4 September: 09:00 - 18:00: Tutorial

Friday 5 September: 09:00 - 18:00: ASPECT Strategy Workshop (for Advanced Users) - voluntary
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GeoMod2014 Conference Programme (31 August - 3 September)

Sunday 31 August 2014

18:00 - 21:00: Ice Breaker Party at the Theaterschiff Potsdam’ (Schiffbauergasse 9b,
14467 Potsdam)

Monday 1 September 2014
08:45 - 09:00: Welcome by Prof. Dr. Dr. h.c. Reinhard Hiittl and Prof. Dr. Onno

Oncken
09:00 - 11:00: (Seismo-)tectonics Orals (chairs: B. Kaus, O. Oncken)

e (09:00 - 09:30: Kelin Wang: Thermal Expressions of Stick-slip and Creeping Subduction
Megathrusts (keynote)

e 09:30 - 10:00: Bertrand Maillot: The long-term Evolution of Fold-and-Thrust Belts:
Consistency of Numerical Approaches and Physical Ezperiments (keynote)

e 10:00 - 10:20: Tasca Santimano et al.: Smart or Beautiful? Accretionary wedge evolution
seen as a competition between minimum work and critical taper

e 10:20 - 10:40: Lorenzo Bonini et al.: The role of pre-existing frictional weaknesses on
the propagation of extensional faults

e 10:40 - 11:00: Ylona van Dinther et al.: Seismo-thermo-mechanical modeling of subduc-
tion zone seismicily
11:00 - 13:00: (Seismo-)tectonics Posters (chairs: B. Kaus, O. Oncken)
13:00 - 14:00: Lunch break

14:00 - 16:00: Tectonics and Surface processes Orals (chairs: F. Graveleau, N. Hovius)

e 14:00 - 14:30: Ritske Huismans: Interaction and feedback between surface processes and
mountain building (keynote)

e 14:30 - 15:00: Stéphane Dominguez: Joint analogue modelling of marine and terrestrial
geological processes: state of the art and new developments (keynote)

e 15:00 - 15:15: Utsav Mannu et al.: Dynamic Modelling of Accretionary Prisms and
Stratigraphy of Forearc basins

e 15:15 - 15:30: Karen Leever: 3D Analogue Modelling of the Effect of Fan Sedimentation
on Accretionary Wedge Dynamics — the Magdalena Fan case, South Caribbean Margin,
Colombia

e 15:30 - 15:45: Frank Zwaan, Guido Schreurs: /D Transfer Zone Modeling in Continental
Rift Systems

e 15:45 - 16:00: Sergei Medvedev, Ebbe H. Hartz: Fvolution of topography of post-
Devonian Scandinavia: Effects and rates of erosion

16:00 - 18:00: Tectonics and Surface processes Posters (chairs: F. Graveleau,
N. Hovius)
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Tuesday 2 September 2014
09:00 - 11:00: Volcanism and Volcanotectonics Orals (chairs: O. Galland, E. Holohan)

e 09:00 - 09:30: Rikke Pedersen: Surface deformation simulations of volcanic and tectonic
processes in Iceland (keynote)

e 09:30 - 10:00: Olivier Roche, Yarko Nino: Mechanisms of entrainment of a granular
substrate by pyroclastic density currents: insights from laboratory experiments and models,
and implications for flow dynamics (keynote)

e 10:00 - 10:15: Rosanne Heistek et al.: Temporal changes in mantle wedge geometry and
magma generation processes in the Central Andes: towards linking petrological data to
thermomechanical models

e 10:15 - 10:30: Francesco Maccaferri et al.: The gravitational unloading due to rift
depression: A mechanism for the formation of off-rift volcanoes in (continental) rift zones

e 10:30 - 10:45: Lola Chanceaux, Thierry Menand: Solidification effects on sill formation:
an experimental approach

e 10:45 - 11:00: Max Gallagher, Ben Kennedy et al.: Megatsunami generation from caldera

subsidence

11:00 - 13:00: Volcanism and Volcanotectonics Posters (chairs: O. Galland,
E. Holohan)

13:00 - 14:00: Lunch break

14:00 - 16:00: Geodynamics Orals (chairs: F. Funiciello, S. Sobolev)

e 14:00 - 14:30: Anne Davaille: Plumes to Plate Tectonics: Insights from Laboratory
Ezxperiments (keynote)

e 14:30 - 15:00: Bernhard Steinberger et al.: On the relation between plate tectonics,
large-scale mantle flow and mantle plumes: Some recent results and many open questions
(keynote)

e 15:00 - 15:15: Paul J. Tackley et al.: Influence of Melting on the Long-Term Thermo-
Chemical Evolution of Farth’s Deep Mantle

e 15:15 - 15:30: Maria V. Chertova et al.: 3-D numerical modeling of subduction evolution
of the western Mediterranean region

e 15:30 - 15:45: Tobias Baumann, Boris Kaus, A. Popov: Constraining the rheology of the
lithosphere through geodynamic inverse modelling

e 15:45-16:00: Elisa Calignano et al.: Strain localization during compression of a laterally
heterogeneous lithosphere

16:00 - 18:00: Geodynamics Posters (chairs: F. Funiciello, S. Sobolev),
Methods and Materials Posters (chairs: M. Frehner, M. Rosenau)

19:00 - 22:00 Joint conference dinner in Potsdam on the ship ’Belvedere’ (Lange
Briicke 6, 14467 Potsdam)
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Wednesday 3 September 2014
09:00 - 11:00: Rheology Orals (chairs: G. Dresen, H. Sone)

09:00 - 09:30: Yuri Fialko: Numerical models of ductile roots of mature strike-slip faults
(keynote)

09:30 - 10:00: Laurent Montési: Localization processes on Farth, Mars, and Venus
(keynote)
10:00 - 10:20: Suzon Jammes et al.: Localization of deformation in a polymineralic
material

10:20 - 10:40: Sebastian P. Miiller et al.: Rheology of bubble- and crystal-bearing magma:
new analogue experimental data and an effective-medium model

10:40 - 11:00: Maria A. Nikolinakou et al.: Modeling stress evolution around a rising
salt diapir

11:00 - 13:00: Rheology Posters (chairs: G. Dresen, H. Sone)

13:00 - 14:00: Lunch break

14:00 - 16:00: Fluids and Deformations Orals (chairs: S. Miller, M. Moreno)

14:00 - 14:30: Boris Galvan et al.: Towards a general simulation tool for complex
fluid-rock lithospheric processes: merging pre-processing, processing and post-processing in
state-of-the-art computational devices (keynote)

14:30 - 15:00: Takeshi Tsuji: Digital rock physics: Insight into fluid flow and elastic
deformation of porous media (keynote)

15:00 - 15:15: Thomas Heinze et al.: Numerical Modelling of earthquake swarms in the
Vogtland / West- Bohemia

15:15 - 15:30: Samuel Angiboust et al.: Effect of Fluid Circulation on Intermediate-
Depths Subduction Dynamics: From Field Observations to Numerical Modelling

15:30 - 15:45: Magdalena Scheck-Wenderoth, Judith Sippel et al.: Heat transport
mechanisms at different scales — a 8D modelling workflow

15:45 - 16:00: Antoine Jacquey et al.: Modelling of fractured reservoirs: Fluid-rock
interactions within fault domains

16:00 - 18:00: Fluids and deformations Posters (chairs: S. Miller, M. Moreno)

The posters will be presented during the entire conference. Each poster session starts with a 1-2
min. short presentation of all participating posters.
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GeoMod2014 - Short course on ''Constitutive Laws: from Observation
to Implementation in Models"

Thursday 4 September 2014

Morning Session: Onno Oncken, Mathias Rosenau, and Fabio Corbi

09:00 - 10:00: Onno Oncken: Observing deformation kinematics and localization: Ob-
servations from the field, geophysical imaging, and geodetic monitoring

10:00 - 10:15: Coffee Break

10:15 - 11:00: Mathias Rosenau: Rheology of rock analogues 1: Elastoplasticity and its
application in seismotectonic simulation

11:00 - 11:15: Coffee Break

11:15 - 12:00: Fabio Corbi: Rheology of rock analogues 2: Viscoelasticity and its
application in seismotectonic simulation

12:00 - 13:00: Visit to the GFZ Analogue Lab

13:00 - 14:00: Lunch break

Afternoon Session: Georg Dresen and Erik Rybackii

14:00 - 15:15: Rheology of the lower crust : Reconciling laboratory data and field
observations

15:15 - 15:30: Coflee Break
15:30 - 16:45: Visit to the GFZ rock mechanics lab
16:45 - 17:00: Coffee Break

17:00 - 18:00: Rock fracture processes and stick slip sliding —~-What do we learn from
analyzing nanofemto seismicity?

Friday 5 September 2014

Morning Session: Stephan Sobolev and Sascha Brune

13:00 -

09:00 - 10:00: Stephan Sobolev: Rheology and geodynamic modeling: key controls in
plate tectonics and beyond

10:00 - 10:15: Coffee Break

10:15 - 11:30: Sascha Brune: Rock rheology in numerical models: PC exercises and
application to rift dynamics

11:30 - 11:45 Coffee Break

11:45 - 12:30: Stephan Sobolev: Rheology and cross-scale modeling: towards under-
standing of great earthquakes

12:30 - 13:00: Discussion

14:00: Lunch and end of the short course
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GeoMod2014 — Hands-on tutorial on"'ASPECT: a next-generation
geodynamic modelling software'" by Anne Glerum and Juliane
Dannberg

Thursday 4 September 2014
08:30 - 9:00: Registration

e 09:00 - 10:00: Tutorial 1: First Steps — Compiling and Running ASPECT, Lecture:
How to run and visualize simple models

e 10:00 - 11:15: Lecture ASPECT — A next-generation geodynamic modelling software,
Tutorial 2: Convection in a 2D box

e 11:15 - 11:30: Coffee Break

e 11:30 - 13:00: Tutorial 3: Using the adaptive mesh refinement and spherical shell
geometry Lecture: How to run and visualize simple models

13:00 - 14:00: Lunch break

e 14:00 - 15:15: Tutorial 4: Using the adaptive mesh refinement and spherical shell
geometry and using the function parser

e 15:15 - 15:30: Coffee Break

e 15:30 - 17:00: Tutorial 5: Averaging at the example of subduction and using a “sticky
air” layer

e 17:00 - 18:00: Voluntary: Installing ASPECT on personal computers

18:30: Joint Dinner (to be payed by the perticipants)

Friday 5 September 2014

09:00 - 18:00: ASPECT Strategy Workshop for Advanced Users: Perspectives for
Modelling with ASPECT
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