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Mantle plumes are traditionally proposed to play an important role in erosion of the base of the
lithosphere [1]. However, previous models show that unless the plate is almost motionless in a
hotspot reference frame the thermo-mechanical erosion does not exceed 30 km. We propose to
further investigate this process, focusing on the role of partial melting on the plume-lithosphere
interaction, by using a 2D petrological-thermo-mechanical numerical model based on a finitedifference method on a staggered grid and marker in cell method [2].
An homogeneous peridotite composition is used to represent the plate and the underlying mantle.
The lithosphere-asthenosphere boundary initially follows the half-space cooling model and we impose a constant velocity of 5 and 10 cm/y at top of the plate. We modeled plumes with a diameter
of 50 km and thermal anomalies between 200 – 400 K in a mantle deforming by diffusion creep;
the viscosity at the base of the upper mantle ranges between 1020 and 1021 P a · s. Partial melting
is estimated using the melting curves for anhydrous melting as a function of pressure, temperature [3], which have been modified to account for the progressive depletion of peridotites by solely
considering difference between the instantaneous melt fraction and the cumulated one for a given
marker; this modified model predicts reasonable melt fractions at the base of the lithosphere (<1
%). The effect of partial melting on the viscosity of the sub-lithospheric mantle has then been
studied using an experimentally-determined flow law for partially molten peridotite, in which the
viscosity depends exponentially on melt fraction, pressure, and temperature [4].
The impact of a plume beneath the lithosphere leads to thermal rejuvenation of the lithosphere by
favoring a small-scale convection in the plume-fed low-viscosity layer at the base of the lithosphere.
The plumes induce up to 30 km of uplift of the 1200 ◦ C isotherm. The viscosity of the mantle
and the plume buoyancy flux, depending on temperature anomaly and plume diameter, play an
important role in controlling the behavior of the plume and, consequently, its erosional potential
and amount of melting. Using a melt-dependent rheology the viscosity at the lithosphere base
reaches very low values, facilitating the small scale convection, and then the lithosphere erosion,
compared to the results obtained without considering the influence of melting. Differently results
are obtained when the progressive depletion is taken in account, very low melting fraction (< 1%)
values are too much low to reduce the viscosity at the lithosphere base.
The model will be expand to consider more sophisticated melting law and melt migration (twophase flow).
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We present a parallel program for the solution of large linear systems resulting from the discretization of Partial Differential Equations that are particularly suitable for geodynamic modeling. Our
approach is based on the Schur domain decomposition method [1], which allows efficient parallelization. It consists in partitioning the computational domain into non-overlapping sub-domains and
a reordering of the nodes, allowing each sub-domain and the interface unknowns to be decoupled.
The later, referred as Schur system, is solved either by an iterative or by a direct method. Then,
each sub-domain set of unknowns is solved via block backward substitution. The parallelization
is achieved by assigning the computations related to the different sub-domains to different sets of
processors.
Our performance tests show that for two-dimensional problems it is better to solve the Schur system by a direct (Gaussian) method, whereas for three-dimensional problems we use a bi-conjugate
gradient stabilized method [6] to solve efficiently the Schur system. The most part of the CPU
time is spent in the computation of the Schur complement, which is done with a function in the
MUMPS library [5]. An alternative algorithm to compute the complement from the LU factors is
also being developed.
We have applied our solver to the Laplace/Poisson equations, the Tricomi equation and the biharmonic equation in 2D and 3D Cartesian domains of various aspect ratios. In all test cases the
Schur approach performs better than the direct application of the MUMPS solver.
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samuel.angiboust@upmc

A wide range of geophysical/petrological data indicates that large amounts of water are released in
subduction zones during the burial of oceanic lithosphere through metamorphism and associated
dehydration reactions. Large volumes of aqueous fluids are expected and observed in the mantle wedge, just below the continental Moho. Recent estimates suggest that the mantle wedge is
heterogeneously serpentinized (generally 20-30%). This serpentinization is believed to cause a significant weakening of the mantle wedge and therefore may critically control the depth of interplate
seismogenic coupling. However, data constraining mechanisms driving deep (50-200km) fluid circulation are lacking and fluid-rock interaction processes remain weakly constrained at the km-scale.
We herein propose a new fluid migration algorithm based on thermodynamic modelling (PerpleX)
where fluids are free to migrate, driven by rock fluid concentration, non-lithostatic pressure gradients and deformation. Oceanic subduction is modelled using a forward visco-elasto-plastic thermomechanical code (FLAMAR algorithm) based on previous work by Yamato et al. (2007). After
15 Ma of convergence between the two plates, we show that deformation is accommodated along a
low-strength shear zone in the wall of the subduction thrust interface, characterized by a weak (1025% serp.) and relatively narrow (between 3-6km) serpentinized front/channel. Our results also
show that dehydration associated with eclogitization of oceanic crust (60-75km) and serpentinite
breakdown (110-130km) significantly weakens the mantle wedge at these depths, thereby favouring
deep sedimentary accretion in the deep mantle wedge. We finally show that dehydration causes
significant fluid overpressures in the downgoing oceanic lithosphere. These results bring new critical constraints on the location of intermediate-depth seismicity and dehydration-embrittlement
processes reported by geophysical studies.
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Estimating the occurrence probability of natural disasters is critical for setting construction standards and, more generally, prioritizing risk mitigation efforts. Tsunami hazard in the Mediterranean region has traditionally been estimated by considering so-called “most credible” scenarios
of tsunami impact for limited geographical regions, but little attention has been paid to the probability of any given scenario. We present here the first probabilistic estimate of earthquake generated
tsunami hazard for the entire Mediterranean Sea. We estimate the annual probability of exceeding
a given tsunami amplitude at any coastal location in the region by applying a Monte Carlo based
technique. Earthquake activity rates are estimated from the observed seismicity, and tsunami
impact is derived from deterministic tsunami wave propagation scenarios. The highest hazard
is in the Eastern Mediterranean owing to earthquakes along the Hellenic Arc, but most of the
Mediterranean coastline is prone to tsunami impact. Our method allows us to identify the main
sources of tsunami hazard at any given location, and to investigate the potential for issuing timely
tsunami warnings. We find that the probability of a tsunami wave exceeding 1 m somewhere in
the Mediterranean in the next 30 years is greater than 95 percent. This underlines the urgent need
for a tsunami warning system in the region.
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Isotopes behave differently in different processes involved in a subduction zone such as slab dehydration, mantle wedge hydration and partial melting. Therefore, they are indicative of when
and where different processes are active. The aim of this study is to extend the 2D coupled
petrological- thermomechanical numerical model (I2ELVIS) of intra–oceanic subduction processes
to include a treatment of isotopic signatures. With this extension we hope to gain more insights
into the recycling system within the mantle wedge and are able to visualize the interaction between
slab components and the depleted mantle. This will allow us to draw conclusions from isotopic
signatures in arc lavas about the involved chemical processes.
A chemical contamination of slab components with wedge peridotite leads to specified signatures
in arc magmas. Two slab components play a key role in this contamination: first, the altered
oceanic basalt crust, and second its thin layer of sediment (e.g. Poli & Schmidt, 2002). Based
on these results and the well known enrichment of LILE, Pb, U, and Th as well as the decrease
of HFSE, Nd and Hf in island arcs in respect to the N-MORB, we focus on a limited number of
elements (Pb, Hf, Sr and Nd) for our numerical model.
Our first results show that combination of finite differences and marker in cell techniques allows
successful coupling of thermomechanical evolution of subduction with mobilisation, transport and
radioactive decay of isotopes. Preliminary modelling results reconcile well with observations. Particularly, our models predict a significant increase of Strontium and Lead and a slight increase of
Hafnium and Neodymium in the newly formed magmatic arc crust relative to the depleted mantle
(DMM), which is comparable with data from the literature. In addition, our model confirmed the
evidence for slab derived fluid /melt in the newly formed crust.
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Volcanism far from plate boundaries, in Hawaii and elsewhere, has traditionally been explained by
“classical” plume theory [1]. Classical plumes are typically described as purely thermal, narrow
upwellings that rise through the entire mantle and are deflected into a thin (<100 km) bilaterally
symmetric “pancake” beneath the overriding lithosphere [2-3]. New high-resolution seismic velocity
images obtained from the Plume Lithosphere Undersea Melt Experiment (PLUME) indeed support
the concept of a plume-like upwelling originating from the lower mantle to feed Hawaiian volcanism
[4-6]. However, in detail those images challenge classical plume theory inasmuch as they indicate a
low-velocity body in the upper mantle that is too thick ( 400 km) and non-symmetric to be interpreted as a classical plume pancake [4]. Classical thermal plumes are, moreover, inconsistent with
aspects of the geochemistry of Hawaiian volcanism, which point to a heterogeneous mantle source
involving mafic lithologies such as eclogite [7]. To explore the behavior of eclogite-rich plumes, we
performed thermochemical, three-dimensional numerical experiments with strongly temperaturedependent rheology. Whereas the mantle is assumed to be peridotite, the plume is taken to be a
fine-scale mixture involving 10-15% eclogite, which is denser than peridotite. The net buoyancy
of an eclogite-rich plume is therefore markedly smaller than that of a purely thermal plume. This
net buoyancy is minimal at depths 410-300 km [8], but grows at depths 250-190 km, where eclogite
is removed by partial melting. For models with an eclogite content >12%, these effects cause the
plume to form a broad and thick pool at depths of 480-300 km (deep eclogite pool, DEP). Near
the leading edge of the DEP, a plumelet rises to feed a buoyant ”pancake” that ponds beneath the
lithosphere. Decompression melting at the deflection point of the plumelet supplies hotspot volcanism. Near the trailing edge of the DEP, a separate smaller plumelet rises to spawn widespread
secondary volcanism. These two instabilities rising from the top of the DEP are transient in vigor,
something that reconciles observations of temporal variability of Hawaiian shield volcanism [9-10].
The DEP, the plumelets and the pancake together form a bilaterally asymmetric feature. Thus,
our model predictions can account for some of the prominent structures imaged by PLUME, including the thick and non-symmetric low-velocity body [4]. Whereas thermochemical convection
has already been shown to play an important role in the lower mantle, our results indicate that it
may be relevant to the upper mantle in terms of understanding seismic heterogeneity, the overall
dynamics of mantle plumes, the generation of intraplate volcanism, and ocean island geochemistry.
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Figure 1: Numerical simulation of a thermochemical plume with 15% eclogite in the upper mantle.
White isosurfaces of temperature reveal complex structure with a deep pooling of eclogitic material (DEP), secondary upwellings and a shallow thermal pancake (STP) below the lithosphere,
which together could reconcile the body wave inversions from PLUME (cf. inset top right [4]).
Predictions for such a thermochemical plume also include time variability of volcanic flux (cf.
inset bottom right).
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The inversion of a geophysical data set like gravity is known to be a highly non-unique problem. We
combine a direct-search inversion technique (Neighborhood algorithm, [1]) with numerical forward
models. This is done in order to derive models that are geodynamically consistent, which has two
main benefits: Both, parameters of the structure and rheology can be constrained in a least-square
sense. Moreover, the geodynamical consistency of the models helps to curtail ambiguities of the
inversion results. In this work we employ a FD staggered grid mechanical stokes code to perform
the forward modeling for two synthetic setups. Besides the gravity signal of the models we use
surface velocities as a second data set to mimic GPS derived plate velocities.
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We present geoids computed both from Cartesian and axisymmetric-spherical FEM convection
models with dense thermochemical piles (Large Low Shear Velocity Provinces) in the lower mantle. We used a Rayleigh number of 5·107 and buoyancy ratio Br of thermochemical piles of 0.8 with
a temperature- and composition-dependent viscosity and a 50-fold viscosity increase in the lower
mantle which was found to give LLSVPs with characteristic shape [1]. The spontaneously arising,
prominent thermochemical piles exhibit a marked excess density-related positive geoid contribution.
In the future, we plan to additionally include partially molten ULVZs near the CMB into our
models. To this end, we developed a thermodynamically consistent melting model for the lowermost mantle. Taking realistic density excess of high pressure mantle melt over solid mantle at
lowermost mantle pressures as observed in experiments [2] and values for entropy of melting [3],
the P-T-dependent melting curve of the reaction exhibits a marked negative Clapeyron slope in the
lowermost mantle. For melting, we use a hypothetical eutectic melting model [4] with a maximum
melt fraction of 30 % at CMB temperature consistent with seismic observations on ULVZs [5].
Using this thermodynamically consistent melting model, we investigated the formation of a dense,
partially molten layer at the base of the mantle in dynamic thermal convection models. The models include latent heat related to the melt reaction, adiabatic heating/ cooling and viscous shear
heating. In a parameter study, we found that whereas the maximum vertical extent of the partially
molten ULVZs depends on several parameters like Rayleigh number, excess density of the partially
molten ULVZ, eutectic melting temperature and entropy of melting, it is most severely restricted
by the strong negative slope of the melting curve for a given excess density of the melt.
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The initial stage of continental break-up was and is often associated with oblique rifting. That
includes break-up of Gondwana in the South Atlantic region as well as in many recent rift systems, like Gulf of California, Ethiopia Rift and Dead Sea fault. We investigate the reason for that
association by means of three-dimensional numerical modelling.
Our research is conducted within SAMPLE (South Atlantic Margin Processes and Links with onshore Evolution), a Priority Program funded by the German Research Foundation. The project
interconnects research on mantle dynamics, lithosphere structure and deformation, sedimentary
processes, fluid systems and climate. Using thermomechanical models at both lithospheric and
global scales, the task of our group is to define driving forces and mechanical weakening factors
that resulted in break-up at the western margin of Southern Africa leading to the formation of the
South Atlantic.
We use the thermomechanical, three-dimensional, finite element code SLIM3D to model rifting on
lithospheric scale. The code features a true free surface and an elasto-visco-plastic rheology with
diffusion and dislocation creep, Peierls mechanisms and Mohr-Coulomb plasticity. We compute the
behavior of a rectangular segment consisting of 20 km upper crust (Quartzite), 15 km lower crust
(Granulite) and 85 km strong mantle (dry Olivine) that is underlain by 30 km of weak mantle material (wet Olivine). The thermal lithospheric thickness as defined by the 1200 ◦ C isotherm is set
to 90 km, a typical value for mobile belts. We initiate the system by a small vertical temperature
deviation along the prospective rift zone.
Two setups are presented: (i) the rift zone lies parallel to the model boundaries where oblique
velocities are applied, (ii) the rift zone is initiated obliquely while the boundary velocities are
perpendicular. In both cases, we evaluate the force that is required to maintain the prescribed
boundary velocities. This force amounts to 13 TN/m if velocities are perpendicular to the rift
zone, reduces significantly for oblique rifting and falls below 7 TN/m in the purely strike-slip case.
This behavior is due to the fact that oblique and strike-slip deformation requires less force in order
to reach the plastic yield limit than rift-perpendicular extension. We verified that result by means
of an analytical calculation for an elasto-plastic end-member case. Another important finding of
this study is that for two competing rifts, with one perpendicular and one oblique to the direction
of extension but otherwise identical properties, the oblique rift zone attracts more strain and hence
continental break-up occurs there.
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Torsvik et al. [1] showed that the locations of 15 active hotspot volcanoes, 25 Large Igneous
Provinces (LIPs) with ages as old as ∼505 Myr and ∼80% of all dated kimberlites erupted within
the past ∼0.55 Gyr (n>1000), when they are reconstructed in an absolute (mantle) reference frame
to the times of their eruption, closely correlate with narrow (∼20 wide) plume generation zones
(PGZs) at the edges on the core-mantle boundary (CMB) of Low Shear-wave Velocity Provinces
(LSVPs). The majority of the reconstructed locations (>90%) lay vertically above the edges of
the two equatorial and antipodal Large LSVPs, that we term “Tuzo” (The Unmoved Zone Of
the Earth’s deep mantle, under Africa), and “Jason” (Just As Stable ON the opposite meridian,
under the Pacific Ocean). These findings show that the Tuzo and Jason PGZs on the CMB, and
therefore the two LLSVPs themselves, have been stable in their present, close to equatorial and
antipodal, positions for 0.55 Gyr. We used this stability of the PGZs and the concentration of
plume sources on them to test whether individual igneous rocks in a population of 62 igneous
provinces that were erupted between ∼300 Ma and 50 Ma into the stable interiors of the North
and South American plates overlay plumes derived from a PGZ on the CMB. Radiometric ages
were compiled from the literature and used to assign emplacement ages for these localities using the
highest-quality isotopic dates and available geologic evidence. We then reconstructed the igneous
provinces to positions that they had occupied at their eruption times by rotating the North and
South American plates in the global hybrid absolute reference frame of Torsvik et al. [2], and
produced a series of maps showing the reconstructed positions with respect to the location of the
Tuzo PGZ in 10 Myr time steps. From the analysis of these maps (Fig. 1), we show that igneous
rocks in ∼80% of 62 provinces met Morgan’s [3] definition of hotspots as: “Igneous rocks erupted
above plumes that rose from the CMB,” because their reconstructed locations, when projected
vertically onto the CMB, lay at or close to the PGZ at the western edge of the Tuzo LLSVP. The
origin of the remaining igneous provinces shown on Fig. 1 and not associated with a PGZ, will be
addressed.
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Figure 1: Locations of 62 igneous provinces of the interiors of N. and S. American plates
(red dots) reconstructed to the times of their eruption in the hybrid absolute reference
frame of Torsvik et al. [2] and projected vertically onto the CMB. Continuous red line
shows the Tuzo PGZ and corresponds to the 1% slow shear wave velocity contour from
the tomographic model of Becker and Boschi [4]. Dashed red lines show the 0.5% and
1.5% slow shear wave velocity contours.
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Recent seismic imaging of the mantle beneath western North America reveals complexities interpreted to include structures ranging from plumes to drips and dangling slab fragments. One model
interprets a high-velocity ’curtain’ to be a remnant of subducted Farallon plate that may have
been dangling within the upper mantle for 50 My while subduction continued nearby. Such observations provide motivation for better understanding the rheologic and dynamic conditions under
which a slab fragment might persist in the upper mantle, particularly during nearby subduction.
Our dynamic numerical models explore the effects of slab and mantle rheology and geometries on
the dynamics of subducting and dangling slabs.
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While the mechanisms of oceanic convergent processes – subduction - are well understood and
successfully modeled, at least in major details[1,2], the mechanisms of continental convergence
and the associated processes such as mountain building and high-pressure rock exhumation are
still matter of lively discussions. Actually, in the continental realm, subduction, or simple shear
shortening, presents one of at least four competing mechanisms of shortening (simple shear, pure
shear, folding and Rayleigh-Tailor (RT) instabilities).
In continents; subduction indeed faces more physical obstacles than in the oceans[3,4]. First of all,
the continental plates are positively buoyant owing to their light, thick crust. Second, mechanisms
of upper-lower plate decoupling are there less clear than in the oceans (where lubrication of the
subduction channel is warranted by serpentisation). Third, continental plates have a stratified
multilayer rheology that results in complicated behaviors associated with possible mechanical detachments between the layers and lateral flow of the ductile material within the plates. Forth,
continental convergence rates are slow (3–10 times slower than in the oceans). As the result, the
Peclet numbers of the system are small, and the continental “slab” may be dominated by conductive, not by advective, heat transfer. In this case, hot temperatures propagate into the slab
by thermal conduction from the asthenosphere as fast as the cold temperatures are advected with
the sinking slab. Such a “slab” may undergo thermal readjustment leading to strong mechanical
weakening well before it reaches any considerable depth. Hence, far-field push or pull forces will
result in pure shear deformation or in de-blobbing due to RT instabilities rather than in simple
shear subduction sensu stricto.
As mentioned, the alternative collision scenarios are related to accommodation of tectonic shortening by various mechanisms: (1) pure-shear thickening, (2) folding, and (3) gravitational (RaleighTaylor [RT]) instabilities in thickened, negatively buoyant lithosphere. The RT instabilities lead to
sinking of subvertical sections of the lithosphere into the asthenosphere (“unstable subduction”).
Superimposed scenarios are also quite possible: for instance, “megabuckles” created by lithospheric
folding can localize and evolve into subduction-like zones or result in development of RT instabilities. RT instabilities can also occur at greater depth in slowly subducting slab.
Despite these complexities, a number of geologic and geophysical observations point to the possibility of stable continental subduction. Among these observations the first rank is occupied by the
data on exhumation of Ultra-High-Pressure metamorphic rocks (UHP) that represent former continental crustal units first buried at important depth and then brought back to the surface. These
rocks record pressures as high as 3-5 GPa suggesting burial depths of 100-150 km. Subduction is
by far the only plausible mechanism that can bring crustal rock to such great depth. Yet, while
the exhumed UHP rocks can be considered as indicators of subduction processes, the mechanisms
responsible for their return to the surface remain largely enigmatic. Indeed, it has been shown
that accretion prism mechanisms that are well applicable to low and middle pressure exhumation,
should not work at depths exceeding 40 km. Hence, specific multi-stage exhumation mechanisms
are required to explain exhumation of UHP rocks. Consequently, to be matched with observations,
successful model of continental collision should also reproduce characteristic P-T-t paths of the
exhumed material.
A number of obstacles to continental subduction may be bypassed at the initial phases of continental convergence. For example, the effect of the positive buoyancy of the lithosphere can
be circumvented if low-density crust early separates from the mantle lithosphere or if it undergoes metamorphic changes leading to increase of its density. Geodynamic data also suggest that
1

during the first million years of transition from fast ocean-continent subduction to slower continentcontinent collision, convergence rates are considerably higher than at later stages. If true, then the
continental “slab” may remain cold and strong enough to maintain subduction for a few million
years. This minimal condition for subduction is usually defined by the Péclet number, Pe, equal
to the ratio of the advection rate to the diffusion rate. Pe must be >20–30 for subduction, which
suggests that subduction is unlikely for convergence rates below 1–1.5 cm/yr (Pe < 20), but is
not impossible for convergence rates >1.5–2.5 cm/yr (Pe = 30–70). Many additional conditions
must be also satisfied to enable stable subduction: other modes of deformation such as RT instabilities, folding, and pure-shear thickening should develop slower than in the simple-shear mode
(subduction); the subduction channel should maintain low resistance to shear, which needs either
specific mechanisms of softening, or continuous supply of weak material, fluids, shear heating or
metamorphic reactions.
The multitude of factors influencing continental collision justifies a numerical modeling approach
(Fig. 1). Some of the existing numerical models are limited by the assumption of simplified
viscous-plastic rheologies and by use of a fixed-displacement (or velocity) upper-boundary condition, instead of free-surface boundary condition. The use of fixed upper-boundary condition
forces stable subduction, attenuates pure shear, cancels folding and does not allow for realistic
topography evolution. Consequently, successful collision model[2-6] should be free of a number
of constrains, otherwise typical for many existing geodynamic models. In particular it should
(1) allow for all modes of small and large-strain deformation to occur; (2) account for “realistic”
stratified viscous-elastic-plastic rheology and thermal evolution; (3) handle free surface boundary
condition and account for surface processes; (4) incorporate phase changes (density and rheology);
(5) eventually account for fluids, latent and shear heating and partial melting. Such models are
expected to handle multi-physical processes and hence be able to reproduce (and be constrained
by) various kinds of observations, from structural geology, topography, sedimentary and geodesy
data , to petrology, gravity, thermal data and seismic tomography.
We here analyze major mechanisms of shortening of continental lithosphere (subduction, pure
shear collision, folding, Rayleigh-Taylor instabilities), and, by proxy, of HP-UHP exhumation.
We show examples of thermo-dynamically coupled thermo-mechanical numerical models that were
successful in reproduction of crucial features of continental convergent processes. The “popular”
numerical techniques used for collision models refer to finite-element, hybrid (finite difference-finite
element + passive markers) Flac type techniques or staggered grid finite-differences + marker-incell techniques[2-6]. The most elaborated models account for free surface, viscous-elastic-plastic
rheology and use marker techniques to trace P-T-t-z paths of metamorphic facies that are compared with petrology data. The phase changes are implemented via coupling thermo-mechanical
codes to thermo-dynamic algorithms based on Gibbs free energy minimization (e.g. Perple-X by
J.Conolly). The thermo-dynamic models also yield estimation of the amount of internal heating
and of fluids that can be released or absorbed during phase changes. Fluid circulation is accounted
in different ways, from simple computation of hydration fronts assuming vertical fluid migration
at given rate to more elaborated porous flow models.
The experiments suggest that continental subduction occurs in case of relatively strong mantle
lithospheres (temperature at Moho depth, Tm < 550◦ C) and high initial convergence rates (>
1.5-5 cm/yr). Depending on the lower-crustal rheology (strong or weak), either the whole (upper
and lower) crust or only the lower crust can be involved in subduction. In case of weak metamorphic rheologies, phase changes improve chances for stable subduction. In general, exhumation of
UHP-HP rocks to the surface is favored if crustal rheological profile is characterized by two internal
ductile decolement levels (between the upper and lower or intermediate crust and the lower crust
and mantle lithosphere). Pure shear collision is dominant when temperature at Moho depth, Tm >
550◦ C or convergence rates are lower than 1.5-3 cm/yr. Large-scale folding is favored in case of
Tm = 500 − 650◦ C and is more effective in case of mechanical coupling between crust and mantle (e.g., strong diabase lower crust). Gravitational R-T instabilities overcome other mechanisms
for very high values of Tm (>800◦ C) and lead to the development of subvertical mantle or crustal
“de-blobbing” (or “down-sagging”). The experiments show that active subduction channel is characterized by nearly lithostatic pressure conditions. Large-scale zones of tectonic overpressure may
be built outside the channel but do not affect the exhumed rocks. Overpressure is also built inside
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the channel during a short period of its closure when subduction stalls and the deformation mode
switches from simple shear to pure shear or folding. We suggest that most continental orogenic
belts could have started their formation from continental subduction. This evokes a multi-level
mechanism of exhumation of UHP rocks to the surface, where deep units are either dragged up or
rapidly ascend by Stokes mechanism, to the depths on the order of 40 km. The final phases of their
ascend to the surface are controlled by slow acctretionary prism mechanism and surface erosion.
The above results can be obtained only by “tuning” surface erosion in a way that it yields erosion
rates comparable to the rates of rock uplift due to tectonic processes. It is indeed essential that
during experiments, the model surface topography grows or remains stable having statistically
same morphology and heights as in nature. The experiments show that any significant deviation
from surface-subsurface balance results in smaller amount of subduction and disappearance of localized growth of topography. For example, for Himalayan collision, the optimal erosion coefficients
allowing for total 800 km of subduction are on the order of 2000-3000 m2 /y for shortening rates
on the order of 5 – 6 cm/y and grid cell resolution of 5-10 km[8]. Increase of this coefficient by a
factor of 2 results in 2 times smaller amount of subduction. Same effect would have a decrease of
the coefficient of erosion by a factor of 3-4. Such a strong coupling between surface and tectonic
processes is specifically important for rapid convergence (> 2 cm/y). For slowly converging regions
(< 1.5 cm/y) the effect of surface processes on deep deformation is much smaller and almost negligible for the rates on the order of < 5 mm/yr. Hence it can be also concluded that continental
convergence is largely controlled by the degree of coupling between the surface and subsurface
processes, evoking strong feedbacks between climate-dependent erosion and tectonics.
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Figure 1: Typical continental convergence model setup and major controlling factors. ls is the
amount of pure shear subduction to be compared with the total amount of shortening ∆x.
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Figure 2: Examples of continental collision models and some of multi-physical data constraints
such as structural, petrology and tomography data. After Yamato et al.[6] (bottom, slow
early Alpine collision/subduction), Burov and Yamato(1) (middle, fast early Indian-type collision/subduction), Jolivet et al.[7] (top right), Gerya(2) and Faccenda et al..(4) (top, left)
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Damage and fracturing in two-phase and porous flows are relevant for geological process such as
magma fracturing during melt migration and hydro fracturing of crustal rocks for carbon sequestration and shale-gas recovery. These fracturing processes are associated with the propagation of
a pore-generating damage front ahead of high-pressure fluid injection. We therefore examine the
propagation of porous flow in a damageable matrix by applying the two-phase theory for compaction and damage proposed by Bercovici et al. [1]; Bercovici and Ricard [2]. The movement
of the fluid and the solid is governed by the two-phase flow laws, while damage (void generation
and micro-cracking) is treated by considering the generation of interfacial surface energy by deformational work. Calculations of one dimensional (1-D) flow of fluid migrating buoyantly through
compacting and damageable matrix show that damage is mitigated in steady state largely because
of pressure loss at the fluid front. However, in time-dependent flows, linear stability analysis shows
that the propagation velocity of porosity waves is strongly dependent on damage. In the damagefree case porosity waves are dispersive in that wave-speed decreases with wavenumber (inverse
wavelength); however with damage the dispersion flattens and beyond a critical damage reverses
(the wave speed increases with wave number). Since normal dispersive behavior balances breaking
in the nonlinear wave case, such reversed dispersion implies that damage has a profound effect in
the nonlinear limit by facilitating wave front steepening and high-speed shocks. Nonlinear solitary
wave solutions are obtained numerically and show that the transmission of porosity waves induce
high stress and damage that can push the damage front forward. With damage the porosity waves
sharpen and calculations suggest that they can transform from shape-conserving solitary waves
into faster shock waves, which is also predicted by the linear theory. Such pulse-like shock waves
may prove effective at promoting fluid migration through hydro- and magma fracturing.
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Numerical simulations are an important tool for understanding convection in the silicate mantles
of terrestrial planets and convection and magnetic field generation in the fluid and electrically
conducting cores of solid or gaseous planets. Mantle convection models have been studied for
more than 40 years now, whereas successful models for the geodynamo are more recent. This presentation will highlight the progress in understanding planetary dynamos for an audience whose
background is in solid Earth geodynamics. The dynamo problem is more complex than the basic model for mantle convection and some of the control parameters in dynamo simulations fall
short of their Earth values by many orders of magnitude. Most importantly, the viscosity in the
model is typically taken some ten orders of magnitude larger than that of liquid iron in order to
suppress small-scale eddies in the flow that cannot be resolved numerically. On the other hand, in
contrast to mantle convection, complex material behavior plays no major role for the geodynamo.
The mantle and the core are one coupled system and the slowly changing conditions in the lower
mantle exert an important influence on the dynamo.
Given the mismatch in control parameters, the success of the dynamo models in matching geomagnetic field properties seemed somewhat surprising. Many models reproduce the geomagnetic
spatial power spectrum and the basic magnetic field morphology. Some models exhibit dipole
reversals whose temporal behavior agrees with what is known for geomagnetic reversals from the
paleomagnetic record. Systematic modeling studies that vary the essential control parameters
within the numerically accessible range have improved our understanding of where in parameter
space Earth-like dynamo solutions are found and have established scaling laws that quantify the
dependence of magnetic field strength, flow velocity and heat transport on the input parameters.
They have also increased our confidence that despite their shortcomings current models do in fact
capture the essential physics of the geodynamo.
Sluggish convection in the Earth’s mantle imposes effectively a heat flux condition on the upper
boundary of the convecting core. The flux is spatially non-uniform and varies slowly with time.
This so-called thermal core-mantle coupling has been studied in several dynamo models. It can
explain persistent pattern in the geomagnetic field of the past few thousand years and possibly the
secular change in the frequency of geomagnetic reversals on time scales of 100 million years.
The magnetic fields of the various planets in the solar system differ greatly in strength and morphology. A general theory of planetary dynamos is still in its infancy and perhaps a case-by-case
treatment is necessary, but hampered by our very scanty knowledge of conditions in the interior
of other planets. The weakness of Mercury’s magnetic field, which has only 1% of Earth’s field
strength, is difficult to explain by a geodynamo-like model. The perfect axisymmetry, within observational uncertainty, of Saturn’s magnetic field defies a fundamental theorem in dynamo theory
that forbids such field geometry. The possible existence of a stably stratified and electrically conducting layer above the dynamo region might explain the particular field properties of these two
planets. The cessation of the Martian dynamo around 4 billion years ago must be linked to the
thermal evolution history of Mars. Magnetic field observations at different planets can therefore
be used to put constraints on their internal structure and evolution.

1

Figure 1: Radial component of the magnetic field up to spherical harmonic degree eight. Left:
geomagnetic field at the core-mantle boundary. Right: field at outer boundary of a geodynamo
model.
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Subduction zones on present-day Earth are strongly asymmetric features [1-3] composed of an overriding
plate above a subducting plate that sinks into the mantle. While global self-consistent numerical models
of mantle convection have reproduced some aspects of plate tectonics [4-9], the assumptions behind these
models do not allow for realistic single-sided subduction. Here we demonstrate that the asymmetry of
subduction results from two major features of terrestrial plates: (1) the presence of a free deformable
upper surface and (2) the presence of weak hydrated crust atop subducting slabs. We show that by implementing a free surface on the upper boundary of a global numerical model instead of the conventional
free-slip condition, the dynamical behaviour at convergent plate boundaries changes from double-sided to
single-sided. Including a weak crustal layer further improves the behaviour towards steady single-sided
subduction by acting as lubricating layer between the sinking plate and overriding plate.
For this study we perform experiments in 2-D and 3-D global, fully dynamic mantle convection models
with self-consistent plate tectonics. These are calculated using the finite volume multigrid code StagYY
[10] with strongly temperature and pressure-dependent viscosity, ductile and/or brittle plastic yielding,
and non-diffusive tracers tracking compositional variations (the ’air’ and the weak crustal layer in this
case).
In conclusion, a free surface is the key ingredient to obtain thermally single-sided subduction, while additionally including a weak crust is essential to obtain subduction that is both mechanically and thermally
single-sided.
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Figure 1: 3-D spherical single-sided subduction. Time evolution of self-consistent plate tectonics
in 3-D spherical mantle convection with single-sided subduction. Plotted are temperature (left)
and viscosity isosurfaces with reflected backside (right)
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Widely accepted geodynamic models describe the origin of large igneous provinces (LIPs) as a
consequence of a plume rising from the core-mantle boundary and the resulting massive melting
when the plume head reaches the bottom of the lithosphere [1]. Most of these models include
kilometer-scale topographic uplift before and during the eruption of flood basalts [2]. On the contrary several paleogeographic and paleotectonic field studies indicate lack of surface uplift or even
subsidence during the development of LIPs.
Recent geodynamic models use different approaches to explain these geological observations: When
a rising mantle plume reaches the 660-km-discontinuity, the phase boundary within the hot plume
is uplifted. The resulting negative buoyancy counteracts the thermal buoyancy and reduces surface
uplift [3]. This effect, however, is of a scale of hundred meters and thus can not counteract the
expected kilometer-scale uplift atop of a thermal plume head.
Recently, it was demonstrated [4] that the interaction of thermochemical, rather then purely thermal, plumes with the lithosphere explains observations for LIPs much better. This includes small
premagmatic uplift and enormous magmatic activity at thick cratonic lithosphere. Such thermochemical plumes are formed by the entrainment of dense material derived from recycled oceanic
crust while the plume ascends from the D”-layer. This material generates a reduced buoyancy
and thus smaller surface uplift [4]. However, study [4] considered neither the interaction of the
thermochemical plume with transition zone phase boundaries nor its motion in the lower mantle.
In this work we begin systematic study of the dynamics of the thermochemical plumes in the
deep mantle and transition zone and their interaction with the lithosphere. Therefor we use a twodimensional axisymmetric finite-element model that includes 410 km and 660 km phase boundaries
as well as different phase changes for the MORB material. We employ a modified version of the
Citcom code [5,6,3] that includes mantle compressibility [7], a tracer-ratio method to incorporate
the two chemical components and strongly temperature- and depth-dependent viscosity.
We plan to investigate plume dynamics and especially the vertical surface movement during the
plume ascent and its spreading below the lithosphere as a function of plume initial temperature,
its composition and rheology of the mantle. First results of this study will be presented.
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Figure 1: Snapshot of a plume spreading below
the base of the lithosphere, shown is the difference
between temperature field and the adiabatic temperature profile. The black line marks a fraction
of 50% of the denser chemical component. Horizontal green and blue lines indicate depths of 410
km and 660 km. Phase changes clearly influence
the shape of the plume and the contour of the
plume shows that the depth of the phase change
from spinel to perovskite is slightly reduced.
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47 TW ± 2 TW : A Revised Estimate of Earth’s
Surface Heat Flow
Huw Davies

Earth’s surface heat flux provides a fundamental boundary condition on mantle dynamics. Estimating Earth’s total surface heat flow is difficult. The two main issues are the fact that (i) many
of the measurements in young oceanic crust are affected by hydrothermal circulation, and (ii) the
geographic distribution of heat flow measurements is very uneven.
We used a database of 38347 heat flow measurements (provided by G. Laske and G. Masters) to
produce our estimate of the global heat flow. This database represents a 55% increase on the
number used previously. We use methods from Geographical Information Science (GIS). This
allows accurate registration of geology with heat flow measurements and accurate calculations
of areas. We account for the first issue, hydrothermal circulation in young ocean crust, by using
a half-space cooling model. Our choice of parameters is guided by the work of Jaupart et al., (2007).
To attempt to overcome the second issue of uneven distribution of data we evaluate an average
heat flux for different geological domains. The global surface heat flow is derived by multiplying
the average surface heat flux for each geology domain with the total area of that geology domain
and summing. The raw data suggests that this method of correlating heat flux with geology has
some power. The digital geology data sets used are (i) continental geology - Hearn et al., 2003;
and (ii) the global data-set of CCGM – Commission de la Carte Géologique du Monde, 2000. The
resulting Earth geology is defined by > 93,000 polygons. To limit the influence of clustering in the
original heat flux measurements, we intersect the geology polygons with an equal area grid (1 by
1 degree at the equator). For Antarctica we use an estimate based on depth to Curie temperature
and include a 1TW contribution from hot-spots in young ocean age. Geology classes with less than
50 readings are excluded.
Our revised estimate for Earth’s global surface heat flux is 47 TW, which is similar but slightly
higher than previous estimates (e.g. Pollack et al., 1993 – 45 TW; and Jaupart et al., 2007, - 46
TW). The error estimate, which is also important, is intermediate at 2TW (Pollack et al., 1993
– ± 1 TW; and Jaupart et al., 2007, ± 3 TW). It is challenging to reconcile such a high heat
flow with estimates of internal heat sources in a monotonically cooling mantle. Either there is a
hidden reservoir with high heat sources, or we do not understand properly the reservoirs currently
sampled, or Earth’s evolution is not uniform and we are currently in a time of abnormally high
heat output. We will discuss some of the dynamic implications of this work.
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c Authors(s) 2011

Dual Reciprocity Boundary Element Method for
studying thermal flow in cooling Magma Oceans
1

Tyler Drombosky1 , Saswata Hier-Majumder2
Applied Mathematics and Scientific Computing, University of Maryland, College Park, USA
2
Geology, University of Maryland, College Park, USA
drombosk@math.umd.edu

Earth’s early history is marked by a giant impact with a Mars-sized object with lead to the formation of the moon [1]. This impact event led to a substantial amount of melting of the Earth’s
interior. Subsequent cooling of the Earth involved extensive crystallization in this “magma ocean”
over a relatively short period of time. While chemical evidence from ancient sources provides some
clues on the rate of cooling, computational models of such phenomena are sparse.
Modeling the crystal settling behavior requires solving a coupled system of partial differential equations, specifically the Stokes flow equation coupled with the heat equation through an advection
term. When solving such PDEs it is standard practice to use a finite element method (FEM) solver.
FEM algorithms are very robust and generally converge with reasonable amounts of computation.
Unfortunately, the settling of crystals make FEM impractical. As the crystals advect, the region of
flow changes. The problem’s dynamic geometry means the domain would have to be rediscretized
at each time step. Rediscretization becomes extremely computationally costly, especially in high
dimensions.
There exists standard techniques for solving multiparticle Stokes flow using boundary element
method (BEM) [2]. BEM only requires discretization of the boundary of the particle. The lack
of domain discretization allows the particle to advect without serious computational penalty. Unfortunately BEM requires knowledge of the fundamental solution to the PDE’s adjoint operator,
limiting it’s usefulness to solve generic PDEs.
Our work applies the dual reciprocity boundary element method (DRBEM) introduced by Nardini
and Brebbia [3][4] to solve the heat equation for the multiparticle system while avoiding discretization of the domain. DRBEM works by approximating parts of the PDE that would be troublesome
to use in BEM by a linear combination of radial basis functions chosen a priori. Using the approximation of the residual portion allows for the boundary method to be applied to more complicated
PDEs such as the heat equation.
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The dynamical evolution of the Earth and other planets, their chemical differentiation and reactions
of their interior with the atmosphere is largely determined be convective processes. Convection
does not always tend to homogenize the interior. It can rather establish structure such as layers
which can stay intact for geological significant time. We will demonstrate that distinct convective
layers can form as self-organized structures from an initially non-layered state, without pre-existing
density jumps, once the effects of thermal and compositional contributions to the density are taken
into account (double-diffusive convection).
Layer formation is a prominent phenomenon in many natural systems, like the Earth’s oceans,
magma chambers or on larger scale the mantle of planetary bodies. Especially the internal structure of the Earth’s mantle was and is still highly debated. There are different factors that indicate
the existence of distinct layers. Geochemical differences between MORB (Mid Ocean Ridge Basalts)
and OIB (Oceanic Island Basalts) and the increase of seismic velocity at a depth of 660km suggest
the presence of at least two different reservoirs inside the Earth’s mantle.
We carried out a series of two dimensional numerical experiments, ranging from a constant viscosity fluid to a strongly temperature and stress dependent viscosity fluid, to study the process of
layer formation and the finally evolving structures.
A stable compositional gradient, heated from below and cooled from above resembles one reasonable scenario for the Earth’s mantle after core formation. In this configuration a layered mantle
emerges with the individual layers displaying different stabilities (see Figure 1). The intermittent
breakdown of individual layers leads to a strong episodicity in the thermal and chemical evolution
of the system.
In all scenarios initial plumes from the bottom boundary start homogenize the lower layer which
subsequently thickens. This layer heats up and initiate the layers above. This creates dynamically
a sequence of separately convecting layers with a significantly larger bottom layer.
Strongly temperature dependent viscosity tends to stabilize the layers and leads to the evolution
of more distinct layers. We will also show that the consideration of a stress dependency generates
a plate-like scenario with some subducted slabs penetrating the established internal boundaries.
However the layers finally collapse and the system establish a convective mode that is equal to
pure thermal convection.
Our results indicate that distinct layers in planetary mantles are formed by a dynamical fractionation and are thus likely to appear as a generic feature in the process of planet formation.

1

Figure 1: The temperature (left), composition (middle) and the associated horizontally averaged
profiles (left) for an isoviscous double-diffusive system with Ra = 109 , RaC = 2x109 , Le = 10.
The snapshots are taken at a later stage of the temporal evolution.

2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
c Authors(s) 2011

2D Numerical modelling of fluid and melt
transport above slabs
1

Diana Dymkova1 , Taras Gerya1 , Yuri Podladtchikov2
Department of Earth Sciences, ETH Zurich, Zurich, Switzerland
2
Department2, University of Lausanne, Lausanne, Switzerland
diana.dymkova@erdw.ethz.ch

Subducting slab dehydration and resulting aqueous fluid percolation triggers partial melting in the
mantle wedge and is accompanied with the further melt percolation through the porous space to
the region above the slab. This problem is a complex coupled chemical, thermal and mechanical
process responsible for the magmatic arcs formation and change of the mantle wedge properties.
We have created a two-dimensional model of a two-phase flow in a porous media solving a coupled
Darcy-Stokes system of equations for two incompressible media for the case of visco-plastic rheology of solid matrix. We use a finite-difference method with fully staggered grid in a combination
with marker-in-cell technique for advection of fluid and solid phase. We performed a comparison
with a simple benchmark of a thermal convection in a closed bottom-heated box to verify the
interdependency of Rayleigh and Nusselt numbers with a theoretical one.
We have also demonstrated the stability and robustness of the algorithm in case of strongly nonlinear visco-plastic rheology of solid including cases with localization of both deformation and
porous flow along spontaneously forming shear bands.
Also we have checked our model for the forming of localized porous channels under a simple shear
stress (channelling instability).
We have included melting process according to the model of Katz (1) where melting degree is a
function of pressure, temperature, composition and water content. We have expanded our system
of equation for the high-porosity limits and stabilized it for the case of high porosity contrasts.
Current work includes implementation of non-liner viscous rheology and elaboration on the setup
of self-initiating subduction. Also we have developed a full complexity system of equations for
visco-elastic case and currently are working on numerical implementation of it.
Later we plan to include solid elasticity and fluid/solid compressibility.
Ultimate goal is to simulate in a realistic self-consistent manner fluid and melt generation and
transport in subduction zones including fluid/melt focussing phenomena above slabs.
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Differential flow is one of the key components needed to maintain a magnetic dynamo, therefore
it is important to understand the processes that generate differential flows in rotating bodies. In
a rotating density-stratified fluid, local vorticity generation occurs as fluid parcels move radially,
expanding or contracting with respect to the background density stratification. The convergence of
this vorticity forms zonal flow structures as a function of the radius and the slope of the background
density profile. While this effect is thought to be of importance in bodies that are quickly rotating
and highly turbulent with large density stratifications such as Jupiter, it is mainly neglected in
bodies such as the Earth’s outer core, where the density change is small. Simulations of thermal
convection in the 2D rotating equatorial plane are conducted to determine the parameter regime
where local vorticity generation plays a significant role in organizing the fluid flow. Three regimes
are found: a dipolar regime, where the flow is not organized by the rotation, a transitional flow
regime, and a differential flow regime, where the flow is strongly organized into zonal flow with
multiple jets with radius. A scaling law is determined based on the convective Rossby number
and the density contrast across the equatorial plane, providing a simple way to determine in
which regime a given body lies. While a giant planet such as Jupiter lies firmly in the differential
flow regime as expected, the Earth’s outer core is also found to lie in the differential flow regime
indicating that, even in the Earth’s outer core, where the density contrast is small, vorticity
contributions via fluid movement through the density stratification may be non-negligible.
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Many fold-and-thrust belts are dominated by crustal scale folding that exhibit fairly regular fold
spacing. Such is the case of the southern Fars region in the Zagros Mountains, where fold spacing
shows a normal distribution around a dominant wavelength of 14 Km ± 3Km, while having a wide
variability of length to wavelength ratio [1]. So far it is not fully clear to which extend this is
consistent with a crustal-scale folding instability.
In this study we have used high-resolution 3D numerical simulations to analyze how the onset and
evolution of detachment folding occurs when a multilayer sedimentary stack overlying a salt layer
undergoes compression. The simulations are aimed at providing insights into the basic physics of
multilayer detachment folding.
Evolution of the topography of the compressed sequence through time has been studied using
curvature analysis based on differential geometry [2]and spectral methods. Amplification of the
folding through time shows an initial stage with slow amplification where most of the shortening is
accommodated by thickening of the layers, followed by a stage with important increase in the amplification rate. Aspect ratio evolution of dome shaped features in multilayer detachment foldingis
similar to the single layer case [3]: they are formed at very early stages with small amplitude but
elongated shapes (aspect ratio ¿ 1), and with no prevalent orientation. With time, their aspect
ratio increases and they are oriented orthogonal to main compression direction. The observed long
length antiforms are the result of several of this dome shaped features getting aligned and merged
along time.
Overall, the numerical simulations show a large number of similarities with the southern Fars
region of the Zagros fold-and-thrust belt (Figure 1), including a large range of fold aspect ratio
and a normally distributed fold wavelength around a dominant one which vary with time due to
kinematic amplification and whose value is four to five times smaller than the estimated dominant
wavelength at the first incremental stages.
Future work will be focused on addressing the effect of irregular basement geometry, pre-existing
salt diapirs and different viscosity structureon the 3D spatial pattern of fold growth.
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Figure 1: Result of multilayer detachment folding after 9.5 Myrs.ofcompression at a strain rate
of 10−15 s−1 . Size of the model is 200x320x6.5kmfor which 256x256x13 Q2 P1 type elements were
used (517x517x27 nodes). The simulation was performed in 1024 processors.

2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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Within the last decade astronomers detected the first terrestrial exoplanets, allowing the study
of super-Earths, rocky exoplanets that are approximately 1-10 Earth masses. Currently, with
data from the Kepler mission, nearly 300 super-Earth’s have been discovered. One of the most
important questions concerning these planets is whether they have plate tectonics, because plate
tectonics is thought to be necessary for maintaining a stable climate capable of supporting life.
Recent studies using a pseudoplastic rheology reached different conclusions about the propensity
for super-Earths to have plate tectonics; one study found that larger planets would be significantly
more likely to have plate tectonics, and concludes that super-Earths would be in a plate-tectonic
regime [1]; a later study concludes that larger planets would be less likely to have plate tectonics,
and predicts stagnant lid convection on super-Earths [2]; still another study finds that the presence
of liquid water is the necessary for plate tectonics regardless of planet size, and thus super-Earths
will have plate tectonics if they have liquid water [3]. To clarify this debate, we present a comprehensive first-principles analysis of the factors that determine the tectonic regime of a planet using
a damage-grainsize feedback mechanism (grain-damage) as opposed to the pseudoplastic rheology.
In addition to allowing for weakening due to stresses, grain-damage allows for dormant weak zones
and for the dependence of healing on thermal conditions, both effects that the pseudoplastic rheology does not treat.
We use numerical simulations of mantle convection with grain-damage to develop scaling laws for
predicting conditions at which super-Earths would have plate tectonics. In particular, the numerical simulations are used to determine how large a viscosity ratio between pristine lithosphere and
mantle (µl /µm ) damage can offset to allow mobile (or plate-like) convection. Regime diagrams
of µl /µm versus the damage number (D) show that the transition from stagnant lid to mobile
convection occurs for higher µl /µm as D increases; a similar trend occurs for increasing Rayleigh
number. We hypothesize a new criterion for the onset of plate tectonics on terrestrial planets: that
damage must reduce the viscosity of shear zones in the lithosphere to a critical value equivalent to
the underlying mantle viscosity; a scaling law based on this hypothesis reproduces the numerical
results. For the Earth, damage is efficient in the lithosphere and provides a viable mechanism for
the operation of plate tectonics. We scale our theory to super-Earths and map out the transition
between plate-like and stagnant-lid convection with a ”planetary plate-tectonic phase” diagram in
planet size-surface temperature space. We find that both size and surface conditions are important,
with plate tectonics being favored for larger, cooler planets. This gives a natural explanation for
Earth, Venus, and Mars, and implies that plate tectonics on exoplanets should correlate with size,
incident solar radiation, and atmospheric composition.
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Plate bending at the trench has been suggested to be a major source of energy dissipation in subduction. Understanding how bending processes control subduction dynamics is therefore critical
to estimate the energy available for global mantle convection. Geophysical observations of slab dip
angles and radii of curvature from earthquake locations and tomographic images have been used
to estimate the amount of energy dissipated via bending in subduction zones, by comparison with
bending theory or models. The amount of energy dissipated in bending a slab into an observed
geometry depends on slab rheology and subduction velocity. Velocities are well constrained by
plate-motion reconstructions. However, estimates of how much of the slab’s potential energy is
used up in bending range from 10-20% to close to 100%, depending on rheology and the effective
strength in bending. Thus we need further understanding of how plate bending dissipation varies
with slab parameters. We investigate here how rheology as well as interaction of the slab with a
660 km discontinuity will affect bending.
We carried out finite-element numerical simulations of a free subduction system using a viscoelastic
plate. Mantle drag forces are implemented so that they take into account the 3D effects of the flow.
An increase of density is used to model the 660 km discontinuity. The rheology, the buoyancy,
as well as the dimensions of the down-going plate are varied to characterize bending mechanisms.
This wide range of parameters allow us to investigate both retreating and advancing modes of
subduction, compatible with regime diagrams derived in other studies. Thin viscous sheet theory
shows that the appropriate length scale for bending is the length over which the rate of change of
curvature varies significantly (Ribe, 2010). Many previous studies considered the bending length
to be proportional to the radius of curvature, but this is only true over part of the range of bending.
Our models satisfy the scaling relations established by Ribe (2010), however, we find that the 660
km discontinuity forces bending length to be shorter than predicted by viscous slabs falling in an
infinite medium.
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Archean cratons are stable remnants of Earth’s early continental lithosphere. Their structure, composition and survival over geological time spans make them ones of the most unique and enigmatic
features of the Earth’s surface. It has become evident from both geophysical and petrological studies that cratons exhibit deep lithospheric roots, which remained stable ever since their formation
in the early Archean.
The question of how some of the cratons survived destruction over timescales of billions of years
remains a subject of vigorous debate. In order to understand what controls the long-term stability
of the cratons, we investigated the impact of the thermo-rheological structure of the lithosphere on
the evolution of both surface topography and cratonic roots using fully coupled thermo-mechanical
numerical models (600*3000 km, free upper surface topography, layered lithospheric structure).
Our model has a particular focus on the Canadian Shield, where considerable structural and thermal data are available from both geological and geophysical studies. In particular, we compare the
implications of the “Cratonic” “Jelly-Sandwich” rheology (JS; strong dry olivine mantle, strong
crust, cold geotherm with Moho temperature of 400◦ C, thermal lithosphere thickness of 250 km)
with those of the “Crème Brûlée” rheology (CB; strong crust, weak wet olivine mantle, Moho
temperature of 600◦ C, thermal lithosphere thickness of 150 km) (Figure 1). Our experiments show
that, in the case of a laterally homogeneous lithosphere and in the absence of tectonic shortening
or extension (blocked borders), both JS and CB rheologies may account for the stability of the
shield and its surface topography. In this case continental lithosphere remains stable over large
time spans, even for the weakest wet olivine mantle (but for “cold” thermal gradients). Nevertheless, for a laterally heterogeneous crust, as is the case for the Canadian Shield and most cratons,
dry olivine mantle JS rheology provides a far more stable lithosphere, with surface undulations
< 1000m over 0.3 Gy time spans, compared to the unlikely ∼8000m surface undulations produced
by CB rheology (Figure 2). In addition, the CB lithosphere gets quickly unstable when minor tectonic compression is applied, generating unrealistic short-wavelength surface undulations. These
results demonstrate the need to consider buried loads and tectonic forces whenever constraining
long-term rheological properties of the lithosphere, and suggest that the “Jelly-Sandwich” rheology
so far better accounts for natural observations.
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Figure 1: (a) Design of the numerical model for stability analysis of lithosphere with a positively
buoyant depleted mantle. (b) Three tested visco-elasto-plastic yield strength rheological profiles:
two end-member assumptions (strongest and weakest) and one intermediate case, respectively:
“Jelly-Sandwich”, JS, “Crème-Brûlée” profile, CB, and Intermediate profile, IM.

Figure 2: Predicted maximum amplitude of surface topography as a function of time in the case
of homogeneous crustal model (a) and heterogeneous crustal model (b) for the three rheological
assumptions.
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Introduction Diapirs, both magmatic and salt diapirs are generally important structures in
geology. Internal deformation structures may provide information about the dynamics of the
process and prevailing simple rheological conditions, like the viscosity contrast. By analyzing the
finite strain in such structures, on the one hand, the deformation processes taking place within it
will be better understood and secondly, a statement can be made, how the strains are distributed
in two layers each. In a few analog models [1] and numerical models [2] the finite deformation
was analyzed for certain conditions inside diapiric structures, but there are no systematic analysis
done so far. In the study conducted here, the strain was analyzed for two different models. First,
the model of a classical Rayleigh-Taylor instability [3], which is mainly important for magmatic
diapirs, the other is the down-building model [4], which is especially important for salt diapirs
where the rise is driven by differential sediment loading.
Governing equations and model set up The equations of conservation of mass, momentum,
and composition are solved by a 2D finite difference code (FDCON) based on a stream function
formulation in combination with a marker approach based on a predictor-corrector Runge-Kutta
4th order scheme. The Rayleigh-Taylor model corresponds to the model of van Keken et al. [5] with
the intention to extend the benchmark with the information of the distribution of the finite strain.
η
and different thicknesses were calculated for
Two series of different viscosity contrasts m = buyont
ηtop
each hbuoyant with both no slip and free slip boundary conditions at the top and bottom. The
down-building model corresponds to the model of Fuchs et al. [6], whereby the amplitude and the
wavelength is chosen to be constant and only the sedimentation rate and the viscosity contrast
were varied. In Fuchs et al. the viscosity contrast was chosen close to the limit of a stiff subsiding
sediment layer, with the result high deformation within the salt and no deformation in the ambient
sediments. In addition, new models with a viscosity contrast approaching weak sediments have
been carried out, in which the deformation is partitioned between the salt and the sediments. The
finite deformation was measured using the algorithm of McKenzie [7] calculated centered in time
and in space, where the information of the deformation matrix is advected with the markers in
the model. In addition to the local analysis of the strains in each layer, the strain partitioning
is considered on the entire surface of the two layers. Therefor the maximum shear strain [8] is
integrated in each layer and forms the ratio Sr between the integrated values of the upper and
lower layer. This ratio provides information on how the strain is distributed between the two
layers.
Model results Locally the finite strain is concentrated within the diapir during the pillow stage
of the no slip models. The maxima are found at the bottom of the model and in the center of the
pillow where the stain is decreasing to the interface. For a higher or lower viscosity the maximum
values are decreasing and increasing, respectively. The strain at the boundary depends strongly
on the viscosity contrast, so one can find always a higher strain in the softer material. During
the ascent, the strain is concentrated within the stem of the diapir. Inside the head though there
are regions which undergo little or no more finite stretch, both for soft and hard layer. In the
overburden layer above the head, however, there is a region with stronger strains which are always
1

greater than the strain within the head. This is favored by the constraints of the model so that the
upper layer is continuously stretched while the rising source layer is destrained as it approaches the
top of the model. During the phase of lateral spreading of the diapir head mainly the upper layer
is thinned and stretched, whereby inside the diapir the strain is essentially rising within the stem.
In principle the free slip models show a similar behavior of finite strains, but the strains due to the
boundary conditions at the top and bottom of the model disappear. As a result, the strain above
the head of the diapir is distributed on a larger area throughout the ascent. The maximum values
are remarkably smaller than in the no slip case. Due to the free slip boundary conditions also the
thinner layers get more stretched than the thicker ones. Varying the thickness of the layer, the finite
strain is distributed over a larger area and the maximum values are slightly smaller. However, the
spatial distribution of the finite strain is essentially similar for different source layer thicknesses.
It is found in the strain partitioning that the strain in the softer layer is always larger. However,
surprisingly the ratio is significantly smaller than the viscosity contrast. Thus, analyses of strain
partitioning in natural scenarios may only give limited information about viscosity contrasts. The
down-building models show an interesting effect so far. Due to the subsidence of sediment basins
on the side of the evolving diapir head we find an enhanced internal circulation within the diapir.
This amplification leads to several overturns during the early phase of ascent.
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The composition of a cooling magma ocean largely influences its crystallization and evolution.
Thermodynamic properties of the phases crystallizing and the rate of crystallization vary between
a single component and a multicomponent system. We evaluate the influence of the bulk composition on the evolution and thermodynamics of the magma ocean by exploring the evolution of
an ammonia – water ocean within the interior of Triton, an icy satellite of Neptune. It has been
hypothesized that an ocean formed on Triton early on in the Solar System’s history, after Triton
was captured into orbit about Neptune. The way such an ocean has evolved and whether we can
expect it to have been sustained until present is unclear. However, observations of geologic activity
at Triton’s surface suggest that the interior may be partially molten at present. If sustained, the
presence of an ocean may explain these observations. We present initial results from a coupled
thermal-structural-orbital evolution model of Triton’s icy crust and ocean. The composition of
Triton’s ocean is prescribed to be Ammonia Dihydrate, allowing for the crystallization of either
pure H2 O ice or solid Ammonia Dihydrate I, depending on the concentration of ammonia within
the ocean.
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Numerical simulation has been carried out in order to investigate the fate of the chemically dense D”
zone and the effect of the disintegration, mixing and homogenization process on the time-dependent
parameters characterizing the convection in the Earth’s mantle. Two-dimensional cylindrical shell
geometry was applied including the dense D” zone with a thickness of 300 km. The single varied
parameter during the calculations was the density different between the D” zone and the overlaying
mantle (β), the value of the thermal Rayleigh number was fixed at 107 . Simulation was started
from a quasi stationary state of the temperature distribution and the stabilizing effect of the dense
D” layer was monitored by time-dependent parameters such as the heat flux on the surface, at the
CMB and the top of D” layer; the rms velocity, the temperature and the concentration of the dense
material in different zones of the mantle, as well as the concentration flux and the heterogeneity
of the dense material.
It is expected that the formation process of the dense D” layer (e.g. doming, disintegration, mixing, homogenization) is hindered by the increase in density difference β. The buoyancy parameter
(B) characterizes the impedimental influence as the ratio of the stabilizing density contrast and
the destabilizing thermal density contrast. Based on our numerical results the disintegration of
the D” layer can be deduced from three main reasons: (1) heat coming from the core warms up
the dense layer reducing its density by thermal expansion, (2) the thermal convection evolving in
the overlaying layer erodes the surface of the dense layer (Fig. 1); and (3) the thermal convection
forming in the D” layer intermixes the light material from the overlaying zone (Fig. 1). The first
phenomenon increases the thermal buoyancy force (denominator of B), the latter two phenomena
decrease the chemical density contrast between the two zones of the mantle (numerator of B).
While the process (1) is restricted by the total temperature drop through the mantle, the latter
two are not. Thus the pollution of the overlaying zone by dense material as well as the dilution
of the D” layer will induce a one-layer thermo-chemical convection that is the ceasing of the dense
layer around the Earth’s core. Nevertheless, in the cases of B>1 (β >2%) the time needed for the
disintegration might exceed the age of the Earth.
Based on our preliminary results the deformation, evolution and ceasing of the dense layer can be
well monitored by the time series observed. For instance, (a) the disintegration of the dense layer,
(b) the beginning of the one-layer thermo-chemical convection, (c) the ceasing of the first dome
and (d) the ceasing of the last dome (initiation of mixing) can be correlated with the characteristic
modifications of different time series (Fig. 2). Applying the method the time-dependent behavior
of the thermo-chemical convection can be quantified, and some events can be forecasted by e.g.
the time variation of the buoyancy parameter B(t), which depends on chemical density β(t) and
temperature ∆T(t) difference between the two layers.

1

Figure 1: Thermal mantle convection eroding (2) and diluting (3) the dense D” layer.

2

Figure 2: Snapshots from the evolution of the dense D” layer. Right: (a) Disintegration of
D”, (b) beginning of the one-layer thermo-chemical convection, (c) ceasing of the first dome and
(d) ceasing of the last dome with initiation of mixing. Left: time-dependent behavior of the
concentration of the dense material in the upper layer (c1 ) and at the top of D” (cD ), the flux of
the dense material at the top of D” (qc ), the heterogeneity function (chet ), the Nusselt number
on the surface (N uS ) and the CMB (N uCM B ), as well as the temperature in the upper (T0 ) and
the D” (T1 ) layer.
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Tracer-based numerical modelling of mantle
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1
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The connections between the existence of Large-Low-Shear-Velocity-Provinces (LLSVPs) at the
Core-Mantle-Boundary and the regions of plume creation haven been under discussion for several years [1,2,5]. But despite intensive research, the recreation of the observed features in a
self-consistent geodynamic model remains challenging [2]. The scope of this work is to determine
the interactions between subducted plates and the development of plumes at the Core-MantleBoundary. Additionally, we investigate the effects of the continental plate movement history on
plume rise. To achieve this we perform three-dimensional modelling of mantle convection and
plume uprising coupled with a time-dependent upper boundary inferred from plate reconstructions. We use the geodynamic code CitcomS [3,4], which gives us the opportunity to concentrate
on the geodynamic question instead of doing mostly development work. The LLSVPs are considered as chemical and/or thermal anomalies that can be tracked during the model run via the
tracer-ratio method [5]. This setup provides the possibility to investigate a well constrained geodynamic model, that can be compared to today measured data like seismic tomography, plate
reconstructions, location and properties of Large Igneous Provinces, and geoid data.
With this approach we reverse the idea of mantle plumes influencing plate motion [6,7] and investigates the effects of large-scale mantle-flow visible in subduction and sea-floor-spreading at the
surface on the smaller scale of a rising plume. Combining this two aspects leads the way to a model
that fully integrates the complex two-way interactions between surface effects and mantle-flow.
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Figure 1: Model snapshot of a rising plume with imposed plate velocity at
the surface. Red contour surface is a constant temperature above the average
mantle temperature. Blue arrows mark the time-dependent but fixed plate
velocity. Yellow streamlines represent the current flow field of material starting
at the CMB inside of a thermo-chemical anomaly. The flow is clearly influenced
by the plate velocity, instead of a radial outward movement at the surface - the
lines are curved in direction of the upper boundary condition.
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The process of subduction initiation remains enigmatic and controversial. Certain scenarios must
lead to subduction initiation and a recent review [1 and references therein] proposes two such
scenarios (“induced” and “spontaneous”) based on both theoretical considerations and natural
data. Induced subduction nucleation may follow continued plate convergence after the jamming
of a previously active subduction zone (e.g. due to the arrival of a buoyant crust to the trench).
This produces regional compression, uplift and underthrusting that may yield a new subduction
zone in a new location. Two subtypes of induced initiation, transference and polarity reversal, are
distinguished [1 and references therein]. Transference initiation moves the new subduction zone
outboard of the failed one. Polarity reversal initiation also follows collision, but continued convergence in this case results in a new subduction zone forming behind the magmatic arc. Spontaneous
nucleation results from the inherent gravitational instability of a sufficiently old oceanic lithosphere
compared to the underlying mantle. It is widely accepted [1 and references therein] that subduction can initiate spontaneously either at a transform/fracture zone or at a passive continental/arc
margin, in a fashion similar to lithospheric delamination.
Numerous hypotheses have been proposed to explain the physical mechanisms of induced and
spontaneous subduction initiation, which largely depend on the tectonic setting [2 and references
therein]:
(1) Plate rupture within an oceanic plate or at a passive margin.
(2) Polarity reversal of an existing subduction zone.
(3) Sediment or other topographic loading at continental/arc margins.
(4) Conversion of oceanic transform faults/fracture zones into trenches by forced convergence.
(5) Spontaneous initiation of retreating subduction due to a lateral thermal buoyancy contrast at
oceanic fracture zones separating oceanic plates of contrasting ages.
(6) Tensile decoupling of the continental and oceanic lithosphere due to rifting.
(7) Rayleigh-Taylor instability growth due to a lateral thermal/compositional buoyancy contrast
within the lithosphere.
(8) Addition of water into the lithosphere.
(9) Spontaneous thrusting of the buoyant continental/arc crust over the oceanic plate.
(10) Small-scale convection in the sub-lithospheric mantle.
(11) Interaction of thermal-chemical plumes with the lithosphere.
(12) Large asteroid impacts.
(13) Shear-heating induced localization along spontaneously forming lithospheric-scale fracture
zones.
Indeed, only some of these hypotheses were tested numerically and ambiguity remains about physical consistency of some of the proposed mechanisms. In particular, the problem of subduction
initiation at passive margins remains among the long-standing and controversial problems in plate
tectonics. Although such initiation features in the classical Willson Cycle description, interestingly
there is no irrefutable natural example of such subduction initiation. The numerical experiments
of [3,4] suggest that a typical passive margin, with a rifted continental crust thinner than 30-35 km,
could transform into an active margin only if its lithosphere is unusually thin (¡ 65-75 km). Combining this conclusion with the finding from [3] that the subduction initiation process is indifferent
to the age of the oceanic lithosphere past 20 Ma, one can conclude that passive margins can most
easily convert to the active shortly (within some 20 Myr) after break-up, when its lithosphere is
still thin and hot. If subduction initiation does not happen during this stage it is unlikely to occur
1

later due to the cooling and thickening of the lithosphere along the margin wand. This sequence
of events explains why mature passive margins are typically very stable [4].
The issue of induced versus spontaneous subduction initiation also remains partially controversial
in both nature and within numerical models. As summarized by [5], nearly half of all active subduction zones initiated during the Cenozoic. Furthermore, all subduction zones associated with
active back arc extension have initiated since the Eocene, hinting that back arc extension may
be intimately associated with an interval (several tens of Myr) following subduction initiation [5].
That such a large proportion of subduction zones are young indicates that subduction initiation is
a continuous process during the normal evolution of moving plates [5]. This eludes to the fact that
induced subduction initiation should play a dominant role [5], and would be difficult to avoid if
tectonic plates remain dynamic. Although they occur within different tectonic settings, four known
subduction initiation events (Izu-Bonin-Mariana along a fracture zone, Tonga-Kermadec along an
extinct subduction boundary, New Hebrides within a back arc, and Puysegur-Fiordland along a
spreading center) were typified by rapid uplift within the forearc, followed by sudden subsidence
[5]. This correlates well with the results of 2D numerical experiments that explored incipient compression across a pre-existing plate boundary, and found that the formation of a through-going
fault is associated with rapid uplift on the hanging wall and subsidence on the footwall [5]. On the
other hand, a number of other thermomechanical models [2 and references therein] suggest that
an initial stage of compression is not a prerequisite for the initiation of self-sustaining, retreating
subduction, given a sufficient age contrast between plates and width of the weak plate boundary.
Further complications may come from three-dimensional aspects of the plate structure near preexisting fracture zones such as transform faults.
The record of deformation left on the overriding plates can potentially distinguish spontaneous
and induced subduction. Induced nucleation begins with strong compression and uplift, whereas
a spontaneous nucleation begins with rifting and seafloor spreading [1,5]. However, a lack of
known locations for active subduction initiations provides a major obstacle to directly investigating subduction initiation by observation of overriding plate deformation. According to numerical
experiments [3,4] subduction initiation at passive continental margins is a long-term process and
often has a “hidden” phase of initial slow movements (overthrusting), which are not expressed in
typical subduction features such as a pronounced trench and magmatic arc. The main future challenge is, therefore, to identify possible subduction initiation localities worldwide by numerically
evaluating the probability of subduction initiation (Figure) at various passive margins and oceanic
plate boundaries based on local lithospheric structures and acting tectonic forces [4]. Simulated
dynamics of unstable margins and plate boundaries can then be analyzed in order to understand
and constrain the key natural observables which should be monitored. In particular, an interesting question concerning subduction initiation is what mechanism can lead to subduction of the
Atlantic oceanic lithosphere. Future technical advances will likely be directed toward modeling
of subduction initiation in 3D with realistic high-resolution global [6] and regional [7,8] models,
including free plate surfaces that can take into account actual plate configurations, the geometry
of passive margin, oceanic transform/fracture zones and the distribution of continental/oceanic
topography.
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Figure 1: Evaluation of subduction evaluation risk along the Atlantic American margins [4].
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Mars, Venus and the Earth exhibit very diverse surface conditions as the result of the 4.5 billion
years evolution that led to the planets we observe today. We propose to study the interaction
between the atmosphere and the inner dynamics of terrestrial planets by modeling the long term
evolution of Mars and Venus. This lets us investigate both the history of the surface conditions of
these planetary bodies and the way mantle dynamics and atmospheric evolution are linked.
We generate histories of the state of the atmosphere of these planets as a function of time. We propose to use the recent advances due to observation and modeling to constrain possible evolutions
of the atmosphere of terrestrial planets. The processes that are of interest here are atmospheric
escape, both hydrodynamic (for early evolution) and non-thermal (during the late history of the
planets) and mantle degassing. We model the effects of these processes.
In order to simulate the global evolution of the atmospheres of terrestrial planets, we need to
estimate the fluxes of volatiles entering and leaving those atmospheres. The incoming flux is obtained by modeling the degassing of the planetary mantle. First, several studies modeling volcanic
activity of terrestrial planets have been published (for Mars, [2], [6]). The second source for this
data is the direct modeling of the mantle dynamics, adapting the advanced StagYY code developed
by Tackley [5], [7]. Finally, in the case of mars, we consider the observation of the surface of the
planets and the study of different volcanic landforms as a way to constrain our numerical results [4].
The atmospheric escape is the main drain of volatiles considered in our model. The main phase
evolution of the planet (post 4 Ga) is dominated by non thermal escape. We model the evolution of
the outgoing volatile fluxes associated with this process based on present-day ASPERA (Analyzer
of Space Plasma and EneRgetic Atoms) measurements [3] and the decrease of the Extreme UV
(EUV) flux with time. Recent studies of the non-thermal escape fluxes provide a comparison [1].
Thermal escape is important early in the evolution of the planets when EUV flux was higher and
the energy brought to the atmosphere by solar emissions was large enough to induce and global
outflow of the atmosphere: hydrodynamic escape. By combining atmospheric escape, volcanic
production and lava composition, we can first operate an integration backward in time, from the
present day state of the atmosphere, to investigate its past. We are also able to obtain surface
conditions and estimate surface temperatures.
The results we obtain allow us to propose different scenarios for the long term evolution of the
atmospheres of Mars and Venus depending on parameters such as abundance of volatiles in the
mantle and atmospheric escape efficiency. We show that the present-day atmosphere of Mars is
likely to be constituted by a large part of volcanic gases. With a low CO2 concentration in the
magma (150 ppm), present atmosphere is constructed of 50% of volcanic gases emitted since 3.7
billion years ago, which corresponds to an age of 1.9 to 2.3 Gyr. The variations of CO2 pressure
over this period seem relatively low (50 mbars at most). This seems in line with the assumption
of a heavy loss of volatiles during the first 500 Myr. Corresponding surface temperature variations
are likely to be small (several Kelvin) and would not be responsible for periods of flowing liquid
surface water by themselves. Water is, however, abundant on Mars during the whole 4 billion
1

years evolution (between 30% and 150% of the present day water) but is unlikely to reside in the
atmosphere or in liquid form.
In the case of Venus atmospheric escape is much lower than on Mars during the late evolution, in
particular when considering the high mass of the atmosphere. This is due to the larger gravity of
the planet. Moreover, even early on CO2 escapes at a lower rate by hydrodynamic escape. Other
species, such as water, however, are lost efficiently, which could be the cause of the dry state of
the present day atmosphere. This is in agreement with calculated isotopic ratios for noble gases
such as Neon and Argon.
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Figure 1: Evolution of the volcanic production on Mars for
different models, from observation and numerical modeling.
Primordial crust has been excluded from this figure.
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Results of current 1D models on planetesimal accretion yield an onion-like thermal structure with
high internal temperatures due to powerful short-lived radiogenic heating in the planetesimals.
These allow for silicate melting in the parent bodies [1] as suggested by meteorite samples. Yet,
impact processes are not considered in these models and core formation is, if taken into account,
assumed to be instantaneous with no feedback on the mantle evolution [1]. Furthermore final radii
of the modeled bodies are limited to a few hundred kilometers. This leaves the thermal evolution
during the further growth from planetesimal to planetary mass uncertain. It was pointed out that
impacts can not only deposit heat deep into the target body [2], which is later buried by ejecta
of further impacts, but also that impacts expose in the crater region originally deep-seated layers,
thus cooling the interior [3]. This combination of impact effects becomes even more important
when we consider that planetesimals of all masses contribute to planetary accretion [4]. This leads
occasionally to collisions between bodies with large ratios between impactor and target mass. Thus,
impact processes can be expected to have a profound effect on the thermal evolution during the
whole epoch of planetary accretion and may have implications for the onset of mantle convection.
The described effects of an impact cannot be described properly in 1D geometry. Thus, to fill
the gaps, we develop a combined numerical model, including both accretion and differentiation
processes. Using the N-body code PKDGRAV we simulate the accretion of planetary embryos from
an initial annulus of several thousand planetesimals. The accretion history of the largest resulting
planetary embryo is used as an input for the thermomechanical 2D code I2ELVIS applying the
so-called spherical-Cartesian geometry [5]. The thermomechanical model takes both short- and
long-lived radiogenic heating and recent parametrizations of impact processes like impact heating
[6] and impact excavation [7] into account. Results confirm that late-formed planetesimals do not
experience silicate melting and avoid thermal alteration. However they also indicate that even
for cool bodies a more complex thermal structure develops than the previously proposed onionshell model. In early formed bodies accretion and iron core growth occur almost simultaneously
and magma oceans develop in the interior of these bodies, which tend to form first close to the
core-mantle boundary and migrate upwards with growing internal pressure.
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The behavior of deep lithospheric processes in continental collision are frequently speculated on,
but poorly understood. In this study we build on previous work to explore the styles of continental lithosphere deformation during mature collision where 1800 km of convergence has been
accommodated by horizontal shortening. We conducted a suite of geodynamic experiments that
test the sensitivity of mature continent collision to varying mantle lithosphere density, mantle
lithosphere yield stress and to the presence of phase change-related density changes in the lower
crust (i.e., eclogitization of mafic lower crust). The models suggest that the early stages of collision are accommodated by subduction of lower crust and mantle lithosphere along a discrete shear
zone beneath the overriding plate. Following this initial stage of subduction, the subducting lower
crust and mantle lithosphere can retreat from the collision zone, permitting the sub-lithospheric
mantle to upwell and intrude the overriding plate. As a result, the lower crust and mantle lithosphere of the overriding plate delaminate from the overlying crus. With isostatic compensation,
subduction- and delamination-driven crustal processes plateau-like uplift occurs. The sub-crustal
evolution also causes bands of syn-convergent crustal extension to develop. In models with a rheologically weaker lower crust, surface crustal response to the deep lithosphere dynamics becomes
more diffuse. As an example, the numerical experiments satisfy a number of surface observables of
the Himalayan-Tibetan orogen, namely: 1) the current general mantle lithosphere architecture as
defined by seismic analyses; 2) the long-wavelength plateau uplift of the western Tibetan Plateau;
3) the surface heat flow measurements in India, the Tethyan Himalaya, Qiangtang and in Qaidam
basin; and 4) the anomalous syn-convergent extension in the southern portion of the orogen.
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Dynamic topography could have an important influence on sea level fluctuations and in turn be
recorded in the sedimentary record on continents and passive margins. By inverting the problem,
we show that the Phanerozoic rock record can be used as an important constraint on mantle dynamic processes.
Since the emergence of plate tectonics, a simple connection between mid-oceanic ridge volume
and ‘sea level’ has been made. Although there is general agreement between the inundation since
the Late Cretaceous inferred from remaining marine sediments on continental platforms and that
inferred from volume of ocean basins in plate tectonic reconstructions, the model fails to conserve
mass. We consider conservation of mass along with the physics of dynamic topography from flow
in a viscously dominated fluid. A more expansive theoretical view of sea level in principle predicts
the vertical motions of continents since the Late Cretaceous that are discrepant from the overall
trend, i.e. epeirogenic motions versus global sea level. However, dynamic topography is essentially
a regional, relative sea level change and simple models suggest unconformities should be an important long-term expression of dynamic topography.
Details of regional vertical motions provide guidance on how the rock record can be connected to
models. We describe case studies from North America, Australia, New Zealand, and Indonesia
using different combinations of present day residual topography maps, isopachs, paleoshorelines,
tectonic subsidence curves, and rock uplift inferred from low temperature thermochronology. Several different kinds of signals over length scales of < 100 km to >2,000 km and with amplitudes
>100 m can be identified. Both long-wavelength tilting as well as the spatial migration of sediment depocenters are evident. In the case a signal on the east coast of the United States since the
Eocene, we argue that it has been misinterpreted as a ‘eustatic’ signal.
The vertical motions inferred from the rock record is intimately tied to local sea level and therefore the record should be interpreted in terms: (a) evolving mantle convection and subduction
(and by consequence evolving topography and the geoid); (b) plate motions with respect to this
changing mantle (since the rock record is carried by the plates); and (c) the carrying capacity of
the oceans which is a function of sea floor ages, dynamic topography, and the changing surface
area of continents. We have embodied these ideas in a workflow linking a paleogeographic system
with spherical mantle convection. Both forward and inverse models of mantle convection matching
present day seismic tomography and the geoid are used in our analyzes.
For North America since the Cretaceous the model that best fits an extensive set of tectonic subsidence curves and paleo-shorelines is consistent with the putative flat lying slab associated with
the Laramide orogeny. A significant east-ward shift of a depocenter is consistent with a high resolution set of tectonic subsidence curves from Utah to Colorado. The dynamic topography effect
continued to shift eastward, such that today we predict that the east coast of the US should be
dynamically subsiding, potentially consistent with the mismatch between relative sea level curves
on the east coast and putative eustatic curves. With a forward approach, we have been able to
1

integrate anomalous observations from the New Zealand-Antarctica conjugate margins including
the large Ross Sea geoid low and 0.5-0.9 km of excess tectonic subsidence of Campbell plateau
since the Cretaceous.
In some global models, self-consistency between buoyancy of subducted material and the paleoages of oceanic crust overcomes mass conservation issues in earlier concepts of sea-level change.
In general, the common-component to sea-level change due to dynamic topography experienced
by all continents tends to increase since the Late Cretaceous, although the effects is dependent on
mantle viscosity and the strength of lower mantle upwellings. This effect partially compensates the
sea-level fall driven by the changing age distribution of the sea floor. In order to match the marine
flooding globally, we find that a common component to sea-level change, mostly driven by the age
distribution of the sea floor, is required, although for many continents the dynamic topography
signal may dominate.
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1
Institute of Geophysics, University of Hamburg, Hamburg, Germany
2
EAS Dept., Cornell University, Ithaca, USA
3
SFB 574, IFM-Geomar, Kiel, Germany
joerg.hasenclever@zmaw.de

We present 2-D and 3-D numerical model calculations that focus on the physics of compositionally
buoyant diapirs rising within a mantle wedge corner flow. Compositional buoyancy is assumed to
arise from slab dehydration during which water-rich volatiles enter the mantle wedge and form a
wet, less dense boundary layer on top of the slab. Slab dehydration is prescribed to occur in the
80-180 km deep slab interval, and the water transport is treated as a diffusion-like process. In this
study, the mantle’s rheology is modeled as being isoviscous for the benefit of easier-to-interpret
feedbacks between water migration and buoyant viscous flow of the mantle. We use a simple subduction geometry that does not change during the numerical calculation.
In a large set of 2-D calculations we have identified that five different flow regimes can form (Fig.
1), in which the position, number, and formation time of the diapirs vary as a function of four
parameters: subduction angle, subduction rate, water diffusivity (i.e. mobility), and mantle viscosity. Using the same numerical method and numerical resolution we also conducted a suite of
3-D calculations for 16 selected parameter combinations. In 3-D, initial instabilities are in the form
of ripples that are aligned parallel to the slab’s motion. Some of these ripples turn into cones and
eventually form diapirs (Fig. 2). Comparing the 2-D and 3-D results for the same model parameters reveals that the 2-D models can only give limited insights into the inherently 3-D problem of
mantle wedge diapirism. While often correctly predicting the position and onset time of the first
diapir(s), the 2-D models fail to capture the dynamics of diapir ascent, the interaction of diapirs
as well as the formation of secondary diapirs that result from boundary layer perturbations caused
by previous diapirs.
Of greatest importance for physically correct results is the numerical resolution in the region
where diapirs nucleate, which must be high enough to accurately capture the growth of the thin
wet boundary layer on top of the slab and, subsequently, the formation, morphology, and ascent
of diapirs. Here 2D models can be very useful to quantify the required resolution, which we find
to be about 1km node spacing for quadratic-order velocity elements.
Part of the poster is devoted to the numerical method used to solve the equations describing incompressible Stokes flow. We use a Schur complement formulation that leads to outer iterations
calculating the pressure solution within which the velocity solution is updated (inner iterations).
Both pressure and velocity parts are solved using conjugate gradient algorithms, which are preconditioned by the inverse-viscosity-scaled pressure mass matrix and a geometrical multigrid algorithm
with a Cholesky direct solver on the coarsest multigrid level, respectively. Parallelization is done
using Matlab’s Parallel Computing Toolbox.

1

Figure 1: Snapshots of the five regimes that have been identified in 2-D calculations.

Figure 2: Temporal evolution of a 3-D experiment (subduction angle=20◦ , subduction
rate=60mm/yr, mantle viscosity 1019 Pa s, water diffusivity 10−7 m2 /s). Left and mid:
dark grey plane is top of slab, colored surface is isosurface for 1% water content, colors
show vertical velocity. Right: horizontal slice at 100km depth, white isolines at 1% water
content.
2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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Seismic array data are used to study a region of approximately 90x35 degrees beneath the Bering
Sea and Alaska. We use P and S wave reflections off the core-mantle-boundary (CMB) and D”
reflector with source-receiver combinations spanning a distance range from 60 to 85 degrees. More
than 100 earthquakes originating in the Japan, Kuril-Kamchatka or Izu-Bonin-Mariana trench are
used. These events of magnitudes from 5.7 to 7.3 were recorded by several seismic networks and
arrays in Canada and the United States, often at temporary stations of the Earthscope project
(US-Array). Array methods such as vespagrams or slowness-backazimuth analysis are used to determine travel time differences, slowness and backazimuth of P, PdP and PcP. Comparing amplitudes,
waveforms and polarities of processed data with synthetic seismograms, we aim to determine the
thickness of the reflector and the impedance contrast between lower mantle and D” layer.
The western part of our studied region shows the clear existence of a sharp D” reflector with steep
sides and a discontinuity width of about 90km. The central area lacks D” reflections, while further
east weak signals of PdP are detected. In an area in which, according to tomography, there is a
transition from a low velocity region to a high velocity region according to tomography, observed
phases show contradictory results: both clear PdP signals and clear evidence for an absent PdP are
repeatedly observed within the Fresnel zone. Strong topography variations within a short lateral
range could cause such annihilated or weakened reflected signals due to interference. Nonetheless,
the observed lateral variations in P reflector depths correlate with results of former S wave studies
in this region, indicating a very heterogeneous lowermost mantle beneath the Bering Sea.
Different models exist to account for a strong topography of D” discontinuity with a varying
thickness and topography:
• upwelling of warm material above the CMB resulting in solid-melt phase change,
• a transition from an upwelling to a downwelling producing a steep slope,
• accumulation of folded, old subducted MORB material, in combination with a phase transition from perovskite to post-perovskite within the chemically different material, or
• a chemically isolated region with different iron and aluminum content relative to the average
mantle.
We aim to distinguish between these possibilities, using mineral physical and geodynamical modelling, respectively, to describe the sharpness of the discontinuity, the velocity contrast across it
and the steepness of its lateral topography in terms of feasible temperature and chemical variations.
The combination of high data coverage and complex structural properties makes the D” beneath
Alaska and Bering sea an interesting case study. It also suggests that D” is characterized by a
multitude of features, which may be unique for different locations on Earth.

1

Figure 1: Contradictory data in transition from a low velocity region to a high velocity region in
tomographic P wave model in D” beneath the Bering Sea and the Gulf of Alaska.
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A leading tool for understanding thermal convection in the Earth’s mantle is numerical modelling.
2D and 3D numerical models have been applied using the anelastic-liquid approximation of the
governing equations [1]. In the rectangular box domain only one endothermic phase-transition
zone has been modelled at 660 km depth.
The exact value of Rayleigh number (Ra) in the mantle is not known, consequently our scientific
target was to analyse the influence of Rayleigh number on the structure of flow regime by different
Clapeyron slopes. Therefore a systematic series of simulations have been investigated, the Ra varied in the range of 1e4 to 2e7 and the Clapeyron slope 0 to -9 Mpa/K. Due to the phase transition
the flow system is mainly layered especially at higher Clapeyron slopes (-6, -9 Mpa/K), when the
transition zone is not permeable. The surface heat flow decreases with increasing Clapeyron slopes
and increases with Ra. The temperature of the upper layer decreases while the lower increases.
This effect intensifies going to higher Ra. It means that the upper and lower mantle have their own
local Ra (the upper mantle has approx. two magnitudes lower Ra). By the strongest Clapeyron
slope (-9 Mpa/K) and lower Ra (1e4-1e5) the upper layer is not convecting any more only the
conduction can carry the heat.
Three models have shown mantle avalanches. Avalanches have been found in the case of Ra: 1e7,
2e7, Clapeyron slope: -3 Mpa/K and 1e6, -6 Mpa/K. The avalanche phenomena are stronger at
higher Ra. The most interesting case is at Clapeyron slope -3Mpa/K (probably the case of Earth)
the structure of the flow is mixed. Depending on the Ra the transition zone is totally permeable
(at lower Ra, 1e4-5e5), and a global mantle flow exists. But at higher Ra (5e5-2e7) the mantle is
partially layered and sometimes rapid avalanche-like events occur (Ra: 1e7-2e7).
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Mantle flow due to density variations in the Earth’s interior interacts with the Earth’s surface
which results in the formation of dynamic topography. In this study time-dependent dynamic
topography with respect to the African plate is modelled using the finite-element code CitcomS
[1]. Mantle flow is reversed backwards in time in order to reconstruct dynamic topography in the
last 70 Myr on the African plate.
Here, uncertainties in the various parameters which control dynamic topography and its rate of
change are considered. It is assessed to which extent the uncertainties of velocity anomalies of seismic tomography models affect mantle flow. Therefore, results of the mean and standard deviation
of dynamic topography from the model runs using 10 shear-wave tomography models are shown.
The model approach of converting all seismic anomalies from seismic tomography models into
temperature anomalies is applied and its uncertainties as well as limitations evaluated. Different
cut-off depths of velocity anomalies in the upper part of the mantle and their implications on the
time evolution of dynamic topography are presented. Furthermore, the influence of the radial and
temperature dependent viscosity structures and lithospheric thickness is examined in this study.
The obtained results imply that the applied method of modelling dynamic topography on the
African plate is connected with large uncertainties which make it difficult to obtain a reliable picture of the spatial and temporal evolution of dynamic topography on the African plate based on
modelling.
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This presentation reviews the mechanisms associated with efficiency of gravitational settling or
rising of partial melts in the Earth’s deep interior. Two specific regions of interest are the low
velocity layer (LVL), atop the transition zone, and the ultralow velocity zones (ULVZ), atop the
core mantle boundary. The LVL is characterized by a relatively large thickness, about 70 km [1]
and globally varying on the order of 30-90 km [2]. It is inferred that the LVL is characterized
by a modest amount of melting, 1 or less. The ULVZ, in contrast, is much thinner, with an
average thickness of 10 km. It is also characterized by a density between 8% to 10% higher than
the surrounding mantle, and contains an estimated melt volume percent of 10%. Three factors,
reduced melt mobility, capillary tension, and stirring can lead to long term melt retention in these
partially molten regions. While the first two factors are more relevant to the LVL, the third, and
possibly the second factor are applicable to the ULVZ.
The mobility of a dense or buoyant melt, at a given melt viscosity, depends strongly on the melt
volume fraction. For dihedral angles less than 60◦ , the frictional resistance is inversely proportional
to the melt fraction squared [3]. Consequently, the drainage efficiency of both buoyant and dense
melts are reduced at lower melt fractions. Maximum fluid velocity in a compacting 1D melt column
[4] is plotted as a function of the melt volume percent in the column in Figure 1(a). The calculated
melt velocity for 1% melt volume fraction, with a 5% density contrast between the melt and the
matrix, is less than 1 mm/yr. Assuming a characteristic mantle upwelling velocity of 1 cm/yr,
such sluggish rate of melt extraction will likely lead to long term retention of melt in the LVL. The
frictional resistance offered by the matrix is also plotted as a function of the melt volume percent
in Figure 1(b). The sharp, two orders of magnitude increase in the frictional resistance with a 1%
decrease in the melt fraction indicates that melt drainage out of the partially molten zone will be
rather sluggish.
Secondly, at small melt fractions, surface tension arising from grain boundaries reduce the efficiency
of gravitational drainage. Strong tension on intergranular contacts reduces the dihedral angle at
the melt-grain triple junctions, establishing a well-connected network. Despite the presence of
this well connected pathway, a larger force is required to counter the strong capillary tension and
segregate melt from the matrix, especially at small melt fractions [5]. Numerical models indicate
that surface tension, coupled with compaction-decompaction, can influence buoyancy-driven melt
drainage over length scales several times larger than the matrix compaction length [5]. Thus, if the
melt in the low velocity layer has a density contrast with the matrix, for the inferred 1% melt volume
fraction for the LVL, drainage of such melt out of the low velocity layer can be inefficient. Finally,
gravitational drainage of partial melt is also an issue in the ULVZ [6]. Besides surface tension
effects [5], compaction within the ULVZ stirred by convective motions in the overlying mantle can
also preclude substantial drainage of melt and retain the melt over geologically relevant timescale
[7].
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Figure 1: Results of melt drainage in a one dimensional
melting column as a function of melt volume percent. (a)
Melt velocity in a compacting, partially molten column is
displayed as a function of the melt volume percent. (b)
Frictional resistance of melt to percolation.
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Slab detachment plays an important role in geodynamic models of subduction. To provide better
insights in the process itself as well as the topographic response, we use level set methods [1]
to track the interfaces between the lithosphere and mantle and between the crust and the “air”.
By tracking the interface between the lithosphere and mantle, we can follow the compositionally
distinct detaching slab and allow for slab specific rheology while leaving the mantle rheology
unchanged. Tracking the subducting slabs interface, will also provide a better criterium for the
timing of slab detachment, since we have a strict definition of the subducting slab interior.
Here we present model results of a high viscous 2D cylinder surrounded by a low viscous fluid
[2]. The 2D cylinder sinks to the bottom of the model due to its buoyancy contrast with the
surrounding material. This can be seen as an analogue for an already detached slab sinking into
the mantle. We compare our results against benchmark results both from numerical modeling as
well as experimental studies.
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The commonly used rheological model for the Earth’s mantle when considering geological time
scales (mantle convection) is the viscoelastic Maxwell model, which assumes a steady state creep
process. However, application of this model to phenomena on shorter time scales, such as postglacial rebound or postseismic relaxation, leads to difficulties in finding a consistent interpretation
of obtained viscosities. Using standard Maxwell viscosity of 1e19 Pa·s to analyze postseismic near
field GPS time series from the 2004 Sumatra-Andaman Earthquake requires large time dependent
afterslip with a relaxation time of about one year. We show that using linear biviscous Burgers
rheology for the asthenosphere, together with a refined coseismic slip model, we can drastically
reduce the amount of apparent afterslip. Comparison of predicted geoid change to observations by
the GRACE satellite mission shows that a univiscous Maxwell model with afterslip is not compatible with observations, since even large afterslip has a more localized effect than transient relaxation
due to the main earthquake, which in turn is in agreement with observations. Thus, a combination
of ground- and space based geodetic observations is very useful in differentiating between rheological models. An additional independent discrimination between afterslip and biviscous relaxation
could be obtained by installing ocean bottom pressure gauges close to the trench [1].
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We derive a source model for the Tohoku earthquake and Tsunami on March 11, 2011 by inverting
coseismic offsets from more than 500 onshore GEONET [1] GPS stations as well as 5 geodetic sea
floor measurements [2]. Resulting moment magnitude is 9.0, with a peak slip around 60 meters.
The ruptured area has an extension of about 330 km along strike and 120 km down dip. Coseismic
slip resulted in up to 14 m vertical and up to 28 m horizontal displacement of the sea-floor. The
earthquake ruptured the zone of maximum locking (∼ > 75%) offshore Sendai previously reported
by Loveless and Meade [3]. Tsunami waveforms computed using our purely geodetic source model
fit very well wave observations at deep ocean DART buoys.
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Many generations of linear and curvilinear ridges cover the surface of Europa, an icy satellite of
Jupiter [1,2]. The origin of these features may help constrain the thermal structure of the Europan
crust and possibly the presence of a subsurface ocean over geological timescales [3,4]. We explore
how the diversity of observed morphologies constrains possible formation mechanism and the mechanics of the Europan ice shell.
Based on images from Voyager and Galileo, previous workers have differentiated between several
ridge morphologies, including double ridges, complex ridges and cycloidal ridges [5]. Double ridges
are near-linear features with a single trough flanked by two parallel ridges. Complex ridges are
features with several adjacent ridges that can be either parallel or anastomosing. Unlike the essentially linear ridges, cycloidal ridges are curvilinear features and often form in chains of arcing
segments joined by a sharp cusp [6,7].
Proposed mechanisms for the formation of ridges on Europa include shear heating [8,9], cryovolcanism [10], incremental ice wedging [11] and tensional cracking under the influence of Europa’s
nonsynchronous rotation [12,13] and generally cyclic stress field [4]. While each of these mechanisms could potentially play a role in the formation of one or more of the ridges types seen on
Europa, none is able to explain all three. Our study of the entire Galileo Solid State Imaging
dataset reveals that the differences in morphology between these ridge types are blurred. There is
a continuum of morphologies between each ridge type. Along-strike transitions from one type of
ridges to another are observed. A complex ridge may include branches that could be classified as
a double ridge for a portion of their lengths. Some double ridges are observed to suddenly obtain
the arcing trajectory of a cycloid. Transitional morphologies such as cycloids with smooth cusps
are also visible.
The absence of a fundamental difference between the morphology of each ridge type implies that a
similar mechanism at work on the three classes of these ridges. We propose that liquid water fills
tension cracks that open in the Europan crust in response to tidal stress and possible overpressure
of a subsurface ocean [14,15,16]. Volume expansion upon crystallization of the cracks would buckle
the adjacent crust [11] and form a single or double ridge morphology depending on rate of crystallization. Complex ridges would form by repeated intrusions. Strike-slip offset are possible if the
intrusion remains liquid for long enough but are not a primary mechanism for ridge morphology.
The passive intrusion mechanism can provide a unifying concept to explain the diversity of ridge
morphology and transitional morphologies on Europa.
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It has long been recognized that the arc volcanism is directly related to the slab dehydration and
water is necessary to explain the low temperature melting of the mantle wedge and possibly of the
subducting oceanic crust and the composition of arc magma. To better understand the dynamics
of geophysical fluid viz. water, melts in the mantle wedge related to subduction zone, we have
developed a numerical model for two-phase flow which takes into account the effects of compaction
of the matrix.
In this numerical model, we solve mass and momentum conservation equations of matrix and of
fluid following the formulation of Bercovici et al. (2001) using potential formulation of velocities
of matrix and fluid. We use several numerical schemes that are Finite Difference (FD) method,
Direct Solver method using band diagonal system of matrices to solve potential equations, Multidimensional Positive Definite Advection Transport Algorithm (MPDATA) scheme [Smolarkiewicz
et al. (1998)] to solve advection equation i.e. mass conservation equation.
We have benchmarked our code in 1D and 2D and here we present the formulation of our code
and the results.
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The asthenosphere of Earth is a mechanically weak layer that helps plate tectonics to operate and
is also a region from which mid-ocean-ridge basalt is formed. However, all previously published
models of the asthenosphere fail to explain some of the key observations. It is proposed that
the asthenosphere is formed as a residue of a small degree of partial melting at 410 km and
the lithosphere-asthenosphere boundary is defined by the partial melting at 70 km below the
mid-ocean ridges that re-distributes hydrogen. Combined with mineral physics observations on
non-elastic deformation and wetting behavior of upper mantle materials, this model provides a
unified explanation of observations including a sharp and large velocity drop at the lithosphereasthenosphere boundary, mostly plate velocity parallel but plate velocity normal anisotropy below
some subducting slabs, a thick low velocity region above the 410-km discontinuity, and the modestly
depleted and nearly homogenous composition of the asthenosphere.
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3D geodynamic modelling of lithospheric-scale deformation remains a challenge as it requires scalable multigrid algorithms that perform well in the presence of large and abrupt jumps in viscosity.
In recent years, we have developed LaMEM (Lithosphere and Mantle Evolution Model), which was
originally a finite element code, that can be combined with a marker-and-cell method (to model
large strains) and that can be used in an Eulerian, Lagrangian or ALE manner. LaMEM is build on
top of the parallel PETSC package (http://www.mcs.anl.gov/petsc), which allows us to use a large
repertoire of smoothers, iterative solution techniques as well as algebraic multigrid preconditioners
such as ML. We can use either Q1 P0 , stabilized Q1 P1 or Q2 P−1 elements (all configurable from the
command-line). Recently, we have also added a staggered grid finite difference (FDSTAG) solver,
such that we can now tackle the same setup with either a finite element or a finite difference solver.
Here, we discuss the relative performance of the FD versus the FEM method for a few selected
benchmark cases. It is demonstrated that the staggered finite difference method is a very competitive method compared to finite element methods in terms of accuracy and in case the jumps
of viscosity are not aligned with the element boundaries (as is the case in most geodynamic simulations). Yet, compared to a higher-order finite element, the FD method requires an order of
magnitude less memory (and is thus naturally faster).
If one wishes to use iterative or multigrid solvers in combination with 3D geodynamic codes, it is
crucial to use stable or stabilized finite elements, as otherwise the number of required solver iterations increase with increasing grid size. Only the stabilized Q1 P1 elements and the Q2 P−1 element
fulfill this criteria. The Q1 P1 element, however, is not fully incompressible. This is not so much
a problem in geodynamic simulations that ignore the free surface, but it becomes crucial if one
wishes to study both mantle dynamics and a self-consistent free surface simultaneously in which
case the stabilized Q1 P1 can give wrong results (i.e. the mantle compacts). So if one wishes to
use a Finite Element method for such applications one has to use higher order elements (Q2 P−1 ),
which are computationally expensive. The staggered FD formulation, however, behaves as a stable
finite element, with iterations that are independent on the employed grid resolution. So in a way,
the FDSTAG formulation behaves like the ‘ideal’ low order finite element, because it is stable and
uses little memory.
One argument that is often held against the finite difference approach is that it cannot be used to
simulate a self-consistent free surface. Many authors that used a finite difference approach have
therefore employed a ‘sticky-air’ layer above the computational domain that has zero density and
a low viscosity. So far, however, it was not clear whether this approach indeed yields the correct
surface topography. We have therefore recently performed an extensive benchmark in which the
sticky air approach was compared with finite element codes that have a self-consistent free surface
and the results strongly suggest that it is indeed possible to obtain the correct surface topography
with a sticky-air approach, provided that the viscosity and thickness of this ‘air’ layer are sufficiently large [1]. Moreover, the free surface stabilization technique we proposed some time ago [2]
can be generalized for finite differences without loss of accuracy [3], which means that adding a
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pseudo free surface will not reduce the timestep significantly.
These results thus all highlight that the staggered finite difference method is an extremely competitive method for geodynamic simulation. Yet, a number of questions remain open such as whether
it is better to use a coupled velocity-pressure multigrid approach (as is used for example by Paul
Tackley and Taras Gerya), or whether a decoupled approach (which we currently employ) is more
robust.
In addition, we will show some of the recent progress we have made in adding two-phase flow
formulations to visco-elasto-plastic lithospheric dynamics code.
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[2] Kaus B.J.P, Mühlhaus H., May D.A. (2010). A stabilization algorithm for geodynamic numerical simulations with a free surface. Physics of the Earth and Planetary Interiors. Vol. 181, p.
12-20.
[3] Duretz, T., D. A. May, T. V. Gerya, and P. J. Tackley (2011), Discretization errors and free
surface stabilization in the finite difference and marker-in-cell method for applied geodynamics: A
numerical study, Geochem. Geophys. Geosyst., 12, Q07004, doi:10.1029/2011GC003567

2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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We investigate the behaviour of a two-phase system that involves production and percolation of
partial melt through a visco-elasto-plastic continental lithosphere and crust under ongoing tectonic
deformation. Using two-dimensional numerical simulations we examine the coupled magmatic and
tectonic processes leading to intrusive rock formation.
The numerical modeling approach is based on the assumption that the melt fraction is equal to the
porosity of the rock and that porosity changes reflects, apart from melting and crystallization, the
compaction or dilation of the matrix framework due to visco-elasto-plastic processes. All modes
of compaction are connected to the local effective pressure, which can be understood as the volumetric stress acting on the solid rock matrix. The magmatic model is chosen to represent a typical
melt evolution starting with an arc-type basaltic melt that will fractionate into mafic cumulates
and more highly evolved melt, which will again crystallize as a felsic plutonite rock. Compositional
contamination by melting of crustal rocks during the magma’s ascent is taken into account.
The rheology of the solid phase largely determines the mode and efficiency of melt transport.
Therefore it is of considerable importance to formulate a realistic visco-elasto-plastic rheology. In
the case of two-phase flow modeling, we additionally formulate a volumetric viscosity to consitute
compaction/decompaction deformation along with a standard deviatoric rheology for shear deformation.
First results indicate that melt propagation is strongly related to the regional stress field, and
that plastic failure zones (decompaction tubes, dikes and faults) form important conduits for the
propagation of partial melt, especially through the more competent parts of lithosphere and crust.
Where the partial melt reaches either mechanical barriers or neutral bouancy with respect to the
host rock, regions of magma accumulation may quickly evolve into magma chambers with melt
content exceeding 80%. There, the melt may either reside until it crystallizes, or fractionate until
the more evolved rest melt has obtained new bouancy to force its way further through the crust.
A possible application of such models is to deepen the understanding of the processes involved in,
and the geometry and field relations expected from, the emplacement of hydrated slab melts into
the overriding continental plate in an ocean-continent subduction setting.
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Eötvös University, Geophysical Department, Budapest
2
Dipartimento Scienze Geologiche, University Roma TRE, Rome
dkeszthelyi@caesar.elte.hu

It has been demonstrated that upper mantle flow systems have largely controlled the formation and
evolution of Mediterranean backarc basins. A general feature of the region is that the formation of
these basins was related to subduction of Mesosic oceanic lithosphere. Convergence rate between
the European and Nubian Plates have been much slower than the retreat of the subducting slabs.
This can result from that poloidal and torroidal flows related to slab rollback have played a fundamental role.
This was the case in the Pannonian Basin as well. Subduction of the Carpathian (Magura) oceanic
basin commenced in the Early Miocene below Alpine and Dinaric orogenic terranes. These terranes
extended above the retreating Carpathian slab until the slab fully consumed at the end of Middle
Miocene. The subducted vertical slab broke off, and this process is still active in the Vrancea
region of the Eastern Carpathians.
We devised numerical model calculation to simulate this process using the Citcom program. We
were first interested in the influence of the subduction generated flow system on the upper plate,
namely the thinning and extension of the Pannonian domain. In this model the locus of extension
was quite restricted to the corner of the mantle wedge and localized rather than a general thinning
and extension occurred.
In the next generation of models we tested the idea that the flow system below the Pannonian
Basin was not isolated from the Mediterranean and inflow of mantle material through the NorthernDinaric slab window took place simultaneously with the Carpathian slab rollback. Model results
show that the combined flow system can result in a regional extension and thinning more compatible with observations. Furthermore it is expected that the 3 dimension pattern of this combined
flow system can offer explanation for the significant internal rotations of Pannonian blocks during
the extension.
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We present significant improvements to the spherical finite-element discretization and to the iterative solver of the mantle convection code Terra. The stabilization of a Q1 -Q1 finite-element
discretization of the Stokes equations has been studied in a two-dimensional square domain in
terms of evaluating its spectral properties depending on grid spacing, viscosity model and viscosity
contrast. It could be shown that the spectrum of the Schur complement becomes independent of
the grid spacing when the stabilization proposed in [1] is applied. It is also independent of the
viscosity contrast when S is scaled by the diagonal of the viscosity-weighted pressure mass matrix
Mµ [2]. Furthermore, different Krylov methods have been studied in terms of their preconditioners and iteration parameters. Based on the results of the two-dimensional study, the equal-order
discretization of Terra was stabilized, the viscosity-weighted pressure mass matrix Mµ was used
as a Schur-complement preconditioner and the existing pressure correction algorithm was refined.
Therewith a significant drop in iteration numbers was achieved for a model with large radial and
lateral viscosity variations.
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Various models have been proposed to explain tectonic deformation during continent collision.
A frequently applied model is the thin viscous sheet model which is however not fully threedimensional (3D) and assumes a priori diffuse thickening as the dominant deformation style.
We compare a fully 3D multilayer numerical model with a corresponding thin viscous sheet numerical model for the scenario of continent indentation. In our comparison we focus on the three basic
viscous deformation styles thickening, buckling (folding) and lateral crustal flow. Both numerical
models are based on the finite element method (FEM) and employ either a linear or power-law
viscous rheology. The 3D model consists of four layers representing a simplified continental lithosphere: strong upper crust, weak lower crust, strong lithospheric mantle and weak asthenospheric
mantle. The effective viscosity depth-profile in the 3D model is used to calculate the depth-averaged
effective viscosity applied in the thin-sheet model allowing a direct comparison of the models.
We quantify the differences in the strain rate and velocity fields, and investigate the evolution
of crustal thickening, buckling and crustal flow resulting from the two models for two different
phases of deformation: (1) indentation with a constant velocity and (2) gravitational collapse after
a decrease of the indenting velocity by a factor 5. The results indicate that thin-sheet models approximate well the overall large-scale lithospheric deformation, especially during indentation and
for a linear viscous rheology. However, in the 3D model, additional processes such as multilayer
buckling and lower crustal flow emerge. These are ignored in the thin-sheet model but dominate
the deformation style in the 3D model within a range of a few hundred kilometers around the collision zone and indenter corner. Differences between the 3D and thin-sheet model are considerably
larger for a power-law viscous than for a linear viscous rheology and especially buckling and lower
crustal flow are significant in the 3D model.
3D multilayer models provide a more complete picture of continental collision than thin-sheet
models as they enable studying the timing, location and relative importance of different processes
simultaneously which is especially important for the 100 km scale around the collision zone and
indenter corners.
In a second study we apply the 3D model to the India-Asia collision, where we distinguish between
the Indian and the Asian domain, i.e. material parameters are varying both in the vertical and
horizontal directions. The model geometry is set up using available geophysical data. From the
CRUST2.0 dataset topography and depths of the lithospheric layers are used to set up the vertical
layering, and measured Bouguer anomalies are applied to constrain the density structure. The viscosity distribution is controlled by comparing viscous and gravitational stresses. Viscosities must
be large enough to counteract or equilibrate gravitationally induced stresses, so that the model
does not to flow under its own weight (i.e. collapse). We then perform instantaneous indentation of
India into Asia to represent the present day state of the continent-continent collision. The impact
of various rheological profiles on the velocity, stress and strain rate fields is studied and compared
to geophysical observations, such as GPS velocities and anisotropy directions.
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Introduction. One of the outstanding questions regarding Mars is the formation of its crustal
dichotomy and of the Tharsis rise, positioned at the equator astride the northern lowlands-southern
highlands boundary. Several authors have proposed different models, involving endogenic [1 - 5 and
references therein] or exogenic processes [5 and references therein], but it seems that hybrid models
(combining both exogenic and endogenic processes) [5 and references therein] [6] are potentially able
to give an explanation to the various problems [7 + 8] of the single approach models. Furthermore,
the successful models must consider the chronological constraints placed by the magnetic anomalies
present mostly in the southern highlands [5 + 9] and the cratering rate present in the lowlands
of Mars [5 + 10]. The resulting scenario is that a giant impact centred in the southern subpolar
highlands and able to generate a large magma ocean covering nearly two thirds of the Martian
surface may have occurred at the end of the planet’s accretion and core formation [5 - 6]. The
thermal anomaly caused by this impact event has subsequently triggered convection in the martian
mantle with the consequent formation of a super-plume that built the Tharsis rise [5 and references
therein].
New 3D model. Following previous work on 2D numerical modelling of the martian dichotomy,
we developed a new 3D model based on finite-difference/finite volume marker in cell approach to:
a) investigate the position and the migrations of the super-plume that generated the Tharsis rise
(an operation not possible in previous 2D work for geometrical restrictions, see [5] and references
therein for technical details) and b) study the geological match for the main super-plume at the
base of the Tharsis rise as well as for the plumes at the base of the other volcanic centres scattered
around it. We will introduce new combinations of parameters respect to the set used in previous
2D work, see [5] for a comprehensive list, and explore the consequences they will have on the
modelling as a whole.
Preliminary results. The first runs have shown how the impactor hit the southern polar region,
reached the planet’s core, and generated a magma ocean spreading on the surface and thickening at
the impact centre (see Composition part of Figure 1). The temperature map shows minor (white
coloured) upwellings producing melt patches (see Temperature part of Figure 1) that will then form
a thinner crust covering the northern regions opposite to the impact centre (also see a complete
view of the model evolution at http://www.ethz.ch/erdw/people/geophysics/leoneg/research). In
order to test various scenarios for the formation of crustal dichotomy and the Tharsis rise in a
self-consistent manner, the results from the core formation model will be combined with the long
term mantle convection simulations. Special emphasis will be given to modelling of crustal growth
and topography development on Mars based on free planetary surface approximation via weak
external layer approach.
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Figure 1: Screenshot of composition and temperature inside and on the surface
of the planet after the impact event (see preliminary results text for details).
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c Authors(s) 2011

3D shapes of metamorphic core complexes
Laetitia Le Pourhiet1 , Benjamin Huet2 , Dave May3
1
ISTeP, UPMC, Paris, France
2
Department for Geodynamics and Sedimentology, University of Vienna, Austria
3
GFD, ETH, Zurich, Switzerland
laetitia.le pourhiet@upmc.fr

Metamorphic Core Complexes (MCCs) are dome shaped structures forming in extensional settings
in which the middle to lower crust is exhumed under a detachment fault. They can either be elongated in the stretching direction (e.g. Kesebir-Kardamos, Bulgaria; Buckskin Rawhide, Harcuvar;
Arizona, US; Naxos, Greece; Fig. 1a, orange structure) or normal to this direction (e.g. Bitterroot,
Idaho; North Cyclades, Greece; Fig. 1a, blue structure). MCCs are known to accommodate extension when the lower crust is thick and/or weak[1]. Several processes leading to either, or both,
of these conditions have been proposed and modelled: (1) thermal equilibration of a thickened
crust to high Moho temperature[2 3], (2) partial melting of the lower crust[4 5] (3) adjunction of
water[6] or (4) underthrusting of felsic units below more mafic ones prior to extension[7]. However, the numerical models published to date are all two-dimensional and therefore apply only to
domes, which are elongated normal to the stretching direction. Here, for the first time, we explore by means of thermo-mechanical modelling, the impact of 3D kinematic extensional boundary
conditions on the shape of MCCs. We show that a component of strike-slip motion triggers the
formation of domes elongated in the direction of stretching. In the Cyclades (Aegean, Fig. 1a),
domes elongated normal and parallel to stretching were formed during the same Miocene event[8].
Running 3D thermomechanical models with gale[9], we find that this coeval formation is possible
at the tip of a propagating strike-slip fault (Fig. 1b) and propose that this kinematics could be
the mark of a putative tear in the Aegean slab[10 11].
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Figure 1: a) Sketch of the 3D shapes of Domes in the Aegean; b) results of 3D models with a
3D representation of the phase and the stretching lineation and the stereoplot projection of the
lineation and schistosity
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The thermal structure of the subduction zone mantle wedge plays an important role in subduction
zone volcanism, earthquake generation and upper-plate evolution. Thermo-kinematic models have
greatly advanced our understanding of how velocity and age of the downgoing plate and mantle
rheology affect temperatures in the mantle wedge, but little work has been done on the effect
of trench migration. Plate motion reconstructions indicate that the location of most subduction
zone trenches varies through time at velocities that range from 0 to 100% of subduction velocities.
Trench migration is most commonly retrograde; that is, opposite to the direction of motion of
the plates to which slabs are attached. Such motion generates three-dimensional flow patterns
with material moving from below the slab, around the slab’s lateral edges (toroidal flow), and
into the mantle wedge [Stegman et al., 2006]. However, owing to computational limitations, the
influence of this toroidal flow component on the thermal structure of subduction zones has not
yet been quantified. In this study, we exploit the computational efficiency of Fluidity [Davies
et al., 2011], recently benchmarked against the results of van Keken et al. [2008], to perform a
three-dimensional parameter space search into the dominant controls upon mantle wedge thermal
structure. We use a thermo-kinematic approach, where slab and trench motion are prescribed and
wedge flow is computed dynamically, to examine the role of: (i) slab dip; (ii) slab width; (iii)
the depth extent of the slab; (iv) mantle rheology; and (v) trench motion. In all cases examined,
poloidal flow dominates in the mantle wedge. However, a significant toroidal component is also
observed, amounting to greater than 25% of the poloidal flow. Whilst a toroidal component is also
present in models with no trench motion, it increases with trench retreat velocity, particularly at
slab dips greater than 50 degrees. We demonstrate that this toroidal component has a significant
influence on mantle wedge thermal structure.
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c Authors(s) 2011
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Using a 2D coupled thermo-mechanical numerical mode, we investigated the extension of a continental lithosphere with a chemical layer (hydrated layer) in the mantle lithosphere. During the
lithospheric extension, the chemical layer breaked through the overlying mantle and emplaced into
the crust, which greatly accelerated the rupture of the crust.
The features of the chemical emplacement such as the size, geometry and emplacing time, have
been tested with respect to the depth and thickness of the chemical layer and the shear heating.
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Seismological observations suggest that there are strong lateral density anomalies present in the
lower mantle[1].We aim to (1) identify models which can test both thermal and chemical contribute
to lateral variations in density ,and maintain strong compositional anomalies in the lower mantle
for a long period of time[2]. (2) compare the results to the probabilistic tomography.We conduct
3D-Spherical numerical simulations using STAGYY, in which we prescribed an initial layer of
dense material at the bottom of the system. We focus on the parameters including the chemical
density contrast between dense and regular materials(buoyancy ratio B),the volume fraction of
dense material,the activation energy,and the ratio of the core radius to the total radius of the
sphere.
The results of the simulations show that the stability of the dense layer is mainly controlled by
buoyancy ratio,for small value of the buoyancy ratio B (≤ 0.2),the dense material will sweep out
to the upper mantle, for large(≥0.25) no strong lateral density anomalies observed.only the value
between 0.2 and 0.25 may lead into a model with strong lateral density anomalies( to fit the
seismological observations well).the value the volume fraction of the dense material is of second
order, little evidence show the influence of the ratio of the core radius to the total radius of the
sphere on the stability of the dense layer. And the tests on influence of the activation energy on
the stability of the dense layer are still on-going.
References
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Although the modern orogens have been intensely studied by means of geological and geophysical (gravity, seismic and magnetotelluric) methods, their internal structure and dynamics are still
uncertain, as the geological observation is limited due to preservation of a rigid crustal lid (the
Tibetan plateau in Himalaya, the Altiplano plateau in Andes), and geophysical methods provide
only indirect information. During the final stage of the evolution of an orogen, the crustal lid is
disrupted and eroded, and the interior of the former orogenic root is exposed at the surface. The
internal structure of the modern orogens thus can be studied on their analogues among ancient
orogens. An example of a well preserved ancient orogen is the Bohemian Massif that was consolided during the Variscan orogeny and since then has undergone only minor changes. Combined
structural and petrological studies of the Bohemian Massif revealed that its orogenic lower crust
(high-pressure granulites and mafic eclogites in the Moldanubian domain) was vertically extruded
from depths of about 60 kilometers along the steep margin of the promontory of the Brunia basement. The resulting vertical fabrics were then reworked by flat fabrics, that can be interpreted
as a result of a (sub)horizontal flow in a channel between the upper boundary of the basement
promontory and the overlying orogenic lid.
We present a thermomechanical model of a collision of two continental blocks which leads to
a growth of orogenic root and subsequent indentation of this root by a stiff basement promontory. The modeling is performed using the open source finite element software for multiphysical
problems Elmer which we extended for this purpose by procedures for compositional convection,
visco-plastic deformation of crustal materials, surface processes (erosion and sedimentation) and
flexural isostatic compensation. The modeling is carried out in a two-dimensional Cartesian domain representing a vertical cross section through an orogenic root and a stiff indentor. The initial
stratification of the model domain and the rheological properties of individual layers correspond
to the expected composition of the Brunia basement and the Moldanubian domain prior to the
thickening and indentation process at the end of the Variscan orogeny. We test the hypothesis that
a felsic lower crust rich in radiogenic elements was emplaced beneath the previously thinned crust
of the Moldanubian domain during the initial stage of the continental collision [1]. These rocks
now belong to the high-grade Gföhl unit in the Moldanubian domain and they can also be observed
in gravity and seismic data [2, 3]. The models that include the felsic lower crust reproduce the
processes inferred from the geological record in the studied region: crustal scale folding, vertical
extrusion of the orogenic lower crust, channel flow and flat deformation of the exhumed rocks. The
surface heat flow and Bouguer anomaly computed for our model are comparable to those of active
orogens.
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and trigger mechanisms of exhumation of HP granulites in Variscan orogenic root, Journal of Metamorphic Geology, 29, 1, 79-102.
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This paper is organized as follows. After a discussion of the differential equations for wave propagation in the horizontally stratified medium and of the initial and boundary conditions, we derive
the displacements on the free surface of the layered medium for plane waves when a point source
is located on the s-th imaginary boundary at the depth zs (physical parameters of the layers s and
(s + 1) are put to be identical). Then, the source will be represented as a single force of arbitrary
orientation and a general moment tensor point source. Further, “a primary field” for a point source
will be introduced. Method for the solution of the direct seismic problem is considered based on the
matrix method of Thomson-Haskell. The tensor represents a superposition of three single couples
without moment along the x, y, z-axes and three double couples in xy, xz, yz-planes. Further, we
give the results for the field of displacements on the free surface. The far-field displacements are:
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where
M1 = Mxz cos ϕ + Myz sin ϕ,
M2 = Mzz ,
M3 = cos2 ϕ · Mxx + sin2 ϕ · Myy + sin 2ϕ · Mxy ,
M4 = − cos 2ϕ · Mxx + cos 2ϕ · Myy − 2 sin 2ϕ · Mxy ,
M5 = Myz cos ϕ − Mxz sin ϕ,
M6 = sin 2ϕ · Mxx − sin 2ϕ · Myy − 2 cos 2ϕ · Mxy
The results of this direct problem (1-3) we use in the inversion of source parameters. The inverse method relies on inverting for components of the moment tensor and a determination of an
earthquake source-time function.
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Oceanic fracture zones are recognized as areas where parts of the oceanic lithosphere can be
partially serpentinized. Therefore, when subducting, these fracture zones have the potential to
carry significant amounts of fluids which are released at certain depths, depending on the slab
dynamics.
There are several places along the Ring of Fire where subducting oceanic plates contain fracture
zones and a high-water content signature is recorded in the associated active volcanism. These
areas comprise the subduction of Mocha fracture zone and the Nevado de Longavi volcano in
southern Chile, the subduction of Tehuantepc fracture zone and the El Chichon volcano is southern
Mexico, the Blanco fracture zone and Mount Shasta in western US and the subduction of Amlia
fracture zone beneath the Aleutians Island arc. In this study we develop time-dependent numerical
experiments to explore how serpentinized fracture zones influence the mantle wedge dynamics and
the amount of fluids released. We find that as the facture zone enters the subduction system
two phenomena take place: the amount of water released during subduction is much greater than
in the case of normal subduction, and hydrous cold-plume formation at depths greater than 100
km. The release of high amounts of water by the subduction of serpentinized fracture zones are
potentially responsible for the occurrence of adakitic volcanism. Such particular and localized
type of volcanism has been related to highly hydrous mafic melts, as is the case for the Nevado de
Longavi volcano in southern Chile, where the Mocha fracture zone is located.
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Abstract How flat slab geometries are generated has been long debated. It has been suggested
that trenchward motion of thick cratons in some areas of South and Cenozoic North America
progressively closed the asthenospheric wedge and induced flat subduction (Fig. 1). Here we
develop time-dependent numerical experiments to explore how trenchward motion of thick cratons
may result in flat subduction. We find that as the craton approaches the trench and the wedge
closes two opposite phenomena control slab geometry: the suction between ocean and continent
increases, favoring slab flattening, while the mantle confined within the closing wedge dynamically
pushes the slab backward and steepens it. We model the last 30 Myr of subduction in the Chilean
flat slab area and demonstrate that trenchward motion of thick lithosphere, 200–300 km, presently
∼ 700–800 km away from the trench, reproduces a slab geometry that fits the stress pattern,
seismicity distribution [1] and temporal and spatial evolution of deformation and volcanism in the
region [2] (Fig. 2). Additionally, we suggest that varying trench kinematics may explain some
differing subduction geometries along South America (Fig. 3). When the trench is stationary or
advances, the mantle flow within the closing wedge strongly pushes the slab backward and steepens
it, potentially explaining the absence of flat subduction in the Bolivian orocline.
References
[1] Alvarado, P., Pardo, M., Gilbert, H., Miranda, S., Anderson, M., Saez, M., and Beck, S. (2009),
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Figure 1: Relationship between observables and subduction style along the Andean subduction
zone. A, Onshore – thermal lithosphere-asthenosphere boundary (LAB), defined as the depth to
the 1300 ◦ C [3], where the areas of flat subduction correspond with thick continental lithosphere.
RPC: Rio de la Plata craton. SP: Sierras Pampeanas are shown in dark gray, P: Precordillera in
light gray. Offshore – oceanic crustal elastic thickness derived from gravity modeling [3]. IQR –
Iquique Ridge, JFR – Juan Fernandez Ridge, NR – Nazca Ridge B, 3-D view of the Nazca and
South American plates showing contours of the depth in kilometres to the Wadati-Benioff zone.
Red, blue and white arrows are the present plate velocities along the trench and of the Nazca,
and South American plates in the Indo-Atlantic hotspot reference frame. East-West transparent
bar shows the modeled area. CR-Carnegie Ridge, CHR-Chile Ridge.

Figure 2: Evolution since early Miocene of, A: the temperature field, B: the degree of melting in
the mantle wedge, and C: the distance from the trench to the surface projection of the maximum
mantle wedge melting for our best fitting model. FA - Farellones Arc, AA- Aconcagua, CT-Cerro
de las Tortolas, C – Calingasta, VH - Vacas Heladas, CB - Cerro Blanco, P - Precodillera, SP Sierras Pampeanas.

2

Figure 3: Conceptual models for the evolution of subduction of oceanic lithosphere beneath a
trenchward moving continent, without (A-C) or with a craton, C (D-I) and trench, T, retreat
(A-F) and advance (G-I).
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Thermal convection in non-Newtonian fluids is important for many different fields, i.e. engineering
(glass-production, food industry) but also geoscience (planetary mantles, lava lakes, icy satellites),
but is still not very well understood. From a theoretical point of view, the difficulty is that the viscosity of these fluids approaches infinity when the motion amplitude vanishes. Therefore convective
instabilities cannot grow from a static conductive state submitted to infinitesimal perturbations
(as in the classical Rayleigh-Bénard configuration).
For this reason, we study the development of thermal plumes out of a localized heat source (peltier
element) in Carbopol. Rheometry shows that this fluid presents a yield stress, is shear thinning
(cf. i.e. [1]) and can be described by the Herschel-Bulkley model. Thermochromic-liquid crystals
and PIV allow us to measure simultaneously temperature and velocity fields.
The results show that depending on the yield parameter Y0, defined as the ratio of the thermally
induced stress and the yield stress, three different regimes can develop. For very low Y0, no motion
is observed. For intermediate Y0, a slow convection cell develops around the heater. At high Y0,
a finger-shape instability develops from the slowly convecting cell. The finger morphology is associated with a deformation very localized on the edges of the thermal anomaly, while the material
inside the plume rises as a plug. Furthermore, depending on the experimental parameters, the
instability motion can show episodicity. We have systematically studied the influence of the yield
stress, the thermal power of the heat source and the fluid height on development and behavior of
the instability.
In parallel, we have conducted a numerical study to compare to the experimental results,where
we implemented the rheology of the fluid into a geodynamical code [2,3]. In a first step, we solve
only the ”liquid” problem: since a Herschel-Bulkley rheology implies infinite viscosity at zeroshear-rate, we regularize the viscosity by imposing a high cut-off value at low shear rate. Despite
this regularization, the numerical simulations reproduce well a number of features observed in the
laboratory experiments, such as the morphology and some episodicity. However, the plume onset time is controlled by the cut-off viscosity value and remains far from the laboratory systematics.
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Figure 1: shows thermal instability in Carbopol for different times. Small white points: spherical
particles for PIV, bright white line: isotherm at a T=24◦ C. The figure shows two important
features: 1) it takes very long until convection starts (t onset = 283 minutes), then it takes
off comparably fast 2) plume-shape differs from normal mushroom-shape observed in Newtonian
fluids.
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The generic term “multi-physics” is used to define physical processes which are described by a
collection of partial differential equations, or “physics”. Numerous processes in geodynamics fall
into this category. For example, the evolution of viscous fluid flow and heat transport within the
mantle (Stokes flow + energy conservation), the dynamics of melt migration (Stokes flow + Darcy
flow + porosity evolution) and landscape evolution (Stokes + diffusion/advection over a surface).
The development of software to numerically investigate processes that are described through the
composition of different physics components are typically (a) designed for one particular set of
physics and are never intended to be extended, or coupled to other processes (b) enforce that
certain non-linearity’s (or coupling) are explicitly removed from the system for reasons of computational efficiency, or due the lack of a robust non-linear solver (e.g. most models in the mantle
convection community).
Here we describe a software infrastructure which enables us to easily introduce new physics with
minimal code modifications; tightly couple all physics without introducing splitting errors; exploit
modern linear/non-linear solvers and permit the re-use of monolithic preconditioners for individual
physics blocks (e.g. saddle point preconditioners for Stokes).
One of the simplest multi-physics systems to consider is that which arises from a mixed finite
element discretisations applied to Stokes flow. Using the Stokes system as a prototype, we demonstrate the functionality of this infrastructure by presenting a number of visco-plastic shear banding
experiments employing different boundary conditions. Additionally, we present results from coupling Stokes flow with the evolution of the material coordinates and show how temporal stability
can be achieved when the splitting error associated with time stepping is eliminated.
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The analysis of seismic anisotropy has become the most conventional tool for characterizing flow
in the Earth’s upper mantle [1]. Thus, it is crucial for geodynamic models to include predictions
of anisotropy so that their relevance for the Earth can be easily evaluated. Rigorous fabric development models, which rely on deforming and rotating a large number of discrete grains, have
already been created for the purpose of analyzing flow model [2,3]. However, most lack the flexibility to examine all known fabric types and the results from different methods are not always in
agreement with one another [4,5]. Therefore, it is important to have a simpler tool that provides
rapid, approximate predictions of mantle fabric and anisotropy for hypothesis testing.
The simplest proxy for anisotropy is provided by the instantaneous flow field. It is acceptable if
the strain rate field varies along a particle trajectory more slowly than anisotropy develops [6,7].
More generally, anisotropy may be associated with the finite strain ellipsoid with the a-axis of
olivine tending to rotate toward the direction of maximum extension [8,9]. However, various slip
systems are activated under different conditions. Therefore, one may expect that for a different fabric type, a different olivine axis will rotate toward the extension direction [10]. We have
generalized the calculation of finite strain to produce an ellipsoid associated with the most likely
orientation of the a-, b-, and c-axes of olivine, called a fabric ellipsoid. To compute the fabric
evolution tensor, we perform an eigen-decomposition of the strain rate tensor, symmetric part of
the velocity gradient tensor. We retain the eigenvectors but rearrange the eigenvalues according to
he active deformation mechanism. In that way, the fabric ellipsoid evolves in such a way that the
desired olivine axes rotate toward the instantaneous maximum elongation and maximum shortening directions. We developed algorithms for each kind of fabric identified by Karato et al. [2008].
We incorporate two additional mechanisms of fabric development: fabric healing and dynamic
recrystallization. We simulate fabric healing by averaging the fabric ellipsoid with an isotropic
sphere. For recrystallization, we average the developing fabric ellipsoid with an ellipsoid whose
principal axes are already oriented along the principle directions of strain rate. The relative contribution of each mechanism can be adjusted. A comparison between model results and naturally and
experimentally deformed olivine aggregates shows that fabric healing and recrystallization play a
major role in fabric orientation and magnitude. In some cases, especially in natural samples [11],
recrystallization and healing play a stronger role than grain rotation.
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[6] Kaminski, É. and Ribe, N.M. (2002), Timescales for the evolution of seismic anisotropy in
mantle flow, Geochemistry Geophysics Geosystems 3, doi:10.1029/2001GC000222.
[7] Conrad, C.P., Behn, M.D., and Silver, P.G. (2007), Global mantle flow and the development
of seismic anisotropy: Differences between the oceanic and continental upper mantle, Journal of
Geophysical Research 112, B07317, doi:10.1029/2006JB004608.
[8] McKenzie, D. (1979), Finite deformation during fluid flow, Geophysical Journal of the Royal
Astronomical Society 58, 689-715, doi:10.1111/j.1365-246X.1979.tb04803.x.
[9] Ribe, N.M. (1992), On the relation between seismic anisotropy and finite strain, Journal of
Geophysical Research 97, 8737-8747, doi:10.1029/92JB00551.
[10] Karato, S.-ichiro, Jung, H., Katayama, I., and Skemer, P. (2008), Geodynamic Significance of
Seismic Anisotropy of the Upper Mantle: New Insights from Laboratory Studies, Annual Review
of Earth and Planetary Sciences 36, 59-95, doi:10.1146/annurev.earth.36.031207.124120.
[11] Warren, J.M., Hirth, G., and Kelemen, P.B. (2008), Evolution of olivine lattice preferred
orientation during simple shear in the mantle, Earth and Planetary Science Letters 272, 501-512,
doi:10.1016/j.epsl.2008.03.063.

2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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The Altenberg-Teplice Caldera (ATC) in the eastern Krušné hory Mts./Erzgebirge (Czech and
Germany) is the largest centre of Late Palaeozoic acid volcanism in the Bohemian Massif. It is
thought to be a giant gravitational collapse caldera, where the eruptions of the rhyolitic lavas and
ignimbrites of Carboniferous age are accompanied by granite and granite porphyry intrusions. The
assessment of the actual size of the caldera has been hampered by the fact that its southern part is
covered by Cretaceous and Tertiary sediments. Borehole data, geological mapping and geophysical
survey enabled to gain a new image of its areal and vertical extent and to construct a 3D digital
model of individual geological units (Mlčoch and Skácelová 2010). The ATC subsided asymmetrically bringing about a trapdoor-type collapse perceptible in particular in the 3D model for the
crystalline relief. The subsidence was probably contemporaneous with the main volcanic phase of
the Teplice rhyolite effusion.
The refraction S04 seismic profile was part of the international seismic refraction experiment in the
Central Europe SUDETES 2003 covered also the territory of the northern part of the Bohemian
Massif. It starts in the Germany and the Czech border passes near Fláje and through Bı́lina town
continues on to SE. The S04 velocity model (Novotný, Skácelová and Mlčoch 2010) and its correlation with the reflection MVE-90 profile (DEKORP Research Group 1994) and gravity data bring
the information about the depth of the ATC. The ATC region is located near the Saxothuringian
Zone and Teplá-Barrandian Unit (TBU) contact where the Saxothuringian complexes are thrusted
over the TBU rocks. The velocity image of the collision zone as seen in the S04 resulted from several phases of magmatic activities and associated processes affecting the host rocks and ascending
melts during magmatic intrusions. The magmatic body discovered on the S04 was identified to be
the shallower magmatic reservoir for the Altenberg-Teplice Caldera.
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Figure 1: Geological interpretation of the S04 velocity model in the Altenberg-Teplice Caldera
area.
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During its evolution, the Earth most likely experienced a ’Giant Impact’ in which a Mars size body
hit the early planet. Today it seems widely accepted that the origin of the Moon is a result of this
Giant Impact. Another consequence of such an impact would be the formation of a ’Deep Magma
Ocean’, i.e. a layer of molten material, extending to a depth of about 1000 km. Transport of heat
and matter in a vigorously convecting Magma Ocean plays a key-role for the further evolution and
differentiation of the Earth. The sinking of iron droplets in the convecting Magma Ocean probably
provides an effective mechanism leading to the separation of metallic and silicate material. The
metal will form small droplets in the size of a few centimeters. Being much denser than the silicate
around it is thought that the iron droplets will start to fall through the magma ocean, which
is therefor called the ’metal rain’. The dense material would finally pond at the bottom of the
magma ocean. An instability of this dense material (Rayleigh-Taylor Instability) could lead to a
rapid formation of the Earth’s Core.
We employed a 3D cartesian numerical model with finite Prandtl number, in order to study the
sinking of heavy particles in a vigorously convecting environment. Differently from most approaches
we have included the effect of rotation on the flow dynamics. While a significant role of rotation
can be ruled out for the today’s Earth’s mantle, due to the high viscosity of the mantle material,
this is not the case for a magma ocean. Our numerical fluid model is based on a Finite Volume
discretization, while the numerical model for the iron droplets based on a discrete element model
for the simulation of granular Material. The particles influence the fluid flow through the chemical
component of the fluid model, which is the volumetric ratio of the particle in each fluid cell. The
particles themselves experience the force of the fluid through the fluids drag. Also gravitational
and Coriolis forces act on the particles. In our simulations unlike to other approaches the particles
are much smaller than the numerical fluid cells, thus saving computational effort.
In our present work we study the influence of strong rotation on the iron droplets with a rotation
axes parallel to the gravitational acceleration like on the earth pole and with a rotation axes perpendicular to gravity like on the equator. To quantify the influence of rotation on the dynamic of
the fluid we use the Rossby number. Rossby numbers higher than one mean only marginal influence of rotation whereas Rossby numbers lower than one implicate a strong rotation dominated
fluid dynamic. Depending on the Rossby number of the system we find different behaviors of the
particles. For the poles the particles fall nearly with Stokes’ velocity to the bottom. There forming
the expected dense metal pond. Whereas for the equatorial case the particles can stay suspended
depending on the strength of the Coriolis force acting against gravity. We find three regimes depending on the strength of rotation. At low rotation rates the particles fall to the bottom like
at the poles. At higher rotation rates the particles stay suspended in the bottom 1/3 of the box
and have an insulating effect on the hot thermal boundary layer. This leads to a layering of the
temperature field. At high rotation rates the particles stay completely suspended and form a small
ribbon in the middle of the box. The temperature field in this case shows no layering due to the
missing insulation of the particles at the bottom thermal boundary.
If on of these scenarios was true for the earth it leads to an interesting setup for the following core
formation processes.
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Figure 1: Schematic view of the earth 4.5 billion
years ago during the metal rain.

2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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At mid-ocean ridges, lithosphere is created by melt extraction and metasomatism, and the oceanic
crust forms as melt collects near the surface. As the presence of melt has both rheological and
geochemical consequences for the lithosphere, it is of primary importance to understand the mechanisms that control melt migration and extraction at mid-ocean ridges.
Although melt migration is described rigorously by two-phase transport equations in porous or
fractured media [1-3], scaling considerations and geological constraints lead to simplifications. It
is possible to capture the essence of melt extraction by considering three principal stages:
Stage 1) Melt rises vertically from the zone of melt production to a melt-impermeable boundary,
or permeability barrier the base of the thermal lithosphere. At this stage, melt trajectories are
sub-vertical. They are controlled by melt buoyancy and the high permeability of the partially
molten mantle, in which melt remains connected even for low melt porosity [4]. Decompaction
channels induced by melt-rock reaction and/or melt weakening may further increase the effective
permeability of the mantle [5-8].
Stage 2) Melt travels long a permeability barrier that forms at a crystallization front [9]. As melt
enters the lithosphere and cools, it crystallizes and possibly clogs the pore space [10-12]. A barrier
is most likely to form where crystallization rate highest, which, in basaltic systems, occurs at the
point of plagioclase ± pyroxene saturation [13]. This location follows approximately 1240◦ +1.9z,
where z is depth in km [14,15]. As the depth of barrier depends on the thermal structure of the
lithosphere, it is generally inclined so that melt, being buoyant, travels and is generally focused
toward the ridge axis. If the thermal boundary layer is too thick, deep crystallization may be so
slow that the lithosphere can decompact and accommodate the crystallization products leading
to a metasomatized zone instead of a barrier [11,13]. This is most likely to occur at ultraslow
spreading centers [15].
Stage 3) Melt is extracted to the surface, either because melt reaches a place where the barrier is
horizontal and focusing stops, or because it enters a melt extraction zone (MEZ), which may be
physically interpreted as the presence of faults and/or dikes leading to rapid lateral and vertical
melt migration toward plate boundaries [16,17]. However, if focusing stops where the barrier is
too deep, melt may instead crystallize at depth again metasomatizing the mantle at the level of
the permeability barrier.
Stages 2 and 3 are directly influenced by the structure of the thermal lithosphere, which is itself
controlled by segmentation of the ridge axis and spreading rate [16-21]. Thus, it is possible to use
along-strike variations in melt deliver at well-studied geological examples to constrain the various
parameters controlling each of these stage. Recently, it has been shown that the crust along transform faults at fast-spreading ridges is anomalously thick [22], which suggest melt redistribution
toward transforms, intra-crustal melt production, or efficient extraction of melt in the transform
domain [20]. Specific models of the Siqueiros transform along the East Pacific Rise shows that considering a melt extraction zone explains the presence of thickened crust in the transform domain
1

[16]. The ultraslow Southwest Indian Ridge at 10◦ -15◦ E illustrates the opposite end-member of
ridge systems, where the lithosphere is thick and little melting occurs. Strong along-strike variations in crustal thickness [23] can be explained by the presence of a melt extraction zone less than
10 km wide and roughly 30 km thick [20].
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Figure 1: Schematic representation of melt focusing processes in a 2D
section across a mid-ocean ridge. The lithosphere (brown) thickens away
from the ridge. Green and red lines represent the trajectories of the solid
mantle and melt, respectively. Extraction is vertical in Stage 1, possibly
along dissolution channels that drain the melt production region (orange
triangle). Extraction is sub-horizontal in Stage 2, along a permeability
barrier near the base of the lithosphere, where temperature is 1240◦ +1.9z
with z the depth in km. Finally extraction is sub-vertical again in Stage
3, in a tectonically controlled melt extraction zone (blue box) near the
ridge axis and other plate boundaries. 3-D variation of melt focusing at
ultraslow and ultrafast ridges imply that the melt extraction zone is less
than 10 km and roughly 30 km deep;
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We present significant improvements to the spherical finite-element discretization and to the iterative solver of the mantle convection code Terra. The stabilization of a Q1 -Q1 finite-element
discretization of the Stokes equations has been studied in a two-dimensional square domain in
terms of evaluating its spectral properties depending on grid spacing, viscosity model and viscosity
contrast. It could be shown that the spectrum of the Schur complement becomes independent of
the grid spacing when the stabilization proposed in [1] is applied. It is also independent of the
viscosity contrast when S is scaled by the diagonal of the viscosity-weighted pressure mass matrix
Mµ [2]. Furthermore, different Krylov methods have been studied in terms of their preconditioners and iteration parameters. Based on the results of the two-dimensional study, the equal-order
discretization of Terra was stabilized, the viscosity-weighted pressure mass matrix Mµ was used
as a Schur-complement preconditioner and the existing pressure correction algorithm was refined.
Therewith a significant drop in iteration numbers was achieved for a model with large radial and
lateral viscosity variations.
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The focus of this project is to develop a numerical tool to study processes that take place in the
deeper mantle. The geodynamic model is constrained by interpretations of the surface measurements done by other geophysical studies, including seismology and experimental mineral physics.
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. Reconstruction of the
eruption sites of Large Igneous Provinces and hotspot volcanoes of the last 200 Ma has shown that
these project radially downward to the margins of the LLSVPs (Torsvik et al., 2006). This has led
to inferences that plumes of arguably deep origin are generated from the margins of the LLSVPs,
and that the LLSVPs are stable, long-lived and impose the planform of flow in the mantle and of
plate tectonics at the surface (Dziewonski et al., 2010). The negative correlation between the bulk
sound velocity and the shear velocity within the LLSVPs, as well as the sharp boundaries between
the LLSVPs and surrounding mantle, suggest that these anomalies are not of purely thermal origin.
One of the objectives of this project is to study the inferred gravitational stability of the LLSVPs
and their relation to generation of plumes.
A thermomechanical Finite Element Method (FEM) code is developed to model convection of a
fluid in a rectangular domain. The fluid is confined in an impermeable box and is heated from
below, with no internal heating. It is assumed that the fluid is of infinite Prandtl number, with
Newtonian rheology and that the Boussinesq approximation applies. The fluid is comprised by two
chemically distinct materials: a dense layer along the bottom boundary overlain by a material of
lower density and higher viscosity. Density and viscosity of the entire fluid are both temperatureand chemistry-dependent.
The governing equations include the temperature-dependence of viscosity, as well as the conservation laws of mass, energy, and momentum. Operator splitting is used to model the conductive and
convective heat transport mechanisms separately. Conductive heat transport is modeled by solving
the heat diffusion equation, using the FEM diffusion solver. Convective heat transport is modeled
by solving the advection equation, using the method of shooting back characteristics, together
with the fourth-order Runge-Kutta method. The diffusion and advection solvers are benchmarked
by applying them to problems with known analytical solutions. The mechanical solver MILAMIN
(Dabrowski et al., 2008) is utilized for solving the Stokes equation. Two independent grids are
used for spatial discretization of the temperature and velocity fields. Different materials in the
model are represented by markers, and material transport associated with convection is modeled
using marker-in-cell technique. Temporal evolution of the temperature field and distribution of
the dense layer are studied.
The results are obtained for different density and viscosity ratios due to chemical variations between the two materials, and different viscosity ratios due to temperature variations. Modeling
results show that a relative density difference of at least 1.70% between the dense layer and the
ambient material is required in order to achieve gravitational stability of the dense layer for times
up to a billion of years. Decreasing the viscosity of the dense layer, or introducing temperature
dependence of the viscosity, enhances the entrainment of the dense layer into the ambient material.
The results show that the topography of the thermochemical piles that are formed is dynamically
supported by the convective motion within the piles. Their shape is also significantly influenced
by the sweeping of the piles by the cold downwellings of the ambient material. Plumes of denser
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material are observed to form both on the top and on the sides of the piles.
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Numerical mantle convection simulations with self-consistently calculated mineral physics were
detailed in our previous papers [1][2]. Here we introduce some improvements to these. Firstly, the
incorporation of the post-perovskite phase in the deep mantle, which was previously not precisely
treated, has been improved. We have improved the databases used in such that post-perovskite
phase is better included. Secondly, the treatment of harzburgite compositions has been improved
so that for each MORB composition a complementary harzburgite composition is calculated using
the criterion that the average composition is pyrolite. As in previous studies, pyrolite is assumed
to be a mechanical mixture of MORB and harzburgite. Thermo-chemical structures and seismic
structures obtained in calculations using the improved databases are not very different from those
in our previous paper [2] but slightly improved for understanding the spectra of seismic anomalies compared to those of global tomography models (Figure 1 to 3). On second issue, we can
incorporate mineral physics database of pyrolite and MORB compositions but not the harzburgite
compositional model. The harzburgite properties are artificially generated from pyrolite properties excluded from MORB properties. We test the combinations with four compositions of MORB
composition and one pyrolite composition. It is successful to generate thermo-chemical and seismic
structures without harzburgite compositions from thermo-chemical mantle convection simulations
with self-consistently calculated mineral physics. They are also comparable results to the global
tomographic images.
References
[1] Nakagawa, T., P. J. Tackley, F. Deschamps, and J. A. D. Connolly (2009), Incorporating selfconsistently calculated mineral physics into thermo-chemical mantle convection simulations in a
3-D spherical shell and its influence on seismic anomalies in Earth’s mantle, Geochem. Geophys.
Geosyst, 10, Q03004, doi:10.1029/2008GC002280.
[2] Nakagawa, T., P. J. Tackley, F. Deschamps, and J. A. D. Connolly (2010), The influence of
MORB and harzburgite composition on thermo-chemical mantle convection in a 3-D spherical
shell with self-consistently calculated mineral physics, Earth Planet. Sci. Lett., 296, 403-412,
doi:10.1016/j.epsl.2010.05.026.

1

Figure 1: Thermal and chemical structures with improved
databases.

Figure 2: Shear wave anomalies corresponding to Figure 1.

Figure 3: Spectral heterogeneity maps generated from Figure 2.
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Analysis of topography and gravity data is the most common, yet highly non-unique, way to determine the variations in the lithospheric thickness on planets. Perhaps, the simplest approach is
based on the assumption of some form of isostasy. This is a very attractive assumption because
it does not involve the poorly constrained mechanical properties and the dynamics of the mantle
and the lithosphere. A number of papers have argued that the Venusian topography is likely to
be supported isostatically, by either a single density variation at a depth of 100 km [1] or a distributed density variation over 1000 km depth [2]. Morgan and Phillips [3] used a model of a single
lithospheric plate of global extent with a linear temperature profile to suggest that most of the
Venusian topography can be explained by variations in lithospheric thickness. Smrekar and Phillips
[4] used geoid to topography ratios determined from theoretical depths of isostatic compensation
and concluded that regions with low ratios are likely to be a result of the thermal thinning of a
100 km thick lithosphere while regions with high ratios require some dynamic support. However,
the latter conclusion was a consequence of the assumption that the Venusian lithosphere cannot
be much thicker than on Earth. If this assumption is relaxed, a thicker lithosphere is considered
the resulting thick lithosphere and its variations can produce higher geoid to topography ratios.
Kucinskas and Turcotte [5] and Moore and Schubert [6] used a similar approach to analyze the
data, but did not limit the lithospheric thickness by any Earth-based values. They applied the
“HOT’” equation [7,8] to several isostasy models and found that the Venusian lithosphere is rather
thick, up to about 300 km in some areas.
The assumption of thermal isostasy in these studies was largely motivated by the analysis of the
terrestrial mid-ocean ridges whose structure almost perfectly fits the thermal isostasy models.
However, it remained unclear if this assumption could be applied to Venus and if any dynamic
support was required to explain at least some part of the gravity and topography signals as was
suggested by Smrekar and Phillips. Early numerical simulations of mantle convection on Venus indicated that the thermal isostasy component associated with warm rising material was insignificant
in comparison to the dynamic support provided by the advection of the rising material itself [9-12].
Kiefer et al. [13] showed that the long-wavelength gravity and topography anomalies (up to degree
18) were a result of dynamic support from mantle convection rather than Airy or Pratt isostasy.
They determine this by showing that the admittance curve is fit reasonably well by a model with
a 100 km thick high viscosity near-surface layer. Kiefer and Hager [14] then applied this model to
the equatorial highlands of Venus and suggested that they were supported dynamically by rising
mantle plumes. They stated that the dynamic support of these regions was required because the
expected 60 km thick crust was far too thin for that expected for Airy isostasy. McKenzie [12]
found that the observed topography and gravity agreed well with that calculated from the dynamic
support in numerical models of rising plumes in constant viscosity fluids and argued that hot rising
plumes are correlated with positive gravity anomalies and cold plumes with negative ones. These
and other models (e.g. [13-17]) assume either constant or radially varying viscosity.
While the above models provided important insights into the planetary structure, they did not take
into account lateral viscosity variations which were shown to be important in the interpretation of
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gravity and topography data [18]. Solomatov and Moresi [19] argued that strongly temperaturedependent viscosity convection can explain the large geoid to topography ratios through the thermal thinning of a thick viscous surface layer (stagnant lid) which forms naturally at large viscosity
contrasts. This behavior cannot occur in models where the viscosity is constant or varies only
radially. A recent analysis of the role of thermal isostasy in convective systems shows that most
of the gravity and topography signals indeed can be explained almost entirely by thermal isostasy
of the stagnant lid [20]. This suggests that thermal isostasy can be applied to certain regimes of
convection, supporting the early interpretations of gravity and topography on Venus, and leads
to basic assumption of the Isostatic Stagnant Lid (ISL) approximation for convective systems:
the primary support mechanism for the long-wavelength topography in the stagnant lid regime of
temperature-dependent viscosity convection is thermal isostasy of the stagnant lid (which is the
lithosphere in purely thermal models). The attractiveness of this approximation is that it allows
to use a very simple approach to estimate, to first order, the global average lithospheric thickness
and its variations, despite the complexities and the uncertainties of the dynamics beneath the
Venusian lithosphere. The application of the ISL approximation to Venus gives a relatively thick
lithosphere, about 600 km, which is on the high end of previously proposed estimates. A corollary
of these findings is that the convection may manifest itself primarily through the thermal thinning
of the lithosphere and that deep mantle dynamics may not be as easily recoverable from gravity
and topography anomalies as previously thought.
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Understanding the time-evolution of subduction systems on Earth, from their initiation into progressive subduction to eventual termination, is lacking in important ways. Numerical models of
subducting systems are central to developing an improved understanding, yet achieving Earth-like
subduction (asymmetric and single-sided) within a convecting mantle remains a major challenge. A
few of the more salient features of subduction zones, such as 1) partitioning of subduction velocity
into the two modes of subduction (plate advance and slab rollback), 2) the accurate along-trench
curvature of subduction zones, and 3) episodic character of tectonic stress regimes in the overriding
plate are not features that emerge self-consistently. Some progress has been made using simplified
models of free subduction that avoid prescribing the kinematics (convergence rate, plate speed)
or geometry (trench location, dip angle) of the system, thereby allowing it to evolve naturally,
driven only by its own negative buoyancy (Faccenna et al., 2001; Funiciello et al., 2003; Schellart,
2004; Morra et al., 2006; Royden and Husson, 2006; Stegman et al., 2006; Schellart et al, 2007;
Goes et al, 2008). The strength of the subducting plate controls the particular style of subduction,
thereby producing an associated upper mantle slab geometry, (Billen, 2008; Giuseppe et al., 2008;
Stegman et al., 2010; Ribe, 2010). However, such models typically adopt simplified descriptions
for the subducting plate (uniform viscosity, thickness, and density) and assume no heat transfer
(i.e. the energy equation is not included).
We investigate the development of subduction in fully dynamic system within a convecting mantle
with initial conditions based on a prescribed thermal boundary layer that includes a single, mature
oceanic plate surrounded by younger oceanic plates. We make use of the finite-volume multigrid
code StagYY (Tackley, 2008) to run the models. Each model run uses a depth- and temperaturedependent rheology (Arrhenius law). Plastic yielding is used wherein the yield stress has both
brittle and ductile components. By specifying a temperature at each grid point, the geometry
and physical properties of plates and background mantle are specified. Because the viscosity is a
function of temperature and stress, the system is extremely non-linear and the integrated strength
of the lithosphere in critical regions (such as where bending occurs) is strongly time-dependent.
Subduction is initiated by adding a small perturbation.
The boundary conditions for the 2D models are the same across all model runs. The prescribed
thermal boundary layer overlies an isothermal mantle with a bottom insulating (zero heat flux)
thermal boundary condition. A zero-density low-viscosity “sticky-air” layer is defined at the top
of the model. The sticky-air layer is necessary for producing realistic subduction (Schmeling et al.
2008). At the sidewalls a wrapping boundary condition is applied.
We continue investigating the development of subduction within this model framework, moving
towards more realistic schemes. Our future work looks toward modeling in three spatial dimensions
and using the results of the simple subduction models to examine more complex interactions.
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The formation of stable chemical reservoirs in Mars that remained separate over the entire planetary evolution has been suggested by the martian meteorites [1]. In the present study, we examine
possible scenarios for the formation of such reservoirs and the consequences on the subsequent
thermal evolution. We use the 2D-3D spherical convection code GAIA [2] to solve the conservation equations for an incompressible Boussinesq fluid assuming Newtonian rheology and an infinite
Prandtl number considering a one-plate planet with cooling boundary conditions and decaying
radioactive elements.
In the first scenario, we consider an initially homogeneous mantle that partially melts with time.
The melt is assumed to rise to the surface and leaves behind a depleted mantle with a density
lower than the primordial mantle. Depending on the initial thickness of the depleted mantle layer
mainly two separate mantle reservoirs form: the thicker the initial layer the less efficient is the
mixing of these layers. It can be shown that the existence of reservoirs is more likely if dehydration
and stiffening of the mantle is considered.
In the second scenario, we investigate the formation of stable chemical reservoirs assuming a nonhomogeneous but fractionated mantle as a consequence of a freezing magma ocean. The fractional
solidification of a magma ocean results in a cumulate mantle unstable to gravitational overturn [3].
We investigate the effects of this overturn upon the formation of stable chemical reservoirs. We
compare two models with either an isoviscous or a temperature-dependent viscosity. The surface
temperature is set to 1173K and the density gradient across the entire mantle is 830 kg/m3 with
an initial dense garnet layer between 14 and 12.5 GPa according to [3].
In the isoviscous case, the cumulate mantle overturn takes place and results in stable stratification
of the whole mantle, whereas with temperature-dependent viscosity the dense surface layer remains
at the top due to rapid formation of a stagnant lid on top of the convecting mantle. In this case
a dense lithosphere overlays a chemically stratified mantle including a dense garnet layer at the
CMB (Fig. 2).
In both cases distinct chemical reservoirs form, however, the large density gradient in the mantle
suppresses significantly thermal convection in particular if planet cooling and the decrease in
radioactive elements is considered. The preliminary results suggest that a freezing magma ocean
of the entire mantle is not consistent with the observations of the evolution of the lithosphere [4].
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Figure 1: Temperature, depletion (amount of melt extracted) and water concentration slice at
4.03 Gyr for a case with an initially depleted mantle layer of a thickness of ca. 225 km.

Figure 2: a) initial density profile after freezing of a magma ocean; b) isoviscous case with whole
mantle overturn; c) temperature-dependent viscosity case where the dense lithosphere remains on
top of a stable chemically stratified layer.
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c Authors(s) 2011

Subduction History Models for Dynamically
Consistent Reconstructions
Leonardo Quevedo1 , Gabriele Morra2,1 , R. Dietmar Müller1
EarthByte Group, School of Geosciences, University of Sydney, Sydney, Australia
2
School of Earth and Environmental Sciences, Seoul National University, Seoul, South Korea
Leonardo.Quevedo@sydney.edu.au
1

Given the wealth and complexity of current plate reconstructions, a simple yet general methodology to compare them in relation to their global scale predicted geodynamics could be of great
help revising them to improve their fit with the present structure of the mantle and with geological observations. The main drivers of large-scale mantle flow and plate tectonics are considered
to be the pull and suction forces associated to cold material sinking into the mantle [1]. As the
geometry and the density contrast of subducting slabs are the primary factors determining such
force, tectonic dynamics and mantle flow has been inferred with reasonable accuracy from the
history of subduction based on kinematic reconstructions. The resulting dynamics predicted from
a simple subduction history model of the lithosphere could provide such an effective quality metric
for reconstructions, and serve as a guide on the exploration of mantle flow itself.
We present a new methodology to build global subduction history models from plate reconstructions and infer a global estimation of their associated geodynamic behavior. The shape of mantle
density heterogeneities is built by assuming that slabs sink in the upper mantle with a speed related to the convergence rate between subducting and overriding plates and move tangentially on
the globe following the absolute Euler rotation of the subducting plate. Lithospheric thickness is
derived from oceanic age using the GDH1 thermal model [2].
We show that the resulting subduction history model where slabs are advected into the mantle
according to the absolute and relative plate motions given by the reference [3], provide a better fit
with the present day slab dips observed in mantle tomography than with instantaneous kinematic
quantities like present convergence rate on the same model.
By assuming a simple rheological model of the lithosphere, we used the Boundary Element Methodbased software BEMEarth [4] to infer the global pattern of mantle flow. Predicted plate motion
orientations for varying rheologies and mantle structures at the present day and mid-Cretaceous [5]
were compared with the kinematic model, and found to be an indicator of the physical consistency
of kinematic reconstructions.
The predicted motion of the Farallon plate during the Early Cretaceous, was selected as an example case in which the predicted motion was found to be more consistent with the regional geology
of the Western North American Cordillera system than the instantaneous motion suggested by a
reconstruction at 125 Ma based on sparse hotspot track data on the Pacific Plate. This suggests
that a methodology based on forward geodynamic modeling could be used to predict absolute plate
motions in reconstructions when observations constraining them are insufficient.
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Figure 1: Right: A global lithospheric model of the present day tectonic setup with inferred
oceanic thickness. Left: Detail of subduction of Nazca beneath South America (red).

Figure 2: Predicted (red) vs observed (black) global kinematics for the present (left) and 125Ma
(right).
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Kinetics of metastable olivine constrained by
seismic observations and dynamic models
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Abstract The transformation kinetics associated with the presence of a metastable olivine wedge
in old and fast subducting slabs has been subject of many studies in the last years, mainly because the details are still not well constrained. In particular, there is no consensus on the blocking
temperature which could inhibit the transformation from olivine to spinel. In the past, different
authors have used different approaches to study this phenomena and its influence on the dynamics
of a subduction zone.
Recently, based on anomalous later phases in the P wave coda and differential P-wave slowness, a
wedge of metastable olivine was detected in the Marianas subduction zone. It is approximately 25
km width at 590 km depth and is truncated at 630 km.
In this work, we used a thermomechanical model to mimic the subduction in Marianas and try
different blocking temperatures for the olivine/spinel transformation. Our model includes, among
other features, realistic rheology, phase transformations, latent heat, a proper coupling between
stress and thermal state of the slab and force balance of the system.
Our results show a positive correlation between the blocking temperature, depth of the wedge and
its distance from the trench (or subduction angle). We compare them to the situation in Marianas and suggest that, according to our experiments, a blocking temperature for the olivine/spinel
transformation of approximately 725◦ C would be the one that fits best.
The volume of the wedge presents some oscillations that seems to be related to a runaway effect of
the transformation kinetics in the mantle transition zone. Namely, the interaction between latent
heat and the advection of the isotherms due to the subduction velocity.
The inclusion of shear heating in the model was fundamental to be able to model such a subduction
zone. Without shear heating, the slab shows a higher level of internal stress and the necessary
bending to mimic the Marianas subduction zone cannot be reached.
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Viscosity in transition zone and lower mantle
constrained by numerical models
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Abstract The evolution of a subducting slab is strongly influenced by the viscosity of the mantle
which it overlies. However, there is still no consensus about the viscosity in the transition zone
and shallower lower mantle. We use a numerical self-consistent subduction model and run a set
of experiments in order to find critical patterns of viscosity that would allow the evolution of the
different subduction styles that can actually be found in nature. Our results show that a jump
in viscosity of ∼5 times from transition zone to lower mantle gives the most reasonable results.
Optimal values of viscosity in the transition zone are in the range of 3 * 10ˆ20–10ˆ21 Pa s. Higher
values would produce piling up of the slab and later sinking or even slab flattening. Lower viscosities result in velocities (>30 cm/yr) that are too high, while the new slab subducts through the
upper mantle and transition zone, a phenomenon that is rarely seen in nature. Reduction of the
Clapeyron slope, related to the spinel-perovskite transition, variations in oceanic crustal thickness
and in the age of the slab do not influence much the style of subduction. When overriding velocity
is applied to the upper plate, the previously penetrating slab tends to lay at the 660 km boundary
but does not substantially change the subduction velocity.
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c Authors(s) 2011

How to form a Basal Magma Ocean?
Insights from two-phase thermo-dynamical
numerical modeling
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In 2007, Labrosse et al. [1] have proposed that the sparse ultra low velocity zone observed at the
base of the Earth’s mantle, and generally interpreted as patches of dense partial melt [2], could be
the vestiges of a basal magma ocean once overlying the core mantle boundary.
To investigate the physical mechanisms involved in the formation of such a basal magma ocean,
we have designed a two-phase flow model describing the early mantle of the Earth as a mixture of
melt and viscously deforming solid matrix. More specifically our model takes into account (i) the
compressibility of melt with depth and the melting of the matrix via a coupling source term, (ii)
the phase change (melting/solidification), (iii) two-phase viscous dissipation.
Because of its compressibility and iron content the melt eventually becomes denser than the surrounding matrix [3]. Consequently, above this critical density cross-over depth, the melt is percolating upwards to form a magma ocean at the surface while symmetrically below this depth it is
migrating downward to form a basal reservoir.
Meanwhile the rocky matrix deforms as well inducing compaction and thermal adjustment. When
the two phases are present, temperature is fixed to the melting temperature (solidus and liquidus
are equal in our model) and surficial cooling induces the rapid solidification of surficial magma
oceans whereas corresponding basal magma oceans last longer.
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The thermal budget of a planet is balanced by the generation of heat, e.g. by the decay of radioactive elements, and the heat loss at the surface. On Earth, plate tectonics has been proved
to be an efficient mechanism of mantle cooling: it transports hot material to the surface, which
then cools, and recycles cold slabs back into the mantle by subduction. On Earth, however, plate
tectonics is limited to the oceanic part of the surface, while continents does not actively take
part in it and are thought to thermally insulate the mantle. It has formerly been shown, that
thermal insulation does not necessarily decrease the total heat flow, but can even enhance it leading to a more efficient cooling of the mantle. Although being counter-intuitive at a first glance,
this idea is reasonable as thermal insulation increases the average mantle temperature, which can
lead to a more rapid mantle overturn and increased oceanic heat flow as it reduces the viscosity [1].
In the present study we use 3D spherical numerical simulations with self-consistently evolving
oceanic plates and continents floating on top of the mantle. In these models we investigate the
evolution of temperature and heat flow below continents and oceans, using different initial configurations of continents.
In the simplest case with only one continent we find a generally high, strongly time-dependent
oceanic heat flow. Its time-dependence is driven by the generation of new plate boundaries: the
formation of a new boundary leads to smaller oceanic plates, i.e. shorter wavelength, accompanied
with peaks in heat flow and a decrease in suboceanic temperature. On the other hand very large
oceanic plates correlate with periods of hot oceans. In the case of large plates, their boundaries
might be far away from the continental margin which implies less insulation of the continental convective cell and a relatively low subcontinental temperature. The temperature below continents is
highest when plate boundaries are close to the margin as this corresponds to the maximum possible insulation. Consequently, a notable anti-correlation between suboceanic and subcontinental
temperatures can be observed.
In cases with multiple continents the anti-correlation is less pronounced as subcontinental temperature is additionally influenced by the assembly and dispersal of continents. In these cases
fluctuations of temperatures below individual continents can be much larger and during selected
periods the temperature can be lower than below the oceans. If several continents are assembled
in a chain-like structure, these cool continents are located at the edges of the chain.
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We present new numerical models for the thermochemical evolution of the mantle of Mars over the
past 4 Gy. Specifically, we have developed a parameterized model of composition and thermoelastic
properties of mantle material and combined it with the two-dimensional, anelastic, compressible
convection and melting algorithm of STAGYY [1] in a spherical annulus geometry [2]. These
models include a detailed treatment of the effects of solid–solid phase transitions and of compositional changes that accompany generation and removal of mantle partial melt during magmatism,
especially the redistribution of radionuclides and, in a subset of the models, water. The thermal
evolution of the core is included as a parameterized one-dimensional model after Nimmo et al. [3].
Among other questions, we examine if a perovskite+ferropericlase layer exists at the base of the
martian mantle, if long-lived plumes can explain the volcanic provinces, under which circumstances
Mars may still be volcanically active, and how iron- and radionuclide-rich Mars is.
Results of the models are compared with geophysical and chemical observations from spacecraft
and information from martian meteorites. Most models yield crustal thicknesses between 75 and
90 km, ancient depths for the Curie temperatures of candidate magnetic minerals that include the
entire crust, and mechanical lithosphere thicknesses that increased from less than 100 km in the
Noachian to ∼200–250 km now. Generally, models with a large core, Mg#=0.75, and radionuclide
contents based on those suggested by Wänke and Dreibus [4] tend to explain observations best;
an example is shown in the figure. However, only a subset of the models develops a pattern of
mantle convection that evolves towards two or three large, long-lived plumes, and it takes at least
∼2 Gy before this stage is reached. Moreover, the temporal stability of plumes decreases strongly
if the influence of water on mantle viscosity is included, and models with a very low-viscosity deep
mantle barely develop whole-mantle plumes at all. As Tharsis and probably Elysium are older
than 2.5–3 Gy, model assumptions more complex than those made in this study are required to
explain these major volcanic provinces.
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Figure 1: Two snapshots of the temperature, melting degree, and (Mg,Fe)2 SiO4
phase fields of a water-free model with a large core (rc =1690 km) and an initial
potential mantle temperature of 1873 K.
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The Earth’s mantle convects to lose heat, so driving plate tectonics. Significant gravitational energy is created by the cooling of oceanic lithosphere at the top of hotter, less dense mantle. When
slabs subduct, this gravitational energy is mostly (∼85%) transformed into viscous dissipation, i.e.
heat. At present, the potential gravitational energy release from subducting slabs is comparable
to the heat produced by radioactive decay within the mantle. This ratio of gravitational work
to radioactive energy production within the mantle is much higher than the ∼17% ratio sustainable by internal heating and secular cooling, implying that the mantle is currently in a phase of
much higher than average lithosphere subduction, mantle cooling, and internal viscous heating.
Viscous dissipation is unlikely to be uniformly distributed throughout Earth’s mantle. Rather, if
connected low-viscosity circuits exist, then dissipation will be concentrated within these regions.
Focussed viscous dissipation within weaker- and hotter-than-normal regions of the mantle may play
an important local role in the heating of these boundary layers, and in enhancing low-viscosity
D”, upwelling plume, and asthenosphere flow structures within mantle flow. Gravitational energy
released by subducting slabs may also be stored in deflected interfaces inside the mantle. Dynamic topography on the Earth’s surface and topography created on the 660km discontinuity as a
consequence of plate subduction may both store gravitational energy thereby affecting the energy
balance of mantle convection. We have studied the energetics of mantle convection with a newly
developed fully compressible viscous convection code. In a series of numerical experiments, we have
explored the details of gravitational energy conversion into viscous dissipation, the importance of
gravitational energy storage in deflected interfaces, and the pattern of viscous dissipation in a mantle with low viscosity zones. Our findings confirm that gravitational energy is mainly converted
into viscous heat but that both processes may not be spatially correlated with viscous dissipation
being concentrated in low viscosity regions. Furthermore, significant gravitational energy may be
stored in deflected internal interfaces like the 660km discontinuity. These first order effects of
gravitational energy release from sinking slabs provide us with new insights into the energetics of
mantle convection and let us conclude that the current mantle is in a period of faster-than-average
heat loss and seafloor spreading.
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Thin-skinned fold-and-thrust belts related to convergence tectonics develop by scraping off a rock
sequence along a weaker basal décollement. Such décollements are often formed by water-saturated
shale layers or low-viscosity salt horizons.
A two-dimensional finite element model with a visco-elasto-platic rheology is used to investigate
the structural evolution of fold-and-thrust belts overlying different décollement horizons. In addition, the influence of several weak layers in the stratigraphic column is studied. The characteristics
of the layered rock sequence are identical, applying an internal friction angle of 30◦ and a viscosity
of 1025 Pa·s for all simulations. Model shale décollements are purely frictional, with friction angles
ranging from 5◦ - 25◦ and the same viscosity as the layered overburden. Model salt layers have viscosities ranging from 1017 −1020 Pa·s and same friction angle and cohesion as the layered sequence.
Results show that fold-and-thrust belts with a single frictional basal décollement generate thrustsystems ramping from the décollement to the surface. Spacing between thrust ramps depends
on the thickness of the overlying sequence. If the “salt” décollement has low viscosity (1018
Pa·s), isolated box-folds (detachment-folds) occur. Multiple viscous salt layers with the same
viscosity (1018 Pa·s) lead to long-wavelength folding. The structural evolution of simulations with
an additional low-frictional layer strongly depends on the strength relationship between the basal
and the additional, within-sequence décollement. If the within-sequence décollement is weaker,
underplating occurs and leads to antiformal stacking at the rear of the fold-and-thrust belt. In the
distal part, where deformation is restricted to the upper part of the rock pile, imbrication occurs
with a wavelength depending on the depth of the intermediate weak layer.
References
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Figure 1: Profiles of selected fold-and-thrust belts comprising different detachment types. a)
Cross-section through the Makran accretionary wedge, SE Iran (adapted from [1]). Detachments
are frictional and consist of over-pressured shale. Additional detachments exist within the deformed sedimentary pile. b) Profile through the South-western part of the Simply Folded Zone in
Zagros, SW Iran (adapted from [2]). The Zagros is an example of a fold belt related to thick salt
layers acting as detachment. Several weak salt layers within the sedimentary pile were detected
[3].
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Figure 2: Simulations with multiple décollements. a) Base and intermediate décollement consist of
shale (geen and blue). All shale related simulations are compressed for 6.34 Ma. Upper subfigure:
Intermediate décollement stronger than basal décollement. Total wedge taper is dependent on
strength of base décollement. Middle subfigure: Intermediate and base décollement have same
strength. Lower subfigure: Basal décollement stronger than intermediate one. Underplating leads
to antiformal stacking at the rear of the wedge. Imbrication at the toe of the rock pile with
wavelength depending on depth of décollement. b) Simulations with two salt layers (grey scale)
compressed during 4.98 Ma. Upper subfigure: High salt viscosity produces drag towards the
backstop. Middle subfigure: Fault-propagation folds with no preferred vergence. Very low surface
taper Lower subfigure: Low salt viscosity and increased salt thickness form open folds with long
wavelengths.
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Due to mechanisms such as impact heating, early atmospheric thermal blanketing or radioactive
heating, the presence of at least one global magma ocean stage in the early histories of terrestrial
planets seems unavoidable. In such a context, a key question is whether (and how much) iron diapirs provided by differentiated impactors emulsify during their sinking towards the bottom of an
early magma ocean. Addressing this problem allows one to put strong constraints on metal-silicate
equilibration processes as well as heat distribution within a young terrestrial planet.
In the past years, several workers have focused on this question using theoretical calculations,
numerical modeling, or laboratory experiments. However, the results of these investigations yield
opposite conclusions: Several studies indicate that diapirs would rapidly break up to mm or cm
–sized droplets, rapidly equilibrating with the surrounding silicates (e.g., [1-2]), while others conclude that even kilometer-sized diapirs preserve most of their initial volume during their descent,
leading to metal-silicate disequilibrium [3].
To clarify these discrepancies I have conducted a series of numerical simulations and theoretical
calculations to derive the conditions and the timing for the breakup of metal diapirs of any size,
sinking though a silicate magma ocean, with a large range of plausible viscosity values. Consequently, the corresponding range of governing parameters covers more than 16 orders of magnitude.
The obtained breakup criterion is used to derive diapir stable sizes and their corresponding ability
to equilibrate with the surrounding silicates.
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Computational Geodynamics heavily relies on parallel algorithms to speed up calculations. Such
a tendency is continuously growing over time as the available parallel resources increase. One of
the most widely used approaches in parallel Geodynamic codes is spatial decomposition, where
the physical computational domain is subdivided into smaller domains that are attributed to one
processor or to a set of processors. Each sub-domain carries out its own calculation in parallel and
exchanges information periodically with other sub-domains. Such an approach is efficient as long
as the size of the sub-domains is large enough so that computational time remains larger than the
communication time. However, when the size of the sub-domains becomes too small, the speed-up
stagnates, which puts bounds on the maximum performances of the algorithm.
I present here an approach named Parareal [1], which is based on time-domain decomposition.
This method has been successfully applied to solve ODEs and time-dependent systems of PDEs
in different scientific areas, including wave propagation and finite Prandtl number fluid dynamics.
However the Parareal algorithm has not been applied in Geodynamic studies where motions relevant to the Earth and other planetary mantles are that of an infinite Prandtl number convective
fluid. In that case the time-dependence of the mass and momentum equations is only implicit,
due to thermal and/or viscous couplings with the explicitly time-dependent energy equation. This
requires a number of modifications to the original algorithm.
This Parareal approach can be applied in addition to spatial domain decomposition or to any
other parallel algorithm, therefore allowing easily an additional increase in speed-up by a factor of
5-10 and in principle, an unbounded speed-up increase with increasing number of processors.
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“pararéel”., CRAS, 332, 661-668.

1

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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Constraining the efficiency of stirring processes in the Earth’s mantle is essential to the interpretation of the surface geochemical record. In such a context even the deepest parts of the Earth’s
mantle play a important role in erasing geochemical heterogeneities via the repeated action of
stretching and folding of mantle material.
A range of geophysical and mineral physics considerations strongly support the presence of the
post-perovskite (ppv) phase in the lowermost mantle. In the past years, density variations associated with this endothermic phase change have been firmly established by experiments and
first principle calculations. More recent studies also point to the possibility of strong viscosity
differences between the perovskite (pv) and the post-perovskite phases. The magnitude and sign
however of such a pv-ppv viscosity contrast remains debated, with studies supporting the idea of
a weaker ppv [1], while other suggest a stronger ppv [2].
Previous investigations have found that the ppv rheology has a first order influence on mantle
dynamics and thermal evolution. Here we focus on the impact of ppv strength on the thermalevolution and on the convective stirring efficiency, using both numerical modeling and analytical
theory. Both approaches show that the ppv viscosity has a major influence of mantle stirring
efficiency (see figure below).
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Figure 1: Mixing time as a function of the postperovskite viscosity. Symbols: numerical experiments. Red curve: chaotic mixing model.
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One of the major unresolved questions in geodynamics is the physical process of melt extraction
from the mantle and its role in the dynamics of continental rifting and mid-oceanic spreading. This
lecture will elaborate on the physics of this process and discuss approaches and applications. To
start with, asthenospheric mantle regions need to exceed the solidus temperature by either heat
addition (plumes), decompression (upwelling) or decrease of solidus temperature (water). The
resulting partially molten source region may be described by two-phase flow physics (McKenzie,
1984; Schmeling, 2000; Bercovici et al., 2001), in which both the melt and deformable matrix are
described by appropriate momentum equations. A critical parameter controlling this flow is the
melt-porosity dependent effective shear and bulk viscosity. Together with the energy equation,
these equations can be solved for typical mantle convection scenarios applying appropriate approximations such as the Compaction Boussinesq Approximation (CBA). In the CBA compaction is
neglected in the matrix momentum equation and only accounted for in the melt equation. However, for a high degree of melting as in plumes or beneath ridges the CBA may break down and
the matrix velocity field needs to compact/decompact. In 2D convection models using the stream
function formulation, an additional irrotational velocity field can be introduced (Šrámek et al.,
2007), which interacts with the stream function due to the porosity-dependent viscosity. Examples
of such two-phase flows will be shown.
One important result of the two-phase flow solutions is that melt percolates and segregates rather
slowly. In fact, it accumulates and solidifies near the top of the partially molten zone at the
solidus temperature. How does it enter into and pass through the sub-solidus lithosphere? How
does it generate and enter into dykes. A consequence of the above mentioned two-phase flow with
melt-porosity dependent effective viscosity is the channeling instability, which focuses the melt
into channels sub-parallel to the direction of the most compressive deviatoric stress. It might be
conjectured that such channels exceeding a certain critical length might be the precursors of dykes,
which need a certain length to allow self-propagation (Schmeling, 2006). Not all channels might
result into dykes that completely pass the lithosphere and reach the earth’s surface. Some may
penetrate into the base of the lithosphere and then solidify, a process that has been described as
episodic magmatic infiltration of cratons (Foley, 2008). The dynamics of this process is completely
unclear, but it might have important consequences e.g. for processes such as continental rifting.
If the melts infiltrate and intrude into the base or higher levels of the lithosphere, the release of
latent and internal heat heats up the lithosphere and weakens it. In a feed-back mechanism this
weakening may assist rifting and melt production. Two-dimensional numerical extension models
of the continental lithosphere-asthenosphere system will be shown, in which the conservation equations of mass, momentum and energy are solved for a multi-component (crust-mantle) two-phase
(melt-matrix) system, but the infiltration process is modeled as an ad hoc process. It is found
that in comparison with cases without melt intrusions these lithospheric regions may be heated by
up to several 100 K, which leads to significant viscoius weakening. Consequently, in a feed-back
mechanism rifting is dynamically enforced, leading to a significant increase of rift induced melt
generation.
Once rifting progresses, the role of ascending and extracted melt continues to influence the rift
1

process as shown by numerical models. Such a typical continental extension experiment is characterized by 3 phases: 1) distributed extension, with superimposed pinch and swell instability,
2) lithospheric necking, 3) continental break up, followed by oceanization. Melt solidification of
ascended melt beneath rift flanks leads to basaltic enrichment and underplating beneath the flanks,
often observed at volcanic margins. After continental breakup, a second time-dependent upwelling
event off the rift axis beneath the continental margins is found, producing further volcanic volumes.
Melting has almost no or only a small accelerating effect on the local extension value (beta-value)
for a constant external extension rate, but it has an extremely strong effect on the upwelling velocity within asthenospheric wedge beneath the new rift. The melt induced sublithospheric convection
cell is characterized by downwelling flow beneath rift flanks. Modeled magma amounts are smaller
than observed for East African Rift System (EARS), indicating that active rifting associated with
the presence of a plume may better fit the observed magma volumes.
Once an ocean has formed the focusing of melt from the wide mantle source region into the narrow
crust generation zone is still not fully understood. Possible explanations include uphill flow of the
magma along the inclined base of the lithosphere associated with the solidus temperature towards
the ridge axis. Focusing due to stress induced dyke or channel orientation are other alternatives.
The width of the crust accretion zone has important consequences for lateral crustal thickness
variations for normal or anomalous spreading centres. For example, the Icelandic crust seems to
be thinner at the ridge axis above the plume thickening towards the sides (Bjarnason and Schmeling, 2009, see Schmeling, 2010). Crustal accretion models, some of which include hydrothermal
convection by appropriate scaling laws and distinguish between deep or shallow accretion, show
the potential existence of four accretional modes with characteristic lateral crustal thickness variations. Mode 2 or 3 (moderately sideways thickening or constant thickness) may be identified with
the situation in Iceland. No accretional mode with maximum crustal thickness above the plume
at the rift axis has been found. The absence of mode 1 accretion (very thin crust at axis) on earth
may be an indication that in general crustal accretion is not cold (and shallow).
In conclusion, numerically modeling of the two-phase flow equations of the melt-matrix system
together with various physically or observationally based assumptions help understanding the relations and feed-back mechanisms between melt extraction and geodynamics in various scenarios
spanning from continental rifting to mid-oceanic spreading.
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Main goals of the Tien Shan-Pamir Geodynamic Program (TIPAGE) founded by the German Science Foundation is to exploit the Pamir, the western part of the Pamir-Tibet-Himalaya orogenic
system, to address key questions in the geodynamics of continental collision and orocline formation. Numerical modeling, being the key part of the Project, integrates heterogeneous geological
and geophysical observations to identify and quantify the major controls of the Pamir-Tien Shan
evolution. In TIPAGE, traditional lithospheric-scale 3D numerical thermomechanical modeling is
being coupled to the high-resolution modeling of the surface processes. The fact that erosion is
very important to understand orogen evolution is known since eighties. Due to the input of many
researches, especially, modellers, it became clear that erosion is not only a passive player shaping
an orogen in response to tectonic evolution, but in contrast may also provide a strong feedback to
the deep processes. Thus, Beaumont et al. (2001) examined the effect of enhanced erosion along
the Himalayan flank of the Tibet plateau in the development of lower crustal channel flow under
Tibet, e.g. a feature that may also occur in the Pamir region. Recently, Pysklywec (2006) analyzed
possible erosional control on the evolution of the mantle lithosphere in zones of continental collision. His results demonstrate that the influence of climate-controlled surface processes may reach
much deeper into the lithosphere than the crust. Another important aspect of coupling tectonics
and erosion—mechanical weakening of a compressed orogen due to enhanced denudation at the
plateau margin—was recently studied by Babeyko et al. (2006).
That is why models which realistically describe orogen evolution should include climate-controlled
surface processes. Erosion processes in the Pamir-Tien Shan region are not so exemplified as in the
Himalaya region. Nevertheless, there are some geomorphological features which should be replicated by any successful regional thermomechanical model. They include the prominent east-west
erosional asymetry of the Pamir as well as abrupt change of the flow direction of the main river
Pjandj from sub-longitudal to sub-latitudal.
Here we present our new 3D numerical model of surface processes in the Pamir-Tien Shan region.
First of all an analytical digital elevation model is implemented as a structured grid. On this
grid are performed several time steps. Each step includes analytical uplift and a modern filling
algorithm (Planchon, 2001), that furthermore adds little offsets to guarantee a flow direction in all
pixels. The flow direction is calculated by searching in every pixel the steepest slope to its eight
neighbours. By counting the number of inflowing streams the springs are identified. Starting at
one by one spring it’s relatively fast to evaluate the amount of cumulated water in each pixel that
is needed for the incision algorithm. Up to now the model incorporates long-range processes in the
form of bed-rock incision as well as short-range processes in the form of (hillslope) diffusion. The
incision is a 3D form of the 2D-model of Willet(2009). The diffusive model rests upon Beaumonts
(1992) suggestion of a 3D short range transport model.
In present version, tectonic drive is simulated by kinematically imposed boundary conditions at
the bottom of the model. The next step would be coupling our model with the full 3D thermomechanical code SLIM3D (Popov and Sobolev 2008) to start joint modeling of the Pamir-Tien Shan
1

evolution.

References
Babeyko et al (2006) In: Oncken O. et al. (eds) The Andes– Active Subduction Orogeny. Frontiers
in Earth Sciences, 1, Springer, 495-512.
Beaumont et al. (2001) Nature 414, 738-742.
Popov and Sobolev (2008), PEPI 171, 55-75
Pysklywec (2006) Geology 34, 225-228.
Planchon and Darboux (2001) Catena 46, 159-176
Willet (2009) Tectonophysics 484, 168-180
Beaumont et al. (1992) Thrust Tectonics, 1-18

2

12th International Workshop on Modeling of Mantle Convection
and Lithospheric Dynamics
August 20th to 25th 2011, Döllnsee Germany
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Plutons grow by melt transfer from a deep source to a higher emplacement level. However, the
mechanisms leading to felsic magma transport through the crust is still a point of discussion [1].
Geochronological data of exposed rocks in the Ivrea Zone, northern Italy, indicate a close spatially
and temporally relation between intrusions of mantle derived mafic magma into the lower crust
and crustal scale silicic volcanism [2].
Following up such observations on the correlation of mafic and felsic magma we used numerical
modeling to identify potential physical mechanisms for the initiation of felsic magma ascent by
injection of mafic material. The code I2ELVIS [3] has been used to study the emplacement of
granitic intrusions into the upper crust in a self-consistent way including strong mechanical interaction between the ascending melt and the crustal rocks. It includes a visco-elasto-plastic rheology
of the crustal rocks and it is possible to handle strong contrasts in the material properties between
magma and crustal material. As initial setup we assume a region of high temperature in the lower
crust where partially molten felsic magma is present and a mantle reservoir of mafic melt at a
depth of 100km. This reservoir is connected to the bottom of the lower crust via a magmatic
channel. We do not apply an initial stress field in the crust in order to get results independent
from predefined stresses.
With our numerical experiments we show that the influx of mafic magma from a mantle source
into a partially molten region in the lower crust is able to trigger the ascent of felsic material from
the lower crust to a higher emplacement level. Furthermore, our study indicates which parameters
determine timescale and final shape of upper crustal felsic intrusions and how they influence the
development of the ascent and emplacement process.
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Success of active seismology and deep seismic researches of seismically-active zones depends on
technology and first of all on excitation sources. It is unacceptable to use strong explosions or
powerful stationary vibration sources for this purpose because of ecologic reasons as well as poor
spatial coverage. Low-power vibration sources (which are commonly used for seismic prospecting
purposes) are also ineffective, because of low translucence aperture and small penetration depths.
Field investigations using powerful (40-60 tons) transportable and high-power stationary (100-tons)
vibrators have been carried out by Siberian Branch of the Russian Academy of Science since for
30 years. For the long period of researches in various regions of Siberia, technique of work with
moveable unbalanced vibration sources was proved; a considerable experimental data volume was
accumulated.
Use of powerful transportable vibro-sources was developed into effective working technology. Optimal transportation unit was developed for work in hard-to-reach areas on the base of high performance cross-country vehicles. There were recorded wave fields for both longitudinal and transverse
waves reflected from a reference boundary in the Erath crust and Moho which were recorded for 0
– 300-400 km. Data show high stability and repeatability of vibration effects. There were carried
out many experiments on comparison of explosive and vibration records n various distances. A
database of records registered in near-field zone was accumulated for various geology (from lowvelocity sediments to crystal rocks). Effectiveness of explosive and vibration effects for various
geology and records at various tectonic zones was researched. We started to research grouping of
high-power 40-60-tons moveable vibration sources at DSS work on the profiles in Siberia. There are
achieved much success in using of combined system of observations with using vibration sources,
explosions and pneumosources in transit (land – sea) zones.
We present some examples of using high-power transportable and stationary vibrators, recording
equipment, observation systems, data of deep vibroseismic researches with high-power moveable
vibrators at thousand-kilometer 2-DV geotransects (Magadan - Vrangel Island), 2DV-A (Pevek Valunistoe village – Anadyr – Khatyrka village) and 3-DV (Dzhalinda village – Tynda – Yakutsk
- Khatyrka village) at the East of Russia.
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We apply the Arrhenius law with strongly temperature and pressure dependent viscosity to a series
of 2D-axisymmetric, spherical shell convection models to investigate the influence of compression
on the geoid and dynamic topographic anomalies on mantle convection.
We compare compressible convection with constant and depth dependent thermal expansion and
thermal conductivity to the commonly used extended Boussinesq approximation with constant
properties. To account for compressibility effects, we employ an anelastic liquid approximation.
In the case of constant viscosity, we show that both dynamic topographies and geoid anomalies are
reduced by adding depth dependent density, and it further decreases by including the depth dependent thermal expansion and thermal conductivity. However, by increasing the Rayleigh number,
geoid and topographic anomalies become less dependent of these effects. Moreover, we prove that
amplitude of the geoid anomalies would not decrease by the increase Rayleigh number for all range
of convection vigor. Instead it increases for certain range of Rayleigh numbers, and then it starts
to drop with increasing Ra.
In the variable viscosity case, depending on the viscosity profiles in the mantle, distinctive behaviors of geoid and topography are obtained. Changing in the amplitude of the geoid for temperature
dependent and temperature – pressure dependent viscosity is different from cases with pressure
dependent viscosity alone. All these points as well as effects of convection vigor will be discussed
in details.
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The Altenberg-Teplice Caldera (ATC) in the eastern Krušné hory Mts./Erzgebirge (Czech and
Germany) is the largest centre of Late Palaeozoic acid volcanism in the Bohemian Massif. It is
thought to be a giant gravitational collapse caldera, where the eruptions of the rhyolitic lavas and
ignimbrites of Carboniferous age are accompanied by granite and granite porphyry intrusions. The
assessment of the actual size of the caldera has been hampered by the fact that its southern part is
covered by Cretaceous and Tertiary sediments. Borehole data, geological mapping and geophysical
survey enabled to gain a new image of its areal and vertical extent and to construct a 3D digital
model of individual geological units (Mlčoch and Skácelová 2010). The ATC subsided asymmetrically bringing about a trapdoor-type collapse perceptible in particular in the 3D model for the
crystalline relief. The subsidence was probably contemporaneous with the main volcanic phase of
the Teplice rhyolite effusion.
The refraction S04 seismic profile was part of the international seismic refraction experiment in the
Central Europe SUDETES 2003 covered also the territory of the northern part of the Bohemian
Massif. It starts in the Germany and the Czech border passes near Fláje and through Bı́lina town
continues on to SE. The S04 velocity model (Novotný, Skácelová and Mlčoch 2010) and its correlation with the reflection MVE-90 profile (DEKORP Research Group 1994) and gravity data bring
the information about the depth of the ATC. The ATC region is located near the Saxothuringian
Zone and Teplá-Barrandian Unit (TBU) contact where the Saxothuringian complexes are thrusted
over the TBU rocks. The velocity image of the collision zone as seen in the S04 resulted from several phases of magmatic activities and associated processes affecting the host rocks and ascending
melts during magmatic intrusions. The magmatic body discovered on the S04 was identified to be
the shallower magmatic reservoir for the Altenberg-Teplice Caldera.
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Mlčoch B., Skácelová Z. (2010), Geometry of the Altenberg-Teplice Caldera revealed by the borehole and seismic data in its Czech part, Journal of Geosciences, Vol. 55, No. 3, p. 217-231.
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Figure 1: Geological interpretation of the S04 velocity model in the Altenberg-Teplice Caldera
area.
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Large Igneous Provinces (LIPs) are known for their rapid production of enormous volumes of
magma, for dramatic thinning of the lithosphere and for their links to global environmental catastrophes [1-5]. Controversy surrounds even the basic idea that LIPs form through melting in the
heads of thermal mantle plumes[2-5]. The Permo-Triassic Siberian Traps – the type example and
the largest continental LIP, is located on thick cratonic lithosphere and was synchronous with the
largest known mass-extinction event [1]. However, there is no evidence of pre-magmatic uplift nor
of a large lithospheric stretching of the basaltic sequence, predicted above a plume head [2,4,6].
Moreover, estimates of magmatic CO2 degassing from the Siberian Traps are considered insufficient to trigger climatic crises leading to the hypothesis that the release of thermogenic gases from
the sediment pile caused the mass extinction [7,8].
In this study [9] we present petrological evidence for a large amount (15 wt%) of dense recycled
oceanic crust in the head of the plume and developed a thermomechanical model of interaction of a
thermochemical plume head with lithosphere that predicts no pre-magmatic uplift and requires no
lithospheric extension. The model assumes source-composition and temperature based on petrological constraints, employs non-linear elasto-visco-plastic rheology and pressure- and temperaturedependent melting of a heterogeneous mantle. The model implies extensive plume melting and
heterogeneous delamination of the thick cratonic lithosphere during a few hundred thousand years.
The model suggests that massive CO2 and HCl degassing from the plume could alone trigger the
Permian-Triassic mass extinction and predicts it happening before the main volcanic phase.
Numerical tests [9] suggest that rapid lithospheric destruction associated with melting in the heads
of thermochemical plumes is valid for the large range of plume parameters and lithospheric thicknesses, and therefore may apply not only to the Siberian Traps but also to other LIPs. An absence of
prominent pre-magmatic uplift does not argue against a plume origin of LIPs, but may rather point
to a high content of recycled crust within the plume. In such cases, other parameters being equal,
the model predicts that eclogite-rich plumes caused the most extensive delamination/thinning of
the lithosphere thus best preparing it for possible break-up, produced the strongest volcanism and
led to the most dramatic climatic consequences.

Another suggestion of our model – that major mass extinctions are triggered by
degassing of plume magmas that predate the main magmatic phase – also seems to
be consistent with the observations for many LIPs [5] implying that gas output from
plume heads may be much larger than previously thought.
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Figure 1: (A): Maximum pre-magmatic surface uplift atop
a spreading mantle plume with an excess temperature
of 250◦ C. The red curve corresponds to the purely thermal plume, and the black curve corresponds to a thermochemical plume with 15 wt% of recycled crust.(B,C): Potential Temperature (◦ C) in the model cross-section at model
times of 0.25 and 0.5 Myr. Note substantial destruction of
thick lithosphere in just few 100 thousand years [9].
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The Permo-Triassic Siberian Traps – the type example and the largest continental Large Igneous
Province, is located on both thick cratonic lithosphere of Precambrian Siberian Craton in the East
Siberia and on much thinner lithosphere of the Mesozoic West Siberian Basin. Based on largest
volumes of the exposed basalts and on highest source temperatures of basalts in the East Siberia, it
is believed that the head of a hot mantle plume, which was probably the source of basalts, arrived
in the East Siberia. However, there is no evidence of the expected pre-magmatic uplift nor of a
large lithospheric stretching of the basaltic sequence in the East Siberia, while these features are
reported for the West Siberian Basin [1]. Based on these observations it was suggested [1] that
mantle plume head arrived to the base of the lithosphere of the West Siberian Basin and only later
leaked below the East Siberian Craton (Figure 1).
Here I test scenarios with different locations of the mantle plume, using thermomechanical modeling
technique. The model employs petrological constraints for the source composition and temperature
[2], non-linear temperature- and stress-dependent elasto-visco-plastic rheology and pressure- and
temperature-dependent melting of a heterogeneous mantle.
Modeling shows that observations for the West and East Siberian Traps can be reconciled for the
large (more than 400 km in radius) and hot (potential temperature up to 1600◦ C) plume head
containing large amount (up to 15 Wt%) of the recycled oceanic crust, that arrived to the thick
lithosphere of the East Siberia and was then deflected towards the thin lithosphere of the West
Siberia. In this case no uplift and stretching is generated in the East Siberia and major basaltic
eruptions may occur first in the West Siberia.
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Figure 1: Siberian Traps map [3] with possible location of the plumehead arriving point (solid circle). According to one scenario [1] plume
arrived to the thin lithosphere of the West Siberia Basin, Accor-ding
to another [2] it arrived close to the margin of thick lithosphere of
the Siberian Craton.
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Figure 2: Temperature (potential ) snapshots at times 0, 0.25 and 1.0 Myr for the models with
plume head beneath Eastern Siberian Craton margin (left column) and beneath West Siberia
Basin (right column). Model for the plume beneath Craton predicts about 60% of melts erupted
at Craton margin and 40% in West Siberia Basin, while model with plume arrived beneath Basin
predicts all melt erupted in the Basin.
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Despite of significant achievements in modeling of the orogeny in Tibet, clearly lacking are the
models employing realistic composition and rheology of the lithosphere without kinematically predefined motion of mantle. In order to fill this gap I performed a number of numerical tests focusing
at the following questions:
• What should be the structure of greater India to fulfill new paleomagnetic data suggesting
about 1500 km of shortening of India during 50-55 Mln years of collision, together with
seismic images suggesting less than 1000 km of understrusted India beneath Asia?
• Which view on timing of Tibet uplift is more plausible from modeling perspective, view that
Tibet was uplifted during the last 20 Mln years due to delamination of mantle lithosphere,
or more recent idea of early (>40 Mln years old) high plateau expanding to the North and
South?
I perform a 2D thermomechanical modeling using numerical techniques based on explicit (LAPEX2D)
integration algorithms [1,2] emploing visco-elasto-plastic temperature- and stress-dependant rheological models, constrained by published laboratory data. Modeling suggests that about 500-700
km of outer part of Greater India had relatively thin (<120 km) and not much depleted (similar
to oceanic harzburgites) lithosphere. This lithosphere likely broke off from the thicker and more
depleted inner part of Greater India that presently underthrusts Asia. All models support early
formation of high plateau and suggest that force required to build Tibet is at least 2 times larger
than recently published estimates. The key condition for the orogeny in Tibet appeared to be very
weak interface between India and Asia plate, with friction coefficient below 0.05.
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Figure 1: Effect of friction at plates interface on magnitude of Indian
underthrusting. At friction of 0.1 (as at the San Andreas Fault) underthrusting is small and most of the convergence is accommodated
by shortening of the Asia plate (upper section). At friction of 0.04
(as in the subduction channel in the Central Andes) half of the convergence is accommodated by underthrusting of India and half by
shortening of Asia (lower section). White arrows show magnitudes of
Indian underthrusting. Computed with LAPEX2D code [1,2].

Figure 2: Evolution model for a cross-section across the center of the Tibet
Plateau. Colors show distribution of potential temperature in ◦ C. Shown is
model time from 0 at 45 Ma, so a 45 Myr model corresponds to the presentday situation. Computed with LAPEX2D code [1,2]
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Analysis of topography and gravity data is the most common, yet highly non-unique, way to determine the variations in the lithospheric thickness on planets. Perhaps, the simplest approach is
based on the assumption of some form of isostasy. This is a very attractive assumption because
it does not involve the poorly constrained mechanical properties and the dynamics of the mantle
and the lithosphere. A number of papers have argued that the Venusian topography is likely to
be supported isostatically, by either a single density variation at a depth of 100 km [1] or a distributed density variation over 1000 km depth [2]. Morgan and Phillips [3] used a model of a single
lithospheric plate of global extent with a linear temperature profile to suggest that most of the
Venusian topography can be explained by variations in lithospheric thickness. Smrekar and Phillips
[4] used geoid to topography ratios determined from theoretical depths of isostatic compensation
and concluded that regions with low ratios are likely to be a result of the thermal thinning of a
100 km thick lithosphere while regions with high ratios require some dynamic support. However,
the latter conclusion was a consequence of the assumption that the Venusian lithosphere cannot
be much thicker than on Earth. If this assumption is relaxed, a thicker lithosphere is considered
the resulting thick lithosphere and its variations can produce higher geoid to topography ratios.
Kucinskas and Turcotte [5] and Moore and Schubert [6] used a similar approach to analyze the
data, but did not limit the lithospheric thickness by any Earth-based values. They applied the
“HOT’” equation [7,8] to several isostasy models and found that the Venusian lithosphere is rather
thick, up to about 300 km in some areas.
The assumption of thermal isostasy in these studies was largely motivated by the analysis of the
terrestrial mid-ocean ridges whose structure almost perfectly fits the thermal isostasy models.
However, it remained unclear if this assumption could be applied to Venus and if any dynamic
support was required to explain at least some part of the gravity and topography signals as was
suggested by Smrekar and Phillips. Early numerical simulations of mantle convection on Venus indicated that the thermal isostasy component associated with warm rising material was insignificant
in comparison to the dynamic support provided by the advection of the rising material itself [9-12].
Kiefer et al. [13] showed that the long-wavelength gravity and topography anomalies (up to degree
18) were a result of dynamic support from mantle convection rather than Airy or Pratt isostasy.
They determine this by showing that the admittance curve is fit reasonably well by a model with
a 100 km thick high viscosity near-surface layer. Kiefer and Hager [14] then applied this model to
the equatorial highlands of Venus and suggested that they were supported dynamically by rising
mantle plumes. They stated that the dynamic support of these regions was required because the
expected 60 km thick crust was far too thin for that expected for Airy isostasy. McKenzie [12]
found that the observed topography and gravity agreed well with that calculated from the dynamic
support in numerical models of rising plumes in constant viscosity fluids and argued that hot rising
plumes are correlated with positive gravity anomalies and cold plumes with negative ones. These
and other models (e.g. [13-17]) assume either constant or radially varying viscosity.
While the above models provided important insights into the planetary structure, they did not take
into account lateral viscosity variations which were shown to be important in the interpretation of
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gravity and topography data [18]. Solomatov and Moresi [19] argued that strongly temperaturedependent viscosity convection can explain the large geoid to topography ratios through the thermal thinning of a thick viscous surface layer (stagnant lid) which forms naturally at large viscosity
contrasts. This behavior cannot occur in models where the viscosity is constant or varies only
radially. A recent analysis of the role of thermal isostasy in convective systems shows that most
of the gravity and topography signals indeed can be explained almost entirely by thermal isostasy
of the stagnant lid [20]. This suggests that thermal isostasy can be applied to certain regimes of
convection, supporting the early interpretations of gravity and topography on Venus, and leads
to basic assumption of the Isostatic Stagnant Lid (ISL) approximation for convective systems:
the primary support mechanism for the long-wavelength topography in the stagnant lid regime of
temperature-dependent viscosity convection is thermal isostasy of the stagnant lid (which is the
lithosphere in purely thermal models). The attractiveness of this approximation is that it allows
to use a very simple approach to estimate, to first order, the global average lithospheric thickness
and its variations, despite the complexities and the uncertainties of the dynamics beneath the
Venusian lithosphere. The application of the ISL approximation to Venus gives a relatively thick
lithosphere, about 600 km, which is on the high end of previously proposed estimates. A corollary
of these findings is that the convection may manifest itself primarily through the thermal thinning
of the lithosphere and that deep mantle dynamics may not be as easily recoverable from gravity
and topography anomalies as previously thought.
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Estimating the occurrence probability of natural disasters is critical for setting construction standards and, more generally, prioritizing risk mitigation efforts. Tsunami hazard in the Mediterranean region has traditionally been estimated by considering so-called “most credible” scenarios
of tsunami impact for limited geographical regions, but little attention has been paid to the probability of any given scenario. We present here the first probabilistic estimate of earthquake generated
tsunami hazard for the entire Mediterranean Sea. We estimate the annual probability of exceeding
a given tsunami amplitude at any coastal location in the region by applying a Monte Carlo based
technique. Earthquake activity rates are estimated from the observed seismicity, and tsunami
impact is derived from deterministic tsunami wave propagation scenarios. The highest hazard
is in the Eastern Mediterranean owing to earthquakes along the Hellenic Arc, but most of the
Mediterranean coastline is prone to tsunami impact. Our method allows us to identify the main
sources of tsunami hazard at any given location, and to investigate the potential for issuing timely
tsunami warnings. We find that the probability of a tsunami wave exceeding 1 m somewhere in
the Mediterranean in the next 30 years is greater than 95 percent. This underlines the urgent need
for a tsunami warning system in the region.
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Two classic plate tectonic puzzles are 1) the fast motion of India in the Late Cretaceous and Early
Cenozoic and 2) the decreased convergence rate between Africa and Eurasia in the Paleocene corresponding to a period of tectonic quiescence in the Alps (Trümpy’s “Paleocene restoration”). We
have reexamined plate motion constraints in the Indo-Atlantic Oceans and tied together a series of
related observations that suggest that both of these events were strongly influenced, and perhaps
even driven, by the arrival of the Reunion plume (Cande and Stegman, 2011). Fast motion of India,
as recorded by sea floor spreading, began around 68 Ma and ended around 45 Ma. The period of
fast spreading started with a short pulse of superfast spreading between 66 and 63 Ma that peaked
(Ind-Ant = 200 mm/yr) during Chron 29R, the time of the maximum eruption rate of Deccan
flood basalts, and was followed by a longer period of fast (but not superfast) spreading (Ind-Ant =
130 mm/yr). A few Ma before the start of the fast motion of India, around 70 Ma, Africa started
an unusual 30 Ma episode of variable motion. This consisted of a 15 Ma gradually intensifying
slowing of Africa’s rate of rotation about the Euler pole for Africa-Eurasia convergence (near 32◦ N,
16◦ W), followed by a 15 Ma period in which Africa’s rate of rotation gradually recovered. The
gradual slowing down and speeding up of Africa caused the stage poles of Afr-NoAm, Afr-SoAm,
Afr-Ant and Afr-Mantle to migrate in a systematic way, first away from and then back towards the
Africa-Eurasia Euler pole. These excursions are reflected in the large bends of the fractures zones
and the systematic changes in spreading rates on all three ridge systems between 70 and 40 Ma.
Additionally, coeval bends in the Tristan da Cunha and St. Helena hotspot tracks are consistent
with this variable motion of Africa. The retarding motion peaked between 57 and 54 Ma and then
gradually faded away with the motion of Africa returning roughly to its pre-70 Ma motion by 40
Ma.
Together, the fast northward motion of India and the retarding motion of Africa appear to form
a coupled system of plate motions in which India and Africa are responding nearly synchronously
to the arrival of the Reunion plume, although in opposite directions depending upon whether on
the eastern or western side of the plume. This suggests the plume had a major influence on the
motions of these plates for a period of 30 Ma, thus we believe we have identified a potentially
new driving force for plate tectonics, which we termed the “plume-push” force. We note that the
Reunion plume was roughly 90◦ away from the Africa-Eurasia Euler pole, in a position which would
maximize the effective torque of a southwestward directed force on the base of the African plate
near the plume. The retarding motion of Africa accounts for the observed minimum in the AfricaEurasia convergence rate in the Paleocene. The simultaneous waning of the retarding motion of
Africa and the slowing down of India between 52 and 45 Ma suggests that the slowing of India
may not be related to the collision of India with Eurasia, as is commonly portrayed, but rather
reflects the waning influence of the Reunion plume on its motion. The initial collision of India with
Eurasia might have been coincident with the sharp change in direction of Africa-India spreading
at 43 Ma. The physical mechanism for how this new force acts to drive plate motions needs to be
explained, and then incorporated into global and regional geodynamic models.
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Large Igneous Provinces (LIPs) are commonly assumed to be caused by plumes forming in the
thermal boundary layer (TBL) above the core-mantle boundary. Eruption sites of most LIPs as
well as kimberlites during the last few hundred Myr lie — like many present-day hotspots — above
the margins of the two Large Low Shear Velocity Provinces (LLSVPs) of the lowermost mantle. The
African and Pacific LLSVPs are probably chemically distinct from and heavier than the overlying
mantle. Geodynamic models explaining why plumes are almost exclusively created at these margins
are only beginning to evolve [1]. Here we present a model that provides an explanation and is based
on subduction locations and fluxes inferred from global plate reconstructions [2-4] and ocean floor
paleo-ages [5].
Sinking subducted slabs not only form a heavy chemical layer to dome-shaped structures that
resemble the two LLSVPs in size and shape, but also push the TBL towards the chemical domes.
At the steep edges it is forced upwards and begins to rise — in the lower part of the mantle as sheets,
which then split into individual plumes higher in the mantle. Plumes preferentially form at corners,
and locations of model plumes partly resemble those of actual plumes – Hawaii at the northern
corner of the Pacific dome, Iceland at the northwestern corner of the African dome, Kerguelen at
its southeastern corner. Plume conduits tend to get tilted – with bases moving towards the centers
and tops remaining closer to the margins of domes. Occasionally subduction moving towards
the Pacific dome erodes off parts of it, and plumes become separated or form above a separated
part. One of those split-off plumes might correspond to the Columbia River Basalts/Yellowstone
plume, another one to a smaller LSVP and possibly plume beneath Russia and Kazakhstan. Our
model supports that mantle plumes are more intimately linked to plate tectonics than commonly
believed. Not only can plumes cause continental break-up, but conversely subducted plates may
trigger plumes at the margins of LLSVPs near the CMB.
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Figure 1: Top left: Viscosity structure used [6] for convection computation. Top right: Distribution of slabs, plumes and chemical ”domes” in the mantle at 50 Ma. CMB thermal density contrast
-1.2%; chemical anomaly 2.3%; compressible flow computation. Map view centered on Greenwich
with ”slabs” plotted whenever at a given depth (represented by color) positive thermal density
anomalies exceed +0.2%, and ”plumes” when negative thermal anomalies exceed -0.25%. Bottom
left: Computed present-day positions of upwellings close to the surface (“hotspots”; yellow circles
with stars) and positions where plumes initially reach the surface (“LIPs”; colored circles with
time corresponding to color). Bottom right: “Real Earth” for comparision: Present-day hotspots
and reconstructed LIPs [7] plotted together with LLSVPs according to the smean [8] tomography
model.
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Oceanic plates are an integral part of the Earth’s mantle and thus play an important role in its
dynamics and evolution. To allow plate behaviour to arise naturally in numerical mantle convection
models, self-consistent plate generation methods apply a fully rheological approach (featuring a
temperature-, pressure- and stress-dependent viscosity) to achieve plate-like surface motion [e.g.,
1,2]. However, due to the extreme local viscosity changes that the self-generation of model plates
entails, their computational requirements are demanding.
Alternative plate modeling methods specify the existence of plates explicitly but can also obtain
dynamically determined velocities (e.g., by employing a force-balance method) [e.g., 3, 4]. Here,
we present modifications to a force-balance model by utilizing a geotherm- and pressure-dependent
viscosity. Accordingly, plate viscosity and plate thickness are no longer prescribed by the modeler
but now follow as a dynamic consequence of the temperature-dependence of the viscosity and the
model’s evolution.
We describe the new method and present benchmark results for a rheologically self-consistent
mantle convection model capable of yielding plate-like surface velocities, and the modified forcebalance plate model. Our results show that both plate modeling methods lead to the same system
behaviour for a wide range of system parameters. For example, for mixed heating mode systems,
we find that both models converge to the same stagnant-lid convection solutions as either the
non-dimensional internal heating rate is increased (Fig. 1) or the Rayleigh number is decreased.
In addition to the benchmark study, we present parameter sets relevant for Super-Earths, the
recently discovered class of extra-solar planets, and discuss the possibility of plate tectonics on
these super-sized Earths. Here we particularly focus on the consequences of a decrease in lower
mantle viscosity which is due to a pressure-weakening effect recently discussed by [5]. We find
that this decrease in lower mantle viscosity supports the strong temperature effects of super-sized
planets and results in reduced mobilities.
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Figure 1: Regime diagrams spanned by the pressure dependence of the viscosity and the nondimensional heating rate for both models. Open circles represent mobile-lid convection and filled
circles stagnant-lid convection. The triangles mark a region of transitional behaviour. The color
temperature fields show examples of mobile- and stagnant-lid convection, where red and blue
represent warm and cold material, respectively.
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New oceanic crust and lithosphere is continuously created along the approximately 60,000 kmlong mid-ocean ridge (MOR) system that encircles the globe. The formation of oceanic crust at
intermediate to fast spreading ridges occurs by the crystallization of mantle melts accumulated
in at least one shallow melt lens situated below the ridge axis. Seismic studies suggest that the
depth of this melt lens is inversely correlated with spreading rate. The melt lens is a key feature
to explain the formation of the new oceanic lithosphere; it is the place where crystallization takes
place and it also provides the heat source that drives the hydrothermal system. The heat released
in it by crystallization and melt injection is removed by a combination of hydrothermal cooling
and diffusion.
Due to the different time scales of hydrothermal cooling and crustal accretion, numerical models
have so far focused on only one of the two processes [1, 2]. Our modeling approach solves simultaneously for crustal, mantle and hydrothermal flow within one finite-element model (Fig. 1). The
formation of new oceanic crust is approximated as a gabbro glacier, in which the entire lower crust
crystallizes in one shallow melt lens. The solid velocities in crust and mantle are described by
viscous flow of incompressible fluids. Magma injection in the diking region and the melt lens is
implemented via a dilation term. Hydrothermal circulation is resolved by solving for Darcy fluid
flow for pure water.
We find that the depth of the melt lens and the shape of hot (potentially molten) lower crust are
highly dependent on the ridge permeability structure. The predicted depth of the melt lens is
primarily controlled by the permeability at the ridge axis, whereas the off-axis permeability determines the width of hot lower crust. Observed melt lens depths can be fitted with on-axis surface
permeabilites of 3-6x10−15 m2 . The modeling results suggest that hydrothermal convection above
the melt lens and deep circulation are both responsible for the thermal structure observed at fast
spreading ridges.
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Figure 1: Temperature structure after 1 Ma modeling time.
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Despite their importance in geodynamics, the processes that result in subduction initiation remain
incompletely understood. Among others, shear heating has been put forward as a mechanism to
create lithospheric-scale shear zones (e.g. Ogawa 1987, Regenauer-Lieb et al. 2001), thus being
capable of decoupling two plates. A scaling analysis highlighted the governing parameters that
control shear localization (Kaus and Podladchikov 2006), and showed that the boundary between
localization and no localization is quite sharp. Recently, this scaling analysis was extended to include more realistic lithospheric rheologies and structures and it could be demonstrated that shearheating induced lithospheric scale localization might occur for Earth-like parameters (Crameri and
Kaus, 2010).
It is however unclear if all lithospheric-scale shear zones evolve into self-sustaining subduction
zones. Here, we therefore extend the models used by Crameri and Kaus to greater depths and
take into account an underlying asthenospheric mantle. It could be shown that whole lithosphere
failure does not necessarily lead to subduction initiation. We determine the parameters governing
both processes and present scaling laws that are able to predict the behaviour of our models.
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In recent years, seismology has provided increasingly detailed images of the interior of the Earth,
especially since the onset of the deployment of temporary seismic arrays: Seismic tomography has
revealed that some slabs descend into the lower mantle while others seem to stagnate at the mantle
transition zone; Topography of seismic discontinuities can provide information the dynamics of the
mantle but also on the mineralogy of the Earth’s mantle. Deeper in the Earth, the D” layer has
been studied extensively, revealing more and more complex features for which several hypotheses
to explain them have been brought forward. Other interesting observations include the topography of the core-mantle boundary, possible detections of hot upwellings in the deep mantle and
depth, sharpness and other properties of the lithosphere-astenosphere boundary and other transition zones. In this presentation we will review some of these observations and their connection to
dynamics and mineralogy of the Earth’s mantle.
We will also present some interesting detailed images of mantle transition zone structure, as well
as deeper mantle structures that could potentially be direct observations off deep subducted lithosphere and their connection to lowermost mantle structures in the D” region. Interpretations of
these features can provide valuable information on dynamics and mineralogy of the Earth’s mantle.
These observations come from high-resolution seismic array analyses.
The observed structures in the D” region (the lowest 200-400 km of the Earth’s mantle) for example could be due to the recently discovered post-perosvkite phase transition that should be
visible mostly in cold (fast) regions of the lowermost mantle. However, other possibilities that
could cause these structures are deep subducted lithosphere that may be sheared and/or folded,
or thermo-chemical layering or convection at the base of the mantle. The different hypotheses
will be discussed and their predictions will be compared to seismic observations including as much
information of the seismic waves as possible.
New results on topography and sharpness of upper mantle discontinuities are presented and discussed in the light of mineralogy and dynamics of the mantle transition zone. For example through
the depth and reflectivity of the 660 km discontinuity we find that the Kurile slab most likely stagnates near the transition zone. Using the information of amplitudes of the seismic waves that
reflect off the 660 km discontinuity, we propose a possible mechanism for locally enhancing the
increase of seismic velocities and/or densities across the base of the mantle transition zone.
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Our understanding of the Earth’s interior can be improved by modeling the petrology and geodynamics of the mantle. This approach allows us to compute several features that can be independently compared with petrological and geophysical observations which ultimately provide a
validation for the whole procedure.
Melting in the upper mantle is the end-product of several dynamic and petrological processes. The
description of these processes is usually based on simplifying assumptions. However, it is possible
to develop a more realistic approach that considers the complex interplay among the petrological and dynamical aspects. Here we present a multistage numerical procedure to characterize
the thermal and dynamic conditions of the mantle that ultimately control the melting process as
a function of time and space during mantle upwelling. (1): A parameterized mantle convection
model is used in conjunction with a thermodynamic approach and an optimized mineralogically
dependent viscosity model to determine the thermal history of the mantle from top to bottom using
several constraints such as the melting temperature requirement to generate komatiite magmatism
in the Archean and plume melting in more recent time. (2): The viscosity and the thermodynamic
models and the thermal state at the CMB from the thermal history study are then applied to
model the geodynamic evolution of a thermal plume. (3): The thermal and dynamic evolution at
shallow depth (but below the mantle solidus) is then used to constrain the melting process which
is investigated using a coupled two-phase flow model and a thermodynamic formulation for melt.
The whole procedure illustrates the interconnection among a wide range of factors, such as thermal
history, CMB temperature, mantle viscosity, thermal structure of plumes, evolution and composition of melt.
Here stage (3) is applied to the case of melting under a moving plate (e.g. Hawaii). In particular it is
shown how the thermal and dynamic interaction of the plume with the lithosphere affects the melt
distribution and composition and how it is related to the various stages of magma emplacement.
Bathymetry/topography appears to be correlated with the thermal erosion of the lithosphere. A
source component of melt detected by the model is clearly provided by the lithospheric mantle.
One important observation for hot spot magmatism is that volcanism and emplacement of melt
on the surface can take place much later and at some lateral distance from the vertical location
where melting originally started. This concept applies for the development of tholeiitic basalts but
also for pyroxenites that, even though are associated to post-shield events, they may have actually
formed in an earlier stage. Magma permeability plays a crucial role on the characterization of the
extent of the melt production and local abundance because it affects the melt transport and the
chemical variations of the residual solid.
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Intra-plate “Highlands Tectonics” is not subduction-generated, at least in the sense of conventional
plate-tectonic theory [1] and related magmatism is so concentrated along the spine of the highlands.
The zone of alkaline magma generation is centered over the highest plateau region-strike to precisely parallel the spine of the collision-generated mountain belt and alkaline magmas apparently
prefer to intrude weaknesses of the very highest parts, propagating into extensional interfaces. The
concentration of magmatism along the axis of the highlands, and the highest part no less, should
actually be expected [1]. Because of the tectonic importance placed on the suture complexes,
some concepts of this feature are now warranted to clarify its geodynamic significance in Lake Van
accretionary wedge basin, Eastern Anatolia Accretionary Complex (EAAC), E-Turkey (Fig. 1).
This significance views that the focused magmatic belt in Lake Van basin block in EAAC was not
generated by steady-state subduction of Arabian plate, but by slab delamination process [8], [4],
[10] (Fig. 1a, b). This creates the alkaline source of basalts from intra-plate setting of E-Turkey
and several geodynamic enigmas in and around Lake Van basin (Fig. 1c, d). Some models have
been also proposed to explain the origin of the magmatism in the highlands [1] and in E-Turkey [10].
Slab delamination-induced events, controlling crustal deformation of accretionary orogeny, have
strongly dominated in and around Lake Van region during Plio-Quaternary. Tectono-magmatic
effects of these events on E-Turkey and the significance of crustal anisotropies are specifically
emphasized by contributing to basin block fragmentation and separation of Lake Van during postorogenic period (Fig. 1a, c). The surficial effects of slab delamination process are well expressed
by anomalous structural development of Lake Van basin placed on the “Highlands” (Fig. 1a, c).
The “Highlands” mean dome-shaped development of the highest elevation with 2 km centered on
orogenesis, as referred to “Lake Van Dome” termed by [10]. This term specifically refers to the
thinnest and hottest crustal section dynamically supported by doming hot asthenosphere, also recently termed as “squashy zone” by [10]. Doming hot asthenosphere directly underlies the lake and
heating of the crust both conductively and from advection by rising magmas is at a maximum rate.
The rock strength beneath the lake in the squashy zone is the lowest and seismicity is limited [7].
This study aims to interpret seismic reflection evidences of suture-parallel extension of an orogenic
lake basin, providing an implication for the Highlands extensional paradigm in E-Turkey orogeny
and thus, indicating the unusual rifting event in Lake Van Dome. Evaluation of extensional tectonic events in the lake considering seismic reflection data leads to conclude the following seismic
structural observations.
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Seismic structural analysis clearly gives some certain clues about extensional and strike-slip periods and tectonic intensity of extension, which controls depositional characteristics and structural
architecture of lacustrine sequences in the lake. Overall sedimentation in Lake Van is strongly
interrupted by alternating phases of strike-slip faults, major uplifting (erosion) and downlifting
(subsidence) periods. Seismic structural interpretation shows that initial extensional and strike/oblique-slip movements were concentrated in the highlands section of the Lake Van Dome. At
this time, the crust directly overlies upwelling asthenosphere, and magma has advected much heat
to very shallow depths, even into the sediments. Near the surface, the nature of strike-/oblique-slip
motions in the highlands is strongly controlled by the local mechanical anisotropy of the upturned
bedding and major high-angle fault zones. Magmas rise from lower crustal chambers or upper
crustal pointed stocks commonly by passive intrusion into pull-apart pathways along extensional
and strike-/oblique-slip faults in the lake. Concurrent faulting and intrusion had a profound effect
on hydrothermal fluid flow and magma-sediment deformation. It is essential to add that, in a
section of heterogeneous convergent crust (anisotropic media), extension-controlled magma propagation is concentrated in weak fault zones and along the lake margins that move. This is the
case excellently recognized along suture-parallel S-margin of the lake, confirming that extensional
magma flow is concentrated in pre-existing thrust or suture contacts, recently reactivated. Consideration of suture-parallel extension of Lake Van basin (S-margin) and its extensional boundary
faults (W-margin), along with the structural complexity of its highest morphology may explain, to
a certain degree, the post-collisional, intra-plate extensional observations and the derived faults.
Seismic reflection data across the lake, integrated with previous seismological studies presents the
critical evidences of how extensional events can give a clue to both the Highlands extensional event
and reactivation of accretionary basement beneath the lake. The extensional mechanisms effecting
Lake Van suggets that, due to delamination, differential shearing movements from normal plate
motions are concentrated into the hotter, basal part of the accretionary crust beneath the lake. In
this case, the base of the crust should be thought of as a zone across which there is a large strain
rate gradient anytime the crust and asthenosphere are moving with respect to one another. The
contrast between asthenospheric flow directions and GPS velocity vectors in the lake [3] indicates
that the upper crust is detached from the lower crust and behaves independently from below.
Given the weakness of the very ductile lower crust beneath the lake, some degree of differential
strain between different crustal layers is most likely [1]. All these mainly argue that deformation
of crust is likely to be strongly influenced by both rheological (hot/weak accretionary crust) and
mechanical layering (intra-crustal accretionary anisotropy). This has led to the suggestion that a
weak lower crust may have undergone channel flow, while a brittle upper crust has undergone active
deformation under the topographic load of the high plateau. Consideration of shear-wave splitting
studies beneath Lake Van (see tomographic data in [3]) along with the mechanical complexities
of accretionary crust gives an idea of Muş suture-parallel/oblique mantle flow pattern through
dextral transtensional S-margin of lake, and thus effecting tectonic stability of accretionary wedge
beneath the lake. It may be considered, at least for S-margin of Lake Van that a short-range flow
might have localized or concentrated in and along the W-E-striking major suture discontinuity in
S. This is thought to have acted as magma migration channel and interpreted as indicating major
extensional event in S-margin. Finally, during post-collisional period, Lake Van shows the extensional dome morphology and extensional magma propagation across intra-plate setting, implying a
new paradigm in the Highlands section of E-Turkey orogeny. This paradigm considers phenomenal
structural evolution of the “Highlands Lake Basins” of Turkic-type accretionary orogens [10] with
no mantle lid.
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Figure 1: a) Pn tomographic image of E-Turkey from ETSE project, Holocene volcanics and Lake
Van basin (Özacar et al., 2008), b) slab delamination and break off model of E-Mediterranean
and E-Turkey (Facenna et al., 2006), c) 3D-Model of Lake Van and its morpho-physiography, d)
ICDP seismic reflection survey, reflection profiles, core locations and bathymetry. Note that Muş
suture is parallel to S-margin of the lake.
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c Authors(s) 2011

Bent-shaped plumes and horizontal channel flow
beneath the 660 km discontinuity
Nicola Tosi1 , David A. Yuen2
Department of Planetary Physics, GermanAerospace Center (DLR), Berlin, Germany
2
Department of Geology and Geophysics, University of Minnesota, Minneapolis, USA
nic.tosi@gmail.com

1

Recent high-resolution seismic imaging of the transition zone topography beneath the Hawaiian
archipelago showsstrong evidence for a 1000 to 2000 km wide hot thermal anomaly ponding beneath
the 660 km boundary west of Hawaiiislands [1]. This scenario suggests that Hawaiian volcanism
may not be caused by a stationary narrowplume rising from the core-mantle boundary but by
hot plume material first held back beneath the 660 kmdiscontinuity and then entrained under the
transition zone before coming up to the surface. Using a cylindricalmodel of mantle convection
with multiple phase transitions, we investigate the dynamical conditions for obtainingthis peculiar plume morphology. Focusing on the role exerted by pressure-dependent thermodynamic and
transportparameters, we show that a strong reduction of the coefficient of thermal expansion in
the lower mantle and aviscosity hill at a depth of around 1800 km are needed for plumes to have
enough focused buoyancy to reach and passthe 660 km depth interface. The lateral spreading
of plumes near the top of the lower mantle manifests itself as achannel flow (Figure 1) whose
length is controlled by the viscosity contrast due to temperature variations ∆ηT . Forsmall values
of ∆ηT , broad and highly viscous plumes are generated that tend to pass through thetransition
zone relatively unperturbed. For higher values (100 ≤ ∆ηT ≤ 1000), we obtainhorizontal channel
flows beneath the 660 km boundary as long as 1500 km within a timescale that resembles that of
Hawaiian hotspot activity. This finding could help to explain the origin of the broad hot anomaly
observed west ofHawaii. For a normal thermal anomaly of 450 K associated with a lower mantle
plume, we obtain activation energiesof about 400 kJ/mol and 600 kJ/mol for ∆ηT =100 and 1000,
respectively, in good agreement with valuesbased on lower mantle mineral physics. If an increase
of the thermal conductivity with depth is also included, ourmodel can predict both long channel
flows beneath the 660 km discontinuity and also values of the radial velocityof local blobs sinking
in the lower mantle of around 1 cm/yr, in good agreement with those inferred byvan der Meer et
al. for the sinking rate of cold remnants of subducted lithosphere [2].
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Figure 1: Schematic diagram illustrating the formation mechanism of a bent-shaped plumewith
the accompanying channel flow below the transition zone. Time t0 : a highly buoyant plume
reaches the top ofthe lower mantle. Time t1 : after being retarded and slightly deformed by the
660 km phase transition, the plumereaches the surface at a location x1 . Time t2 : hot material
supplied from below is held back by the phasetransition and flows preferentially horizontally while
the upper mantle branch of the plume is advected towards anew position x2 . Time t3 : horizontal
motion beneath the transition zone continues until the tip of the plumeat the surface reaches the
position x3 and the channel flow attains its maximal horizontal length d.
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The Pamir-Hindu Kush region located in the western syntaxis of the Himalaya is the locus of a
large number of intermediate-depth earthquakes and an almost vertical high velocity zone, seen
in seismic tomography. The seismicity is not clearly related to oceanic subduction and forms an
S-shaped zone between north-western Afghanistan and the eastern Pamir. In depth, the earthquake hypocenters are forming what some authors interpret as a V-shaped pattern which supports
the model of two converging subduction zones to explain the observations. However, other models
propose a single but highly contorted Indian slab or even a Rayleigh- Taylor instability due to a
higher density in the lithosphere compared to the asthenosphere.
As part of the TIPAGE project (TIen Shan - PAmir GEodynamic program) our aim is to find
lithospheric scale models consistent with all major observations as well as to find controlling factors
for the extreme Cenozoic shortening in the Pamir-Tien Shan orogen. For our current modeling approach we use the finite-element code SLIM3D which allows coupled thermo-mechanical treatment
of deformation processes. The code is capable of highly nonlinear elasto-visco-plastic rheology including diffusion, dislocation and Peierls creep mechanism and allowing self-consistent generation
of faults. It incorporates free surface boundary conditions and is equiped with petrological routines
for gabbro-eclogite, coesite-stishovite phase transitions.
We run several 2D cross-section models in order to explain the high velocity zone below the
Pamir-Hindu Kush and the seismicity which distingushes the region from the rest of the Himalaya.
In a typical model setup India has two parts: the ’inner part’ which comprises 35-45 km thick
continental crust and relatively thick cratonic mantle lithosphere; the ’outer part’ has 25-30 km
thick crust and a less depleted, more ocean-like lithosphere. Inside of Asia we place an “inclusion”
of thicker cratonic lithosphere, like that of the Tarim (Tadjik) block and vary only the initial
distance between the outer part of India and the Tarim (Tajik) block. Our hypothesis is: The high
velocity zone below the Pamir - Hindu Kush is the last remaining and hanging undetached part of
the semi continental - oceanic ’outer india’ shelf and has only survived due to mechanical locking
with delaminated mantle lithosphere of the Tarim (Tadjik) block.
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Figure 1: Varying only the initial distance between Tarim and India has a profund influence on
the behaviour of our model. Mechanical locking is occuring only in the lower most model.
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Subduction drives plate tectonics and builds continental crust, and as such is one of the most important processes for shaping the present-day Earth. In this presentation, theory and observations
for the viability and style of subduction since the Archaean are reviewed.
Earth’s accretion and differentiation processes easily released enough energy to melt the entire
planet, so Earth cooled from initially very hot conditions to the present-day ∼1350◦ C potential
temperature. Liquidus temperatures from primitive melts suggest 100-300 K hotter Archaean ambient mantle[1], with a significant uncertainty due to unknown volatile content. Today, subduction
is primarily driven by slab pull, and resisted primarily by mantle drag. A hot Archaean mantle might have changed this situation. It lowered viscosity, and promoted melting, resulting in a
thicker oceanic crust, unless the Archaean mantle was very depleted[2]. Plates were more buoyant
near the surface, perhaps inhibiting subduction initiation, but eclogitisation of crust resulted in
dense deep slabs even when crust was thick. Plate strength was affected by hotter conditions in
several contrasting ways: directly through temperature-dependent rheology, through dehydration
strengthening, and through changing crust-mantle ratios. Although the net effect is somewhat
unclear, Archaean plates were probably weaker than today. Combined plate strength and buoyancy differences resulted in different subduction dynamics (Fig.1). Plate tectonics could have been
slower[3] or faster and/or intermittent[4]. Linking plate tectonic vigour to Earth secular cooling
reveals that plate-tectonic rates were not very different from today. Several of the proposed Archaean subduction rates and styles fit available cooling data reasonably well.
Different types of geological observations are interpreted as subduction-related. Geochemically, a
distinct ‘arc’ signature primarily arises from the fluid-mobility of some elements, which has an effect in a ‘wet’ environment such as a subduction zone, and gives decoupling of (fluid-mobile) LILE
and (non-fluid-mobile) HFSE elements, resulting in the typical spiky ‘spidergrams’ with, e.g., pronounced low Nb/Ta ratios. Many Archaean igneous rocks ((ultra-)mafic greenstone rocks and felsic
TTGs and sanukitoids) carry such arc signature, although arcs are not necessarily the only place
or mechanism to form such arc signature. Several rocks (e.g. sanukitoids, certain TTGs) carry
another arc signature that suggest formation (under wet conditions) at depths > 50 km (ref.5).
Structural evidence for the existence and style of Archaean subduction includes accreted terranes,
thrust belts, and dipping seismic reflectors. Deformation is more interpreted as gravity-driven
tectonics, and perhaps indicates weaker lithosphere with less localized deformation, lower orogens, and more lateral flow near subduction zones. The co-existence of LT-HP and HT-LP paired
metamorphic belts is a clear indicator of modern subduction zones, and recent discoveries of such
paired belts in the Archaean (although at higher average geotherms) is interpreted as a subduction
signature. Blueschists and ultra-high pressure metamorphism (typical for modern collision zones,
where continental crust is temporarily subducted to high pressures) is absent for the Archaean,
which could be caused by the inability of weaken Archaean plates to pull continental material to
significant depths[4].
Combining geodynamical models and geochemical evidence suggest that 1) shallow flat subduction
(as often proposed as the dominant style of subduction) is geodynamically not viable and geochemically not necessary. Instead, subduction was perhaps more episodic in nature, as suggested
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by Archaean subduction models (Fig.1c) and geochemically evidenced by brief (few Myrs) arc signatures embedded in non-arc signatures.
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Figure 1: Archaean subduction modelling results. a) Modern potential
temperature ∆Tpot = 0K, oceanic crustal thickness dcr = 7km, no dehydration strengthening; b) As a), but with increased effective plate thikness
due to a 100x stronger depleted mantle lithosphere; c) ∆Tpot = 200K,
dcr = 7km, no dehydration strengthening. Plate weakness results in frequent slab break-off and intermittent subduction with a typical Myr subduction time interval. d) As c), but for a 100x stronger depleted mantle
lithosphere: no slab break-off occurs (after ref.4)
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Geochemical consequences of composite plumes formed in subduction zones have been studied using a thermomechanical numerical model of an oceanic-continental subduction zone. This model
includes dehydration of subducted crust, aqueous fluid transport, partial melting and melt emplacement. Subduction of crustal material to sublithospheric depth results in the formation of tectonic
rock melanges composed of basalts and sediments that evolve to partially molten plumes which rise
through the mantle prior to emplacement. We have investigated the composition and the geochemical evolution of liquids derived from composite plumes by analyzing the differing proportions of the
endmembers in the source, i.e. basalts and sediments. Our results show that the proportions of the
components are limited to short range variations over an interval of Xb(basalt/(basalt+sediment))
= 0.4 – 0.8, which allows for granodioritic melt production[1]. We have further calculated Sr and
Nd isotopic initial ratios of the melange at any time during the simulations, based on the fraction
of the components in the melange. Liquids derived from composite plumes inherit the geochemical
characteristics of the parental magma and show distinct temporal variations of radiogenic isotopes.
The decoupling between radiogenic isotopes and major elements is an interesting result, and may
explain short range variations observed in some batholiths along the Cordillera. Batholiths formed
along active continental margins display homogeneous major element composition but substanstial
variation in radiogenic isotopic compositions, suggesting widely varying proportions of mantle and
crustal components in their source that may be explained by melts derived from composite plumes.
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Our motivation roots in the geodynamically unsolved situation of the Rwenzori Mountains. The
old, stiff and cold crustal horst is located inside the western branch of the East African Rift System
and it is conspicuous due to elevations above 5 km relative to its locale size of 50 x 120 km.
We proposed rift induced delamination (RID) as a mechanism explaining the first order observations of extreme topography, old metamorphic and young volcanic rocks nearby, thinned crust in
the rift and beneath the mountain range, seismicity and structure tectonics (Geodynamic Workshops Neustadt 2008, Braunwald 2009). Melt induced weakening (MIW) as an alternative concept
driving RID advanced modelling in sense of a more realistic and self-consistent process with moderate given anomalies (Geodynamic Workshop Münster 2010). For this, the thermo-mechanical
physics was extended to two-phase visco-plastic flow allowing melt generation and advection in
consideration of depletion and enrichment. A fast upwardly transport of melt was substituted by
extraction above a certain low porosity and emplacement of this melt and its heat in a given level.
The equations of conservation of mass, momentum and energy for a multi component system are
solved. High Prandtl number and compaction Boussinesq approximations are used. Finite Difference Method in an Eulerian formulation in 2D is applied in numerical modelling.
By MIW we conceive the mechanism of incipient melt generation in the upper asthenosphere
by additional heating. Segregation of partial melt lump to regions with higher melt fractions.
Exceeding 1% fraction melt is extracted and transferred energetically to a higher given zone. Repeated emplacement pulses weaken its vicinity and so advective heat transport is accelerated using
temperature- and stress-dependent rheology. MIW is a positive feedback-system and may lead to
reduction of viscosity and strength. Models with MIW leading to delamination need an emplacement zone around the Moho, weakening the uppermost strong mantle and the more sensitive lower
crust by temperature increase attended by viscosity decrease.
To overcome this arbitrarily given level, we try to find a self-consistent evolving mechanism for
the emplacement of excess melt. A relation to a physically describable process is intended. A
long-term objective is to model the following findings from petrology and seismology.
From petrology, especially Foley and Link from our RiftLink group, proposals are suggested, that
sub-lithospheric melts infiltrate lithosphere under certain conditions. Melt batches affect punctual
the base of lithosphere or cratons and erode it from below. In multiple active phases veins rise up
and solidify, changing their environment and improving pathways for subsequent events. Recently
seismology, by name Wölbern also in our RiftLink team, made two reflective phases, distinct below Moho, visible with receiver functions. The upper phase at a depth of 50 to 60 km below the
rift descending to ca 90 km outward is interpreted as a melt intrusion front or a metamorphized
intra-lithospheric impregnation front (MIF) – a network of veins infiltrating the lithosphere from
below growing upward with a front seismologically visible. The lower phase is identified as LAB,
the lithosphere/asthenosphere boundary, dipping from about 140 km below the western rift to 200
km under Lake Victoria at the Tanzania craton.
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An idea of a probable mechanism which complies our requests is presented in the following scenario:
A branch of the plume under Tanzania craton provides additional heat located in an anomaly of
the asthenosphere under the western rift branch. Melt production increases and accumulates in
batches where the melt fraction exceeds a limit above which a fast and effective transport mechanism for melt is employed. This may be a network of mostly aseismic opening dikes, or of high
permeable channels or of veins, a common phenomenon observed in geology. The viscosity of melt
is several orders lower than the viscosity of the solid rock matrix and permeability is very high
compared to that of segregation. During a time step the process has fully converged. Melt has
rosen up to a certain height above the originating melt zone due to buoyancy and consolidated
releasing its energy to the environment. The ascent height or effectiveness of transport may be
controlled by the excess melt fraction. Material properties are altered, increasing permeability for
the next event. Thus, a the front of altered mantle in correlation with metamorphized lithosphere
should grow upward.
The proposed approach shall be implemented in the FD code. While writing this abstract development is at the beginning. We hope to present preliminary results at the workshop.
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The focus of this paper is numerical modeling of crust-mantle differentiation. We begin by surveying the observational constraints of this process. The present-time distribution of incompatible
elements are described and discussed. The mentioned differentiation causes formation and growth
of continents and, as a complement, the generation and increase of the depleted MORB mantle
(DMM). Here, we present a solution of this problem by an integrated theory that also includes
the thermal solid-state convection in a 3-D compressible spherical-shell mantle heated from within
and slightly from below. The conservation of mass, momentum, energy, angular momentum, and
of four sums of the number of atoms of the pairs 238 U−206 Pb, 235 U−207 Pb, 232 Th−208 Pb, and
40
K−40 Ar is guaranteed by the used equations. The pressure- and temperature-dependent viscosity is supplemented by a viscoplastic yield stress, σy . No restrictions are supposed regarding
number, size, form and distribution of continents. Only oceanic plateaus touching a continent have
to be united with this continent. This mimics the accretion of terranes. The numerical results are
an episodic growth of the total mass of the continents and acceptable courses of the curves of the
laterally averaged surface heat flow, qob, the Urey number, Ur, and the Rayleigh number, Ra.
Although the convective flow patterns and the chemical differentiation of oceanic plateaus are coupled, the evolution of time-dependent Rayleigh number, Rat , is relatively well predictable and the
stochastic parts of the Rat (t)-curves are small.
Regarding the juvenile growth rates of the total mass of the continents, predictions are possible only
in the first epoch of the evolution. Later on, the distribution of the continental-growth episodes
is increasingly stochastic. Independently of the varying individual runs, our model shows that the
total mass of the present-day continents is not generated in a single process at the beginning of the
thermal evolution of the Earth but in episodically distributed processes in the course of geological
time.
The reported results are derived using a first viscosity profile of the mantle based on solid-state
physics and on the seismic model PREM. As the latest result, we present a second viscosity profile based on more recent geophysical results and some simple solid-state physical assumptions.
Furthermore, we computed, respectively selected new profiles for the melting temperature, the
specific heat at constant volume, the Grüneisen parameter, and the thermal expansivity. The
improved Terra [1] works with these new parameters. In future we will systematically investigate
the Rayleigh-number – yield-stress parameter space with these new functions and parameters.
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Here, we compare the surface records of volcanic activity and its relationship to the topographical and geoidal expressions of the terrestrial planets and the Moon. Mantle convection distorts
internal interfaces, and results in dynamically driven topography, revealed in the gravity field and
geoid. Hot upwelling material and decompression melting in areas of extension cause volcanism.
Correlation between volcanically formed topography and the geoid links internal processes and the
surface but the elastic behavior of the lithosphere and on Earth plate tectonics make correlation
more difficult back in time.
Earth: Plate tectonics dominates igneous activity on the Earth and probably has done since the
moon-forming event. Decompression melting in active intra-continental rifts is next in importance
today but plate rotation-reconstructed volcanic non-plate margin eruption centers (LIPs kimberlites) and active hotspots are related to plumes from the edges of two high density large low shear
velocity provinces (LLSVPs) at the core-mantle boundary that appear to have been stable for at
least 500 Ma. Both LLSVPs correlate with positive equatorial almost antipodal geoid anomalies.
Geoid anomalies can be observed on other planets for which mantle density distribution information is lacking.
Mars resembles the Earth in revealing two almost antipodal and equatorial areoid anomalies. Volcanic activity is distributed at the edges of the Syrtis Major centered anomaly, volcanic provinces
for which the activity ceased at least 1.5 Ga ago. The Tharsis volcanic province is spatially correlated with the Tharsis centered anomaly where minor volcanic activity has continued episodically
until recently. Density anomaly models for Mars averaged over the whole mantle suggest low densities at shallow depths below Tharsis, which could indicate upwelling flow but those models do
not take into account the possible existence of high density structures comparable to the LLSVPs
on Earth.
Venus: Topographic highs and aphroditoid highs coincide with volcanic centers and rift systems,
suggesting that the topographic expression of the volcanic provinces is supported by dynamic upwelling (plumes) and/or shallow decompression melting below rifts. No obvious large antipodal
geoid anomalies are observed. The surface record of the volcanic activity on Venus indicates that
it has occurred episodically over the entire geological history. Assuming a (debated) maximum
surface age of about 1 Ga, mantle convection patterns on Venus have been stable over at least this
period of time.
Moon and Mercury: Volcanism after the crustal formation is mostly limited to the lunar nearside mare units, and influences the selenoid strongly. An elliptic equatorial shape is observed for
the Moon. Preliminary observations at Mercury also suggest an equatorial gravitational ellipticity.
The distribution of volcanic activity appears more widespread than previously thought.
Mars and the Earth show intriguing similarities and differences in geoid/volcanism links but Venus,
Mercury and the Moon do not.
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The microstructure of a partially molten rock is determined by melt volume fraction and contiguity,
the fractional area of intergranular contact. Various physical properties of a grain-melt system,
such as the effective elastic moduli and seismic velocities, depend on the melt microstructure.
In this study, a three dimensional, semianalytical model is developed to investigate the way the
microstructure varies with perturbations in the surface tension along grain-grain and grain-melt
contacts. The variation of surface tension excites a viscous flow in the interior of the grains, as well
as the melt, and controls the steady-state shape of the grain and microstructure of the aggregate.
The output of the model is analyzed to calculate the contiguity, melt volume fraction, and dihedral
angle for the system. The measurement of contiguity and melt volume fraction allow for the
calculation of the effective elastic moduli and seismic velocities, while dihedral angle measurements
are used to compare our results with previous studies. The variation in contiguity reflects large
variations in the corresponding seismic signature. When extrapolated to the conditions similar to
Earth’s core-mantle boundary, the results indicate that a relatively modest amount of melting can
explain the presence of the observed ultralow velocity zones.
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We present a high resolution seismic model of the South African cratonic region from receiver function and teleseimic tomography interpretations of the P- and S- body wave data from the South
Africa Seismic Experiment (Carlson et al, EOS 77, 1996) across the Kaapvaal and Zimbabwe cratons and the Bushveld complex.
Using receiver functions which we calculated by iterative deconvolution processing, we estimated
Moho depth and the Vp/Vs ratio, as well as parameters describing anisotropy in the crust. The
calculated strength of the crustal anisotropy is, surprisingly, comparable to the contribution from
the mantle (to depth of 170 km by S. Gao 2001, JGR). Modelling with theoretical receiver functions
we find a best model with an average fast polarization axis trend=30◦ -40◦ and strength reached
50% for the crustal fabric of the total 170 km deep. By stacking and analysis of the SV and SH
components we find that most of the strong anisotropy is confined to the lower crust.
Using finite-frequency kernels, we inverted the P- and S- wave delay times to obtain 3-D images
of compressional and shear velocity perturbations in the mantle by use of three frequency bands:
1, 0.5 and 0.25 Hz for P-waves and 0.1, 0.05 and 0.02 Hz for S-waves. All P- and S- wave arrivals
were hand-processed. Crustal corrections are based on the receiver functions model. Checkerboard
resolution tests show good model recovery for anomalies of size 3◦ x3◦ with Vp and Vs variations
of ±0.8% and ±1.4% respectively. To isolate the depth extent of anomalies in the model we ran
suites of squeezing tests. In theses tests we increased the damping parameter in the deeper layers
progressively and examined the rms misfit and the imaged structure. We found that the lateral
distribution of structures remains unaffected by the depth extent of the model, and that deep
structures remain present for strong damping which indicates to us that the deep structures are
real.
The Receiver Functions show a thin crust with a flat and sharp Moho discontinuity throughout the
entire Kaapvaal and Zimbabwe cratons. These results are consistent with expectations for Archean
areas but the new thing here is the P to S clear signal from the lower crust discontinuity. The
lowest Vp/Vs value sites are found around the locations of diamondiferous kimberlite pipes at flat
Moho in the heart of the Kaapvaal craton.
The new P- and S- wave tomography models show velocity variations between the Archean and
modified regions (such as the Bushveld complex) and the mobile belts surrounding the cratons.
The high velocity cratonic roots extend to 300-350 km depth beneath the Kaapvaal and Zimbabwe
cratons. Smaller velocities are found under the Bushveld complex and the mobile belts. We also
suggest a stratified structure as we found a low velocity zone (LVZ) which may be interpreted as
mid-lithospheric discontinuity (MLD) at about 170 km depth in the cratonic areas. The LVZ is
currently under by SdP receiver functions and in the future by surface wave tomography.
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The numerical solution of the Navier-Stokes equations in the spherical annulus is of fundamental
interest for geophysical and astrophysical applications. The highly non-linear nature of the equations needs therefore special treatment. Consequently the full problem has to be calculated with
numerical simulations. Due to the special geometry of the problem the class of spectral methods
has become an appropriate tool to solve the equations in Boussinesq approximation. The presented
method has been implemented into the numerical code developed by R. Hollerbach [1]. This code
follows a spectral method, where the radial components are discretised on Chebyshev grid points.
The toroidal-azimuthal components are further expanded as spherical harmonics. In a typical
manner the boundaries are either stress-free or no-slip at the inner and outer sphere.
The viscous components are solved with an operator splitting method. In the first step the isoviscous, linear terms are calculated in spectral space implicitly, which guarantees high numerical
stability. The temperature dependent non-linear variations are transformed in real space, followed
by a real-space calculation of the tensor elements and transformed back into spectral space. Viscosity contrasts of up to ∆ηT = 2 can be calculated with comparable iso-viscous numerical resolutions.
The reference values are Pr=185 and Ra=20000, which correspond to the working fluid 1-nonanol
at 20◦ C and a temperature difference between the inner and the outer shell of 10◦ C. This physical
setup is the reference state of the GeoFlowII experiment, which is mounted at the International
Space Station (ISS) and currently running (July 2011).
In order to compare iso-viscous flows and simulations with temperature dependent viscosity the
thermal Nusselt number is used. Global structures do not differ much, but the plumes show different widths in the temperature-dependent viscosity case. This process can be visualised with an
interferometry method. The results are also compared with simulations done using the spherical
mantle convection code GAIA [2], which solves the conservation equations of thermal convection
for an incompressible Boussinesq fluid with infinite Prandtl number. The discretization of the governing equations is based on the finite-volume method with the advantage of using fully irregular
grids [3]. GAIA uses the SIMPLE method to solve the coupling of the continuity equation with
the momentum equation. The code can handle viscosity variations of up to 8 orders of magnitude
from cell-to-cell and up to 45 orders of magnitude system wide. Benchmark comparison to published results and the comparison to the commercial software COMSOL Multiphysics c 3.5 yield
satisfying results [4].
In a first step we compare the two codes for an iso-viscous fluid. The goal of this comparison was to
investigate the Prandtl number influence, since for both the R. Hollerbach code and the GeoFlow
Experiment Pr=64.64, whereas the GAIA code assumes P r → ∞.
In consequence of the numerical tests shown in Figure 1, the inertia forces can be dropped for
Pr=64.64 or higher values.
Further, the effects of a fluid with temperature-dependent viscosity having a viscosity contrast
of ∆ηT = 2 are investigated. Although preliminary results from the GeoFlowII experiment show
1

substantial differences between iso-viscous and temperature-dependent viscosity cases, these differences cannot be reproduced with the two numerical codes. The results of the numerical tests
show similar global structures and Nusselt numbers in both iso-viscous and temperature-dependent
viscosity cases.
Further tests need to be done in order to better quantify the differences between the results obtained with the GeoFlowII experiment and the numerical simulations with temperature-dependent
viscosity.
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Figure 1: Numerical benchmark with R. Hollerbach code (top row) with
Pr=64.64 and GAIA (bottom row) using P r = ∞ for an iso-viscous fluid.
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