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Abstracts(

Advancing)the)state)of)the)art)in)computational)modeling)of)mantle)and)
lithosphere)dynamics(

The)use)of)numerical)modeling)to)understand)geological)processes)has)a)long)and)rich)history)
in)the)Earth)sciences.)Through)continual)exposure,)education)and)the)ever)increasing)availability)
of)large)scale)computer)resources,)the)computational)geodynamic)community)continues)to)
develop)at)an)ever)increasing)rate.)This)session)highlights)computational)advances)in)all)areas)
related)to)numerical)modeling)the)dynamics)of)the)lithosphere,)mantle)and)fluid/melt)transport.)
We)seek)contributions)from)all)aspects)of)geodynamic)computations)including:)accurate,)robust)
multiscale)discretizations;)development)of)efficient,)scalable)solvers;)utilization)of)next)
generation)hardware;)efficient)and)flexible)implementations)for)the)community;)data)
assimilation)with)uncertainty)quantification)and)techniques)for)threeDdimensional)visualization)
of)big)data.)

)
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ABSTRACT 

Fully 3D numerical simulations of thermal convection in a spherical shell have 
become a standard for studying the dynamics of pattern formation and its stability under 
perturbations to various parameter values. The question arises as to how does the 
discretization of the governing equations affect the outcome and thus any physical 
interpretation. This work demonstrates the impact of numerical discretization on the 
observed patterns, the value at which symmetry is broken, and how stability and stationary 
behavior is dependent upon it. Motivated by numerical simulations of convection in the 
Earth's mantle, we consider isoviscous Rayleigh-Bénard convection at infinite Prandtl 
number, where the aspect ratio between the inner and outer shell is 0.55. We show that the 
subtleties involved in development mantle convection models are considerably more 
delicate than has been previously appreciated, due to the rich dynamical behavior of the 
system. Three codes with different numerical discretization schemes are compared: an 
established, community-developed, and benchmarked finite element code (CitcomS), a 
novel spectral method that combines Chebyshev polynomials with radial basis functions 
(RBF), and a new finite element code (ASPECT) using modern numerical methods like 
adaptative mesh refinement or higher order polynomial degree for temperature and 
velocity discretization. 

A full numerical study is investigated for the following three cases. The first case 
is based on the cubic (or octahedral) initial condition (spherical harmonics of degree =4). 
How variations in the behavior of the cubic pattern to perturbations in the initial condition 
and Rayleigh number between the two numerical discrezations is studied. The second case 
investigates the stability of the dodecahedral (or icosahedral) initial condition (spherical 
harmonics of degree =6). Although both methods converge first to the same pattern, this 
structure is ultimately unstable and systematically degenerates to cubic or tetrahedral 
symmetries, depending on the code used. Lastly, a new steady state pattern is presented as 
a combination of order 3 and 4 spherical harmonics leading to a five cell or a hexahedral 
pattern and stable up to 70 times the critical Rayleigh number. These tests demonstrate the 
stability of solutions at different Ra and with different methods, and may prove useful in 
future efforts to validate and benchmark 3D codes for modeling mantle convection. 
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ABSTRACT 

Comsol Multiphysics is a commercial finite-element modeling package that allows 
users to build complex numerical models through a GUI or through scripting. Comsol 
contains some prebuilt physics modules and by combining the Laminar Flow module 
with the Heat Transfer module, a basic mantle convection model can be created in a 
matter of minutes. In this poster I will describe some mantle convection simulations that I 
have used for both teaching and research that were created using Comsol. I will compare 
the results of the Comsol models with a number of published benchmarks from the 
literature. I will also show results that include such modeling complexities as mantle 
phase transitions, depth and temperature-dependent viscosity, mobile rigid plates and 
cylindrical and 3D geometry. 
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ABSTRACT 

 
Most mantle-convection codes use sophisticated particle methods to track and 

simulate complex effects like melt, plates or other chemical heterogeneities within a fixed 
Eulerian system. These effects often alter the viscosity, so the particles carry indirectly 
viscosity information.  

 
To move a particle within the simulation space, usually the velocities closest to the 

particle are involved by some kind of linear interpolation, combined with a Runge-Kutta 
scheme to advance properly in time. For constant viscosity this is a valid assumption, but 
an unnecessary error is introduced for varying viscosities. The interpolation of the shear 
part from the velocity field (perpendicular to the viscosity gradient) depends on the 
viscosity of the particle as well as the viscosities of the velocity nodes. 

 
We derived an analytical formulation to interpolate the shear velocity from Couette-

flow. The theoretical difference to pure linear interpolation is visible in the figure, and we 
will further show the difference in cases of two-phase flow and the effect on entrainment 
rates for various resolutions.  

 
 
Figure 1: Interpolation between two shear velocities for various viscosity contrasts. 
The higher viscosity is on the left side. 
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ABSTRACT

We describe a numerical method suitable for studying 3D non-linear, large deformation pro-
cesses associated with crustal and lithospheric deformation. The method employs a combination of
mixed finite elements for the flow problem, coupled to the Material-Point-Method for representing
material state and history variables. The computational methodology is intended to simultane-
ously satisfy all of the geodynamic modelling requirements. Particular emphasis is given to the
development of non-linear solvers and preconditioners which are performant, practical and highly
scalable—thereby enabling high resolution 3D simulations to be performed using massively par-
allel computational hardware.

We have made a number of fundamental design choices which result in a fast, highly scalable
and robust Q2 �P1 finite element implementation which is suitable for solving a wide range of
geodynamic applications. Specifically these choices include: (i) utilizing an inf-sup stable mixed
finite element (with a unmapped pressure space) which provides a reliable velocity and pressure
solution; (ii) expressing the problem in defect correction form so that Newton-like methods can
be exploited; (iii) making extensive use of matrix-free operators that exploit local tensor products
to drastically reduce the memory requirements, improve performance by 5–10⇥ to attain 30%
of Haswell FPU peak using AVX/FMA intrinsics, and improve on-node scalability of the sparse
matrix-vector product; (iv) deferring a wide range of choices associated with the solver configura-
tion to run-time.

The performance characteristics of our hybrid geometric multi-grid preconditioning strategy
is presented. The robustness of the preconditioner with respect to the viscosity contrast and the
topology of the viscosity field, together with the parallel scalability is demonstrated. We will high-
light the benefits of using hybrid coarse grid hierarchies consisting of a combination of Galerkin,
assembled and matrix-free operators. The merits of using aggressive coarsening strategies will
also be discussed. Examples of 3D continental rifting and visco-plastic folding experiments will
be presented to demonstrate the efficiency of the new methodology.
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ABSTRACT 
          Theory has been long established for computing the elastic response of a 

spherically symmetric terrestrial planetary body to both body tide and surface loading 

forces. However, for a planet with laterally heterogeneous mantle structure, the response 

is usually computed using a fully numerical approach. Here, we present a semi-analytical 

method based on the second-order perturbation theory to solve for the elastic response of 

a planetary body with lateral heterogeneities in its mantle (i.e. 3-D). We use our 

perturbation method to study the high-order tidal effects caused by mode coupling 

between the tidal force and the laterally heterogeneous elastic structure of the mantle.  

          We apply our perturbation method to compute the tidal response of the Moon in 

which small long-wavelength lateral heterogeneities are assumed to exist in the elastic 

moduli of the mantle. The tidal response of the Moon is determined mode by mode, for 

lateral heterogeneities with different depth ranges within the mantle and different 

horizontal scales. We show remarkable agreement between our perturbation method 

solutions and the numerical results from the 3-D finite element code CitcomSVE, thus 

providing the first true 3-D benchmark for CitcomSVE. In addition to forward 

calculations, we also adapt our perturbation method for inverse modeling to constrain the 

long-wavelength elastic structure of the lunar mantle, based on the high-accuracy tidal 

Love number solutions from the GRAIL mission. The small differences between the 

GRAIL’s degree-2 Love number solutions, i.e. k20, k21, k22, can be attributed to the 

gravitational tidal effects of a laterally varying Moon. We seek for the longest-

wavelength lunar mantle structure that can best fit the GRAIL’s k2 values, by Monte 

Carlo sampling the amplitude of each eigenstructure. We conclude that our perturbation 

method provides accurate results, and are more efficient than fully numerical approaches 

in (1) solving mode couplings, (2) forward calculations of tidal response, and (3) inverse 

modeling based on space mission data. 

 



New$insights$from$mantle$convection$modeling:$$Exploring$mantle$dynamics$from$
the$lithosphere$to$the$base$of$the$mantle!

Modeling$of$mantle$convection$remains$a$powerful$tool$to$explore$the$dynamics$of$Earth’s$
interior.$Moreover,$examining$distinct$convective$processes$in$the$mantles$of$other$terrestrial$
planets,$both$within$and$beyond$the$solar$system,$has$gained$increasingly$greater$
attention.$$This$session$is$intentionally$broad$in$scope,$and$it$aims$to$cover$the$full$range$of$new$
scientific$advances$obtained$through$geodynamical$modeling,$from$either$numerical$or$
laboratory$experiments.$We$welcome$contributions$from$all$areas$of$mantle$convection$
modeling,$covering$all$regions$from$the$lithosphere$to$the$bottom$of$the$mantle.$
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Thermal history calculations are based on balancing the flux of heat into and out of the 
mantle with the heat generated internally due to the decay of radiogenic elements [1]. In 
order to generate a tractable equation, a relationship between the surface heat flow and 
temperature is necessary. Often this is a relationship between the Nusselt number and 
Rayleigh number and variants of this relationship have been proposed based on both 
theory and numerical experimentation [1, 2, 3]. The power of thermal history calculations 
is that they can explore a large parameter space with minimal computational resources; 
however they provide only an average mantle temperature as a function of time.   
 
3D spherical-shell convection calculations, which solve the conservation of mass, 
momentum and energy, are becoming increasingly prevalent.  However two important 
aspects of thermal history modeling are infrequently employed in 3D convection 
calculations: a cooling core boundary condition and decreasing radiogenic heating with 
time. In many recent investigations the time-span of interest is such that these do not vary 
significantly.   
 
This raises an interesting question: Just how comparable are thermal history calculations 
and 3D spherical-shell convection calculations? In this presentation I will compare 3D 
convection and thermal history calculations with the same properties. These will include 
temperature and pressure dependent rheology and a ‘mobile lid’ using the methodology 
outlined by van Heck and Tackley [4], decaying radiogenic heat sources, and a cooling 
core boundary condition. Even with advances in computing power, it is unlikely that 
solving the set of conservation equations will replace thermal history models any time 
soon. The goal is to assess whether given the same parameters these two formulations 
will produce a similar temperature history.  
!
[1] Schubert, Turcotte & Olsen (2001) Mantle Convection in the Earth and Planets, Ch 
13.  
[2] Gurnis (1989) GRL 16, 179-182.  
[3] Solomatov (1995) Phys. Fluids 7, 266-274.  
[4] van Heck & Tackley (2008) GRL 35, L19312.  
!
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Arguably two most important observations about the Earth's dynamics are the present- 
day degree-2 mantle structure (i.e., two major seismically slow anomalies under Africa 
and central Pacific that are separated by circum-Pacific seismically fast anomalies) and 
supercontinent Pangea's assembly and breakup in the last 500 Ma. These observations 
raise some important questions. What are the mechanisms that control Pangea's assembly 
and breakup and are responsible for formation of long-wavelength mantle structure? Do 
we expect degree-2 mantle structure during Pangea time? Mantle convection calculations 
including plate motion history for the last 120 Ma suggest that these degree-2 structures 
result from plate subduction history (e.g., McNamara and Zhong, 2005). Mantle 
convection models with free-slip boundary conditions demonstrate that lithospheric 
viscosity together with a viscosity increase across the upper mantle may control the 
formation of the long-wavelength mantle structure (Zhong et al., 2007). Particularly, 
commonly accepted lithospheric viscosity and upper-lower mantle viscosity increase lead 
to degree-1 structure formation that may play an important role in supercontinent 
assembly. This led to suggestion that the Earth’s mantle structure may alternate between 
degree-1 and degree-2 structure, modulated by supercontinent cycle, and that the present- 
day’s degree-2 structure represents a snapshot of this structure evolution following the 
Pangea breakup (Zhong et al., 2007). This scenario was largely confirmed by models of 
mantle convection with plate motion history for the last 500 Ma (Zhang et al., 2010). 

We have recently expanded these model calculations with both free-slip and imposed 
plate motion boundary conditions. We found that for Rayleigh numbers and buoyancy 
numbers that are similar to the Earth’s mantle in thermochemical convection models with 
free-slip boundary conditions, lithospheric viscosity remains the most important control 
on the long-wavelength structure formation, while the buoyancy number does not affect 
the results significantly (Liu and Zhong, 2013). In particular, the thermochemical piles 
appear passive in responding to downwelling flow. There is always significant 
entrainment for the thermochemical piles in models with buoyancy numbers leading to 
the piles. Together with other observational constraints such as the geoid, this raises the 
question whether the piles consist of primordial or dynamically replenished /recycled 
materials. We also found that three different plate motion history models (Zhang et al., 
2010; Lithgow-Bertelloni and Richards, 1998; Muller et al., 2008; Seton et al., 2012) 
produce nearly identical mantle structure for the present-day (Rudolph and Zhong, 2014). 
These plate motion models, in their chosen reference frames, include significantly larger 
net lithospheric rotations prior to 50 Ma than the present-day, that is difficult to be 
explained in geodynamic models. This suggests that either some new dynamic 
mechanism is needed to account for the net lithospheric rotation or plate motion history 
models need to consider better for the effects of true-polar wander and reference frames. 
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ABSTRACT 
 Numerical studies of mantle convection have attempted to explain tomographic observations that reveal a 
lower mantle dominated by broad regional areas of lower-than-average shear-wave speeds beneath Africa and the 
Central Pacific. The anomalous regions, termed LLSVPs (“large low shear velocity provinces”), are inferred to be 
thermochemical structures encircled by regions of higher-than-average shear-wave speeds associated with Mesozoic 
and Cenozoic subduction zones. The origin and long-term evolution of the LLSVPs remains enigmatic. It has been 
proposed that the LLSVP beneath Africa was not present before 200 Ma (i.e. before and during most of the life-time of 
Pangea), prior to which time the lower mantle was dominated by a degree-1 convection pattern with a major upwelling 
centred close to the present-day Pacific LLSVP and subduction concentrated mainly in the antipodal hemisphere. The 
African LLSVP would thus have formed during the time-frame of the supercontinent Pangea as a result of return flow 
in the mantle due to circum-Pacific subduction. An opposing hypothesis, which propounds a more long-term stability 
for both the African and Pacific LLSVPs, is suggested by recent palaeomagnetic plate motion models that propose a 
geographic correlation between the surface eruption sites of Phanerozoic kimberlites, major hotspots and Large Igneous 
Provinces to deep regions of the mantle termed “Plume Generation Zones” (PGZs), which lie at the margins of the 
LLSVPs. If the surface volcanism was sourced from the PGZs, such a link would suggest that both LLSVPs may have 
remained stationary for at least the age of the volcanics. i.e., 540 Myr. To investigate these competing hypotheses for 
the evolution of LLSVPs in Earth's mantle, we integrate plate tectonic histories and numerical models of mantle 
dynamics and perform a series of 3D spherical thermochemical convection calculations with Earth-like boundary 
conditions. We improve upon previous studies by employing a new global plate motion model to impose surface 
velocity boundary conditions for a time interval that spans the amalgamation and subsequent break-up of Pangea. Our 
results are distinct from those of previous studies in several important ways: our plate model explicitly includes (i) 
absolute longitudinal reconstructions and (ii) TPW-correction, and (iii) our model extends back to the mid-Paleozoic 
(410 Ma). We find that, were only the Pacific LLSVP to exist prior to the formation of Pangea, the African LLSVP 
would not have been created within the lifetime of the supercontinent. We also find that, were the mantle to be 
dominated by two antipodal LLSVP-like structures prior to the formation of Pangea, the structures would remain 
relatively unchanged to the present day and would be insensitive to the formation and break-up of the supercontinent. 
Our results suggest that both the African and Pacific LLSVPs have remained close to their present-day positions for at 
least the past 410 Myr. 
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ABSTRACT 
The mechanisms for slab stagnation near depths of 660 km and subsequent sinking into 
the lower mantle remain enigmatic. Possible explanations include the complex mineral 
physics within the transition zone such as the olivine phase transitions at 410 and 660 km 
depth and metastable olivine within the cold slab. While laboratory experiments do not 
support the presence of the latter, they indicate the definite presence of several more 
phase transitions aside from the two major olivine phase transition that are commonly 
modeled (e.g., Weidner and Wang, 2000). Other phase transitions are also seismically 
observed near and within subduction zones (e.g. Thomas and Billen, 2009). The eight 
major composition-dependent phase transitions for pyrolite, harzburgite and eclogite, 
may be an important influence on subducting slab dynamics due to the additional forces 
that are dependent on depth and compositional layering within the slab (e.g., Ricard et al., 
2005). Our numerical models test the importance of various factors on slab behavior: 
compositional layering, the composition-dependent phase transitions, explicit plate 
speeds versus dynamically evolving plate and trench velocities, the viscosity structure, 
and the presence of shear, adiabatic and latent heating. Preliminary results indicate 
possible feedback between different factors, such as large slab folding with the 
combination of both latent heat and phase transitions. Dynamic models with all the 
composition-dependent phase transitions are very sensitive to model parameters such as 
the geometry and viscosity of the plate boundary shear zone. Small variations in these 
parameters cause large relative changes in plate speeds and in some cases cause slab 
detachment. This extreme sensitivity stresses the importance of an accurate 
understanding of phase transitions in the transition zone, where basic parameters such as 
the Clapeyron slope remain debatable for some mineral transitions. Feedback between a 
compositionally layered slab and dynamic trench may produce behavior not seen in 
previous studies and improve our understanding of subducting plate behavior at the 
surface and within the upper and lower mantle. 

Ricard, Y., E. Mattern, and J. Matas, Synthetic tomographic images of slabs from mineral 
physics, in Earth's Deep Mantle: Structure, Composition, and Evolution, Geophysical 
Monograph Series, vol. 160, American Geophysical Union, 2005. 

Thomas, C. and M.I. Billen. Mantle transition zone structure along a profile in the SW 
Pacific: thermal and compositional variations, 176, 113-125, 2009. 

Weidner, D. J., and Y. Wang, Phase transformations: Implications for mantle structure, in 
Earth's Deep Interior: Mineral Physics and Tomography from the Atomic to the Global 

Scale, Geophysical Monograph 117, American Geophysical Union, 2000. 



Dynamic Topography and Sea Level above Stable Antipodal Mantle Upwellings 
 

C.P.$Conrad1*,$B.$Steinberger2,3,$T.H.$Torsvik3,4,5$

 
1 Dept. Geology and Geophysics, SOEST, Univ. of Hawaii at Manoa, Honolulu, HI 96822, USA 
2 Helmholtz Cen. Potsdam, GFZ German Res. Cen. for Geoscience, 14473 Potsdam, Germany 
3 Centre for Earth Evolution and Dynamics (CEED), University of Oslo, 0316 Oslo, Norway 
4 Geodynamics, Geological Survey of Norway, NO-7491, Trondheim, Norway 
5 School of Geosciences, University of Witwatersrand, WITS 2050, South Africa 
 
ABSTRACT 

Although convection within Earth’s mantle ultimately drives much of Earth’s 
geological evolution, constraints on the history of mantle flow are difficult to obtain 
because the geometries and magnitudes of past driving forces are difficult to estimate. 
However, plate tectonic reconstructions, which are becoming increasing well-
constrained, should contain information about the underlying mantle flow that drove plate 
motions in the past. Although the motions of individual plates can be affected by the 
specific details of individual plate forces, which can vary significantly in both space and 
time, long-wavelength forcings on plates may be reflected in patterns of plate motions 
occurring over length scales longer than those of individual plates. To test this, we 
measured the dipole and quadrupole moments of present-day plate motions and compared 
their orientations to the analogous moments of basal tractions exerted on plates in a 
mantle flow model driven by tomographically-inferred mantle density heterogeneity. We 
found that both plate motions and net tractions converged in a net sense toward a dipole 
located in Asia. Similarly, both vector fields indicate quadrupole divergence in both 
Africa and the equatorial Pacific and quadruple convergence in southeast Asia and 
eastern South America. These similarities in dipole and quadrupole orientations indicate 
that the net characteristics of surface plate motions are reflective of global mantle flow 
patterns. To constrain temporal variations in mantle flow patterns, we measured the 
dipole and quadrupole moments of surface plate tectonics as a function of time for three 
different plate tectonic reconstructions dating as far back as 250 Ma. In all three, we 
found remarkable stability in the orientations of both the dipole moment and the 
divergence component of the quadrupole moment, indicating that the locations of net 
upwelling flow in the Earth’s mantle have remained relatively fixed, at least throughout 
the Cenozoic and Mesozoic. 

If these active upwellings are indeed stable, they should support long-wavelength 
dynamic topography at the Earth’s surface. The motions of the continents above this 
background pattern of dynamic topography should produce changes in sea level as the 
average dynamic deflection of the seafloor changes with time. We estimate that dispersal 
of the Pangean supercontinent away from the African upwelling may have exposed the 
seafloor to an increasingly large area of positive dynamic topography since the early 
Cretaceous. This trend should cause ~50-100 m of sea level rise during this time period. 
This component of sea level change helps to balance observations of Cretaceous and 
Cenozoic sea level change with an estimated total  sea level budget that includes 
concurrent tectonic and climatic influences that produce sea level up to ~250 m of drop. 
$
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ABSTRACT 

Flat-slab subduction is a pronounced tectonic phenomenon occurring at 10% of the 
convergence plate boundaries today. Causes& of& flat+slab& formation& remain& debated,&
where proposed mechanisms include subduction of buoyancy anomalies such as oceanic 
plateaus and aseismic ridges, dynamic suction from thickened overriding plate, and 
enhanced subduction speed and reduced seafloor ages. South America represents an ideal 
place to test these hypotheses, with ongoing flat subduction as well as possible flat-slab 
scenarios during the geological past. Here, we use geodynamic models with plate 
kinematics and seafloor ages as boundary conditions to reproduce the history of South 
American subduction since the Late Cretaceous, during which we attempt to investigate 
the dynamic causes and impacts of flat subduction. The modeling results will be 
compared to present-day upper mantle slab geometry through slab 1.0 [Hayes et al, 2012] 
and lower mantle structures in several tomography models including GyPSuM [Simmons 
et al, 2010] and S20RTS [Ritsema et al. 1999]. We will present the model setup and some 
preliminary results. 
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ABSTRACT 

Classic mantle dynamic models for the Earth’s geoid are mostly based on whole mantle 
convection and constrain that the upper mantle is significantly weaker than the lower 
mantle. Whole mantle convection models with such mantle viscosity structure have 
successfully explained the long-wavelength structure in the mantle. However, with 
increasing consensus on the existence of chemically distinct piles above the core mantle 
boundary (CMB) (also known as large low shear velocity provinces or LLSVPs), 
questions arise as to what extent the chemical piles influence the Earth’s geoid and long- 
wavelength mantle convection. Some recent studies suggested that the chemical piles 
have a controlling effect on the Earth’s degree two mantle structure, geoid, and true polar 
wander, although the chemical piles are estimated to be of small volume (~2% of the 
whole mantle) by seismic studies. 

We have formulated dynamically consistent 3D mantle convection models using CitcomS 
and studied how the chemical piles above CMB influence the long-wavelength 
convective structure and geoid. The models have free slip boundary conditions and 
temperature dependent viscosity. By comparing thermochemical models with purely 
thermal convection models, we found that the long wavelength convective structure is not 
sensitive to the presence of the chemical piles. In purely thermal convection, the 
contribution to the geoid from the bottom layer of the mantle always has the same sign 
with the total geoid. However, in the thermochemical convection, the bottom layer with 
overall negatively buoyant chemical piles gives rise to the geoid that has opposite sign 
with the total geoid, which would be cancelled out by the positive geoid contribution 
from the layer right above chemical piles. Thus, the geoid from a bottom part of the 
mantle would give a net contribution of ~0 to the total geoid. The ‘compensated bottom 
mantle’ is two to three times as thick as the chemical piles. It indicates that for mantle 
convection with heavy primordial chemical piles, the geoid is only contributed from 
upper part of the mantle. In this case, the seismic velocity and density anomalies scaling 
needs to be reconsidered so that the observed geoid could be accounted for by the upper 
mantle structure. Our model with two primordial chemical piles yields two geoid highs 
over the piles, which is consistent with the Earth scenario of geoid highs over Africa and 
Pacific chemical piles. 
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Numerical modeling has been used to gain insight into many geodynamic 

processes, including mantle plume behavior, subduction zone dynamics, and the thermal 
evolution of the Earth.  However, in order to confidently apply numerical modeling 
techniques to the Earth’s interior dynamics, we must seek validation of the methods 
through comparison between models and physical observations.  Direct comparison 
between numerical and analog experiments provide an important approach to validation 
since the numerical methods can be tested for problems in the discretization and solution 
of the governing equations, while laboratory models can be tested for issues in model 
setup, measurement accuracy, and the determination of approximate form of the 
constitutive equations. 

Here we will discuss numerical simulations of thermal plumes generated in near 
isoviscous silicon oil and a sugar solution that has a strongly temperature dependent 
viscosity. This modeling follows the study by Vatteville et al. (2009). In this work using 
silicon oils, a generally good agreement between isotherms and velocity profiles was 
demonstrated. It was shown that the numerically derived velocities needed to be filtered 
using an averaging window to mimic the averaging performed in the Particle-Image-
Velocimetry technique used to determine velocities in the laboratory fluid. However even 
with this averaging, the numerical models tend to be systematically faster (see figure 
below). 

In our work we provide a further detailed comparison between laboratory models 
and high-resolution finite element models that mimic the laboratory set up as closely as 
possible. We demonstrate that small variations in the constitutive equations significantly 
influence the plume evolution.  We also demonstrate that small variations in specific heat 
can lead to moderate changes in plume evolution and can explain the differences in 
timing shown in the figure. We extend this further to sugar solutions where the 
temperature-dependence of viscosity is significantly higher.  

In general the determination of specific heat and its temperature-dependence for 
laboratory fluids is less precise than that of viscosity, conductivity and density. We 
provide a systematic study of how variations in specific heat influence the evolution of 
the numerical plume and we perform a simple Monte Carlo inversion to determine the 
best fit for specific heat. This suggests that we can use numerical simulations of 
laboratory plumes to determine fluid properties that are difficult to determine by 
traditional techniques. 



 
Figure 1: Maximum velocity in 
plume conduit for numerical 
and laboratory experiments. In 
the stage of transient plume 
development, the numerical 
models consistently over 
predict velocity. 
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ABSTRACT 

We hereby investigate structure and dynamics in the deep mantle and its influence 
to heterogeneity of heat flux across the core-mantle boundary (CMB) with an extended 
version of STAGYY [Tackley, 2008] on numerical thermo-chemical mantle convection 
incorporating into the plate reconstruction database (GPlate) [Bello et al., 2013]. In our 
previous studies on investigating such topics, we have just assumed the pseudo-plastic 
rheology or simplified rheology without any geological data in thermo-chemical mantle 
convection simulations [Nakagawa and Tackley, 2008; Nakagawa et al., 2010]. With 
those, we could discuss some characteristics of physics and chemistry occurring in the 
deep mantle but not fully discuss deep Earth’s dynamics and structures at the present time. 
Trying to fully discuss deep Earth’s interior at the present time, we use an extended 
version of STAGYY, that is, the surface velocity from the plate reconstruction database 
at the present time is imposed into thermo-chemical mantle convection simulations with 
the simplified phase transition systems or realistic mineral phase diagrams calculated 
from free energy minimization. Two types of compositional anomalies are assumed here: 
1. Initially layered at the base of mantle or surface of mantle and 2. Initially uniform 
composition but the melt-induced differentiation can generate the oceanic crust. To 
compare with those cases, isochemical case is also examined here. 

The preliminary results suggested that the large-scale heterogeneous anomalies 
would be likely obtained for thermo-chemical cases but not for isochemical cases, that is, 
the smaller-scale structure would be dominated. In order to compare with tomographic 
images, we operated simple resolution filtering for our preliminary results. These filtered 
anomalies was not very different from those found from full resolution results.  

Regarding the scaling relationship between seismic anomalies and CMB heat flux, 
the post-perovskite effects would be dominated to generate the non-linearity of scaling 
relationship. The compositional anomalies might work for generating uncertainties to 
determine the scaling relationship. This may be consistent with cases without imposing 
surface plate motion provided from the plate reconstruction database [Nakagawa and 
Tackley, 2008]. More interesting results will be provided in the presentation. 
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ABSTRACT 
Plane-layer convection models remain a useful tool for modeling mantle convection in 
studies featuring large Rayleigh numbers. However, these plane-layer models feature 
larger mean temperatures than spherical shell systems. It is possible for derive a single 
equation for predicting mean temperature in uniform property fluids in both plane-layer 
and spherical shell models. This equation can be used to correctly adjust the plane-layer 
systems to model the cooler mean temperatures and geotherms observed in spherical shell 
models. With the inclusion of a depth-dependent viscosity, a single parameterization for 
mean temperature is not possible in the more complicated systems. A system of 
parameterizations can be developed for a given depth-dependent viscosity profile in the 
different geometries. By analyzing the mean temperature of over 100 spherical shell and 
plane-layer models with a viscosity contrast of 30 and 100 across the mantle, systems of 
equations for predicting mean temperature are determined. An effective Rayleigh number 
is defined based on the average viscosity of the mantle, Raη. The parameterizations for 
mean temperature, θ, depend on the effective Rayleigh number, Raη, and internal heating 
rate, H, and are able to predict mean temperatures to an accuracy of a few percent or 
better. These systems of equations can be used to derive the correct heating parameters in 
plane-layer systems to obtain the thermal structure observed in spherical shell models. 
Increasing the lower mantle viscosity results in a larger difference in mean temperature 
between the two system geometries. Incorporating the correct heating rate in plane-layer 
geometry systems is especially important in systems featuring temperature-dependent 
parameters. 
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ABSTRACT 

Deformation in the mantle of terrestrial bodies is accommodated by diffusion and 
dislocation creep. While the former likely plays a dominant role at high temperatures and 
pressures, the latter is thought to be important at relatively low pressures, as inferred by 
seismic anisotropy of the Earth’s upper mantle.  

 
From a numerical point of view, dislocation creep is more challenging to handle 

than diffusion creep. Being a non-Newtonian mechanism, it renders the viscosity strain-
rate dependent, thereby introducing a strong non-linearity that requires much longer 
computational times. To circumvent this additional complexity, a Newtonian rheology 
(i.e. diffusion creep) with reduced activation parameters is often used to mimic non-
Newtonian behavior. Nevertheless, although this approximation is widely used to model 
convection in stagnant-lid bodies, it was originally derived for bodies in mobile-lid 
regime. Furthermore, it implicitly assumes that the entire mantle deforms via dislocation 
creep, even though both dislocation and diffusion creep are expected to be at play in 
dependence of local conditions of temperature, pressure and strain-rate (Figure 1). 

 
We perform a series of simulations in 2-D cylindrical and 3-D spherical geometry 

using our mantle convection code GAIA. We focus on modelling the interior of Mercury, 
Mars and the Moon as prototypes of stagnant-lid bodies whose mantle covers a relatively 
limited pressure range over which dislocation creep is generally expected to be 
dominating. By comparing the coupled thermal evolution of the mantle and core of these 
three bodies assuming a purely Newtonian, purely non-Newtonian or mixed-rheology, we 
describe the consequences and assess the limits of validity of the above approximation.  

 
 

 
 
Figure 1: Thermal evolution snapshot 
using Mars-like parameters and a 
mixed Newtonian - non-Newtonian 
rheology. Yellow shows regions where 
the rheology is dominated by 
dislocation creep, while areas 
dominated by diffusion creep are 
depicted in blue. 
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One of the key parameters controlling the thermal structure of a subduction zones is the flow pattern of 

the mantle wedge. In the context of fluid mechanics, the flow in the wedge is modeled as corner flow, 

in  which the downward motion of the descending oceanic slab drags down the mantle  by viscous 

coupling and sets up a two-dimensional  forced-convection flow pattern. However,  it  is  known that 

variations in the along-strike geometry of the subducting slab can induce a three-dimensional flow that 

departs from the classic 2D corner flow. Evidence for this three-dimensional flow field comes from 

seismic anisotropy observations, which have revealed an along-strike flow component in a variety of 

subduction zones, such as the Central America Subduction Zone. Variations in arc geochemistry along 

the volcanic arc of Central America further support the existence of a lateral flow. 

In this study, we present an analysis of the mantle wedge flow field and thermal structure for the  

Central America Subduction Zone, extending from South Costa Rica to North Nicaragua. We use 3D 

numerical models that consist of kinematically-defined subducting and overriding plates, and a flowing 

mantle wedge driven by drag exerted by the subducting plate. The finite-element code PGCtherm-3D is 

used to solve the steady-state governing equations for mantle wedge flow and the 3D thermal structure 

of  the  subduction zone.  Our models  employ the  most  up-to-date subducting slab geometry,  which 

incorpates changes in the dip from approximately 45 degrees offshore the Nicoya Peninsula to  70 

degrees in Nicaragua. Using an isoviscous mantle wedge, variations in the geometry of the subducting 

slab  induce  a  lateral  flow  with  a  maximum  magnitude  of  3.5  cm/yr,  nearly  40%  of  the  plate  

convergence rate (8.5 cm/yr). This lateral flow produces changes in the thermal structure with respect 

to 2D models, with a difference in temperature exceeding the 100º C in the mantle below the volcanic 

arc. This change is important, as it might change the degree of melting of the mantle wedge depending 

on  the  amount  of  water  released  by  the  subducting  slab.  Our  models  also  incorporate  a  three-

dimensional oceanic geotherm for the subducting slab that fits the abrupt transition in the thermal 

structure of the oceanic plate associated with a change from crust generated at the East Paficic Rise and 

crust generated at the Cocos Nazca Spreading Center. Future models will explore a non-Newtonian, 

temperature-dependent  mantle wedge  rheology.  The  combined  effect  of  a  3D  oceanic  geotherm 

and temperature-dependent flow in the wedge is expected to have a strong impact on metamorphic 

reactions within the oceanic plate, such as the transformation of oceanic basalt into eclogite, as well as 

the width of megathrust earthquake seismogenic zone.



(IIHFW�RI�FRQWLQHQWDO�OLWKRVSKHUH�DQG�GHHS�PDQWOH�FRPSRVLWLRQDO�KHWHURJHQHLWLHV�RQ�
WKH�VXUIDFH�PRELOLW\�RI�WHUUHVWULDO�SODQHWV

6�-��7ULP��DQG�-�3��/RZPDQ�

�8QLYHUVLW\�RI�7RURQWR��'HSDUWPHQW�RI�3K\VLFV��VWULP#SK\VLFV�XWRURQWR�FD
�8QLYHUVLW\�RI�7RURQWR�6FDUERURXJK��'HSDUWPHQW�RI�3K\VLFDO�DQG�(QYLURQPHQWDO�6FLHQFH��
ORZPDQ#XWVF�XWRURQWR�FD

$%675$&7

7KH� VXUIDFH� PRELOLW\� RI� WHUUHVWULDO� SODQHWV� LV� GULYHQ� E\� PDQWOH� FRQYHFWLRQ�� �
&RQVHTXHQWO\�� IDFWRUV� DIIHFWLQJ� PDQWOH� IORZ�� VXFK� DV� FRPSRVLWLRQDO� YDULDWLRQV�� FDQ�
LPSDFW� VXUIDFH� PRELOLW\�� � ,Q� WKH� (DUWK
V� PDQWOH�� WKHUH� LV� HYLGHQFH� RI� GHHS� UHVHUYRLUV�
RI� FRPSRVLWLRQDOO\� HQULFKHG� PDWHULDO� WKDW� LV� GHQVHU� WKDQ� WKH� DPELHQW� VLOLFDWHV�� � ,I�
FRPSRVLWLRQDO�KHWHURJHQHLWLHV�H[LVW� LQ� WKH�(DUWK�� LW� LV�DOVR� OLNHO\� WKDW� WKH\�H[LVW� LQ�RWKHU�
WHUUHVWULDO�PDQWOHV�

:H� KDYH� IRXQG� LQ� SUHYLRXV� QXPHULFDO� H[SHULPHQWV� WKDW� IRU� D� FRPSRVLWLRQDOO\�
KHWHURJHQHRXV�PDQWOH�� VXUIDFH�PRELOLW\� LV�PRUH� OLNHO\� WR� EH�PDLQWDLQHG� LI� WKH� HQULFKHG�
PDWHULDO� LV� HLWKHU� FRPSOHWHO\� HQWUDLQHG� RU� RUJDQL]HG� LQWR� GLVWLQFW� SURYLQFHV� RU� SLOHV�� �
9LJRURXV�GRZQZHOOLQJV�WHQG�WR�VZHHS�HQULFKHG�PDWHULDO� LQWR�FKHPLFDO�SLOHV�� �+RZHYHU��
ZH� ILQG� LW� GLIILFXOW� WR�PDLQWDLQ�PXOWLSOH� GRZQZHOOLQJV� LI� WKH� OLWKRVSKHUH� LV� FRPSOHWHO\�
RFHDQLF�

+HUH�� ZH� LQYHVWLJDWH� WKH� LQWHUDFWLRQ� EHWZHHQ� FRQWLQHQWDO� OLWKRVSKHUH� DQG�
FRPSRVLWLRQDOO\� HQULFKHG� PDWHULDO� XVLQJ� QXPHULFDO� PRGHOV� RI� PDQWOH� FRQYHFWLRQ�� �
&RPSRVLWLRQ�LV�WUDFNHG�XVLQJ�WKH�WUDFHU�UDWLR�PHWKRG���)ORZ�YHORFLWLHV�DQG�WHPSHUDWXUHV�
DUH� FDOFXODWHG� XVLQJ� D� K\EULG� VSHFWUDO� ILQLWH� GLIIHUHQFH� VFKHPH�� � 7HFWRQLF� SODWHV� DUH�
PRGHOHG�XVLQJ�WKH�IRUFH�EDODQFH�PHWKRG���7KH�OLWKRVSKHUH�LV�FRPSULVHG�RI�ERWK�RFHDQLF�
DQG� FRQWLQHQWDO� FRPSRQHQWV�� � &RQWLQHQWDO� PDWHULDO� FDQQRW� EH� FRQVXPHG� DW� FRQYHUJHQW�
PDUJLQV��DQG�GLIIHUV�LQ�VWUHQJWK�IURP�RFHDQLF�OLWKRVSKHUH���,Q�WKH�HYHQW�RI�WZR�FRQWLQHQWDO�
VHJPHQWV�FROOLGLQJ��WKH�VHJPHQWV�DUH�VXWXUHG�WRJHWKHU�WR�IRUP�D�VLQJOH�FRQWLQHQW���6XWXUH�
]RQHV�KDYH�D�ORZHU�\LHOG�VWUHVV�WKDQ�DPELHQW�FRQWLQHQWDO�PDWHULDO�

&RQWLQHQWDO� OLWKRVSKHUH� KDV� WKH� SRWHQWLDO� WR� DIIHFW� VXUIDFH� PRELOLW\�� � &RQWLQHQWDO�
PDWHULDO�LV�SUHVHUYHG�DW�FRQYHUJHQW�SODWH�ERXQGDULHV��ZKLFK�PD\�LQFUHDVH�WKH�QXPEHU�RI�
PDQWOH�GRZQZHOOLQJV�� OHDGLQJ� WR� WKH� IRUPDWLRQ�RI� FKHPLFDO� SLOHV� DQG� HQKDQFHG� VXUIDFH�
PRELOLW\�� � +RZHYHU�� SODWHV� FDQ� DOVR� EH� FRQVXPHG� PRUH� UDSLGO\� GXH� WR� WKH� LQFUHDVHG�
QXPEHU� RI� FRQYHUJHQW� PDUJLQV� OHDGLQJ� WR� D� GHFUHDVH� LQ� PRELOLW\�� � 5HVXOWV� H[DPLQLQJ�
WKH� GLIIHUHQFHV� LQ� VXUIDFH� PRELOLW\� LQ� WKHUPRFKHPLFDO� FDOFXODWLRQV� ZLWK� DQG� ZLWKRXW�
FRQWLQHQWDO�OLWKRVSKHUH�ZLOO�EH�GHVFULEHG�



Generating 3D Models for the Alaska-Aleutian Subduction System 
 

K.E. Volk1 & P.E. van Keken2 
1,2Dept. of Earth and Environmental Sciences, University of Michigan, Ann Arbor, Michigan 
1Email: kevolk@umich.edu 
2Email: keken@umich.edu  
 

It is well established that young, warm subduction zones have shallow earthquakes while 
old, cold subduction zones experience much deeper earthquakes. There is also strong evidence 
that intermediate depth seismicity is linked to dehydration reactions within the slab (Schmidt and 
Poli, EPLS 1998; Hacker et al., JGR 2003; van Keken et al., JGR 2011). However there are still 
many questions regarding the exact location of dehydration reactions with respects to 
earthquakes and how well 2D models can represent the dynamics of a 3D subduction zone, 
especially in situations of oblique subduction. Of particular interest is the Alaska-Aleutian Arc, 
which is produced as the Pacific Plate subducts beneath North America at roughly 55 mm/yr 
(DeMets et al., GRL 1994). In Alaska, convergence is nearly trench normal, but trends towards 
greater obliquity in the western Aleutians. Along much of the Alaska-Aleutian Arc trench 
parallel splitting is observed, regardless of trench normal or oblique convergence (Yang and 
Fischer, JGR 1995; Christensen and Abers, JGR 2010). Also there are sudden changes in the 
distance between the volcanic arc and top of the subducting slab, from ~130 km at the island of 
Bogoslof, to just ~65 km a short distance west at Seguam island. Understanding the 
characteristics of the Alaska-Aleutian subduction zone system requires accurate dynamic 
models. However, with 2D models it is unclear if cross-sections of the subduction zone should 
be taken perpendicular to the trench or parallel to the convergence direction. 2D models show 
that temperatures at the top of the subducting slab can vary up ~20°C at a given depth in the 
western Aleutians depending on the chosen cross-section. The difference is even great at the 
subducting slab’s Moho, ~7 km depth, varying up ~50°C. It is apparent that understanding where 
dehydration reactions occur in the slab and relating dehydration to intermediate depth seismicity 
is sensitive to the chosen cross-section. We therefore confirm the conclusions from Bengtson and 
van Keken, (JGR, 2012) that for subduction zones with oblique convergence we need full 3D 
models. 3D modeling may also resolve whether toroidal flow occurs in the Aleutian-Alaska 
subduction system, which has been suggested to be related to the trench parallel shear wave 
splitting patterns and changes in the slab arc distance. I am working on creating workable 3D 
finite element meshes for the Alaska-Aleutian Arc using the interactive meshing software Cubit. 
These models should allow us to resolve the thermal and velocity structure of the Alaska-
Aleutian Arc and how 3D flow may occur as convergence trends towards greater obliquity. This 
work is a part of the GeoPRISMS implementation plan for the Alaska-Aleutian Arc and is 
funded by that community.   
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ABSTRACT 

We investigate the evolution of oceanic asthenosphere during subduction by 
exploring plausible values of asthenosphere viscosity and density. By comparing with 
multiple observations, we find that oceanic asthenosphere viscosity is between  
2×1019 Pa s and 5×1019 Pa s. In order to allow slabs to subduct into the deep upper 
mantle, a maximum oceanic asthenosphere density reduction relative to the underlying 
mantle should be no larger than 0.7%, assuming a 200-km-thick asthenosphere channel. 
An important result is that a significant amount (>100 km thick) of oceanic asthenosphere 
is easily entrained in the underlying mantle beneath the down-going slab, in contrast to an 
earlier suggestion that negligible amount (<30 km thick) of asthenosphere could get 
subducted. The recycling of a hot and buoyant asthenosphere thus provides a novel 
mechanism for the formation of slow seismic anomalies within the deep mantle. This, in 
turn, questions the commonly believed deep mantle plume origin of intra-plate 
volcanism, with a typical example being the Yellowstone volcanic system. Our current 
results suggest that a buoyant asthenosphere can be dragged down into the lower mantle 
and then moves upward due to its buoyancy when the overlying slab barrier is removed. 
To further test our hypothesis, we construct a 4D subduction model for western North 
America during the Cenozoic. We use data assimilation techniques to incorporate plate 
kinematics and sea floor ages as boundary conditions, and seismic anomalies converted 
density structure as internal buoyancy source. The subduction history is calibrated 
through a hybrid of forward and adjoint simulations satisfying multiple observational 
constraints. Some preliminary results will be presented and implications discussed.  
!
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Geodynamics,of,lithosphere,evolution:,,Numerical,models,and,observational,constraints!

Numerical,modeling,has,become,an,important,tool,for,investigating,lithosphere,dynamics,over,
geological,timescales,(104=109,years),and,for,aiding,in,the,interpretation,of,geophysical,and,geological,
observations,of,lithosphere,structure.,,Advanced,models,include,coupled,thermal=mechanical,
calculations,,non=linear,rheologies,and,deformation,at,a,range,of,spatial,scales.,,Many,challenges,remain,,
such,as,the,need,to,model,processes,at,higher,resolution,and,incorporate,surface,processes,and,
multiphysics,(e.g.,,two=phase,flow).,,In,addition,,the,relationship,between,numerical,model,predictions,
and,observational,data,is,often,complex.,,This,session,will,address,the,advances,and,challenges,in,
understanding,lithosphere,structure,and,evolution.,,We,welcome,contributions,that,examine,
lithosphere,dynamics,from,plate,margins,to,plate,interiors,,as,well,as,studies,that,explore,linkages,
between,lithosphere,dynamics,,surface,erosion/sedimentation,,and,mantle,convection.,
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&RQWLQHQWDO�H[WHQVLRQ�RFFXUV�LQ�D�YDULHW\�RI�ZD\V�WKDW�SURGXFH�GLVWLQFW�VWUXFWXUHV�
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GLNHV�HYHQWXDOO\�ZHDNHQV�WKH�OLWKRVSKHUH�VR�WKDW�H[WHQVLRQ�FDQ�FRQWLQXH�HYHQ�ZLWKRXW�
DGGLWLRQDO�PDJPD���1XPHULFDO�PRGHOV�LQGLFDWH�WKDW�WKH�DPRXQW�RI�PDJPD�UHTXLUHG�IRU�
WKLV�WUDQVLWLRQ�WR�WHFWRQLF�VWUHWFKLQJ�LV�PXFK�OHVV�WKDQ�WKH�DPRXQW�RI�PDJPD�H[WUXGHG�LQ�
ODUJH�LJQHRXV�SURYLQFHV���,W�DSSHDUV�WKDW�DFWLYH�PDQWOH�SOXPHV�RU�HYHQ�SOXPH�KHDGV�DUH�
QHHGHG�WR�SURYLGH�WKH�SXOVH�RI�PDJPDWLVP�WR�LQLWLDWH�ULIWLQJ���+RZHYHU��WKH�JUHDW�YROXPHV�
RI�PDJPD�HPSODFHV�DORQJ�YROFDQLF�SDVVLYH�PDUJLQV�PD\�UHVXOW�IURP�D�VHFRQG�VWDJH�
RI�PHOWLQJ�SURGXFHG�E\�WKH�SDVVLYH�XSZHOOLQJ�RI�KRW�PDQWOH�DV�OLWKRVSKHULF�VWUHWFKLQJ�
RFFXUV���
$QRWKHU�DUHD�RI�UHFHQW�ZRUN�IRFXVHV�RQ�WKH�VWUHQJWK�RI�IDXOWV���1HZ�GDWD�IURP�RFHDQLF�

FRUH�FRPSOH[HV�LQGLFDWHV�WKDW�WKH�UHODWHG�ODUJH�RIIVHW�QRUPDO�IDXOWV�IRUPHG�DW�KLJK�GLS�
DQJOHV�DQG�RQO\�WKH�DEDQGRQHG�XS�GLS�VHFWLRQ�RI�WKH�IDXOWV�DUH�URWDWHG�WR�ORZ�GLSV���7KLV�
PHDQV�WKH�VRPH�VR�FDOOHG�ORZ�DQJOH�QRUPDO�IDXOWV�PD\�QRW�EH�DQRPDORXVO\�ZHDN���1HZ�
KLJK�UHVROXWLRQ�PRGHOV�RI�H[WHQVLRQDO�IDXOWLQJ�UHSURGXFH�WKH�EORFNV�RI�KDQJLQJZDOO�
WKDW�DUH�FDUULHG�DV�µULGHU�EORFNV¶�RQ�WRS�RI�WKH�IRRWZDOO�RI�D�ODUJH�RIIVHW�IDXOW���7KHVH�
VWUXFWXUHV��VHHQ�LQ�FRQWLQHQWDO�DQG�RFHDQLF�FRUH�FRPSOH[HV��SXW�QDUURZ�ERXQGV�RQ�IDXOW�
VWUHQJWK�WKDW�DUH�TXDQWLILHG�E\�WKH�QXPHULFDO�PRGHOV�
1HZ�GDWD�RQ�WKH�SDWWHUQV�RI�GXFWLOH�GHIRUPDWLRQ�LQ�PHWDPRUSKLF�FRUH�FRPSOH[HV�KDV�

UHQHZHG�WKH�GHEDWH�RYHU�WKH�UROHV�RI�ORFDO�FUXVWDO�EXR\DQF\�YHUVXV�UHJLRQDO�H[WHQVLRQ�
WR�GULYH�FRUH�FRPSOH[�IRUPDWLRQ���0DSSLQJ�RI�D�UDGLDO�SDWWHUQ�RI�FUXVWDO�IORZ�UHODWHG�
IROLDWLRQ�LQ�WKH�'¶(QWUHFDVWHDX[�,VODQGV��WKH�\RXQJHVW�NQRZQ�FRQWLQHQWDO�FRUH�FRPSOH[HV��
VXJJHVWV�D�UROH�RI�FUXVWDO�GLDSLUV�ULVLQJ�IURP�D�VXEGXFWLRQ�]RQH���,Q�FRQWUDVW�WKH�IROLDWLRQ�
SDWWHUQ�LQ�VRPH�FRUH�FRPSOH[HV�LQ�WKH�$HJHDQ�6HD�LQGLFDWH�FRPSUHVVLRQ�RFFXUUHG�QRUPDO�
WR�WKH�H[WHQVLRQ�GLUHFWLRQ���,Q�ERWK�FDVHV��'�DQG��'�QXPHULFDO�PRGHOV�DUH�VKHGGLQJ�OLJKW�
RQ�KRZ�WKHVH�VWUXFWXUHV�IRUP�
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�8OWUD�KLJK�SUHVVXUH� PHWDPRUSKLF� ��8�+3�� WHUUDQHV� WKDW� UHFRUG� WKH� VXEGXFWLRQ� RI�
FRQWLQHQWDO� FUXVW� WR�PDQWOH� GHSWKV� �a���� NP�� DUH� IRXQG� LQ�PDQ\�3KDQHUR]RLF� RURJHQV��
5HFHQWO\�� QHZ� FRQFHSWXDO� WHFWRQLF� PRGHOV� KDYH� EHHQ� DGYDQFHG� WR� H[SODLQ� KRZ� WKHVH�
WHUUDQHV�ZHUH� EXULHG� WR� VXFK� H[WUHPH� GHSWKV� DQG� VXEVHTXHQWO\� H[KXPHG��2XU� UHVHDUFK�
DLPV�WR�WHVW�WKHVH�DQG�PRUH�WUDGLWLRQDO�PRGHOV�E\�FRPSDULQJ�VSHFLILF�FDVH�KLVWRULHV�ZLWK�
TXDQWLWDWLYH�SUHGLFWLRQV�IURP�QXPHULFDO�JHRG\QDPLF�PRGHOV�

+HUH� ZH� XVH� �'� XSSHU�PDQWOH�VFDOH� WKHUPDO�PHFKDQLFDO� ILQLWH�HOHPHQW� PRGHOV�
WR� H[SORUH� DQG� FRPSDUH� WKH� G\QDPLFV� RI� RFHDQLF� DQG� FRQWLQHQWDO� VXEGXFWLRQ� DQG� �8�
+3� WHUUDQH� H[KXPDWLRQ� LQ� VLPSOLILHG� µ$OSLQH�¶� DQG� µ&DOHGRQLDQ�W\SH¶� RURJHQV�� 7KH�
UHTXLUHPHQW� IRU� D� VXFFHVVIXO� PRGHO� LV� WKDW� LW� UHSOLFDWHV� NH\� FRQVWUDLQWV� RQ� �8�+3�
WHUUDQH�H[KXPDWLRQ�DQG�JHQHUDO�RURJHQ�VFDOH�HYROXWLRQ�IURP�HLWKHU� WKH�:HVWHUQ�$OSV�RU�
1RUZHJLDQ�&DOHGRQLGHV��RXU�FDVH�H[DPSOHV��7KURXJKRXW�ZH�VKRZ�KRZ�WKHVH� µZRUNLQJ¶�
PRGHO� UHVXOWV� LQIRUP� LQWHUSUHWDWLRQ� RI� JHRSK\VLFDO� DQG� JHRORJLFDO� REVHUYDWLRQV�
FRQFHUQLQJ�WKH�OLWKRVSKHUH�VFDOH�HYROXWLRQ�RI�WKHVH�RURJHQV�

7KH�PRGHO� UHVXOWV�VKRZ�KRZ�GLIIHUHQFHV� LQ� WKH�VWUHQJWK�RI� WKH�VXEGXFWLQJ�FUXVW��
WKH�GXUDWLRQ�DQG�VFDOH�RI�RURJHQ\��DQG�GULYLQJ�SODWH�PRWLRQV�FDQ�OHDG�WR�PDUNHG�FRQWUDVWV�
LQ� WKH� QDWXUH� RI� EXULDO� DQG� VXEVHTXHQW� H[KXPDWLRQ�UHODWHG� H[WHQVLRQ��0RVW� GLIIHUHQFHV�
LQ� WKH� VL]H�� SUHVVXUH�WHPSHUDWXUH� KLVWRU\�� DQG� VWUXFWXUDO� HYROXWLRQ� RI� WKH� $OSLQH� DQG�
&DOHGRQLDQ��8�+3�WHUUDQHV�FDQ�EH�H[SODLQHG�E\�WKHVH�IDFWRUV��,Q�WKH�:HVWHUQ�$OSV��UDSLG��
����� FP� \U���� H[KXPDWLRQ� RI� VPDOO�� UHODWLYHO\� FROG� �a��������&�� �8�+3� WHUUDQHV� WRRN�
SODFH� GXULQJ� WKH� HDUO\� VWDJHV� RI� FROOLVLRQ�� DQG� ZDV� DFFRPSOLVKHG� E\� ORFDOL]HG� FUXVWDO�
H[WHQVLRQ� GXULQJ� FRQWLQXHG� RURJHQ�VFDOH� VKRUWHQLQJ�� 7KH� PRGHO� UHVXOWV� VKRZ� WKDW� WKLV�
VW\OH�RI�V\Q�RURJHQLF�H[WHQVLRQ�DQG�UDSLG�H[KXPDWLRQ�FDQ�EH�GULYHQ�E\�WKH�UDSLG�DVFHQW�
RI� EXR\DQW� FUXVW� IURP� WKH� VXEGXFWLRQ� FKDQQHO�� %\� FRPSDULVRQ�� WKH� PRUH� YROXPLQRXV�
:HVWHUQ� *QHLVV� 5HJLRQ� �:*5�� �1RUZHJLDQ� &DOHGRQLGHV�� XQGHUZHQW� KLJK�WHPSHUDWXUH�
�a��������&�� �8�+3�PHWDPRUSKLVP�QHDU� WKH�HQG�RI� WKH�&DOHGRQLDQ�RURJHQ\�� IROORZHG�
E\� VORZ� H[KXPDWLRQ� �a������ FP� \U���� GXULQJ� RURJHQ�VFDOH� H[WHQVLRQ�� 7KHVH� IHDWXUHV�
DUH� H[SODLQHG� E\� D� PRGHO� LQ� ZKLFK� FUXVWDO� VXEGXFWLRQ� RFFXUV� EHQHDWK� DQ� DOUHDG\� KRW�
RURJHQLF� ZHGJH�� IROORZHG� E\� SURWUDFWHG� UHVLGHQFH� DW� �8�+3� FRQGLWLRQV�� 6XEVHTXHQW�
VORZ�H[KXPDWLRQ�RI�D�ODUJH��8�+3�WHUUDQH�UHVXOWV�IURP�RURJHQ�VFDOH�H[WHQVLRQ�GULYHQ�E\�
JUDYLWDWLRQDO�VSUHDGLQJ�GXULQJ�VORZLQJ�RI�FRQYHUJHQFH�DQG�ODWHU�SODWH�GLYHUJHQFH�

7KHVH� H[DPSOHV� FDQ� EH� YLHZHG� DV� HQG�PHPEHUV� LQ� ZKLFK� �8�+3� WHUUDQHV�
ZHUH� H[KXPHG� DW� YHU\� GLIIHUHQW� WLPHV� GXULQJ� RURJHQ\� E\� FRQWUDVWLQJ�PRGHV� RI� FUXVWDO�
H[WHQVLRQ�� 2EVHUYDWLRQV� IURP� RWKHU� RURJHQV� VKRXOG� DOVR� EH� FRPSDUHG� ZLWK� WKH� PRGHO�
SUHGLFWLRQV�� ([KXPDWLRQ� E\� EXR\DQF\�GULYHQ� IORZ�PD\� DSSO\� WR� RWKHU� µHDUO\�RURJHQLF¶�
�8�+3� WHUUDQHV��ZKHUHDV� ODUJH�� µODWH�RURJHQLF¶� �8�+3� WHUUDQHV�PD\� RQO\� DSSHDU�ZKHUH�
RURJHQ\�ZDV�IROORZHG�E\�FRQVLGHUDEOH�OLWKRVSKHUH�VFDOH�H[WHQVLRQ�



Implication of flow in the lower crust on strain localization across time and length 
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ABSTRACT 
 
The classical inter-seismic mechanical models of the lithosphere assume that the earth 
lithosphere is a horizontally layered media with homogeneous rheological properties at a 
given depth. Recently, less classical models have been proposed in order to include 
lateral variation of the viscosity underneath fault zone. These models have been shown to 
be as, and sometimes more, effective at reproducing the geodetic data during the seismic 
cycle than the simple laterally homogeneous stratified models. 
 These new models have in common to require a finite width low viscosity zone 
underneath the fault zone. Proposed explanations for the formation of these localized low 
viscosity zone includes grain size reduction, shear heating and localized presence of 
fluids. All these mechanisms are valid in order to locally weaken an initially strong lower 
crust, however they are not efficient to localize strain across strike slip faults in post-
orogenic setting when the lower crust is weak.  
 I will present results of 3D numerical modelling studies run with GALE, which 
show that metamorphic core complex are exhumed under transtensional structure in post 
orogenic setting. Using a parametric approach, I will show that the smaller the width of 
the step over and the thicker the low viscosity channel in the lower crust is initially, the 
strongest is the localization. Using a second round of experiment, I will demonstrate that 
transtensional boundary conditions are sufficient to triggers long lasting weakening of the 
crust through the exhumation of lower crustal material in post orogenic setting.  In both 
case, the long-term tectonic re-structuration of the crust obtained over long time scale 
results into localized low viscosity weak zones that develop self consistently beneath 
strike slip fault zone within the aseismic part of the crust. So that long-term model appear 
compatible with short-term ones and imply that strain localization in a jelly sandwich 
lithosphere leads self-consistently to the formation of a "banana split" type rheological 
structure.  
 All models, which predict weak material within the fault zone produce long-
term secular lateral gradient in surface velocity even with an elastic lid representing the 
inter-seismic brittle crust placed at the top of the model. This secular gradient still 
remains even when transients from the last earthquake have vanished from the signal. 
Trying to interpret this secular gradient as a visco-elastic transient with an inappropriate 
simplistic model might result in wrong interpretations, including wrong estimates of the 
viscosity structure of the lithospheric mantle. An Earth's lithosphere rheological model 
based on some simple physics which is equally valid at all time scale from inter-seismic 
to orogeny is a good reason to use more complex rheology and geometrical assumptions 
when modelling short time scale observations, because it is the key of deeper 
understanding of the state of stress acting on faults.  



3-D geodynamic models of the India-Eurasia collision zone: investigating the role of 
lithospheric strength variation 

Sarah Bischoff1 and Lucy Flesch1 
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ABSTRACT 

The India-Eurasia collision zone is the largest zone of continental deformation on the 
Earth’s surface. A proliferation of geodetic, seismic, and geologic data across the zone 
provides a unique opportunity for constraining geodynamic models and increasing our 
understanding of mountain building and plateau growth. We present a 3-D, spherical, 
Stokes flow, finite volume, geodynamic model of the India-Eurasia collision. 
Lithospheric volume is constrained by seismic data. Continuous surface velocities, 
inferred from GPS and Quaternary fault slip data, are used to approximate velocity 
boundary conditions. We assume a stress-free surface, and free-slip along the base. 
Model viscosity varies with depth and is calculated assuming the laterally-varying, depth- 
averaged viscosities of Flesch et al. (2001) and a cratonic Indian plate. Laterally the 
model extends from the southern tip of India northward to the Tian Shan, and from the 
Pamir Mountains eastward to the South China block. Vertically the model volume 
extends to a depth of 100 km, and is divided into three layers: upper crust, lower crust, 
and upper-lithospheric mantle. We use COMSOL Multiphysics (www.comsol.com) to 
investigate the role of vertical viscosity variation on surface deformation by holding the 
dynamics constant, adjusting the viscosity substructure, and determining the resultant 
stress and velocity fields. Solved model surface velocities are compared to the observed 
surface velocities inferred from GPS and Quaternary fault slip rates. A two-layer model 
employing laterally-variant viscosity estimates throughout the crust and mantle is 
ineffective at replicating the observed force balance. The weak crustal viscosities 
necessary for attaining the observed clockwise rotation around the eastern Himalayan 
syntaxis also result in erroneous southward velocities in southern Tibet, driven by 
excessive gravitational collapse. Strengthening crustal viscosities balances the boundary/ 
body forces and allows for accommodation of Indian plate motion across Tibet, but no 
longer produces clockwise rotation around the eastern syntaxis. The best-fit velocity 
magnitude and rotation solution is achieved by a full three-layer model incorporating an 
upper crust of intermediate strength, a weaker lower crust, and a stronger upper mantle. 
Our three-layer model achieves rotation around the indenter without excessive 
gravitational collapse. Model and observed velocities diverge slightly in the Tarim Basin, 
the southern Gobi, and the northern South China block. Model velocities in the Tarim 
Basin are shifted in an easterly direction; possibly indicating a weaker than previously 
assumed Altyn Tagh fault, while Gobi and South China model velocities are shifted to 
the north; suggesting the presence of an additional level of complexity. 
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ABSTRACT 
 
The subsidence of seafloor is generally considered as a passive phenomenon related to 
the conductive cooling of the lithosphere since its creation at mid-oceanic ridges. Recent 
alternative theories suggest that the mantle dynamics plays an important role in the 
structure and depth of the oceanic lithosphere. However, the link between mantle 
dynamics and seafloor subsidence has still to be quantitatively assessed. Here we provide 
a statistic study of the subsidence parameters (subsidence rate and ridge depth) for all the 
oceans. These parameters are retrieved through the positive outliers method, a classical 
method used in signal processing. We also model the mantle convection pattern from the 
S40RTS tomography model. The density anomalies derived from this model are used to 
compute the instantaneous flow in a global 3D spherical geometry, and the induced 
dynamic topography.   
 
The variations of the mid-oceanic ridge depths are well recovered by the modeled 
dynamic topography. Moreover, the dynamic topography perfectly matches the 
subsidence trend away from mid-oceanic ridges. The systematic fit of the bathymetry 
allows the recovery of the subsidence rate, from which we derive the effective thermal 
conductivity, keff. This parameter ranges between 1 and 7 Wm-1K-1. We show that 
departures from the keff=3 Wm-1K-1 standard value are systematically related to mantle 
convection and not to the lithospheric structure. Regions characterized by keff>3 Wm-1K-

1 are associated with the uplift of mantle plumes. Regions characterized by keff<3 Wm-

1K-1 are related to large scale mantle downwellings such as the Australia-Antarctic 
Discordance (ADD) or the return flow from the South Pacific Superswell to the East 
Pacific rise. This demonstrates that the mantle dynamics plays a major role in the shaping 
of the oceanic seafloor. In particular, the parameters generally considered to quantify the 
lithosphere structure, such as the thermal conductivity, are not only representative of this 
structure but also incorporate signals from the mantle convection occurring beneath the 
lithosphere. 
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ABSTRACT 
 

Deformation-related energy budget is usually considered in the simplest form or 
even completely omitted from the energy balance equation. We derive an energy balance 
equation that accounts not only for heat energy but also for elastic and plastic work. Such 
a general description of the energy balance principle will be useful for modeling 
complicated interactions between geodynamic processes such as thermoelastisity, 
thermoplasticity and mechanical consequences of metamorphism. Following the theory 
of large deformation plasticity, we start from the assumption that Gibbs free energy (g) is 
a function of temperature (T), the second Piola-Kirchhoff stress (S), density (!) and 
internal variables (qj, j=1…n). In this formulation, new terms are derived, which are 
related to the energy dissipated through plastic work and the elastically stored energy that 
are not seen in the usual form of the energy balance equation used in geodynamics. We 
then simplify the generic equation to one involving more familiar quantities such as 
Cauchy stress and material density assuming that the small deformation formulation 
holds for our applications. The simplified equation is implemented in DyanEarthSol3D, 
an unstructured finite element solver for long-term tectonic deformation. Aiming to 
systematically investigate the sensitivity of temperature field on each of the newly 
derived terms, we will present preliminary results about the effects of plastic dissipation 
on the evolution of a large offset normal fault. 
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ABSTRACT 
 Cordilleran orogens, such as those in western North and South America, form 
where upper plate shortening creates a continental mountain belt above an active 
subduction zone.  Two key observations are: (1) the orogenic lithosphere is generally thin 
(50-80 km), despite significant crustal shortening (there are local areas of thicker 
lithosphere), and (2) orogenesis is accompanied by magmatism which produces an 
andesitic-dacitic volcanic arc and thick (>30 km) granitoid batholiths.  These 
compositions require a multi-stage model of magmatism, whereby mafic magmas 
generated through subduction-related flux-melting of the mantle wedge stagnate within 
the continental lithosphere, and subsequent partial melting of lithosphere and magmatic 
differentiation result in felsic melts that rise upward through the crust.  This leaves a high 
density pyroxenite root in the deep lithosphere that is gravitationally unstable.  Removal 
of this root may then provide a way to thin the orogenic lithosphere (observation 1). 
 Here, we study the growth and removal of the pyroxenite root using two-
dimensional thermal-mechanical numerical models of subduction below a continent.  Our 
goal is to address the dynamics at the scale of the root (1’s to 10’s of km) and thus we use 
a two-step proxy model to grow the batholith-root complex during model evolution.  
First, the position of the volcanic arc is dynamically determined based on subduction 
zone thermal structure.  Second, batholith and root formation is simulated by changing 
the density of the arc lithosphere at a prescribed rate based on the magmatic flux 
observed at subduction zones.  For the model lithosphere structure, magmatic roots with 
even a small density increase are readily removed for a wide range of root strengths and 
subduction rates.  The dynamics of removal depend on the relative rates of downward 
gravitational growth and lateral shearing by subduction-induced mantle flow.  
Gravitational growth dominates for high root densification rates, high root viscosities and 
low subduction rates, leading to drip-like removal as a single downwelling over 1-2.5 
Myr.  At lower growth rates, the root is removed over >3 Myr through shear entrainment, 
as it is carried sideways by mantle flow and then subducted.  In all models, >80% of the 
root is removed, making this an effective way to thin orogenic mantle lithosphere and (at 
least partially) resolve the mass problem in Cordilleran orogens. 
!
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Various structures associated with thrust ramps are commonly found in thrust systems of 
different scales and have received much attention in the southern Appalachian fold-and-
thrust belt. Understanding major factors that control formation and evolution of thrust-
related structures is important for inferring the original geometry of subsurface structures 
which, in turn, is useful for balancing cross sections. We employ a novel finite element 
code for long-term tectonic simulations, DynEarthSol2D (available at 
http://bitbucket.org/tan2/dynearthsol2), to construct numerical models with two layer-
parallel décollements. We quantitatively examine effects of initial geometric configuration 
on deformation styles of décollements. A 30×15km model domain represents rock in 
which décollements are embedded and is assumed to be a strain-weakening Mohr-
Coulomb plastic material. The décollement is a ~500m-thick zone of a lower cohesion 
and friction angle than its surrounding rocks. The rock above the lower level 
décollement, is pushed at 1.6 cm/yr. on the right boundary. Our preliminary model results 
show that initial spatial arrangements of décollements control a) the timing, b) site of 
initiation of upward ramping, and c) various styles of fault-related folds. Thrust evolution 
also exhibits sensitivity to the strain weakening rate: 1) higher rate of strain weakening 
promotes the formation of a thrust fault with uniform orientation; 2) lower rate of strain 
weakening promotes lateral propagation of the thrust fault. We further explore a possible 
spectrum of structures in a thrust ramp both from our model results and previous 
fieldwork in the southern Appalachian Mountains. 
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INTERPRETATION OF EARTHSCOPE MAGNETOTELLURIC DATA 
FOR NORTHWESTERN UNITED STATES 
 
 
We present the results of large-scale three dimensional magnetotelluric (MT) inversion, 

based on the nonlinear conjugate gradient algorithm and the contraction integral equation 

forward modeling method, applied to data collected in Northwestern United States for 

part of the EarthScope project. The most noteworthy anomalies within the inverse geo-

electrical model are resistive structures associated with oceanic lithosphere and cratons, 

and conductive features associated with mantle upwelling. Density estimations from 

seismic data analysis show upwelling phenomena in the upper mantle where Yellowstone 

is the present day surface expression of the deep heat source. Comparison of MT results 

to approximately 400 km depth have reasonable correlation with P-wave and S-wave 

velocity models obtained from seismic tomography. Strong resistive zones line up along 

the northwest coast correlating to recent seismic interpretations of old oceanic slabs at 

100 km depth believed to be remnants of the Farrallon oceanic plate. Access to multiple 

physical properties within the subsurface increases our ability to understand complexities 

in geological interpretations resulting from the interplay of transforming quanta at 

differing pressure and temperature regimes with depth. EarthScope is proving true to the 

founding philosophy that the bold, new experiment will fundamentally change our view 

of the planet.!
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ABSTRACT 

 
The Laramide orogeny (~80-50 Ma) in the western United States was 

contemporaneous with subduction of the Farallon Plate beneath western North America. 
Most studies conclude that the angle of this subduction was abnormally shallow or even 
flat during late Cretaceous - Paleocene time, such that the horizontal compressive stress 
from the low-angle slab produced thick-skinned deformation in Rocky Mountain 
foreland, more than 1000 km inboard of the plate boundary. However, it is uncertain 
what factors caused the low-angle subduction during pre-Laramide and Laramide time, or 
how stress was transmitted to the continental interior. Several mechanisms have been 
proposed for triggering low-angle or flat subduction: (1) an increase in westward 
(trenchward) motion of North American plate;  (2) an increased slab suction force in the 
mantle wedge; (3) subduction of a buoyant oceanic plateau; and (4) break-off of oceanic 
Farallon plate during subduction. In this study, we apply numerical models to investigate 
these mechanisms, using a model geometry that is analogous to the western United 
States. The first purpose is to assess the factors needed to dynamically develop low-angle 
subduction. We find that the main control is the continental velocity, with enhanced slab 
shallowing as the continental velocity increases. In order to create a section of horizontal 
subduction beneath the continent, break-off of the deep part of the oceanic plate is 
needed.  A further requirement is the presence of an oceanic plateau with thick non-
eclogitic oceanic crust and/or a low-density harzburgite layer. The slab suction force is 
less efficient at creating a flat slab than the other factors. An analysis of the density 
structure of the models indicates that the subducting slab can be flattened or overflattened 
when its average density is at least 17 km/m3 less than that of the surrounding mantle.  
Future work will examine variations in the strength of both the continental plate and the 
interface between the continent and oceanic plate during flat subduction, in order to 
explore the stress transmission from the flat slab to the Rocky Mountain foreland and 
determine if this is a viable mechanism for generating Laramide-style deformation. 
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ABSTRACT 
Northwest Africa is affected by late stage convergence of Africa with Eurasia, the Canary 
Island hotspot, and bounded by the Proterozoic-age West African craton. We present 
seismological evidence from receiver functions and shear-wave splitting along with 
geodynamic modeling to show how the interactions of these tectonic features resulted in 
dramatic deformation of the lithosphere.  We interpret seismic discontinuities from the 
receiver functions and find evidence for localized, near vertical-offset deformation of 
both crust-mantle and lithosphere-asthenosphere interfaces at the flanks of the High 
Atlas.  These offsets coincide with the locations of Jurassic-aged normal faults that have 
been reactivated during the Cenozoic, further suggesting that inherited, lithospheric-scale 
zones of weakness were involved in the formation of the Atlas. Another significant step 
in lithospheric thickness is inferred within the Middle Atlas. Its location corresponds to 
the source of regional Quaternary alkali volcanism, where the influx of melt induced by 
the shallow asthenosphere appears restricted to a lithospheric-scale fault on the northern 
side of the mountain belt.  Inferred stretching axes from shear-wave splitting are aligned 
with the topographic grain in the High Atlas, suggesting along-strike asthenospheric 
shearing in a mantle channel guided by the lithospheric topography.  Isostatic modeling 
based on our improved lithospheric constraints indicates that lithospheric thinning alone 
does not explain the anomalous Atlas topography. Instead, a mantle upwelling induced by 
a hot asthenospheric anomaly appears required, likely guided by the West African craton 
and perhaps sucked northward by subducted lithosphere beneath the Alboran. This 
dynamic support scenario for the Atlas also suggests that the timing of uplift is 
contemporaneous with the recent volcanism in the Middle Atlas. 

 



 
 

FIGURE: Lithospheric structure and topography across the Atlas.  (A) Map of stations 
(oblique Mercator projection across the Atlas) with SK(K)S splitting in orange and local S 
splitting in dark red (Miller et al., 2013). Fast polarization orientations and delay times 
are denoted by stick orientation and length as in legend. Background shading is actual 
topography and black contour lines show gravity-inferred residual topography  and the 
yellow line indicates the position of the profile in (B) and (C).  (B) Above 410 km path-
length corrected delay times from splitting measurements along the profile. The black 
line shows the free-air gravity inferred residual topography along the profile, and blue 
line denotes residual topography obtained by subtracting a crustal isostatic model from 
smoothed actual topography. (C) Picks for the Moho (blue dashes) and LAB depths (red 
dashes) from the S receiver functions (Fig. 2) along the profile. The blue line is a 
smoothed fit to the Moho depth and used for the crustal residual in (B). Dark red dashed 
line shows inferred lithospheric thickness from isostasy assuming zero mantle-induced 
dynamic contribution to the residual topography in (B).  The approximate location of the 
South Atlas Fault (SAF) is shown with an arrow and the tectonic domains along the 
profile are labeled following the convention in the text and Fig. 1. All spatial smoothing 
applies a 150 km 6σ width Gaussian filter to reduce the effect of elastic flexure. 
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ABSTRACT 

Orogens are built by compressional forces which shorten the crust and uplift the surface. 
Assuming the compressional force (e.g. slab pull or ridge push) is constant, an orogen should not 
grow infinitely; instead the shortening should slow down or migrate to boundaries of the orogen. 
Two resistive forces within an orogen have been postulated to balance the external 
compressional force: topography and mantle lithosphere. As the orogen grows, the higher 
topography exerts a greater gravitational stress, counteracting further growth.  This may cause 
deformation to move to the low elevation orogen edges, which are areas of lower resistance.  The 
second force comes from lithospheric viscous stresses; as the lithosphere thickens during 
shortening, it will become progressively more difficult to continue to thicken it.  Previous work 
has shown that both of these factors affect orogen growth.  However a third factor that has not 
been widely studied is the resistive force associated with crustal metamorphism.  The formation 
of dense eclogite in thickened lower crust can reduce surface topography and may trigger 
foundering of the deep lithosphere, and therefore the overall resistive force will be affected. 

Here, 2D numerical models are used to investigate the source of the resistive force and 
the effects of metamorphic eclogite on orogen growth. We monitor the horizontal force when the 
upper plate is shortened during orogenesis. First, we focus on the feedback between the resistive 
force and topography/mantle lithosphere without eclogite formation. Results show: (1) the 
resistive force is proportional to topography; (2) a strong and thick mantle lithosphere provides a 
constant resistive force; and (3) the total resistive force depends on both topography and strength 
of mantle lithosphere. Second, we test the effects of eclogite formation. We find: (1) before 
lithospheric foundering, formation of eclogite reduces the resistive force by an amount 
proportional to the negative buoyancy of the eclogite; and (2) after removal of eclogite through 
foundering, the surface uplifts rapidly. As a result, the orogen experiences an increase in the 
internal resistive force that can balance or overbalance the compressive force, which causes 
shortening to localize at the orogen boundaries.  For the Tibetan orogen, the collision rate 
between the Indian and Eurasia plate has slowed over time, implying a nearly constant resistive 
force.  Our results show that this is consistent with the combined effects of rising topography, 
lithosphere thickening, and formation of dense eclogite.  In contrast, shortening in the central 
Andes orogen has increased over time and migrated from the high plateau to its eastern boundary 
at 10 Ma. In this case, rapid surface uplift following lithosphere foundering may have increased 
resistance in the orogen interior, causing shortening to localize on the plateau edge. 
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&RUH� FRPSOH[HV� DUH� UHJLRQDOO\� REVHUYHG� LQ� WKH� 86� &RUGLOOHUD� DQG� WKH� $HJHDQ��
'HVSLWH� VLJQLILFDQW� SURJUHVVHV� DQG� PDQ\� PRGHOV� SURSRVHG�� D� XQLILHG� YLHZ� RQ� WKHLU�
IRUPDWLRQ�GRHV�QRW�H[LVW��:H�GHYLVHG�WKHUPRPHFKDQLFDO�VLPXODWLRQV�RQ�D�UHSUHVHQWDWLYH�
RURJHQLF� EHOW� WKDW� KDV� LQLWLDO� WRSRJUDSK\�� 0RKR� UHOLHI�� DQG� D� SUHH[LVWLQJ� PLG�FUXVWDO�
VKHDU�]RQH��:H�UHFRJQL]HG�IRXU�PDMRU�W\SHV�RI�FRUH�FRPSOH[HV�FKDUDFWHUL]HG�E\�PDVVLIV��
FRUH� FRPSOH[HV��PXOWLSOH� FRQVHFXWLYH� FRUH� FRPSOH[HV�� DQG� ODUJH� VXEVXUIDFH� ORZ� DQJOH�
GHWDFKPHQW�IDXOW��UHVSHFWLYHO\��$OO�WKH�FRUH�FRPSOH[HV�JHQHUDWHG�KDYH�WKHLU�FRXQWHUSDUWV�
LQ�WKH�86�&RUGLOOHUD�DQG�WKH�$HJHDQ��:H�IRXQG�WKDW�WKH�VWUHQJWK�RI�GHHSHU�FUXVW��DQG�WKH�
H[LVWHQFH� DQG� VWUHQJWK� RI� D� VKHDU� ]RQH� VLJQLILFDQWO\� DIIHFW� WKH� IRUPDWLRQ� DQG� HYROXWLRQ�
RI� FRUH� FRPSOH[HV�� 7RSRJUDSKLF� ORDGLQJ� DQG� EXR\DQF\� IRUFHV� GULYH� D� UHJLRQDO� FUXVW�
IORZ� IURP� WKH� KLJKODQG� WRZDUGV� WKH� ORZODQG�� 7KH� FUXVW� IORZ� H[WUXGHV� DW� WKH� ORZODQG�
ZKHUH�LQWHQVLYH�IDXOWLQJ�LQGXFHV�VWURQJ�XQORDGLQJ��7KH�GHWDFKPHQW�IDXOW�LV�D�GHFRXSOLQJ�
]RQH� WKDW� DFFRPPRGDWHV� ODUJH� GLVSODFHPHQW� DQG� DFFXPXODWHV� VXVWDLQHG� VKHDU� VWUDLQ�
EHWZHHQ�XSSHU� DQG�GHHSHU� FUXVW� LQ� VHYHUDO�0D��7KH� VKHDU� VWDLQ� LQ� WKH�GHWDFKPHQW� IDXOW�
LV� SUHGRPLQDQWO\� VLPSOH� VKHDU�� 7KHUPDO� KLVWRU\� RI� WKH� H[KXPHG� VKDOORZ� VKHDU� ]RQHV�
VXJJHVWV�UDSLG�H[KXPDWLRQ�LQ�OHVV�WKDQ���0D�IRU�VRPH�FRUH�FRPSOH[HV�WR�UHODWLYHO\�VORZ�
H[KXPDWLRQ�LQ�PRUH�WKDQ����0D�IRU�VRPH�RWKHUV��2XU�QHZ�PRGHOV�SURYLGH�D�XQLILHG�YLHZ�
RQ�KRZ�FRUH�FRPSOH[HV�IRUP�DQG�HYROYH�


