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Outline

Ingredients of plate tectonics
Tools to model 3D deformation at plate boundaries

Regional scale: Modeling birth and maturation of the plate
boundary — Dead Sea Transform: in the Middle East

Global scale: Linking mantle convection and lithospheric

deformations

® How weak are the plate boundaries?

® How weak is asthenosphere?

m Making plate boundaries
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Crustal Plate Boundaries

Earth is a plate-tectonics planet, where most of deformation at
the lithospheric level goes at the plate boundaries.
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Ingredients of plate tectonics

Convection

Weak plate boundaries

Ricard and Vigny, 1989; Bercovici, 1993, Bird, 1998; Moresi and
Solomatov, 1998;Tackley, 1998, Zhong et al, 1998; Gurnis et al.,
2000....
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Ingredients of plate tectonics
frp \

Generating plate boundaries

Bercovici, 1993,1995, 1996,
1998, 2003; Tackley, 1998,
2000; Moresi and Solomatov,
1998; Zhong et al, 1998; Gurnis
et al., 2000...

Tendency: towards more realistic
strongly non-linear rheology
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Viscous rheology-only and
emulation of brittle failure

van Heck and Tackley, 2008
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The present-day global models can not reproduce
realistic one-sided subduction and pure transform

boundaries
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Modeling deformation at plate boundaries

Subduction and orogeny in Andes Dead Sea Transform

South America drift (SObOleV et al.EPS_ 2005, Petrunln and SObOIGV,
Geology 2006, PEPI, 2008).

Babeyko and SoboleGeology 2005, Sobolev and Babeyko,
Geology 2005; Sobolev et al., 2006
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Balance equations

00,
Momentum: —L+Apgz =
X,
Energy: bu _

. Y- | s VS .p|
& =&l HERHE,

. : : 1 .
Elastic strain: & =gl

Viscous strain:

- : . .0
Plastic strain: giJP' —y—=
Mohr-Coulomb or..

Popov and Sobolev ( PEPI, 2008)

,Realistic” rheology

stic Strain: 0.050 0.150 0.250 0.350 0.450 0.550
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Three creep processes

log (eta)
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,Realistic” rheology

Balance equations

00,
Momentum: —L+Apgz =

6xj

Energy: bu _

. Y- | s VS .p|
& =&l HERHE,

Elastic strain: g,‘f' =

Viscous strain: é”YS =

Plastic strain:
Mohr-Coulomb

stic Strain: 0.050 0.150 0.250 0.350 0.450 0.550

Popov and Sobolev ( PEPI, 2008)
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Plasticity

Moht-Coulomb plasticity

T <Y =c¢+ u,-o

n

Damage rheology: strain softenimng

u, =max(y, (1-a-&), u,)
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Numerical background

Arbitrary Lagrangian-Eulerian

Discretization by
kinematical formulation with

Finite Element Method
free surface

Free surface effects (erosion, sedimentation) lj;

R .. R Boundary fluxes in asthenosphere
Fast implicit time stepping
+ Newton-Raphson solver

U, =u, —Kr, Remapping of

r — Residual Vector entire fields by
Particle-In-Cell

_or _ '
K =30 Tangent Matrix technique

Popov and Sobolev (PEPI 2008)
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Transform Fault- case Dead Sea Transform

(In cooperation with A. Petrunin)
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How Dead Sea Transform has been formed?
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Present day lithospheric thickness

Hansen et al., EPSL 2007

Shield-Platform
Boundary
]

Elevation (km)
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1 e Observed — Calculated

1 Sediment
1p=2.20 glcm®

Arabian Shield Lithospheric Mantle
p=3.20 g/lcm® Arabian Platform Lithospheric Mantle

p =326 glom®

Depth (km)

560.00
Distance from Rift Axis (km)
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-80km

70 km

o OC

75 km

nt W|th the eat

67 km

Mohsen et al., Geophys. J. Int. 2006
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Conclusion

Lithosphere around DST was thinned in the past
(between 25-15 Ma), such that related high heat flow
had not enough time to reach the surface
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Flat Earth
approximation
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Initial lithospheric structure:
Moho map LAB map Heat flow
i " T

:

T I
0 - 0

krm km

The regian is characterized with the very low heat flow,
of less then 55 mW/m2
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Assuming thermal erosion of the lithosphere
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30-20 Ma rifting and beginning of opening of the Red Sea,
thinning of the lithosphere in Saudi Arabia

erosion at
10 Myr

no erosion
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5-7 km net slip

Applied force is 1.6e13N/m

20
Time, Myr
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Fault initiation

Model example Natural example

800
Iog( SH): 8-1

Albion-Scipio and Stoney Point Fields-U.S.A. Michigan Basin,

From: Versical, 1991, M.S. Thesis, W.M.U
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20-10 Ma thinning of the lithosphere around DST and
localization of the DST
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Fault initiation, 15-20 km net slip

Thermal erosion of
the lithosphere

20
Time, Myr
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20-10 Ma thinning of the lithosphere around DST and
localization of the DST
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erosion at
10 Myr

no erosion

Fault development

35-40 km net slip
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10-0 Ma mature DST, transpression and thrusting in Lebanon
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erosion at
10 Myr

no erosion

Present day,

107 km net slip
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Lebanon Mountains structure
Model example Natural example

log( ), 5| o0 7’/

new
_ triple
junction?

330 340 350 36

Map summarizing the main tectonic elements

of the Lebanon Mountains (Schattner et al., 2006)
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Conclusion

The DST has likely originated through “cooperation” of the
plate-tectonic scale forces and Afar plume, which has
thinned lithosphere at and around the Red Sea and
triggered strain localization at the DST
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Modeling Plate Velocities

peration with A. Popov and B. Steinberger)

R T

Crustal Plate Bouﬁdaries
How weak are plate boundaries and how
wet Is the asthenosphere?
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Plate velocmes
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Net rotation
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Based on analyses of seismic anisotropy Becker (2008)
narrowed possible range of angular NR velocities down to
0.12-0.22 TMyr
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Above 300 km depth

3D temperature and crust, numerical FEM technique
(Popov and Sobolev, 2008) with 3D temperature- and
stress-dependant visco-elasto-plastic rheology

log, plviscosity [Pas])
21 22

Below 300 km depth

Spectral method (Hager and
O’Connell,1981) with radial
viscosity distribution from
Steinberger and Calderwood
(2006)

and 3D density distributions based on subduction history
(Steinberger, 2000)
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Mantle rheology

Mantle lithosphere: dry olivine rheology combining
diffusion and dislocation creep

&, =Ad "o, exp(—(E_+ PV )/ RT)

Asthenosphere: wet olivine rheology combining diffusion
and dislocation creep with water content as model parameter

&, =Ad "C; 0, exp(—(E£,+ PV )/ RT)

Parameters in reference model by Hirth and Kohlstedt (2003)
with n=3.5 +-0.3 and activation volume from Kawazoe et al.

(20009).

Modifications according to

e, (n)=¢,(n, )No, /1OOMPa)n_nmf
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Crustal Plate Boundaries

Plate boundaries are defined as narrow zones with
visco-plastic rheology where friction coefficient is
model parameter
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Mantle code (spectral)

Mantle and lithospheric codes are coupled

through continuity of velocities and tractions at
300 km.

The model has free surface and 3D, strongly
non-linear visco-elastic rheology with true
plasticity (brittle failure) in upper 300km.
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Model by Becker (2006)

CitcomS, 3-D temperature-dependant dislocation+diffusen
rheology, lateral viscosty variations in the entire mantle, low-
viscosty plate boundaries
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Our model vrs. model by Becker (2006)
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Conclusion

Benchmark tests justify our hybrid-codes modeling approach
and suggest that lateral viscosity variations deeper than 300
km may be ignored in modeling plate velocities

But what about lateral viscosity variations shallower than
300 km?
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Radial UM viscosity vrs. 3D UM viscosity
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Conclusion

Lateral viscosity variations shallower than 300 km strongly
affect magnitudes, but less directions of plate velocities
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Effect of strength at plate boundaries
Friction at boundaries 0.4
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Friction at boundaries 0.2

n
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T T
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Friction at boundaries 0.1

w

8.1
1 7.2
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36
1.8
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0
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Friction at boundaries 0.05
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too low velocities
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Plates

Friction at boundaries 0.01

too high velocities

23.07.2009 ICTP Trieste S.Sobolev, GFZ Potsdam




Weakness of the plate boundaries

Differential Stress (MPa)
200 400 600 800

Plate boundaries
Tackley

Plate boundaries
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Conclusion

Strength (friction) at plate boundaries strongly affect plate
velocities and must be very low, much lower than measured
for any dry rock
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Modeling scheme

For every trial rheology (water content in asthenosphere) we
calculate plate velocities for different frictions at plate
boundaries, until we get best fit of observed plate velocities In
the NNR reference frame

Next, we look how well those optimized models actually fit
observations
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Lithospheric net rotation
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Lithospheric net rotation
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Plate velocities iIn NNR reference frame
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Making plate boundaries: density distr. from su
istory

] s
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Making plate boundaries: density distr. from sm
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Making plate boundaries: density distr. from su
history
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Conclusions

Plate velocities are not
sensitive to the lateral
viscosity variations deeper
than 300 km

N Yy B
R memem s sl e T Tt

But their magnitudes are
sensitive to the lateral
viscosity variations shallower

than 300 km
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Conclusions

Magnitude of the lithospheric
net rotation and quality of fit
of plate velocities are
sensitive to the water content
of the asthenosphere

tectonic models

S. anisotropy
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onclusions

The current views on the
rheology and water content Iin
the upper mantle are consistent
with the observed plate
velocities

ectonic models
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Conclusions

Distribution of dissipation rate :
Plate boundaries must be

very weak to allow for
e plate tectonics.
sl Particularly, at subduction

| -13.0276
= -13.1793

mESSN ZOnes friction must be <
sl 0.02 on average, just
-13.9379

el some 1/35 of the dry rock
14 value.

-14.6966
-14.8483
-15

That can be achieved
only with high-pressure
fluids in subduction
channels.
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Question for students

' Bafe
o\ California

PACIFIC
OCEAN

Modern Landwess C:J
Subdoction Zone [iriangkes point in the
diraction of subduction) ‘l?
Sea Floor Spreading Ridge 4}
@ 2000 C.R. Scotese

How to stop plate tectonics on the Earth?

S.Sobolev, GFZ Potsdam
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Question for students

o\ California

PACIFIC

Modern Landwess C:J

Subdoction Zone [iriangkes point in the
diraction of subduction) ‘l?

Sea Floor Spreading Ridge 4}
@ 2000 C.R. Scoteze

Drill subduction channels. High-pressure fluid
will come out and plate tectonics will stop

ICTP Trieste S.Sobolev, GFZ Potsdam

23.07.2009






