
Rheology of Planetary Lithosphere and the Style of 
Tectonics

Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Wednesday, April 20, 2011



Oceanic Lithosphere Continental Lithosphere
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A Historical Perspective for Tectonics 
Research in Past Decades

Before 1960: The dark age.

1960s: Invention of plate tectonics.

1970s: Testing and Confirming Plate Tectonics in oceanic 
domains and ancient orogenic belts.

1980s-pesent: Realization and investigation of how and why 
active continental deformation differs so significantly 
from oceanic deformation.

Major testing grounds: Asia and western North America.
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Plate tectonics: Rigid plates moving in the outer layer of the Earth

It works best for the oceanic plates, 
but quite poorly in parts of continents!
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Sharp Plate Boundaries in the Oceanic Domain

Pacific
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Antarctica 
Plate

10s km
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Very Wide Plate  Boundary Zones in Continental Domain
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Seismicity in Tibet
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Predicts high number of faults 
distributed throughout Tibet

Fault move at relatively slow rates
( mm’s/yr)

Models of Continental Deformation
Micro-plate model Thin Viscous Sheet Model
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Predictions of the two models:

Micro-plate Model (also known as the “extrusion model”): A few large 
faults with fast slip rates bounding little deformed continental blocks. – 
Kinematic Problem

Thin Viscous Sheet Model (also known as the “distributed deformation 
model”): All faults were created equal, each having small displacement 
and slow slip rates. Overall deformation field can be approximated by 
viscous flow. – Dynamic Problem and Need to Know Rheology

We leave this debate for later discussion and examine 
first some of the fundamental problems in rock 
mechanics.
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Conjugate faults created by Coulomb fracture 
experiments

From Andreas Kronenberg’s website at Univ. Texas A&M
http://geoweb.tamu.edu/Faculty/Kronenberg/K615.html

Two shear fractures formed at 
300 angle from the maximum 
compressive stress direction
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V-shaped Conjugate Strike-slip faults in Asia
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Tharsis Rise
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Conjugate system: Right-slip faulting along 
Clarita Fossae (CF) and Left-slip faulting 
along Valles Marineris (VM)

3500 m VM

CF

En Echelon
Extensional 
Fissures
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Ishtar Terra

N. Hemisphere

 Beta 
Regio

Snegurochka 
Planitia

Alta Regio

Tellus 
Tessera

Ulerun 
Regio

From USGS
Wednesday, April 20, 2011



Wednesday, April 20, 2011



V-shaped Conjugate Strike-slip faults in Asia
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Active Central Tibet Conjugate Fault Zone 

After Taylor et al. (2003, Tectonics)
Wednesday, April 20, 2011



After Taylor et al. (2003, Tectonics)

Tibetan Conjugate Faults: 

1. Initiated at ~ 14-8 Ma, with 
8-12 km slip.

2. Major faults are spaced at 
~100-150 km and currently 
active.

3. Bangong-Nujiang suture 
(BNS) divides the left-slip 
faults to the north and right-
slip faults to the south

5. Little deformation in fault-
bounded regions.

BNS
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Observed fault orientations 
in central Tibet

Without basal boundary conditions, all analogue models 
fail to predict Tibetan conjugate fault geometry

Peltzer (1988)
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Fault Rotation by bookshelf faulting 
or Distributed Deformation

Bookshelf-style faulting
(e.g., Freund, 1970) 

Distributed deformation
(Dewey et al., 1989)

>100 km fault slip on 
individual faults

>40% north-south shortening 
after fault formation
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Experimentally, there are two ways to make 
faults: “pure shear” (i.e., co-axial deformation) 
and “simple shear” (i.e., non-coaxial 
deformation) with different velocity boundary 
conditions.  

Wednesday, April 20, 2011



Coulomb shear fractures formed 
by coaxial (pure-shear) 
deformation

Riedel shear fractures formed by 
non-coaxial (simple-shear) 
deformation

Initiation of shear fractures
controlled by stress 

Initiation of shear fractures
controlled by strain/strain rate
(= flow!)
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Central Tibet GPS 
Velocity Data
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Analytical Approximation for GPS Velocity Field
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Strain-rate Field in Central Tibet
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Left-slip

Right-slip

Northern domain of the 
conjugate fault zone

Southern domain of the 
conjugate fault zone

Paired simple-shear-zone model
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Predictions of the two models:

Micro-plate Model (also known as the “extrusion 
model”): A few large faults with fast slip rates bounding little 
deformed continental blocks. 

Thin Viscous Sheet Model (also known as the “distributed 
deformation model”): All faults were created equal, each 
having small displacement and slow slip rates. Overall 
deformation field can be approximated by viscous flow.

We can now return to the debate: The development of V-shaped 
conjugate faults requires the presence of a paired simple shear 
zone or a modified Hagen-Poiseuille flow with two walls 
approaching each other. 
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V-shaped Conjugate Strike-slip faults in Asia
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We can gain insight into the driving mechanism by 
examining our analytical form of GPS velocity field: 

Velocity Field

Strain-rate Field
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Assume (1) conservation of mass and (2) horizontal 
velocity field does not vary with depth, we obtain 
vertical strain rate, velocity, basal shear, and 
pressure gradient 

Strain rate

Vertical velocity

Stress equilibrium in 
vertical direction
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1. Eastward basal shear at the base of the 
deforming layer in central Tibet: 

2. Eastward decrease in pressure gradient and 
lithospheric thickness:
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Thus, two possible driving 
mechanisms

 Shear at the base of Tibetan crust or 
lithosphere.

 Lateral gravitational spreading (thicker 
crustal region spreads to thinner crustal 
region).
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Kumar et al. (2006)

LAB: Lithosphere-Asthenosphere Boundary

Wednesday, April 20, 2011



Seismic anisotropy compiled by Huang et al. (2000)

Magnitude of seismic 
anisotropy consistent with H-
P flow
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Is orientation of fault formation 
controlled by state of strain?
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Price (1981)

Davis (1981)

Whipple Detachment 
System
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If strain/strain rate controls orientation of fault 
formation, we can also explain other odd faults

Anderson fault classification

Strain controlled fault 
formation pattern 

Stress controlled fault 
formation pattern 
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Testing the two continental-deformation models:

Micro-plate Model (also known as the “extrusion model”): A few large 
faults with fast slip rates bounding little deformed continental blocks. 

Thin Viscous Sheet Model (also known as the “distributed deformation 
model”): All faults were created equal, each having small displacement 
and slow slip rates. Overall deformation field can be approximated by 
viscous flow.

Flow is not only a convenient way of describing large parts of 
continental deformation, but is required for the formation of 
a widely distributed odd fault systems that we termed V-
shaped conjugate strike-slip faults. This new understanding 
also requires reevaluation of the fault-initiation 
mechanisms.  
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Whipple Detachment Fault System
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1. Eastward variation 
of basal shear traction 
as a function of 
viscosity. 

1. Eastward variation 
of lithospheric 
thickness as a 
function of viscosity. 
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