
Lecture 2: Deformation in the crust and 
the mantle

Read KK&V chapter 2.10





Tectonic plates



What are the structure and composition of tectonic plates? 





•Crust – relatively light compositionally distinct (silicic and 
mafic) layer having thickness of 5-70 km

•Mantle – thick layer below the crust made of heavy 
ultramafic rocks (olivine) 

•Lithosphere – a strong layer that defines tectonic plates; 
usually includes crust and part of upper mantle  

•Aesthenosphere – a weak layer below the lithosphere

Crust, mantle, and lithosphere



How strong is lithosphere?



• Elastic (rubber) 0

• Viscous (oil) 0

• Plastic (clay/plasticine) 0

• Poro-elastic (sponge) 0

• Visco-elastic (silly putty)  0

• All of the above 0

What material behavior is the best analog of 
rock deformation?



•Elasticity describes the reversible 
deformation of an object when a force is 
applied. Objects that are very elastic like 
rubber can stretch and shear easily (and 
restore their shape once a load is 
removed).

•Stress is force over area, s = F/A

•Strain is change in length over original 
length, e = DL/L0

Elasticity, Stress, and Strain

Tension        Compression

A



Normal and shear stress

units: pascals (Pa)



Material is perfectly elastic until it undergoes brittle fracture when applied stress 
reaches sf

Material undergoes plastic deformation when stress exceeds yield stress s0

Permanent strain results  from plastic deformation when stress is raised to s0
‘and 

released





Rocks are weak 
under tension 
(tensile strength 
of a few MPa)

Under 
compression, 
rock strength is 
controlled by 
friction

Laboratory 
results for 
sliding on 
existing faults:

Byerlee's Law

Byerlee, 1978



Friction

Leonardo Da Vinci

Resistance to sliding Ff is proportional to 
normal force N 
… or, in terms of stress,      t = µ s



“There are two things you need to know about 
friction: it is always 0.6, and it will always make a 

monkey out of you."

J. Jaeger



Dynamic weakening in gabbro at high 
slip velocity

Brown and Fialko, Nature 2012



With no internal 
friction, 
fracture occurs at 
an angle of 45º.  

With internal 
friction,             
e.g. µ=1,     
fracture angle is 
67.5º, and
fault plane is 
closer (22.5 º) to 
the maximum
compression (s1 ) 
direction.

µ=0

µ=1



Andersonian state of stress

s1 is vertical s3 is vertical s2 is vertical



HORIZONTAL STRESSES 
MEASURED IN SOUTHERN 

AFRICA

Dots are for horizontal stresses 
being the least compressive

(s3), and triangles are for 
horizontal stresses being the 

most compressive (s1).  

The lithostatic stress gradient 
(26.5 MPa/km) is shown,  along 
with Byerlee's law (BY) for zero 

pore pressure (DRY). 

Stronger lines are for 
compression, and weaker ones

are for extension. Observed 
stresses are within the 

maximum and minimum BY-
DRY lines.

Brace and 
Kohlstedt, 1980



PORE PRESSURE EFFECTS

Water and other fluids are often present in rocks, especially in the upper 
crust.The fluid pressure, known as pore pressure, reduces the effect of the 

normal stress and allows sliding to take place at lower shear stresses. 

This is modeled by replacing normal stress s with                                                
the effective normal stress    s = s - P f , where Pf is the pore fluid pressure.

Similarly, taking into account pore pressure, effective principal stresses

s1 = s1 - Pf s2 = s2 - Pf

are used in the fracture theory. 

The role of pore pressure in making sliding easier is NOT the same as e.g. 
trying to slide an object across a dry table and then wetting the table

_

_ _



East Pacific Rise

Mitchell et al., 2011

San Andreas Fault

10 km

100 km

100 m

Faults/fractures 
are present at all 
scales



AT  LOW PRESSURES ROCKS ARE 
BRITTLE, BUT AT HIGH P/T THEY  
BEHAVE DUCTILY, OR FLOW 

Consider rock subjected to compressive 
stress that exceeds a confining pressure 

For confining pressures less than about 
400 MPa material behaves  brittlely - it 
reaches the yield strength and then fails

For higher  confining pressures material 
flows ductilely. These pressures occur not 
far below the earth's surface - 3 km depth 
corresponds to 100 MPa pressure – so 400 
MPa is reached at about 12 km

This experimental result is consistent with 
the idea of strong lithosphere underlain by 
the weaker asthenosphere

Note: 1 MPa = 10 bar ; 100 MPa  = 1 Kbar

Kirby, 1980



increasing pressure





Crystal lattice



Crystals and lattices in 
the real world

• Flaws, defects (cause stress concentrations)





Dislocations and slip 
systems



Migration of dislocations through crystals



Dislocation density increase with stress

LiNbO3



Dislocations in quartz

Hirth and Tullis, 1992



Dislocation density vs differential stress

Durham et al., 1977

slope of ~0.6



… velocity at which dislocations move depends on 
both stress and temperature

ductile flow law:
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Arrhenius temperature dependence



Static re-crystallization



STRENGTH OF THE LITHOSPHERE

The strength of the lithosphere as a function of depth depends 
upon the deformation mechanism. 

At shallow depths rocks fail either by brittle fracture or frictional 
sliding on preexisting faults. Both processes depend in a similar 

way on the normal stress, with rock strength increasing with 
depth. 

At greater depths the ductile flow strength of rocks is less than the 
brittle or frictional strength, so the strength is given by the flow 
laws and decreases with depth as the temperatures increase.

This temperature-dependent strength is the reason that the
cold lithosphere forms the planet's strong outer layer.

To calculate the strength, a strain rate and a geothermal gradient 
giving temperature as a function of depth are assumed



ε1



ε1 < ε2



In continental lithosphere strength in 
the quartz-rich crust increases with 
depth and then decreases. Below the 
Moho there should be a second, 
deeper, zone of strength due to the 
olivine rheology. 

This profile including a weak zone    
may be part of the reason why 
continents deform differently than 
oceanic lithosphere. 

For example, some continental  
mountain building may involve crustal 
thickening in which slices of upper 
crust, which are too buoyant to 
subduct, are instead thrust atop one 
another. The weaker lower crust  may 
contribute in other ways to the general 
phenomenon that continental plate 
boundaries are broader and  more 
complex than oceanic ones

"JELLY SANDWICH" STRENGTH 
PROFILE FOR CONTINENTS

Chen and Molnar, 1983



Strength increases with depth in the brittle region due to the increasing normal 
stress, and then decreases with depth in the ductile region due to increasing 

temperature. Hence strength is highest at the brittle-ductile transition.  Strength 
decreases rapidly below this transition, so the lithosphere should have little strength 

at depths > ~25 km in the continents and 50 km in the oceans.

Strength 
envelope 
gives 
strength 
vs depth 

Shows 
effects of 
material, 
pore 
pressure, 
geotherm, 
strain rate

Brace & Kohlstedt, 1980

BRITTLE

DUCTILE



Brace & Kohlstedt, 1980

BRITTLE

DUCTILE

Higher pore pressures reduce strength

Lithosphere is stronger for compression than for tension in the brittle 
regime,  but symmetric in the ductile regime. 

Strength & 
depth of 
brittle-
ductile 

transition
vary

Olivine is 
stronger in 
ductile flow 
than quartz, 
so oceanic 
lithosphere 
is stronger 

than 
continental



Cooling of oceanic lithosphere 
with age also increases rock 

strength and seismic velocity. 
Thus

elastic thickness of the 
lithosphere inferred from the 

deflection caused by loads such 
as seamounts ,

maximum depth of intraplate
earthquakes within the oceanic 

lithosphere , 

& depth to the low velocity zone 
determined from surface wave 

dispersion 

all increase with age.

Stein and Stein, 1992



STRENGTH VERSUS AGE IN 
COOLING OCEANIC 

LITHOSPHERE

As oceanic lithosphere ages and 
cools, the predicted strong region 

deepens. This seems plausible 
since earthquake depths, seismic 

velocities, and effective elastic 
thicknesses imply the strong 
upper part of the lithosphere 

thickens with age

Wiens and Stein, 1983







Post-glacial rebound from GRACE data



Post-glacial rebound from geodetic data



Post-glacial rebound from geologic data



Freed and Burgmann, 2004

Hector Mine eq



Freed and Burgmann, 2004

Postseismic relaxation: time dependence



Stocker and Ashby, 1973

Deformation map: olivine


