
Strength and Tectonics: 
Brittle Deformation

• What defines a strength profile?
• Brittle deformation (low T, P)
• Viscous flow laws (T, P, ...)

• Strength and Continental Kinematics
• Oregon
• Tibet

• Byerlee’s Law, Modes of Failure, Mohr’s 
Circles, 



Jelly Sandwich vs. Creme Brulée

Jelly Sandwich (e.g., Chen and Molnar)

“If significant strength resides only in the 
seismogenic layer of the continental lithosphere, it 
would not be surprising if regional patterns of 
active faulting at the surface were dominated by 
the strength of the crustal blocks and the 
interactions between them. The strength of the 
faults themselves is then presumably a limiting 
factor in crustal behavior, but remains very 
uncertain.”  [Jackson, 2002]

Creme Brulée (e.g., Jackson)



Today we are primarily talking about 
continents:  Oceanic lithosphere is stronger



Continental Tectonics:  Viscous Flow? 

•Continent Deforms 
~uniformly, broadly 
distributed =>viscous  
(England & McKenzie, 1982; 
Jackson & McKenzie, 1983; 
Molnar, 1988; Jackson & 
Molnar, 1990; England & 
Molnar, 1997, 2005; Holt et 
al., 2001; Bourne et al., 1998)

• Upper mantle is strong

•Crust comparatively weak

•Crustal block interactions 
not important

• Crustal motion and 
deformation controlled by 
coupling to upper mantle

England & Molnar, 2005



Continental Tectonics:  Block Interactions?

•Continent Deforms as a 
collection of rigid blocks 
(Thatcher, 1995, 2006; 
Jackson, 2002)

• Upper mantle may not be 
strong

•Crust is strong

•Crustal block interactions 
ARE important

• Crustal motion and 
deformation controlled by 
coupling to other blocks, 
with upper mantle 
coupling optional



An even newer view, one dominated by the 
role of faults between blocks

“It continues to be a question of much debate as to whether the overall style 
of continental deformation is governed by the properties and activity of 
discrete, weakened shear zones or by the bulk rheological properties of the 
viscously deforming lower lithosphere.”





(e.g., Bourne et al., 1998)

Basal force (UM) Side force (crust)

Driven from Below or from Sides



Examine Kinematics of Deforamation in 
Oregon and Tibet



Figure 1. Tectonic setting of Cascadia. Juan de 
Fuca plate (JF) is subducting (barbed fault) 
beneath North America. Migrating Cascadia 
fore-arc terrane divided into Washington (W), 
Oregon Coastal (OC), and Sierra Nevada 
blocks (SN). “Instantaneous” Euler rotation 
poles shown for SN relative to North 
America (NA), OC-SN, and OC-NA. VI—
Vancouver Island. (Modified from Argus and 
Gordon, 1991; Pezzopane and Weldon, 1993; 
Walcott, 1993.)

• Fore arc lies between megathrust 
and volcanic arc

• Sierra Nevada block
• Oregon block (Siletzia)
• Washington segment
• Canadian ‘Buttress’ (VLBI data 

indicate no movement wrt NA)
• Differential movement btw SN and 

Canada taken up by CW rotation of 
OC and compression of W



Figure 2. Cascadia earthquakes, faults, volcanoes, and fore-arc rotation. A: Lower plate seismicity. B: Upper 
plate seismicity, recent focal mechanisms (Mw > 5), and late Cenozoic faults. C: Quaternary arc volcanism—
white; major volcanoes—open triangles; post–5 Ma volcanic vents—filled triangles; fore-arc rotations with 
uncertainties—arrows (Pezzopane and Weldon, 1993; Sherrod and Smith, 1990; Guffanti and Weaver, 1988; 
Wells, 1990; Wiley et al., 1993; Madin et al., 1993).
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Figure 3. Magnetic and pseudogravity 
anomalies in the Cascadia fore arc. A: Siletzia, 
accreted basalt basement shown by magnetic 
high and offshore wells (filled circles) 
bottoming in basalt basement (red) and 
sediment (blue). Accreted sediments 
(magnetic low) outboard of Siletzia extend 
south to Mendocino triple junction. B: 
Pseudogravity anomaly (gravity that would be 
observed if magnetization were replaced by 
mass in 1:1 proportion) reflects total volume 
of Siletzia and coincides with low current 
uplift and margin contraction (contours in 
mm/yr, Mitchell et al., 1994; Murray and 
Lisowski, 1994, and 1998, written commun.) 
representing elastic strain accumulation above 
the locked subduction zone. Eastward limit of 
coupling (dotted) from Hyndman and Wang 
(1995).

Much of the Oregon 
forearc is comprised 
of the Siletzia terrain, 
~35 km thick oceanic 
plateau.  This is a 
strong crustal block.

Note the lack of uplift 
near Siletzia



Figure 4. Velocity field for Cascadia fore arc 
calculated from OC-NA pole. Oregon block 
(pink) rotating at Neogene paleomagnetic rate 
is linked to Sierra Nevada block moving at vlbi 
rate by Euler pole (OC-SN) in Klamath 
Mountains (KM). Extensional arc forms along 
trailing edge of Oregon fore-arc block which 
absorbs Sierra Nevada displacement by rotating 
over trench at Cape Blanco (CB). North end of 
Oregon block deforms Washington fore arc 
(green) against Canadian buttress, causing 
north-south compression, uplift, thrust faulting, 
and earthquakes. Rates from very long baseline 
interferometry (vlbi); paleoseismology (ps); 
magmatic spreading (m); Pacific–North America 
motion (pac-nam); other symbols as in Figure 1.

• SNB moves NW, kicks out OC 
(Siletzia), compresses Washington 
against Canadian ‘buttress’.

• Numbers are mm/yr
• Dextral slip and compression 

increase northward





Early analog model of Tibetan Tectonics:
Extrusion of (semi) rigid blocks















2nd Example of 
Extrusion Tectonics 
modeled as blocks







Jelly Sandwich vs. Creme Brulée

Long-standing view of strength profile for 
continents, motivated by Chen and 
Molnar (1983)

“If significant strength resides only in the seismogenic layer 
of the continental lithosphere, it would not be surprising if 
regional patterns of active faulting at the surface were 
dominated by the strength of the crustal blocks and the 
interactions between them. The strength of the faults 
themselves is then presumably a limiting factor in crustal 
behavior, but remains very uncertain (e.g., Scholz, 2000).”
[Jackson, 2002]

Creme Brulée



Strength Curves

• How do rocks deform in the lithosphere?

• mechanisms

• What are the load bearing parts of the lithosphere?

• strength

• Must consider

• Brittle crust

• Ductile crust



Brittle:  ability to resist 
load decreases with  
permanent strain.   

Fracture Stress

Ductile:  Can accommodate 
permanent strain without losing 
its ability to resist load 
 
Yield Stress

Yield Point



Deformation Depends On

Elastic/Brittle Ductile/Plastic

Composition -----------

Temperature low high

Pressures low high

Rate high low

Grain Size -----------

Linear
σ ∝ ε

σij ∝ Cijklεkl

Linear or non-linear
∂ε/∂t ∝ σ
∂ε/∂t ∝ σn



Brittle-ductile transition



• Mode of failure

• Stress-strain curve

• Homogeneous spreading or 
deformation

• distributed (ductile)

• localized (brittle)

• Mechanism of failure

• cataclastic

• crystal plastic/diffusion

Mode of failure 
versus Mechanism



• Mode of Failure



Lab experiments provide a linear relation 
between the maximum shear and normal 
stress that rocks can withstand, Byerlee’s 
Law:

Brittle Failure
Shear Stress vs. Normal Stress

1 kbar = 100 MPa 1GPa ~ 30 km, 100MPa~3 km

+
+

τ shear stress
σ normal stress



Plastic Deformation

• Material behaves like a fluid, but still has 
elasticity; ‘elastoviscious’ behavior

• Deformation accomated by two 
mechanisms:

• Intracrystalline plasticity

• Diffusive mass transfer



General form of flow law

• ε = strain rate, s-1

• n = stress exponent

• H = activatin enthalpy, J mol^-1

• R = gas constant, J K-1 mol-1

• T = temperature, K



τs

σn

τs = μf σn + Cf

Coefficient of
friction

Cohesive Strength

Byerlee’s law for frictional slideing, also
Mohr-Columb failure criteria



τs

σn

τs = μf σn + Cf

Coefficient of
friction

Cohesive Strength
Byerlee’s law for frictional slideing, also

Mohr-Columb failure criteria

φ

μf ~ 0.6 to 0.8 for Nearly all rocks!

Failure criteria plotted on resolved shear vs. normal stress

In absence of normal stress, 
cohesive 
strength is the minimum 
shear stress required to 
cause failure

φ, angle of 
internal friction

τs = σn tan φ + Cf



How can we know when failure occurs in a 
particular stress condition?

• Given Byerlee’s law for brittle failure, how can we 
know if the stress conditions within the crust will 
result in permanent deformation?

• Mohr’s Circle:  gives stress on planes of arbitrary 
orientation, combine this with Byerlee’s law

• Derive by force balance (bb)

• Derive by coordinate rotation of stress tensor



σmaxσmax

σmin

σmin

θ dx dy

σn τ ds

Derivation of Mohr’s Circle:  Resolve principal 
stresses into a plane of arbitrary orientation.  

Balance forces in the σn and τ directions



Normal and shear stresses can be expressed as:

σn = σc + σr cos2θ

τ = σr sin2θ

Equations of a circle 
with center at  σc 

and a radius of σr

σr = (σ1 - σ3)/2

σc = (σ1 + σ3)/2

τ

σn
φ

φ, angle of 
internal friction

σ1σ3
σc

2θτs = σn tan φ + Cf

θ = φ/2 + π/4





Mohr’s Circle via coordinate rotation of stress tensor








