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SAF-normal 
compression
over 
geologic 
timescales

Zoback, et al., 1987
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Weak fault in strong crust
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“Weak” faults?
-San Andreas example

Heat flow paradox

Lachenbruch and McGarr, 1990



Weakening mechanisms

• High fluid pressure
• Dynamic weakening during earthquakes
• Ultra low friction fault gouge

How to test:  SAFOD!
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http://www.icdp-online.de/sites/sanandreas/index/index.html
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SAFOD should help us 
learn about:

•composition of fault zone 
materials and determine the 
constitutive laws that govern 
their behavior
•measure the stresses that 
initiate earthquakes and 
control their propagation
•test hypotheses on the roles 
of high pore fluid pressure 
and chemical reactions in 
controlling fault strength and 
earthquake recurrence
•observe the strain and 
radiated wave fields in the 
near field of 
microearthquakes.

http://www.icdp-online.de/sites/sanandreas/index/index.html
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Phase 3 Coring: Interval 2 - Across 10,480’ Fault

Casing Deformation 
Zone: Fault Gouge 
Layer (1.5 m thick)

Serpentinite 
cut by white 

(calcite) veins

Highly sheared 
serpentinite layer 
with fragmented calcite 
veins

Foliated fault gouge 
with serpentinite and 

sandstone 
porphyroclasts

Foliated gouge 
with serpentinite 

and sandstone 
porphyroclasts

Talc + Serpentine Found in Cuttings from 10,480 and 10,830 faults (see 
Solum et al, 2006;  Moore and Rymer, 2007) Mineralogical control on 
fault strength?

Hickman, et al.



San Andreas Fault, 
Structure and 
Frictional Strength

Zoback, Hickman & Ellsworth, 2011
-C. Marone



SAFOD Phase III Drill Cuttings

Healing Rate
(∆µ/decade)

Coefficient of Friction

Frictional strength is low in the fault zone

Carpenter, Marone, and Saffer, Nature Geoscience, 2011 

fault zone

-C. Marone



Frictional Strength, SAFOD Phase III Core

Carpenter, Marone, 
and Saffer, Nature
Geoscience, 2011 

Carpenter, Saffer and 
Marone, Geology, 
2012 
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-C. Marone



San Andreas 
in Central CA: Weak 
Fault in a Strong 
Crust

Carpenter, Saffer, and 
Marone. 
Geology, 2012 

Results from 
Scientific 
Drilling

-C. Marone



Carpenter et al., in prep

~20 ±
10%

Wall Rock

Wall Rock

Carpenter et al., 2011

Why is the Main Strand of the San Andreas Fault Weak?
Hydrous Clay (Saponite, Smectite) and Fabric

-C. Marone



SAFOD Target Earthquakes
In Red, Blue and Green

Creep Rate ~2.5 
cm/yr at SAFOD

1.8 km

SA
FO

D

San Andreas Fault Observatory at Depth:
Test fundamental theories of earthquake mechanics
Establish a long-term observatory in the fault zone

Upper few km of the SAF zone is comprised 
of relatively independently moving oblate  
blocks elongate parallel to the SAF. Their 
relative motions are controlled by fault 
activity which may vary on the earthquake 
recurrence timescale

Hickman, et al.
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SAFOD
Problems
•Fault zone structure (blocks and 
motions)
•Material properties (geologic 
descriptions and history)
•Strain release history
•Landscape development

Tools
•Large scale geologic mapping
•Tectonic geomorphology
•Earthquake geology
•Visualization

PRELIMINARY Results
•Geologic map/cross sections->block 
model
•Moderate earthquakes and creep-
>paleoseismology



Fault zone is comprised of heterogeneous non coplanar fault surfaces bounding oblate 
blocks whose geometry and activity varies in time and space

Map view 
mode II step 

(bend)

Cross-section 
view mode 

III step 
(bend)

3D mixed 
mode 

stepover

Strong influences on 
•Stress and displacement fields around the fault 
surfaces
•Further development and linkage
•Fluid flow
•Rupture dynamics
•Fault zone strength

Questions:
Geometric—Fault surface and block shapes and 
sizes
Time—How long are they active? What is slip 
history? Block motion history?
Development—Linkage and evolution of 
roughness 



Rock units

Structures

Thayer, 2006

Simplified Middle Mountain 
Geologic Map

Large scale geological mapping 
(1:6,000)
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Large scale geological mapping (1:6,000)
• Previous mapping was 1:62,500 (Dibblee), or 1:24,000 (Sims)
• Rugged topography with complex contact relationships.

3 months of effort: 
~40 km2

~1000 miles of linear 
coverage 

90 person days x 10+ 
miles/day

Maurits Thayer with 
deformed Etchegoin 
sandstone



Next slides
Serial SAF-normal cross sections
Controlled by geologic contact 
geometries at surface

F
H

J
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Seds

Original geological model 
inconsistent with drilling results





Incorporation of blocks 
into shear zone

L-shaped fault
(Dickinson, 1966)

Slide blocks
(Thayer, 2006)



F

F RMS QEII Length: 293 m
Beam: 32 m
Height: 50 m

Example of fault block 
form

Hull shaped block ~5:1 
aspect ratio

Preliminary apatite 
Fission track ages on 
granite blocks such as 
these are 40-50 Ma 
(Fayon and Arrowsmith, 
unpublished)

-wikipedia

Length: 640 m
Beam: 140 m
Height: 150 m

=~25x



Variation in slip 
location in 1966 
and 2004 
earthquakes 
suggests process 
of formation

SE-directed 
rupture (1966) in 
red on NE and 
NW-directed 
rupture (2004) in 
blue bound 100 
m wide and 800 
m long zone

Thayer, 2006



SW dip along SAF 

B4 0.5 m DEM view NW over Carr Hill
Miller’s Field paleoseismic site 

(Toké et al., 2006) 



Paleoseismological trench excavation
Toké, 2005 and Toké, et al., 2006 



Miller’s Sag Paleoseismic InvestigationToké, et al., 2006



Survey of 369 earthquake 
fractures in Miller’s field 
2 days after the 2004 
earthquake:  

Spectacular pattern of 
shearing and association 
with pre-existing tectonic 
landforms

Simple shear 
zone model

θ

Photo at right

Toké, et al., 2006



NW

Crack coordinate system



NW

Shear zone coordinate system



6.6 cm offset over ~70 m 
aperture on 10/1/04 
(Lienkaemper, et al., 2005)

~2 cm offset across cracks of 
shear zone on 10/1/04

Creepmeter from nearby
(Bilham, 2005)

Significant afterslip (~2x) since 
these observations no doubt caused 
further crack growth and linkage

Survey

Up dip decrease in slip



These observations and inferences suggest a 
model in which the upper few km of the SAF 
zone is comprised of relatively independently 
moving oblate  blocks elongate parallel to the 
SAF. Their relative motions are controlled by 
fault activity which may vary on the 
earthquake recurrence timescale.
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