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Fig. 4. Angle between
the San Andreas fault
and the maximum
principal stress near
the fault as a function
of the orientation of
the far-field maximum
principal stress for dif-
ferent values of fault
strength in megapas-
cals (50, 51).
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“Weak™ faults?

-San Andreas example
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FIGURE 10.5. —Heat flow as a function of distance from the San Andreas fault in the Mojave segment (region 7, fig. 10.6). Theoretical anomaly

is for a slip velocity of 26 mm/yr and average friction of 50 MPa (Lachenbruch and Sass, 1988).



Weakening mechanisms

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

How to test: SAFOD!
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http://www.icdp-online.de/sites/sanandreas/index/index.html SurfﬂEE Trﬂ‘:ﬂ ﬂf

Middle  >3" A;,""Eﬁﬁ Faut  SAFOD should help us

SAFOD Mountain learn about:

0= =
Drilling . ecomposition of fault zone
o materials and determine the
constitutive laws that govern

to 2.5 km (gray section)
Phase 2: Through fault
their behavior
emeasure the stresses that

-

allt Zone
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|zone to 3.2 km {white
. | with red ovals)

| Phase 3: Four Lateral
cores 250m each. (black)
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E J initiate earthquakes and

= = control their propagation

) T

= P test hypotheses on the roles
Q2 @ : .

() 0 of high pore fluid pressure

and chemical reactions in
controlling fault strength and
earthquake recurrence
eobserve the strain and

Monitoring

Stage 1: Inside Pilot Hole W
seismometer, tilt, strain, a::r:ela'ahﬂn
Stage 2: Behind Casing Strain
{Main Hole at 1.5km)

Stage 3: Long array with multiple 4 . .
seismometers, deformation, fuid L~ () radiated wave fields in the
pressure and temperature (across fault zone) -.-.
near field of
BT T T VE 1:1

1000100 10 1 Om microearthquakes.



2004 main shock







Drilling Rig Components

iZlick on the name below or 3 number on
the graphic to see a definition and a mare
detailed photo of the object.

Crown Block and \Water Tahle
Catline Boom and Hoist Line
Drilling Line

Monkeyboard

Traveling Block

Top Drive
Mast
Drill Pipe

Doghouse
. Blowout Preventer

. Water Tank

. Electric Cable Tray

. Engine Generator Sets

. Fuel Tank

. Electrical Control House
. Mud Pumps

. Bulk Mud Component Tanks
. Mud Tanks (Pits)

. Peserve Pit

. Mud-Gas Separator

. Shale Shakers

. Choke Manifold

. Pipe Ramp

. Pipe Racks
. Accumulataor
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http://www.osha.gov/SLTC/etools/oilandgas/illustrated_glossary.html
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Phase 3 Coring: Interval 2 - Across 10,480’ Fault

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?
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SA FDD Buzzard Canyon
Fault -

g
Quternary,

San Andreas Fault, ECCS.
Structure and
Frictional Strength Wi

Etchegoin Frmn.

Zoback, Hickman & Ellsworth, 2011

-C. Marone




SAFQOD Phase Il Drill Cuttings
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Frictional Strength, SAFOD Phase Il Core

Major Fault

Carpenter, Marone,
and Saffer, Nature
Geoscience, 2011

Carpenter, Saffer and
Marone, Geology,

2012
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Marone.
Geology, 2012



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

AFOD Phase lll - Main Fault Cuttings

3 Bulk cuttmgs air dried, random mounts Q,i
e (001) (002) ;mm MD 3294.9m
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North American Plate | San Andreas Fault Observatory at Depth:

Test fundamental theories of earthquake mechanics
Establish a long-term observatory in the fault zone

SAFOD (Parkfield)

48 mm/yr

Pacific Plate

SAFOD Target Earthquakes
In , Blue and Green

Upper few km of the SAF zone is comprised :
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blocks elongate parallel to the SAF. Their "
relative motions are controlled by fault
activity which may vary on the earthquake
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Shear zone matrix is
hierarchically finer fault

= Hickman, et al. surfaces and blocks



SAFOD

Problems

*Fault zone structure (blocks and
motions)

*Material properties (geologic
descriptions and history)

Strain release history
*Landscape development

sSouthern California
\‘active area

Tools
Large scale geologic mapping
*Tectonic geomorphology

*Earthquake geology

*Visualization

PRELIMINARY Results | 0 v
*Geologic map/cross sections->block |; ©
model S
*Moderate carthquakes and creep- [ somene /2
>paleoseismology :




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

|| oo

Map view
mode II step
(bend)

Strong influences on

Cross-section
view mode
[T step
(bend)

*Stress and displacement fields around the fault

surfaces

*Further development and linkage
*Fluid flow

*Rupture dynamics

*Fault zone strength

3D mixed
mode
stepover

T~

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
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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.
SRR AR S

v Pl e

3 months of effort:
~40 km?

~1000 miles of linear
coverage

90 person days x 10+
miles/day



Geologic Map of Middle Mountain, 1:24,000:scale
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Original geological model
inconsistent with drilling results

1

-

Y

Fault

San Andreas fault
Buzzard Canyon fault
Prominant reflector, fault
Pilot Hole

SAFOD Borehole

Contact

after M. Rymer,R. Catchings, M.Un

EXPLANATION

Mudstone to sandstone
Sandstone, resistant
Sandstone

Sandstone, ash rich

Sandstone, pebbly

sworth, A.Chavaria, S.Roecker, and C.Thurber.

Monterey Shale

Etchigoin(?) Formation

AR «
Sandstone, conglomeratic

E Marble and biotite schist
Granodiorite

- Franciscan Complex




Science Reports

W

Scientific Drilling Into the San Andreas Fault Zone

—An Overview of SAFOD’s First Five Years

by Mark Zoback, Stephen Hickman, William Ellsworth,

doi:10.2204/i0dp.sd.11.02.2011
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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)

"RMS QEILLj;, poet:

¢/ Beam: 32m




Rupture Legend

September 2004 Rupture
Arrowsmith and Toke

m— 1966 Rupture
Lienkaemper and Brown

—— SAF Trace
Thayer and Arrowsmith

Sub-parallel fault
Thayer and Arrowsmith

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



Freld paleoseismic site
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Toke, et al., 2006

Miller’s Sag Paleoseismic Investigation

a 1:1 scale
s s g e—— NW wall (meters)
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4645
(elevation m)

458.5

Survey of 369 earthquake
fractures 1n Miller’s field
2 days after the 2004

earthquake:

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




Crack coordinate system

Distance along shear zone (m)
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)l Offsat gvar 270 )

AP on % Cr.eepmeter from nearby H
aernper, gt al, 2005) = { (Bilham, 2005)
:E:/ Survey 3
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G/26/04 10/1/04 10/6/04 10/11/04 10/16/04 10/21/04

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

Up dip decrease in slip

4645
[elevation m)

l4535



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.

Ui(xy,z,t)

\

Shear zone matrix is
hierarchically finer fault
surfaces and blocks
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