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The central scientific 
objective of SAFOD is 
to directly measure the 
physical and chemical 
processes that control 
deformation and 
earthquake generation 
within an active plate-
bounding fault zone.

San Andreas San Andreas 
Fault Observatory Fault Observatory 
at Depth (SAFOD)at Depth (SAFOD)

North 
American 

Plate

(Zoback et al., AGU 
Fall Meeting 2005)



SAFOD Phase 1 Drilling: SAFOD Phase 1 Drilling: 
June June -- October 2004October 2004

(Pilot Hole drilled summer of 2002)(Pilot Hole drilled summer of 2002)
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Earthquake locations 
Roecker & Thurber 2004

Phase 1: Rotary Drilling to 2.5 km

Drilled 12-1/4” hole to 2.5 km, while 
collecting continuous drill cuttings and 
carrying out mud gas analyses.  

Below 1.5 km, steered hole toward target 
earthquakes (deviation 55°). 

Conducted wireline geophysical logging in 
open hole (electrical and ultrasonic 
imaging, density, porosity, resistivity, 
dipole sonic, geochemical, temperature, 
etc.)

After setting casing, obtained 20 m of 4”
diameter core at 1.5 and 2.5 km. 
Conducted permeability tests, fluid 
sampling and hydrofracs in core holes.

Spot Cores



SAFOD Phase 2 Drilling: SAFOD Phase 2 Drilling: 
June June -- September 2005September 2005
Phase 2: Drilling Through Fault Zone

Drilled inclined 8-1/2” hole from 2.5 to 
3.1 km.

Conducted extensive real-time 
cuttings and mud gas analyses while 
drilling across the fault zone.

Conducted comprehensive logging 
while drilling and wireline geophysical 
logging in open hole.

Collected 52 small  (0.75” dia. x 1”) 
side-wall cores in open hole.

After setting casing, collected  4 m of 
2.6” dia. spot core at 3.1 km and 
carried out hydrofrac in core hole.
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(Hickman et al., AGU Fall Meeting 2005)





Samples collected   
to date:

3 spot cores
52 Sidewall cores 
3081 - 3953 m MD, 
each ~1-3 cm3 

Cuttings from entire 
length of the 3.9 km 
drillhole
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(Tembe et al., 2006)



Sample selectionSample selection

1890-3991 m MD     

• Lithologic contacts
• Prominent shear zones 

including candidates for 
the SAF 

• Cored sections

Samples were washed, crushed and sieved to 
obtain particle sizes of <149 microns

• Mixing (0.3-3 m intervals)
• Bentonite drilling mud 
• Lost formation clays



Sliding Friction TestsSliding Friction Tests
Triaxial configuration

Sample assembly
30° saw-cut sandstone/granite 
forcing blocks
1 mm thick gouge layer

Constant normal stress and pore 
pressure

σn = 11 and 41 MPa; pp = 1 MPa
Deionized water as pore fluid 

Velocity 
Axial displacement rates of 0.01 to 
1 μm/s corresponding to slip rates 
of 0.115 to 1.15 μm/s



Cuttings 2377Cuttings 2377--2713 m MD 2713 m MD 

General 
observations:

• Frictional strength 
shows modest 
positive pressure 
dependence

• Stable sliding 
behavior

• Velocity 
strengthening

• Overall slip 
hardening

Clay rich shear zone

Sandstones

Shear zone must be several meters thick 
to be detected from cuttings



Core Samples Core Samples 
SAFOD MHSAFOD MH--ST1ST1

Sliding tests on drill 
core samples: 
3991 m MD
3067 m MD
3066 m MD
3056 m MD



Drill Core Drill Core vsvs CuttingsCuttings





Shear Zone 3067 m MDShear Zone 3067 m MD

Core 3067 m MDCore 3067 m MD

Weakest SAFOD samples





Friction 

Core

Saw-cut tests at 3056, 
3066, 3067 and 3991 
m (σn,eff=10, 40 and 
80 MPa)

Strength tests on 
intact granodiorite core 
samples 1496 m (not 
shown here)

Squares: Cuttings 
Circles: Core
Open symbols: 
σn,eff = 10 MPa

Solid Symbols: 
σn,eff = 40 MPa

Active trace of the 
SAF?
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Shear Zone 3067 m MDShear Zone 3067 m MD

Frictional sliding tests on illitic
fault gouge (SAFOD-MH-ST1 
3067 m MD) at hydrothermal 

conditions under constant normal 
stress, pore pressure and 

temperature

(Tembe et al., unpublished)



Hydrothermal experiments on fault gougeHydrothermal experiments on fault gouge
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Key PointsKey Points

Best set of mechanical data to date with 59 
experiments covering a depth range of 1890–3991 
m 

Agreement between core and cuttings, XRD 
analysis and downhole logs

Weakest samples tested have frictional strengths of 
0.4 < µ < 0.55

elevated pore fluid pressure 

dynamic weakening processes



Hydrothermal experiments on fault gouge
Constraints on pore pressure excess 

required for fault-normal compression
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(Hickman et al., AGU Fall Meeting 2005)





Fengyuan well
( 450m)
���

Nantou well
(220m)
���

DaiKeng well
Hole-A   (2000m)
Hole-B   (1350m)

���



Shallow hole
TCDP hole

Surface outcrops



Fault zone FZ1111 (TCDP Hole A)



Hole-B Results



15 TCDP core samples 
from depths of 589-1368 m

Anisotropy of 
Magnetic 
Susceptibility: 
9 siltstone and 
6 sandstone 
samples

Anisotropy of P-
wave velocity: 9 
siltstone samples

(Louis et al., 2006)
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TCDP Hole A: Clay content (Kuo & Song., unpublished)



SAFOD Fault Rocks

(Solum et al., AGU Fall Meeting 2005)



Barbados Barbados 
DDéécollementcollement

microstructuremicrostructure
(ODP Site 948)(ODP Site 948)

Strongly foliated shear zones in Strongly foliated shear zones in 
brittlelybrittlely fractured hostfractured host
An anomalously An anomalously smectitesmectite clayclay--rich rich 
sectionsection
SS--C geometry in shear zonesC geometry in shear zones

LabaumeLabaume et al., 1995et al., 1995





Brown et al. (2003)

Coefficient of internal friction: Nankai mudstoneCoefficient of internal friction: Nankai mudstone
Ring shear experimentsRing shear experiments
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Rate and State Dependence of Rock Friction





Velocity dependence of steady-state friction: initially bare rock 
surfaces (Paterson & Wong., 2005)



Velocity dependence of steady-state friction: simulated gouge layers 



velocity dependence behavior of unsaturated 
clay gouge (Saffer & Marone, 2003)



Nojima fault (Lockner et al., 1999)

Dixie Valley (Seront et al., 1998)
Median Tectonic Line 

(Wibberley & Shimamoto., 2003)

Permeability of Core Samples 
from Fault Zones
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(Morrow et al., unpublished)
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(Morrow et al., unpublished)



Thermal Pressurization of Pore Fluid

frictional heating due to seismic 
slip can raise the pore pressure, thus 
lowering the effective pressure and 
frictional strength (Sibson, 1973; 
Lachenbruch, 1980; Mase and Smith, 
1987; Lee and Delaney, 1987) 

Andrews (2002) explicitly analyzed 
the consequence on stress drop during 
dynamic rupture  

The frictional heat induces a pore pressure that 
scales with the inverse square root of hydraulic 
diffusivity ω times the elapsed time

(contribution from the width D can effectively be taken to be 0)



Thermal Pressurization of Pore Fluid
stress drop increases with 

decreasing hydraulic diffusivity ω
the slip-weakening behavior

becomes nonlinear
there is a threshold distance

beyond which thermal 
pressurization dominates the stress 
drop process 

if ω=0.02 m2/s,  then R=300 m, 
which is comparable to the fault 
dimension of  an earthquake with 
M=3.5

the model neglects dilatancy and  
permeability evolution during the 
stress drop process.

permeability: K = 5 10-17 m2 

porosity: φ  = 0.025
viscosity: η = 10-4 Pa s
==> hydraulic diffusivity

ω = 0.02 m2/s



Andrews (May 2005)

Slip Distribution on Idealized Fault



In this calculation, a critical parameter is hydraulic diffusivity, ω, given by

ω = K/ηS

K = permeability
η = viscosity
S = Storage capacity.

Value used in          Values from
Andrews 2005 TCPD Core Tests

f (coef. of frict.)        0.6                  0.5 to 0.7
η [Pa-s]                  10-4 same
K  [m2]                     2x10-17 10-19 to 10-21

S  [Pa-1]                2.5x10-11 ~4x10-11

ω [m2/s]                0.02                   2x10-6 to 2x10-5

Conclusion:  Hydraulic diffusivity in Chinshui shales is probably 3 orders 
of magnitude less than in Andrews’ calculation.

What are the appropriate values for modeling poromechanical
processes associated with dynamic rupture?





(Sibson., 2003)



(Zoback et al., AGU Fall Meeting, 2005)



(AGU Fall Meeting, 2005)



TCDP Hole A -
FZA1111

slickenside



4 cm



DDéécollementcollement Zone: Zone: 
Sites 808 and 1174Sites 808 and 1174

~30 m thickness:  935~30 m thickness:  935--965 m 965 m 
depthdepth

Macroscopically, deformation Macroscopically, deformation 
is dominated by brittle is dominated by brittle 
fracturefracture

Increasing intensity of Increasing intensity of 
deformation down to abrupt deformation down to abrupt 
base of fault zonebase of fault zone

Sharp contrast in physical Sharp contrast in physical 
properties across base of properties across base of 
faultfault



DDéécollementcollement microstructures:microstructures:
upper upper brecciatedbrecciated domaindomain

UjiieUjiie et al., 2003 JGRet al., 2003 JGR

Narrow shear zones of strongly aligned clay Narrow shear zones of strongly aligned clay 
surround littlesurround little--deformed blocksdeformed blocks
Block size decreases approaching the base of Block size decreases approaching the base of 
the fault zone the fault zone ----> shear strain increases> shear strain increases



NankaiNankai ddéécollementcollement microstructure:microstructure:
basal fault core zonebasal fault core zone

VannucchiVannucchi et al., 2003, JSGet al., 2003, JSG
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