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ABSTRACT

The strength of tectonic faults and the processes that control earthquake rupture remain
central questions in fault mechanics and earthquake science. We report on the frictional
strength and constitutive properties of intact samples across the main creeping strand of the
San Andreas fault (SAF; California, United States) recovered by deep drilling. We find that the
fault is extremely weak (friction coefficient, p = ~ 0.10), and exhibits both velocity strengthening
frictional behavior and anomalously low rates of frictional healing, consistent with aseismic
creep. In contrast, wall rock to the northeast shows velocity weakening frictional behavior
and positive healing rates, consistent with observed repeating earthquakes on nearby fault
strands. We also document a sharp increase in strength to values of p > ~0.40 over <1 m dis-
tance at the boundary between the fault and adjacent wall rock. The friction values for the
SAF are sufficiently low to explain its apparent weakness as inferred from heat flow and stress
orientation data. Our results may also indicate that the shear strength of the SAF should
remain approximately constant at ~10 MPa in the upper 5-8 km, rather than increasing lin-
early with depth, as is commonly assumed. Taken together, our data explain why the main
strand of the SAF in central California is weak, extremely localized, and exhibits aseismic
creep, while nearby fault strands host repeating earthquakes.

INTRODUCTION

Understanding processes that control the
strength and style of slip along Earth’s plate
boundary fault systems is a long-standing and
fundamental problem in the earth sciences. The
San Andreas fault (SAF) in California (United
States) has been a focal point for research on
earthquake physics and the nature of major faults
that bound Earth’s tectonic plates. Major recent
fault-zone drilling initiatives, including the San
Andreas Fault Observatory at Depth (SAFOD)
(Zoback et al., 2011), the Taiwan-Chelungpu
(Ma et al., 2006) drilling project, and the Nan-
kai Trough Seismogenic Zone Experiment
(NanTroSEIZE) (Kinoshita et al., 2009), have
aimed to penetrate and sample major tectonic
faults to characterize the conditions and rock
properties that govern their mechanical behav-
ior. In the summer of 2007, the SAFOD bore-
hole (Fig. 1) crossed a creeping segment of the
SAF and recovered the first intact samples of the
fault zone from seismogenic depths, allowing
detailed investigation of the frictional behavior
of material spanning the active fault.

Along the SAF, fault weakness has been
inferred from both the lack of a prominent ther-
mal anomaly centered over the fault trace (the
“heat flow paradox™; e.g., Lachenbruch and
Sass, 1980) and the high angle between the
maximum horizontal principal stress and the
fault trace (Zoback et al., 1987; Hickman and
Zoback, 2004). These data indicate that the SAF
is weak (1) in an absolute sense, meaning that
it supports shear stresses of <20 MPa averaged
over the seismogenic crust, substantially lower
than predicted by typical laboratory measure-
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ments of rock friction; and (2) in a relative
sense, meaning that it is considerably weaker
than the surrounding crust. A wide range of
hypotheses to explain these observations has
been proposed. These include locally elevated
pore fluid pressure within the fault zone that
reduces the effective normal stress (Rice, 1992;
Fulton and Safter, 2009), low friction owing to
a combination of intrinsically weak minerals,
shear-induced fabric, or nanocoatings on slip
surfaces (e.g., Collettini et al., 2009; Schleicher
et al., 2010), stress relaxation by pressure solu-
tion creep (Gratier et al., 2011), or a combina-
tion of these mechanisms (Holdsworth et al.,
2011). Dynamic weakening mechanisms such
as thermal or acoustic weakening, melting, or
silica gel lubrication may also operate, but only
along portions of the fault that fail in seismic
slip (e.g., Melosh, 1996; Goldsby and Tullis,
2002; Di Toro et al., 2011).

Despite extensive study, the causes of mechan-
ical weakness of tectonic faults and the under-
lying controls on observed slip behaviors that
range from aseismic creep to failure in repeat-
ing earthquakes remain elusive. Studies per-
formed on outcrop samples and material from
the SAFOD project have provided a regional
picture of friction across the SAF and show
that the crust surrounding the fault is strong (u
> ~(.5), whereas the fault zone is weaker (u <
~0.3) (Tembe et al., 2006; Carpenter et al., 2009,
2011; Lockner et al., 2011) (Fig. 1). Initial work
on fault rocks recovered from SAFOD has
focused primarily on overall frictional strength,
and has reported friction data only from drill-
ing cuttings, powdered fault gouge, and rock
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Figure 1. Upper panel: cross section show-
ing key lithologies, fault strands, and San
Andreas Fault Observatory at Depth (SAFOD)
borehole (Thayer and Arrowsmith, 2005; Zo-
back et al., 2011). Horizontal line at 2.7 km in-
dicates depth at which borehole intersected
two main strands of San Andreas fault (SAF).
Stars indicate approximate position of repeat-
ing earthquake clusters. BCF—Buzzard Can-
yon fault; GHF—Gold Hills fault; Undiff.—Un-
differentiated; Fm.—Formation. Lower panel:
Coefficient of sliding friction versus distance
from SAF, showing previously published
data from outcrop samples (tan boxes) and
SAFOD Phase | borehole cuttings (Carpenter
et al., 2009) (black triangles), and borehole
cuttings from Phases | and Il (green boxes;
Tembe et al., 2006). Large red circle shows
mean value of intact fault rock from Phase Il
drilling (this study). Dashed lines define dam-
age zone for SAF bounded by southwest de-
forming zone (SDZ) and northeast bounding
fault (NBF). CDZ—central deforming zone;
GV—Great Valley; Fran—Franciscan.

fragments. These samples lack intact fabric and
thus may behave differently than in situ fault
rock (e.g., Collettini et al., 2009; Schleicher et
al., 2010; Holdsworth et al., 2011). Here we
report on friction measurements for a suite of
intact and powdered core samples obtained
from SAFOD drilling across the main creep-
ing strand of the SAF. Our data address (1) the
friction constitutive properties, including the
velocity dependence of friction and healing,
that dictate fault sliding stability and earthquake
physics; and (2) the detailed spatial distribution
of frictional properties across the main active
fault strand.
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MATERIALS AND METHODS

Samples collected during SAFOD Phase III
include intact core and drill cuttings spanning
the main, actively creeping SAF strand, termed
the central deforming zone (CDZ) (Fig. 1)
(Zoback et al., 2011). Repeated casing deforma-
tion logs document that the CDZ, a 2.6-m-wide
zone of highly sheared fault gouge, accommo-
dates significant right-lateral motion by aseis-
mic creep (Fig. DR1 in the GSA Data Reposi-
tory!') (Zoback et al., 2011). SAFOD drilling
intersected 2 additional important fault strands:
(1) a 1.5-m-wide fault zone 108 m southwest of
the CDZ, termed the southwest deforming zone
(SDZ); and (2) a fault 111 m to the northeast,
termed the northeast bounding fault (NBF)
(Zoback et al., 2011). The SDZ and NBF mark
the interpreted boundaries of an ~200-m-wide
damage zone that contains the CDZ. Pre-
cise locations of three repeating microearth-
quake clusters (M ~2.0) in the vicinity of the
SAFOD borehole show that they occur on the
SDZ and NBF (Fig. 1; Thurber et al., 2010).
The HI (Hawaii) earthquake cluster occurs on
the SDZ ~100 m downdip of the SAFOD bore-
hole penetration of this fault strand, and the SF
(San Francisco) and LA (Los Angeles) clusters
are interpreted to occur on the updip extension
of the NBF (Thurber et al., 2010).

We conducted our experiments on a suite of
samples obtained from SAFOD Phase III core,
including one sample from wall rock south-
west of the CDZ, five from the CDZ, and one
from wall rock to the northeast (Figs. 1 and 2).
All of the wall-rock samples are from within
the 200-m-wide damage zone surrounding the
CDZ. X-ray diffraction (XRD) shows that the
samples are composed dominantly of clays and
quartz (Fig. DR2). Both XRD and thin-section
analyses indicate that the CDZ contains sig-
nificant saponite (as much as ~60 wt%), a Mg-
bearing smectite clay (Lockner et al., 2011).
Visual and SEM analyses show that pervasive
thin shear zones within the CDZ may locally
contain as much as 100% saponite. The wall-
rock samples on either side of the CDZ are com-
posed dominantly of quartz, calcite, and feldspar,
with trace amounts of chlorite in the wall rock to
the southwest, and minor lizardite in wall rock
to the northeast.

We sheared samples at effective normal
stresses ranging from 7 to 100 MPa under con-
trolled pore pressures ranging from 3 to 20 MPa,
using a synthetic brine designed to match the
major ion chemistry of fluids observed in the
SAFOD borehole (Thordsen et al., 2005). Our
experiments focused on intact wafers of fault

!GSA Data Repository item 2012207, supplemen-
tal and supporting data, is available online at www
.geosociety.org/pubs/ft2012.htm, or on request from
editing@geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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material (4.2 cm x 4.0 cm x ~0.6 cm), augmented
with tests using powdered gouge. The wafers
were carefully cut from intact core to ensure
shearing parallel to the in situ fault shear direc-
tion and fault zone fabric, placed in the single-
direct-shear configuration (Fig. DR3), jacketed,
and sheared in a triaxial pressure vessel. In this
configuration, one side of the sample assembly
is coated with molybdenum grease, which pro-
vides a nearly frictionless contact between the
mirror-finished surfaces of the sample assem-
bly and sliding block (equivalent p = 0.001 for
normal stresses 0—100 MPa). For experiments
on powdered gouge, samples were pulverized
and sieved to <150 pum, and sheared in a double-
direct shear geometry (for detailed description of
this configuration, see Ikari et al., 2009).
Samples were saturated overnight at an effec-
tive normal stress of ~5 MPa, and then loaded to
the target normal stress and allowed to equilibrate
until sample thickness reached a steady state.
Samples were then sheared at a load point veloc-
ity of 10 um/s until a steady-state value of friction
was obtained. We measured frictional strength
(defined as the ratio of shear stress to effective
normal stress and assuming no cohesion), and
then conducted velocity stepping and slide-hold-
slide tests to measure the friction constitutive

Figure 2. A: Coefficient of sliding friction for
samples recovered from San Andreas Fault
Observatory at Depth (SAFOD) Phase |l
coring, as function of distance from south-
west edge of central deforming zone (CDZ)
mapped in cores (Zoback et al., 2011). Data
are shown for shearing of intact wafers
(squares) and powdered gouge (diamonds).
Limits on effective friction coefficient from
heat flow measurements (Lachenbruch and
Sass, 1980) and directional constraints (Zo-
back et al., 1987) for the San Andreas fault
(SAF) in central California are shown for
reference. Directional constraint determined
locally from SAFOD pilot hole stress data
at 2.2 km depth is p = 0.09-0.41 (Hickman
and Zoback, 2004). Inset: Scanning electron
microscope image of sample G45A from
CDZ, showing well-developed shear fabric.
B: Example of experimental data show-
ing friction coefficient versus shear strain.
C: Mohr-Coulomb failure envelope for wafers
of intact fault rock from CDZ. Our data docu-
ment transition to pressure-independent
shear strength at ~60 MPa effective normal
stress (left). Corresponding shear strength
as function of depth is shown at right, as-
suming linear increase in fault-normal stress
of 50.5 MPa/km (after Hickman and Zoback,
2004), and hydrostatic pore fluid pressure.

properties (e.g., Marone, 1998) (Fig. 2). We con-
ducted velocity steps in the range of 1-100 um/s,
and holds ranging from 3 to 1000 s.

The dependence of friction on sliding veloc-
ity is described by the friction rate parameter
(a-b) = Ap /AInV, where p_ is the steady-state
friction coefficient and V is sliding veloc-
ity (Fig. 3A). Positive values of (a-b) indicate
velocity strengthening behavior (u_ increases
with sliding velocity) and are associated with
stable sliding, whereas negative values of (a-b)
indicate velocity weakening behavior, and are
associated with unstable slip (e.g., Marone,
1998). The rate of frictional healing (B) is
given by Au/logz,, where Ap is the increase in
peak friction after a hold of time £, relative to
the initial value of sliding friction (Fig. 3B;
Fig. DR4). Positive healing rates reflect fric-
tional restrengthening. Both positive healing
rates and velocity weakening friction are prereq-
uisites for fault failure by repeated earthquakes.

FRICTIONAL STRENGTH OF THE
MAIN SAN ANDREAS FAULT STRAND
AND WALL ROCK

Our results show that material from the CDZ
is extraordinarily weak (u=0.09-0.25), with the
lowest friction values in the center of the fault

www.gsapubs.org | August 2012 | GEOLOGY
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Figure 3. A: Velocity (V) step data from two
representative experiments. The friction rate
parameter (a-b) is measured for each ve-
locity step as shown. B: Data showing fric-
tion as function of shear displacement for
samples from central deforming zone (CDZ;
gray) and wall rock from northeast (black),
with 30 s hold shown at center of image; Ap
(n—friction coefficient) is measured for each
hold as shown.

(Fig. 2). We also document a sharp transition
to substantially stronger wall rock to both the
northeast and southwest (u > 0.4) over a dis-
tance of <1 m (Fig. 2A). Our data are consistent
with previously reported friction values for out-
crop samples (Carpenter et al., 2009), cuttings
(Tembe et al., 2006; Carpenter et al., 2009), and
powdered and remolded SAFOD core mate-
rial (Lockner et al., 2011), and confirm that the
SAF at these depths is an intrinsically weak
fault embedded in a stronger crust. The friction
values we report are sufficiently low to explain
both the absolute and relative weakness of the
SAF as inferred from heat flow and stress orien-
tation constraints (Fig. 2A).

At effective normal stresses <60 MPa (corre-
sponding to depths <~1.5 km) the friction coef-
ficients we measured for both the CDZ and wall
rock are similar for intact fault wafers and pow-
dered gouge (Fig. 2A). However, intact wafers
from the CDZ appear to exhibit pressure-insen-
sitive shear strength at higher effective normal
stresses (Fig. 2C), whereas powdered gouge
does not. This is consistent with previous work
showing that fabric defined by clay alignment
and thin phyllosilicate grain coatings may
result in fault weakening (Collettini et al.,
2009; Schleicher et al., 2010; Holdsworth et
al., 2011); this fabric is preserved in our intact
wafers but not in powdered gouge. This result
is also consistent with a transition to pressure-
independent strength (i.e., plastic yielding)
at normal stresses >30-40 MPa observed in
synthetic clay-rich fault gouges, interpreted to
reflect saturation of the area of real frictional
contact between platy phyllosilicate grains
(Saffer and Marone, 2003). Our data imply that
the shear strength of the main SAF strand may

GEOLOGY | August 2012 | www.gsapubs.org

remain ~10 MPa throughout the depth range
where Mg-smectite clay phases remain stable
(Inoue and Utada, 1991), rather than increasing
linearly with depth, as is commonly assumed
(Fig. 2C). Based on the geochemical and ther-
mal environment at SAFOD, saponite is likely
to remain stable as a distinct phase and in chlo-
rite-smectite interlayers to depths of 5-8 km; at
higher temperatures it transforms to correns-
ite, but can remain stable in mixed-layer clays
to temperatures of >200 °C (~7-8 km depth)
(Inoue and Utada, 1991). At greater depths, if
the fault zone protolith remains the same as
observed at SAFOD, we anticipate that chlorite
would be the dominant clay phase and would
remain thermodynamically stable to the base
of the seismogenic zone (see the discussion in
Holdsworth et al., 2011).

FRICTIONAL STABILITY AND
HEALING

Both intact wafers and powdered gouge
from the CDZ and wall rock to the southwest
exhibit exclusively velocity strengthening fric-
tional behavior, with values of (a-b) ranging
from 0.004 to 0.019 for material from the
CDZ, and 0.004 to 0.023 for the wall rock
(Fig. 4A). For wall rock to the northeast of the
CDZ, we observe instances of velocity weak-
ening behavior only in intact wafers [(a-b) =
—0.003-0.006], and only velocity strength-
ening behavior for powdered gouge [(a-b) =
0.001-0.006] (Fig. 4A). All of the wall-rock
samples we tested exhibit typical frictional
behavior, with an immediate increase in fric-
tion (the so-called direct effect) followed by
displacement-dependent ~ weakening  (state
evolution). In contrast, samples from the CDZ
show no state evolution (Fig. 3A). We also find
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Figure 4. A: Friction rate parameter (a-b) as
a function of distance from edge of central
deforming zone (CDZ). (B) Rate of frictional
restrengthening (B) (p—friction coefficient)
measured during slide-hold-slide tests. Dia-
monds—powdered gouge; squares—intact
wafers. Corresponding stress drops shown
in B are computed from measured healing
rates (Fig. DR4 [see footnote 1]), assuming
1000 d recurrence interval (Nadeau et al.,
2004) and effective normal stress of 110 MPa.

that material from the CDZ exhibits no fric-
tional healing (Fig. 3B), whereas the adjacent
wall rock exhibits positive healing rates, with
the highest values for wall rock to the northeast
of the CDZ (Fig. 4B). Together, these results
demonstrate a type of frictional behavior that
may be significant in tectonic faults, in which
the static yield strength is as low as or lower
than the dynamic frictional strength. One key
implication is that seismic stress drop would
be zero or negative. The extremely low heal-
ing rates in material from the CDZ indicate
that creep relaxation during holds is larger than
time- and displacement-dependent physico-
chemical processes that cause frictional heal-
ing (Beeler et al., 1994; Niemeijer et al., 2010).
This behavior is common in phyllosilicate-rich
gouge (Saffer and Marone, 2003; Ikari et al.,
2009). In contrast, the positive values of fric-
tional healing for wall rock on both sides of
the active CDZ are typical of most quartzofeld-
spathic rock (Marone, 1998).

Both the near-zero healing rates and veloc-
ity strengthening for material from the CDZ are
consistent with aseismic creep. Our data also
document sharp changes in frictional rate depen-
dence and healing at the edges of the CDZ that
parallel the spatial pattern of frictional strength
(Figs. 2 and 4). Taken together, our observa-
tions predict (1) aseismic creep within the CDZ,
and (2) the possibility of earthquake nucleation
in material outside and to the northeast of the
CDZ, both of which are consistent with obser-
vations. Further, extrapolation of our laboratory
derived healing rates for wall rock northeast
of the CDZ to the observed ~2.7 yr recurrence
interval for the SF and LA earthquakes (Nadeau
et al., 2004) yields predicted stress drops of
~2-7 MPa in this material (Fig. 2C; Fig. DR4).
This is in good agreement with reported stress
drops of 1-40 MPa for microearthquakes within
1 km of the fault zone near Parkfield (Allmann
and Shearer, 2007), and with a stress drop of 9
MPa for a well-characterized 2003, M 2.1, SF
event (Imanishi et al., 2004).

SUMMARY

We describe the first friction measurements
on intact samples of fault rock from the deep
San Andreas fault. Our work provides an
integrated view of the frictional strength, slip
behavior, and constitutive properties of the
SAF at seismogenic depths. The laboratory
data offer a coherent explanation for several
observations, both long standing and new,
including (1) the absolute and relative weak-
ness of the SAF, (2) the extreme localization
of fault weakness and the majority of tectonic
slip between the North America and Pacific
plates to an ~2.6-m-wide fault zone in the
CDZ, with a sharp transition to stronger wall
rock on either side; (3) fault creep and aseismic
slip localized within the CDZ; and (4) repeat-
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ing microearthquakes (the LA and SF clusters)
with stress drops of 5-10 MPa to the northeast.
The pressure-independent shear strength of
material from the CDZ above ~60 MPa effec-
tive normal stress further suggests that shear
strength of the SAF may remain <~10 MPa to
depths of at least ~5 km.
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