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The San Andreas Fault Observatory at Depth (SAFOD) scientific borehole near Parkfield, California crosses
two actively creeping shear zones at a depth of 2.7 km. Core samples retrieved from these active strands
consist of a foliated, Mg-clay-rich gouge containing porphyroclasts of serpentinite and sedimentary rock.
The adjacent damage zone and country rocks are comprised of variably deformed, fine-grained sand-
stones, siltstones, and mudstones. We conducted laboratory tests to measure the permeability of
representative samples from each structural unit at effective confining pressures, Pe up to the maximum
estimated in situ Pe of 120 MPa. Permeability values of intact samples adjacent to the creeping strands
ranged from 10�18 to 10�21 m2 at Pe ¼ 10 MPa and decreased with applied confining pressure to 10�20

e10�22 m2 at 120 MPa. Values for intact foliated gouge samples (10�21e6 � 10�23 m2 over the same
pressure range) were distinctly lower than those for the surrounding rocks due to their fine-grained,
clay-rich character. Permeability of both intact and crushed-and-sieved foliated gouge measured dur-
ing shearing at Pe � 70 MPa ranged from 2 to 4 � 10�22 m2 in the direction perpendicular to shearing and
was largely insensitive to shear displacement out to a maximum displacement of 10 mm. The weak,
actively-deforming foliated gouge zones have ultra-low permeability, making the active strands of the
San Andreas Fault effective barriers to cross-fault fluid flow. The low matrix permeability of the San
Andreas Fault creeping zones and adjacent rock combined with observations of abundant fractures in the
core over a range of scales suggests that fluid flow outside of the actively-deforming gouge zones is
probably fracture dominated.

Published by Elsevier Ltd.
1. Introduction

Many models have been devised to describe the permeability
and fluid flow characteristics of fault zones in an effort to address
the long-standing discrepancy between heat-flow measurements,
seismic stress drops, and the strength of crustal rocks (Lachenbruch
and Sass, 1980, 1992; Hickman, 1991; Brune et al., 1969; Mount and
Suppe, 1987; Zoback et al., 1987). For instance, Rice (1992), Byerlee
(1990), Sibson (1992), Sleep and Blanpied (1992), Mase and Smith
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(1987), and Faulkner and Rutter (2001) all invoke low-perme-
ability regions within or adjacent to the actively-deforming fault
core and fluid-pressure controlled fault weakening to explain the
apparent weakness of the San Andreas Fault. Understanding fault-
zone permeability structure is of paramount importance to these
efforts. Permeability profiles across the Median Tectonic Line, Japan
(Wibberley and Shimamoto, 2003), the Punchbowl fault, California
(Chester and Logan, 1987), the Stillwater fault, Nevada (Caine et al.,
2010), and the Carboneras fault, Spain (Faulkner et al., 2003) show
that many fault zones, especially ones that have evolved with time,
are more complex than the simple model of a low-permeability
fault core bounded by high-permeability damage zones (e.g.,
Caine et al., 1996; Lockner et al., 2009).

The San Andreas Fault Observatory at Depth (SAFOD), located
NW of the town of Parkfield, California, provides a unique op-
portunity to investigate the permeability of a seismically active,
plate-bounding fault zone sampled at depth (Zoback et al., 2010).
At Parkfield, slip on the San Andreas Fault (SAF) has brought
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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dissimilar materials into contact. To the west of the fault lie Sali-
nian granites and granodiorites, arkosic sandstones, and con-
glomerates, while to the east are found Cretaceous Great Valley
Formation siltstones, mudstones and shales (Fig. 1a). The SAFOD
borehole crossed the fault at a vertical depth of 2.7 km. An
Fig. 1. a) A simplified geologic cross-section along the trajectory of the San Andreas
Fault Observatory at Depth (SAFOD) borehole. The three prominent fault strands
associated with the San Andreas Fault damage zone are shown in red. The southwest
deforming zone (SDZ) and the central deforming zone (CDZ) are actively creeping
faults identified through casing deformation. The damage zone is bounded by the SDZ
and the northeast boundary fault (NBF). The black circles represent repeating micro-
earthquakes. The depth at which SAFOD observatory instrumentation is deployed is
shown. From Zoback et al. (2011). b) Map view of Phase 3 Hole G (green line) relative to
the Phase 2 portion of the SAFOD main borehole (blue line). Coring targeted the SDZ
and CDZ. Although SAFOD is drilled at a high angle to the San Andreas Fault Zone, the
angle between the Hole G core axis and the SDZ and CDZ is not accurately known
(see text). Modified from Fig. 1 of Lockner et al. (2011). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
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approximately 200 m-wide damage zone was encountered within
rocks of the North American Plate (northeast side), which is
characterized by anomalously low P- and S-wave velocities and
low resistivity (Zoback et al., 2010, 2011). Observations of fault-
zone guided waves in the SAFOD borehole show that this dam-
age zone is laterally extensive and extends downwards to a depth
of at least 7 km (Ellsworth and Malin, 2011). Two narrow, actively-
deforming zones were identified within the damage zone based
on borehole casing deformation. These actively-deforming zones,
at 3192 and 3302 m measured depth (MD, depth as measured
along the borehole) in the main Phase 2 borehole were the pri-
mary targets for coring during Phase 3 drilling in 2007. Phase 3
Hole G was drilled sub-parallel to the Phase 2 borehole and a total
of w30.7 m of core was recovered across the deforming zones at
two depths roughly 100 m apart (Fig. 1b). (See Zoback et al., 2010,
supplemental material, for a discussion of the correlation between
measured depths in the Phase 2 and Phase 3 boreholes.) Two Mg-
clay-rich gouge zones, referred to as the southwest deforming
zone (SDZ) and the central deforming zone (CDZ), encountered in
Hole G correspond to the two places identified in the Phase 2
borehole using repeat 40-finger caliper logs where the cemented
steel casing was being deformed in response to fault creep. The
CDZ takes up the majority of this active creep (Zoback et al., 2010).
The northeast boundary of the San Andreas damage zone is
defined by a narrow zone that has similar geophysical character-
istics to the SDZ and CDZ. This zone is referred to as the northeast
boundary fault (NBF) and is aligned with locations of the nearby
repeating San Francisco and Los Angeles microearthquake clusters
(Zoback et al., 2011). However, no casing deformation was detec-
ted on the NBF in any of the repeat caliper logs run from 2005
through 2007; thus, if this zone was creeping, it must have been at
a relatively low rate. The two observed creeping strands are sur-
rounded by variably deformed sedimentary rocks of the Great
Valley Group (Fig. 2). See Bradbury et al. (2011) and Holdsworth
et al. (2011) for descriptions of the lithology and internal struc-
ture of the recovered core sections.

In this study we present permeability measurements of axially
oriented core (fluid flow in a direction parallel to the borehole
axis) from the two Hole G cored intervals to relate the overall
permeability structure of the SAF to rock type, mineral compo-
sition and rock strength. Sample locations and lithology are
shown in Fig. 2 and discussed in more detail in Appendix 1. As
mentioned above and discussed in more detail below, fault-zone
permeability structure is expected to play an important role in
determining pore pressure distribution and rates of fluid flow
across and within the San Andreas Fault Zone. Our measurements
show that, overall, matrix permeability is low throughout the
damage zone and extremely low in the clay-rich actively-
deforming zones.

2. Samples studied

Seventeen samples oriented parallel to the core axis were
selected (black filled circles in Fig. 2), to obtain representative data
for all of the major structural units. Measured depths in Hole G of
these samples are reported in Table 1. Hole G is oriented at a slightly
oblique angle (w80e90�) to the strike of the surface trace of the
SAF, at an inclination of 52e62� from vertical at the depths from
which the cores used in this study were obtained (see borehole
trajectory for all SAFOD phases at http://safod.icdp-online.org).
However, the strike and dip of the active strands of the SAF where
cored by SAFOD are not well constrained, and the exact orientation
of the core relative to the SDZ and CDZ is still a topic of ongoing
research. For the purposes of the present study, this uncertainty in
relative orientation should not be significant. Indeed, as we discuss
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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Fig. 2. Locations in Hole G of the intact (circles) and disaggregated (stars) samples tested in this study, plotted on the lithologic sections of Bradbury et al. (2011; their Fig. 2). Sample
depths and physical property measurements are presented in Table 1. Portions of thin-section scans for ten samples illustrate textures representative of each structural unit. All but
four of the thin sections were prepared from unoriented remnants from the sample-preparation process. For the oriented samples shown, a single-headed white arrow within the
field of the photomicrograph indicates the “up” direction along the borehole axis, and a two-headed white arrow shows the orientation of the core axis (“up” direction unknown).
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later, permeability anisotropy in the actively-deforming gouge
material appears to be small, so that sample orientation of this
material has little effect on measured permeability. Four additional,
ground-up (disaggregated) samples from the CDZ and SDZ were
tested (stars in Fig. 2); frictional strengths of these four samples are
reported by Lockner et al. (2011). One SDZ sample (3197.7 m) was
tested for permeability both as intact core and disaggregated
material.

Portions of ten thin-section scans are included in Fig. 2 to
illustrate some of the textural features of the core. Most of the
photos are not oriented, because the thin sections were made from
the pieces remaining after the test specimens had been prepared.
As the four oriented photos (indicated by white horizontal arrows
in Fig. 2) illustrate, sedimentary and deformation features such as
bedding and foliation typically are oriented at a large angle to the
core axis. Since the SAFOD core is not oriented we do not have
information on how these cores are rotated along their axis relative
to vertical; thus we cannot definitively relate the orientation of
textures in the rocks to that of the fault.With themajor exception of
the SDZ and CDZ, mineral-lined fractures cross-cut fabric elements
in all of the core samples examined in this study (see also
Holdsworth et al., 2011).

Textures andmineral assemblages of the CDZ and SDZ are nearly
identical, consisting of porphyroclasts of serpentinite and other,
largely sedimentary, rock types dispersed in a well foliated (e.g.,
Sills et al., 2009; Sills, 2010; Chester et al., 2010), soft and friable
matrix of Mg-rich, saponitic and corrensitic clays (Moore and
Rymer, 2012). The samples readily separate along the foliation
planes (Fig. 2). These clay-rich gouges are very weak, with coeffi-
cient of friction, m z 0.15, in marked contrast to the frictional
Please cite this article in press as: Morrow, C.A., et al., Deep permeability o
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strengths of the Great Valley Group rocks on either side of the CDZ,
with an average m z 0.45 (Carpenter et al., 2011, 2012; Lockner
et al., 2011). The Great Valley rocks consist largely of shales and
siltstones, with some sandy layers. The sedimentary units close to
the SDZ are considerably more deformed overall than those near
the CDZ (Fig. 2); Holdsworth et al. (2011) refer to these different
sections as “inactive fault rocks” (that is, not currently creeping)
and “relatively undeformed host rocks”, respectively.

3. Measurement procedure

3.1. Intact samples: permeability as a function of pressure

The primary set of permeability measurements was carried out
under hydrostatic conditions on intact core samples at controlled
confining pressure and pore pressure. The long adjustment time of
many of these samples to changes in confining pressure as well as
their low permeability meant that individual permeability de-
terminations typically spanned one or more days. Test specimens
were prepared from the core samples in different configurations,
necessitated by the sample properties, to meet the requirement
that the permeability measurements reflect flow parallel to the
core axis. The most competent samples were prepared as cubes or
prisms with nominal cross-section dimensions perpendicular to
flow direction of 1.9 by 1.9 cm. In some cases, cubes could not be
obtained and samples were fashioned into thin wafers with 1.9 by
1.9 cm faces and flow-parallel thickness ranging from 0.4 to 0.9 cm.
If a sample was missing material, high-viscosity epoxy was added
to the sides to fill out the deficient space and prevent fluid bypass.
Top and bottom faces were left free of epoxy as much as possible to
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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Table 1
Permeability, porosity and density of intact SAFOD samples.

Lithology Measured
depth, m

Corea Range cm k, m2 40 MPa k, m2 100 MPa gb 10-2 MPa-1 Porosity % Density gm/cc Uncertaintyc %

Foliated 3188.48 G-1-3 2e7 2.53e-21 6.92e-22 0.5 5.0 2.42 1.7
Siltstone-shale 3192.01 G-2-2 19e22 2.94e-20 5.99e-22 4.1 1.9 2.48 1.5

3192.56 G-2-2 75e83 1.87e-20 3.41e-21 0.9 2.4 2.55 1.0
Cataclasite 3194.76 G-2-5 25e30 2.85e-20 9.28e-22 3.5 4.4 2.25 1.0

3195.52 G-2-6 7e15 5.13e-19 1.70e-20 4.1 2.66 0.7
3196.07 G-2-6 61e72 8.66e-21 2.97e-22 3.8 2.12 4.0
3196.28 G-2-7 0e5 2.07e-20 1.10e-20 0.6 5.7 2.35 1.0

Clay gouge (SDZ) 3197.71 G-2-8 50e55 1.28e-21 4.83e-22 0.0
3197.71 G-2-8 50e55 1.75e-22

Siltstone with
Carbonate vein.

3198.63 G-3-1 22e27 4.39e-18 5.40e-19 2.1 3.9 2.67 0.8
3198.84 G-3-1 44e46 1.97e-19 1.81e-20 2.6 4.8 2.51 0.8

Banded Siltstone 3295.25 G-4-1 34e37 7.74e-22 2.15e-22 1.1 8.7 2.32 1.1
3295.52 G-4-1 61e67 8.74e-21 1.36e-21 3.1 4.6 2.51 1.1
3295.52 G-4-1 61e67 1.34e-20 7.42e-21 0.9
3295.83 G-4-2 2e5 1.04e-21 1.65e-22 1.5 7.1 2.39 0.6

Clay gouge (CDZ) 3298.63 G-4-5 14e20 5.21e-22 6.17e-23 3.6
3298.63 G-4-5 14e20 5.07e-22d

3298.63 G-4-5 14e20 5.92e-22
Foliated Siltstone-shale 3300.13 G-4-7 22e25 1.31e-19 2.70e-21 4.5 2.33 2.8
Massive Greywacke 3301.74 G-5-2 45e48 1.63e-20 2.88e-21 2.6 5.0 2.46 0.7

3301.74 G-5-2 45e48 1.16e-19 3.88e-20 1.3
Foliated Siltstone-shale 3309.27 G-6-3 8e12 2.93e-18 4.68e-20 4.5

3309.27 G-6-3 8e12 2.26e-18 8.00e-19 2.3 7.0 2.34 1.2

a Sample identification in core boxes. For example, first sample is from Hole G, Run 1, Section 3, depth range 2 to 7 cm from top of core section.
b Value at the highest effective pressure measured, where g becomes nearly constant.
c Uncertainty values apply to both porosity and density.
d Continuation of previous experiment, deformed to 10% shortening at 100 MPa.
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minimize disruption of pore fluid flow. The surfaces of the samples
were then lapped to a smooth finish, and cross-sectional area,
minus any portion backfilled with epoxy, was estimated.

Porous Berea sandstone wafers (1.9 � 1.9 � 0.65 cm) were
placed on the top and bottom of the test samples to provide a
uniform pore pressure on the sample faces and simple, one-
dimensional pore fluid flow. Berea sandstone has permeability
around 10�15 m2, many orders of magnitude higher than that of the
SAFOD samples, and therefore can be neglected in our calculations
of permeability from measured flow rates using Darcy’s Law. The
sample assembly was placed in a latex jacket to isolate the sample
from the confining fluid, and then secured to steel endplugs that
contained a pore fluid inlet and outlet and were machined with
grooves to promote uniform fluid access to the ends of the samples.

Permeability was determined at progressively increasing
effective confining pressures of 10, 20, 40, 70, 100, and 120 MPa in
a pressure vessel at 23 � 0.2 �C. Effective confining pressure is
defined as Pe ¼ Pc � Pp, where Pc and Pp are confining and pore
pressures, respectively. To begin, the sample column was evacu-
ated to ensure that no air remained trapped in the sample or
tubing. Confining pressure was applied, and then pore fluid
introduced to the sample. A servo-controlled pressure generator
supplied constant pore pressure of 1e5 MPa to one end of the
sample; the other end was vented to the atmosphere through
fluid-filled pore lines, so that no evaporation could take place at
the sample face. The volume change in the pressure generator has
a precision of 10�5 cc and provides a direct measure of fluid
flowing through the sample at constant upstream Pp. Because of
the long time needed for steady-state flow to be established, pore
fluid was forced through the sample for hours to days at each
pressure step. In all tests the pore fluid was a brine solution
designed to be equivalent to formation fluid in the SAFOD bore-
hole. The solution constituents, in g/l, were: Cl�, 13.32; Naþ, 5.34;
Ca2þ, 2.77; and Kþ, 0.22 (Lockner et al., 2011). While testing
samples with the in situ or reconstituted brine is desirable,
Please cite this article in press as: Morrow, C.A., et al., Deep permeability o
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implementation is not straightforward. Samples have partially
dried during storage and preparation, leaving excess salts in the
pore space. Re-saturation with distilled water should bring the
samples back to near starting salinity, but then continued
permeability tests with distilled water would systematically
reduce brine content. Since the swelling clays in the SAFOD
samples tend to become unstable in low salinity fluid, we
reasoned that too high salinity would be better than too low. The
most permeable samples were initially flushed with multiple pore
volumes of brine. However, for the majority of samples perme-
ability was too low to make a complete exchange of pore fluid
practical.

Permeability, k, was calculated at each effective pressure ac-
cording to Darcy’s law

k ¼ v

�
l
A

��
Q
DPp

�
; (1)

where Q is volumetric flow rate, l and A are length and cross-
sectional area of the sample, v is the dynamic viscosity of the
pore fluid (0.95 centipoise in this case, or 9.5 � 10�4 Pa-s in SI
units), and DPp is the pore pressure drop across the sample. Accu-
racy of the measurements varied with permeability and was
approximately �5% for values above 10�20 m2 and �10% for values
between 10�20 and 10�23 m2. The two largest sources of error were
the daily room temperature changes (affecting flow rate measure-
ment) and time-dependent relaxation of the samples that could
last from hours to days. An example of these effects is shown in
Appendix 2. The practical lower limit of permeability determina-
tion in our test system is the leakage rate in the pore pressure
generator and volumometer. An 18 day leak test of the pressurized
system without a sample yielded a flow rate of
(1.9 � 2.6) � 10�10 cm3/s. For a typical sample, this flow rate would
represent k w 2 � 10�24 m2, 30 times less than our lowest
measured value.
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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Pore pressure, effective pressure and permeability all vary across
the sample during a permeability test. We report permeability based
on average pore pressure, P0 ¼ (Phigh � Plow)/2 (where Plow is atmo-
spheric pressure) and the corresponding effective pressure
Pe ¼ Pc � P0. Since k depends on effective pressure (Section 4.1), this
procedure leads to a bias in calculated permeability, but as shown in
Appendix 3, it is no more than 0.2%. Another important issue in
interpreting the laboratory-derived permeability values is how
sample disturbance due to core retrieval and sample preparation
Fig. 3. Permeability as a function of effective confining pressure for intact SAFOD
samples from a) cores G1eG3, adjacent to and including the SDZ and b) cores G4eG6,
adjacent to and including the CDZ. The foliated gouges (3197.71 and 3298.63 m) had
the lowest values. Permeability measurements progressed from low to high effective
pressures.
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affects the measurements. We addressed this issue by performing
repeated stress cycles on selected samples and observing the effect of
stress history onpermeability. These tests are discussed in Section 4.1
and in Appendix 3.
3.2. Intact foliated gouge: permeability during deformation

Of prime interest is determining how permeability of the foli-
ated gouges in the CDZ and SDZ are affected by deformation, since
repeat measurements of casing deformation show that these gouge
zones are creeping (Zoback et al., 2010). We determined variations
in gouge permeability with deformation in two ways: 1) by
measuring permeability during axial shortening tests on intact
samples, wherein fluid flow direction is parallel to the shortening
direction, and 2) by measuring permeability across disaggregated
and reformed gouge layers sheared between sandstone forcing
blocks separated by an inclined sawcut. For the first type of
experiment, intact samples of foliated gougewere carefully cut into
cubes approximately 1.9 cm on a side. The samples were jacketed
and pressurized in a manner similar to the samples described
above. For these gouge samples, the chosen Pe was limited to
100MPa, so that the permeability during deformationwould not be
too low to measure. The gouges were deformed at an axial short-
ening rate of 1 mm/s to 10% shortening (around 2mm, depending on
sample length), while axial load, s1, and displacement were
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Fig. 4. Effective confining pressure cycling of an intact foliated gouge sample from
3298.63 m. a) Permeability. b) Effective confining pressure sensitivity of permeability
(eq. (3)). In each cycle, permeability measurements progressed from low to high
effective pressures.
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recorded along with the pore and confining pressure data. (The
triaxial test geometry is axi-symmetric, so during deformation
tests, s2 ¼ s3 ¼ Pc.). Axial shortening was stopped periodically to
measure permeability, as described above. These pauses generally
lasted one to two days in order for steady-state flow through the
sample to be established (see, for example, Appendix 2). Perme-
ability data were corrected for the changing length and cross-
sectional area during axial shortening, assuming a Poisson ratio
of 0.33.

3.3. Disaggregated foliated gouge: permeability during shearing

Because the gouges are difficult to cut, we were unable to pre-
pare intact samples from all of the SDZ and CDZ material available
to us. For this reason, we also conducted simultaneous shearing and
permeability tests on disaggregated gouge. If intact and dis-
aggregated samples of the same gouge behaved in a similar manner
during shearing, we felt confident that the disaggregated sample
results for gouges where intact samples were not available would
be relevant. In addition, disaggregated gouges can be sheared to a
much larger strain than the intact samples.

Samples of CDZ (3296.86 and 3297.72 m) and SDZ (3197.56 and
3197.71 m) foliated gouge were crushed and passed through a 150
micron sieve. Mixed with simulated formation brine to form a
paste, 2-mm-thick gouge layers were applied to artificial fault
surfaces cut at 30� to sample axes in Berea sandstone driving
blocks. Test samples were placed in a latex jacket and sheared at
constant effective normal stress, sn ¼ 120 MPa, similar to the
estimated sn in the borehole (assuming hydrostatic Pp) (Lockner
et al., 2011). Pore pressure was fixed at 1 MPa at the inlet of the
sample, and vented to atmospheric pressure at the outlet, resulting
in fluid flow normal to the sawcut fault plane. Samples were
sheared at a fault-parallel rate of 2.31 mm/s. Shearing was stopped
at axial shortening of 0, 3, 6, and 9 mm for periods of 4e14 hours
while steady-state permeability measurements were made. While
flow measurements can be made during deformation, the low
sample permeability would make it uncertain that a constant pore
pressure gradient was maintained within the gouge layer. To assure
Fig. 5. Differential stress (solid lines) and permeability (dashed lines) during axial
shortening for two intact foliated gouge samples from 3197.71 m (SDZ), and 3298.63 m
(CDZ) at Pe ¼ 100 MPa. Pauses in axial shortening during permeability measurements
resulted in recoverable differential stress drops.
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accurate permeability determinations, we chose to cease defor-
mation and assure that steady flow conditions were established.
The strengthedisplacement data were corrected for jacket
strength, seal friction, and true contact area (see, for example
Tembe et al., 2010; Lockner et al., 2011). Permeability was calcu-
lated from eq. (1) using the true contact area during sliding and the
thickness of the gouge measured after sample removal. While
gouge compaction was not measured during the tests, most of the
decrease in thickness is assumed to occur during the application of
normal stress. By 9 mm of axial shortening, the corrections for
decreased contact area and sample thinning approximately cancel
each other in the l/A ratio in eq. (1), and uncertainties in these
corrections thus have little effect on the determined permeability.
4. Results

4.1. Permeability as a function of effective pressure

The permeability of intact core samples from Hole G, sur-
rounding and including the SDZ and CDZ, decreased by 2e4 orders
of magnitude as effective confining pressure increased to 120 MPa
(Fig. 3). Overall permeabilities range from 10�16 to 10�23 m2,
dropping most rapidly at the lower effective pressures. Two of the
most permeable samples, the siltstones at a measured depth of
3198.63 and 3309.27 m (Fig. 3a and b) contained through-going
fractures that were visible even before the samples were tested.
These fractures likely dominated fluid flow. However, in most tests,
no through-going fractures were observed, in which case fluid flow
was assumed to be distributed throughout the entire sample and
reported values represent matrix permeability. The foliated gouges
at 3197.71 m (SDZ) and 3298.63 m (CDZ) measured depth generally
had the lowest permeability at each pressure, probably due to the
fine grain size and clay-rich mineralogy of the material. Notice the
close agreement of two separate samples from 3298.63 m in Fig. 3b
at Pe ¼ 10e40 MPa.

The decrease of permeability with effective stress is often
described according to the relation

k ¼ k0expð � gðs� s0ÞÞ; (2)

where s is the effectivemean stress s ¼ ðs1 þ s2 þ s3Þ=3� Pp, k0 is
the permeability at reference stress state s0, and g is pressure
sensitivity. s reduces to Pe for hydrostatic loading (see, for instance,
Wong and Zhu, 1999; Rice, 1992). In eq. (2), g is independent of
pressure. If pressure sensitivity of permeability varies with effective
stress as shown in Fig. 3, then variations in pressure sensitivity with
effective stress can be approximated by

gðsÞ ¼ Dlnk
Ds

: (3)

Pressure sensitivity of permeability can depend on many factors,
such as whether thematerial has been stress cycled (Wibberley and
Shimamoto, 2003), or how long the sample is allowed to relax
between cycles. The samples in Fig. 3 have all undergone the same
stress and temperature history after acquisition; cores were
brought to the earth’s surface where they decompressed and
cooled, sat for an extended period of time in the SAFOD core re-
pository, partially dried when hermetically sealed core boxes were
periodically opened for sampling, and then repressurized in the
laboratory tests. The strong pressure sensitivity of permeability at
lower Pe is most likely to be an artifact of damage induced by this
sampling history (Morrow and Lockner, 1997). Thus in Table 1 we
list g at the highest pressures tested (i.e., where pressure sensitivity
becomes nearly constant) as the most representative in situ value.
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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Fig. 6. Coefficient of friction (solid lines) and permeability (dashed lines) during
shearing for disaggregated samples from the CDZ (3296.86 and 3297.72 m) and SDZ
(3197.56 and 3197.71 m) at sn ¼ 120 MPa. Sliding was halted during the permeability
measurements, resulting in a recoverable drop in frictional values due to sample
relaxation. (1 mm axial displacement ¼ 0.57 apparent shear strain for a 2 mm-thick
sample, assuming no compaction).
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These values are similar to values compiled by Wong and Zhu
(1999).

Selected samples were pressure-cycledmultiple times including
after treatments to vary samplemoisture content to determine how
permeability recovery depended on unloading time and sample
desiccation state. We show an example of a friable foliated gouge
from 3298.63 m MD that was pressure cycled four times (Fig. 4).
Other examples, an intact cataclasite (3196.28 m), a massive gray-
wacke (3301.74 m), and a fracture-dominated siltstone-shale
(3309.27m) underwent different cycling histories and are shown in
Appendix 3. Cycle 1 of the foliated gouge sample (Fig. 4a) was
characterized by a rapid decrease in permeability at low effective
pressure followed by a gradual decline to a value below 10�22 m2.
The sample was then refrigerated for seven months while
remaining in a damp state in a sealed container. Following this rest
period, the sample was re-tested. This second stress cycle showed
partial recovery of the initial permeability value. The sample was
then evacuated and dried for two days at 60 �C. Cycle 3 showed full
recovery of the initial value and much higher overall permeability
values. Upon cycling a fourth time without removal from the
pressure vessel and held at 5 MPa Pe, permeability was lower than
that measured during the third cycle, but was permanently offset
above the initial (cycle 1) values. These trends can be compared by
plotting pressure sensitivity g versus effective confining pressure
(Fig. 4b). Initial (low effective pressure) g values vary greatly among
the individual cycles, depending on duration of preceding recovery
and on sample moisture content, whereas the values at higher
pressure are fairly consistent among the cycles. These pressure-
cycling tests demonstrate that the reported permeabilities of the
samples, such as those in Fig. 3, depend on the effective stress
history, including the time-dependent poroelastic response to
stress changes and changes in sample desiccation. This subject is
discussed in more detail below.

4.2. Strength and permeability of gouges during deformation

Differential stress (s1ePc, solid lines) and permeability (dashed
lines) are shown in Fig. 5 for intact samples from 3197.71 m (SDZ),
and 3298.63 m (CDZ) deformed to 10% axial shortening at a con-
stant Pe of 100 MPa. By 10% axial shortening (1.8 mm axial
displacement), the differential stress of the SDZ sample had
reached 35.4 MPa, compared to a peak differential stress of
32.7 MPa for the CDZ sample. The greater strength of the SDZ
sample is due in part to its higher concentrations of quartz and
feldspar compared to the CDZ (Lockner et al., 2011). Permeability of
both samples remained nearly unchanged as a result of axial
deformation, at around 1.7 � 10�22 m2 (SDZ) and 3.7 � 10�22 m2

(CDZ). These results are consistent with findings of Morrow et al.
(1984), who showed that while permeability typically decreases
with shearing for many types of both clay-rich and non-clay gouges
for permeabilities above around 5 � 10�22 m2, permeability below
this value remains essentially constant with shearing. The perme-
abilities obtained at 10% axial strain are in close agreement with the
disaggregated gouge data described next.

Coefficient of friction ðm ¼ s=snÞ (solid lines) and permeability
(dashed lines) at sn ¼ 120 MPa are shown in Fig. 6 as a function of
axial displacement for the disaggregated foliated gouge samples
from the SDZ (3197.56 and 3197.71 m) and CDZ (3296.86 and
3297.72 m) sheared between sandstone forcing blocks at
Pe ¼ 120 MPa. The total axial displacement of 9 mm corresponds to
10.4 mm of fault-parallel displacement (a shear strain of 5.2 for a
2 mm-thick sample). Pauses during shearing at 3 and 6 mm for
permeability measurements caused the gouge to relax and fric-
tional strength to drop, but strength recovered completely once
shearing resumed. These SDZ and CDZ gouges were weak even in
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disaggregated form because the smectite clay mineral saponite
comprises roughly 60e65% of the volume fraction of the gouge
matrix (Lockner et al., 2011). Strength values (m ¼ 0.14e0.19) re-
ported here are consistent with those reported by Lockner et al.
(2011) for the same samples. Permeability of these foliated
gouges, measured at 0, 3, 6 and 9 mm of axial displacement, was
approximately 3 � 10�22 m2 and was insensitive to shearing,
indicating that most of the permeability loss occurred during the
initial loading to 120 MPa effective normal stress, and that the
initial permeability was low enough that shearing had little effect
(see also Morrow et al., 1984).
4.3. Permeability profiles across SAF

Permeability profiles across the two core segments of Hole G are
summarized in Fig. 7 and Table 1. Although observations during
SAFOD drilling together with analysis of the ratio of P- and S-wave
velocities from borehole logs do not indicate the presence of
significantly overpressured fluids within the fault zone (Zoback
et al., 2011), in situ pore pressure within the SAF has not yet been
directly determined in SAFOD. Thus, it is not yet known what
effective pressure is appropriate to use in interpreting the labora-
tory measurements presented here. Since our measurements
(Fig. 3) show that the matrix permeability has strong pressure
sensitivity, data for measurements at both 40 and 100MPa effective
confining pressure are shown in Fig. 7. Also shown are permeability
values from intact foliated gouges deformed to 10% axial strain
(downward triangles, see Fig. 5 and footnotes to Table 1), and dis-
aggregated foliated gouges sheared to a strain of 5.2 (black upward
triangles, see Fig. 6). As shown in Fig. 7, an effective confining
pressure increase from 40 to 100 MPa reduces permeability by a
factor of between 2 and 30 with an average decrease of about one
decade. Permeabilities of rocks on either side of the deforming
zones show a broad range of values from 10�18 to 10�23 m2,
whereas samples from the SDZ and CDZ, whether intact or sheared,
are consistently at or below 10�21 m2. As noted earlier, the samples
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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Fig. 7. Permeability of intact samples at 40 and 100 MPa (circles), and deformed ground core at 120 MPa (black upward triangles) as functions of measured depth in Hole G. In
addition, permeability of intact core samples from 3197.71 m, deformed at 100 MPa (open downward triangle), and from 3298.63 m depth, deformed at 70 MPa (black downward
triangle), are shown. Lithology from Bradbury et al. (2011). The deforming zones SDZ and CDZ are shown as vertical gray bands. Horizontal cross-hatched bands represent one
standard deviation in the combined 40 and 100 MPa permeability data for each segment.
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at 3198.63 and 3309.27 mwith the highest measured permeability
values contained fresh macroscopic fractures that were probably
formed during core retrieval and/or sample preparation. These
values represent upper bounds on the matrix permeability.

It was not possible to measure porosity of the foliated gouges of
the CDZ and SDZ because of their friable nature. Porosity and
density values obtained for samples from the other structural units
(Table 1) show no consistent trends over the relatively narrow
depth intervals we have studied. However, while there are a few
exceptions, overall the sedimentary rocks fromG1 to G3 have lower
porosity and higher density than those from G4 to G6.

5. Discussion

5.1. Permeability structure of the San Andreas Fault and
implications for fluid pressure

Given the large total shear offset on the San Andreas Fault, it is
not surprising that a variety of lithological facies was encountered
in the 30 m of core recovered from Hole G at SAFOD. Taken as a
group, these fault-zone core samples show permeability ranging
over 5 orders of magnitude with some foliated gouge samples, at
effective pressure above 100MPa, having permeabilities lower than
our practical measurement limit. Wibberley and Shimamoto (2003)
also reported a 5 orders of magnitude variation in permeability in a
profile of surface samples taken from the Median Tectonic Line in
southwest Japan, and they also found that permeability was low in
fine-grained shear zones.

For the SAFOD core, we emphasize the general trend in
permeability data in Fig. 7 by dividing the core into 6 groupings:
two currently creeping fault segments represented by the SDZ and
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CDZ (gray shading) and segments representing the rock units that
flank these active deforming zones. Cross-hatched bands of
permeability represent one standard deviation in the combined 40
and 100 MPa data for each segment. Borehole logging data (Zoback
et al., 2010, 2011) indicated that the SDZ represents the southwest
boundary of the present-day, w200-m-wide SAF damage zone
(Fig. 1b). Thus, the core from 3187 to 3196.4 m in Fig. 7 represents
currently inactive, previously deformed fault material SW of the
present SAF damage zone, while all other segments are fromwithin
the present damage zone (Bradbury et al., 2011; Holdsworth et al.,
2011). Fig. 7 shows that there is little systematic difference in
permeability between these previously deformed rocks SW of the
present SAF damage zone and damage zone material between and
to the NE of the clay-rich deforming zones.

As noted in Section 4, the foliated gouge has consistently low
permeability. After initial compaction, permeability of the foliated
gouge tends to be less pressure-sensitive than the surrounding
rock. Therefore it is likely that the measured permeability
(<10�21 m2) is representative of the in situ gouge permeability at
SAFOD between about 1 and 3 km depth. At temperatures above
about 150 �C saponite should become unstable (Inoue and Utada,
1991). Thus, as discussed in Lockner et al. (2011), saponite is not
likely to be found in the SAF near SAFOD at depths greater than
3.5e4 km. At these greater depths, other weak phyllosilicate min-
erals such as chlorite and talc are likely to replace saponite (and the
related mineral corrensite) and are expected to also result in low
fault core permeability (e.g., Sanford, 1982; Mori et al., 2007).

Our permeability measurements imply that the SDZ and CDZ
will act as a cross-fault barrier to fluid flow, consistent with mud
gas analyses carried out across the SAF at SAFOD (Wiersberg and
Erzinger, 2008, 2011). They found that the proportions of
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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formation-derived H2, CO2 and CH4 were different on the Pacific
and North American plates, implying little or no cross-fault
communication of these gases (i.e., that the SAF hydrologically
separates the two plates). Low radon activity in themeasured depth
interval 3000e3500 m also indicates a low-permeability SAF
because, due to its low mobility, radon migration is mostly
controlled by active fluid flow (Wiersberg and Erzinger, 2008).

Although a few isolated repeating microearthquakes are
occurring within the SAF nearby (Fig. 1a), most of the fault at this
locatione including where penetrated by SAFODe is deforming by
creep and is unlikely to exhibit significant time-dependent varia-
tion in permeability. Deformation tests on CDZ and SDZ gouge
(Figs. 5 and 6) show that this material quickly attains a steady flow
condition that shows little sensitivity of permeability to total
shearing. Thus, pore pressure and permeability cycling, in which
permeability creation during earthquakes (or other rapid slip) al-
ternates with fault-zone mineralization (sealing) between earth-
quakes (Sibson, 1992; Sleep and Blanpied, 1992), seems unlikely to
be an important process in the actively-deforming CDZ and SDZ at
SAFOD.

Although veining is notably absent in cores from the SDZ and
CDZ gouge (except in clasts), there is strong petrographic evidence
for repeated fracturing and sealing episodes in core from the
damage zone (Holdsworth et al., 2011). While the actively-
deforming zones are continuously shearing (creeping) at their
yield strengths, the surrounding damage zone material is notably
stronger (Lockner et al., 2011; Carpenter et al., 2011, 2012). As
suggested by Rice (1992), Chery et al. (2004), and Tembe et al.
(2009), effective shear stresses in the plane of the SAF, which
are limited by the strength of the foliated gouge, are below the
yield limit of country and damage zone rocks. However, for the
transpressional stress regime determined at SAFOD (Hickman and
Zoback, 2004; Boness and Zoback, 2006), shear stresses on frac-
tures oriented obliquely to the SAF can be significantly higher (i.e.,
reaching values predicted by Byerlee’s Law), causing failure in the
damage zone and adjacent country rock. Barton et al. (1997)
showed that fluid flow along a major active normal fault in
northern Nevada was dominated by critically stressed fractures,
wherein, fractures that were not aligned with the current regional
stress tended to seal and reduce permeability through precipita-
tion reactions while the critically stressed, favorably oriented
fractures remained open to fluid flow through continued defor-
mation. If a similar process is occurring at SAFOD, then fluid flow
in the damage zone (in contrast to the SDZ and CDZ) will be
fracture dominated, which is consistent with the presence of
through-going fracture-sealing textures in the damage zone and
their absence in the SDZ and CDZ, as noted above. In this case, the
appropriate in situ permeability in the damage zones may be 1e2
orders of magnitude higher than the matrix permeabilities re-
ported here (Brace, 1980).

The extremely low permeability of the SDZ and CDZ would
result in a slow time constant for equilibration of formation and
borehole fluid pressures. This effect would mean that the in situ
pore pressure within the deforming fault gouge would be difficult
to determine from observations of borehole fluid influx during
drilling and instead may require long-term pressure monitoring
within the fault (Wang, 2011). Although long-term monitoring of
pore pressure within the fault zone was an original part of the
SAFOD science plan, such monitoring has yet to be realized owing
to budgetary and operational difficulties. In the absence of such
monitoring, controversy remains regarding fluid pressure in the
SAF. Zoback et al. (2010, 2011) reported no definitive evidence for
high or near-lithostatic fluid pressures within the SAF, based on
borehole observations during and after drilling. The density of the
drilling mud required to stabilize the hole was about 40% above
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hydrostatic while drilling across the fault zone, which is consider-
ably less than the pore fluid pressures that would be expected
based on the high-pore pressure Rice (1992) model, yet no anom-
alous formation fluid influxes were observed during drilling.
Furthermore, they noted that the ratio of P- to S-wave velocities
measured with geophysical logging tools was relatively uniform
across the damage zone and the SDZ and CDZ contained within it,
which would not be true if abnormally high-pore fluid pressures
were present. Wiersberg and Erzinger (2011) argue that the
observed trip gas concentrations (gas samples taken during down
time when the drill bit is being changed), also used to evaluate
relative fluid pressures in the borehole and surrounding rock, are
more indicative of wall rock permeability than high-pore pressure.
However, since fluid influxes are a function both of excess fluid
pressures (relative to drilling mud) and the permeability of sur-
rounding formations, it is difficult to separate these two effects. In
summary, although most of the available information still favors
the idea that the actively-deforming SAFwhere crossed by SAFOD is
not highly overpressured, the existence of high fluid pressures
limited to the ultra-low-permeability SDZ and CDZ cannot be
precluded.

Analysis of SAFOD core specimens by petrographic and TEM
techniques has been used to suggest that high pressure might
exist within the SAF. Holdsworth et al. (2011) argue that high-
pore fluid pressure must have been present in the SAFOD core
samples in order to explain how nanoscale porosity can persist in
the cataclasites. Janssen et al. (2010) also argue for high fluid
pressures in order to explain stress-induced solution-precipita-
tion features. However, it is well known that rocks can exhibit
grain-scale microcrack (or other) porosity even under high
effective confining pressures, due to the presence of grain-scale
stress heterogeneities. Thus, the relevance of these types of
microstructural observations to the issue of whether or not the
SAF where penetrated by SAFOD is overpressured or not is
unclear.

In hismodel of pore fluid pressure and its possible control on the
low absolute strength of the SAF, Rice (1992) invoked the pressure
dependence g of permeability in the deforming fault core. In this
model Rice proposed a leaky SAF in which a deep source fed pore
fluid into the base of the fault systemwherein the core of the fault is
assumed to be more permeable than the adjacent rocks. Then, pore
fluid pressure would rise as needed in the core of the fault to allow
flow toward the surface, whichwas accompanied by leakage of fluid
into the adjacent country rock. Given the low permeability of the
faultmaterial at high effective pressure assumed in hismodel, only a
small portion of the deep-source water would escape into the sur-
rounding rock at any given depth as it moved up the fault. In this
way, a large lateral porepressure gradientwould develop in the fault
core that would sustain high interior pore pressure and develop a
zone of localized low shear strength.

The observations of fault structure and material properties that
SAFOD has provided allow us to re-examine the Rice (1992)
model, at least for this creeping portion of the fault and at the
depths sampled by SAFOD. At a depth of 2.7 km, the current
damage zone of the SAF is about 200 m wide. However, the active
deforming zones SDZ and CDZ are 1.6 and 2.6 mwide, respectively,
with a third possible deforming zone at the NE boundary of the
damage zone (the NBF), as described in the Introduction. Such
narrow deforming zones, separated by higher permeability ma-
terial, probably cannot sustain the combination of high internal
pore pressure, steady vertical fluid flow and low rates of lateral
fluid flow required by the Rice model. Also, in the absence of a
deforming fault core that is more permeable than the adjacent
units (as assumed by Rice, 1992), Faulkner and Rutter (2001) show
that permeability anisotropy within the fault zone must exceed 3
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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orders of magnitude for localized overpressures to develop as
predicted by a Rice-type model, a scenario not supported by the
negligible permeability anisotropy measured by Rathbun et al.
(2012) on SAFOD gouges from the SDZ and CDZ. Also, the source
of the fluid must be considered. Fulton et al. (2009) analyze the
long-standing hypothesis that fluids released by dehydration re-
actions due to regional metamorphism may generate elevated
fluid pressures that are localized within the SAF zone. They show
that such a source is too small and short-lived to generate or
sustain the elevated fluid pressures required to reduce the effec-
tive normal stress on the SAF enough to result in the low shear
strengths required by heat-flow and stress measurements near the
fault. Also, while direct measurement of in situ pore pressure
within the SAF has so far proven to be problematic at SAFOD, the
weak clay-dominated fault has intrinsically low frictional strength
(Lockner et al., 2011; Carpenter et al., 2011, 2012) and is suffi-
ciently weak, without the need to invoke high-pore pressure, to
account for observations of low shear strength of the shallow fault.
Deeper in the fault zone, the fault structure may differ and high
fluid pressure, perhaps sustained by vertical flow of pore fluid,
cannot be ruled out.

5.2. Extrapolation of permeability measurements to in situ
conditions

Measured permeability in Fig. 3 spans 6 orders of magnitude
with much of the variation due to effective pressure dependence.
An important question to address is how the laboratory mea-
surements of core permeability are related to in situ permeability.
For example, if fault-zone pore pressure is elevated, would the
permeability measured at low effective pressure be representa-
tive of in situ permeability, or is core recovery from depth and
desiccation due to periodic sub-sampling of the core responsible
for the measured values? Selected samples were pressure cycled
to determine the memory of permeability to effective confining
pressure history. We found that unloading samples from the peak
Pe to the initial test pressure of 10 MPa while still in the pressure
vessel resulted in minimal permeability recovery, even when
samples were left in the test machine for many days (see
Appendix 3). This minimal permeability recovery exhibited stress
sensitivity g that was typically consistent with the high-Pe
limiting stress sensitivity listed in Table 1. Re-pressurizing the
samples from this starting condition generally resulted in reduced
permeability with this same low range of g. Samples that were
removed from the pressure vessel and allowed to sit at room
pressure in sealed containers (without drying) for days to weeks
showed significant permeability recovery. Samples that were
allowed to dry showed greater, and in some cases full, recovery of
starting permeability. These general trends were observed for
both damage zone samples and foliated gouge from the SDZ and
CDZ. The nearly complete permeability recovery that occurred in
samples that were partially or fully dried suggests that the rapid
drop in permeability exhibited by all samples during initial
loading between zero and 20 MPa is in large part an artifact of
core recovery and handling prior to sample testing and is prob-
ably significantly higher than corresponding in situ permeability
values.

In a related point, the permeability measurements reported
here, especially at higher confining pressure, typically required
oneethree days each. This is mainly due to the slow, time-
dependent compaction of the clay-rich samples (see Appendix
2). Alternate testing techniques that use argon or nitrogen gas
as a pore fluid can be accomplished in significantly shorter time.
However, clay-rich samples (and especially samples with
swelling clays such as the SAFOD core) have notably different
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strength and other properties when pore water is present
(Moore and Lockner, 2004, 2007; Morrow et al., 2000). There-
fore, the response of pore structure as well as permeability to
changes in confining pressure will be different in dry and satu-
rated samples. An important consequence is that gas perme-
ability measurements can be significantly different from water-
saturated permeability measurements. Faulkner and Rutter,
2001, and Behnsen and Faulkner, 2011, explore this topic
further, showing that the difference in water-argon permeability
can be greater than an order of magnitude due to the hydro-
phobicity and hydrogen-bonding surface properties of the min-
erals tested.

While the in situ pore pressure and therefore effective mean
stress within the deforming zones remain uncertain, our mea-
surements indicate that permeability of SAFOD foliated gouge
from the SDZ and CDZ at likely in situ Pe is very low (10�21e

10�22 m2). This low permeability was measured for intact samples
loaded hydrostatically, intact samples deformed to 10% axial
shortening and disaggregated gouge deformed to over 500% shear
strain. Intact sample permeability was measured in the direction
parallel to the core axis (i.e., near fault normal), and permeability
of sheared gouge samples was measured perpendicular to the
sawcut fault planes. Computed Tomography (CT) core scans (Sills
et al., 2009; Sills, 2010; Chester et al., 2010) show distinct align-
ment of clasts in the foliated gouge, parallel to the interpreted
shear direction within the SAF suggesting that fault-parallel
permeability might be higher than permeability measured paral-
lel to the core axis, which is at high angles to the SAF. Although
measurements of permeability anisotropy on highly sheared
simulated gouge samples in experiments comparable to ours
showed directional differences of about a factor of ten (Zhang
et al., 1999), measurements of anisotropy on SAFOD CDZ gouge
samples (Rathbun et al., 2012) showed negligible permeability
anisotropy. Thus, it is likely that fault-parallel permeability of the
actively-deforming gouge (not measured in this study because of
limited sample availability) is similar to the permeability reported
here.

While in situ permeability of the damage zone material and
adjacent country rock is probably fracture dominated, as noted
above through-going fractures are unlikely in the weak foliated
gouge, which is highly plastic and massive. Therefore, the
laboratory-derived matrix permeability measurements presented
here should be appropriate for representing in situ values for the
weak foliated gouge, but are probably lower bounds for the damage
zone. The close agreement between roughly fault-normal intact
gouge and disaggregated and sheared gouge permeability (Fig. 7)
suggests that for CDZ and SDZ material, testing of disaggregated
gouge, for which sample preparation is significantly easier, pro-
vides useful permeability data.

Wireline log velocity and resistivity as well as core analysis
indicate that the SDZ represents the southwest boundary of the
current SAF damage zone (Zoback et al., 2010, 2011). There is a
suggestion of increasing permeability as the SDZ is approached
from the southwest in the adjacent siltstone-shale and cataclasite
rocks (3187e3196.5 m, Fig. 7). Such a trend might indicate an
increase in microcrack damage within 5e10 m of the w200-m-
wide damage zone. However, denser sampling of permeability and
associated petrographic analysis are required to confirm this
suggestion. Permeability of damage zone rock to the northeast of
the SDZ (3198.3e3199.6 m) was 2e4 orders of magnitude higher
than the SDZ foliated gouge. In contrast to the SDZ, the CDZ was
located near the center of the SAF damage zone (Fig. 1b). Perme-
ability of damage zone rock surrounding the CDZ was generally
higher than for the foliated gouge, but less so for rock SW of the
CDZ than NE of CDZ, where values were less than 10�20 and
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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10�18 m2, respectively (Fig. 7). At SAFOD as well as other fault
zones, damage zone samples have pervasive fracture networks,
and it is likely that fluid flow in the damage zone is fracture
dominated. Episodic vein filling is also common in the damage
zone samples (Holdsworth et al., 2011, and Appendix), and (with
the exception of some veins that might predate the current
faulting environment), this suggests that permeability within the
damage zone may vary significantly over the earthquake cycle.
Our permeability measurements across the SAF (Fig. 7) are
consistent with the results of Wibberley and Shimamoto (2003),
who found that structural complexities caused permeability dif-
ferences of 5 orders of magnitude across the Median Tectonic Line
in southwest Japan, with no apparent pattern, on either side of the
central slip zone. Faulkner et al. (2003) found similar complexity
for the Carboneras fault. Mature strike-slip faults with large total
offsets can develop wide damage zones containing varied rock
types and multiple slip surfaces. Repeated episodes of fracturing
and healing are likely to create a heterogeneous fault core/damage
zone complex. In contrast, Lockner et al. (2009) found that a much
simpler symmetrical permeability/damage model was sufficient to
represent the less structurally complex Nojima fault at Hirabaya-
shi, Japan.

6. Conclusions

Ourmeasurements showing lowpermeability of the SAFOD core
samples, in agreement with other fault-zone studies, suggest that
the actively-deforming fault segments of the San Andreas Fault will
act as a barrier to fluid flow across the fault. These low perme-
abilities, taken in conjunction with mud gas analyses at SAFOD
reported by Wiersberg and Erzinger (2008, 2011), suggest that
models of fault behavior requiring high permeability and/or
continuous fluid flux from the mantle are not consistent with the
current experimental and field evidence, at least at the upper 3 km
of the crust investigated by SAFOD drilling. The low matrix
permeability of the actively-deforming zones (<10�21 m2) as
measured over a broad range of effective mean stress and shear
strains is probably a good representation of the in situ permeability
of the weak clay-rich gouge zones. Damage zone and adjacent fault
rock matrix permeabilities are generally higher (10�18e10�21 m2).
However, this probably represents a lower bound to the in situ
permeability of these rocks, which likely contain pervasive fracture
networks that, at least for portions of the earthquake cycle, should
dominate fluid flow. Close agreement of permeability measured on
intact gouge and disaggregated gouge samples implies that dis-
aggregated CDZ and SDZ material can be used to infer in situ
permeability. A complete understanding of the hydraulic properties
of the San Andreas Fault at SAFOD will require further study and in
particular, direct measurement of pore fluid pressure in the
actively-deforming zones. However, the current observations of
extremely low matrix permeability for deep core samples from the
SAF provide new constraints on the hydrology of the fault system at
SAFOD.

Acknowledgments

This manuscript was greatly improved by comments from E.
Roeloffs, C. Neuzil, D. Saffer and an anonymous reviewer.

Appendix 1. Intact-rock sample descriptions

Because of the very close similarity of the CDZ and SDZ foliated
gouges, the intact samples obtained from the two creeping strands
are described together. The rock units from which the other intact
samples (Table 1) are derived are described in sequence with
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increasing measured depth in Hole G. Sample locations are shown
in Fig. 2 relative to the lithologic/structural interpretations of
Bradbury et al. (2011), along with photos illustrating representative
features of each unit.

A set of these thin sections has been archived and is available for
study (go to www.earthscope.org for information). Note that the
thin sections of the 3301.74 and 3309.27 m MD samples were
prepared from the run products of permeability experiments, and
the sections include thewafers of Berea sandstone that were placed
at the top and bottom of the samples (see text).

A1.1.. Samples within SDZ and CDZ

A1.1.1. Serpentinite-bearing clayey gouge (3197.71 and 3298.63 m
MD in Hole G)

The foliated gouges of the SDZ and CDZ consist of porphyroclasts
of serpentinite and other, largely sedimentary rock types dispersed
in a well foliated, soft and friable matrix of Mg-rich clays. Although
neither of the thin sections was prepared from an oriented rock
specimen, the photos in Fig. 2 were oriented consistent with the
general observation that the foliation direction and preferred
orientation of the porphyroclasts is perpendicular to the core axis
(i.e., roughly fault-parallel). Locally, the foliation has a folded or
contorted appearance, and slickensides in all orientations are pre-
sent (see Phase 3 Core Atlas, at www.earthscope.org). Similarly,
individual porphyroclasts were found with all orientations,
including perpendicular to the general trend. The largest porphyr-
oclasts observed in the thin sections arew6 mm long and 2e3 mm
wide.

Minor differences in texture and mineralogy between the CDZ
and SDZ samples may be related to their different degrees of active
slip. We estimate that the gouges consist of w60e65% clays by
volume, with the proportion being slightly higher in the CDZ than
the SDZ. Correspondingly, the porphyroclast content of the CDZ is
somewhat lower. In addition, while the CDZ sample showed no
evidence of calcite deposits in the gougematrix, consistent with the
observations of Holdsworth et al. (2011), the SDZ sample (3197.7 m)
contains a w1.5 mm long deposit of clear, blocky calcite along a
foliation surface. Other such calcite veinlets in the SDZ have been
described by Moore and Rymer (2012).

A1.2. Samples external to SDZ: cores G1eG3

A1.2.1. Foliated siltstone-shale (3188.45, 3192.01, and
3192.56 m MD)

This rock unit is very quartz-rich and very fine-grained for the
most part, although grains in the shallowest sample (3188.48 m)
reach coarse sand size (maximum w0.65 mm diameter compared
to a maximum grain diameter of w0.3 mm for the sample at
3192.01 m). Overall, the samples are a light brownish-red in plane-
polarized light, but nearly colorless patches where the quartz-rich
matrix has recrystallized give them a mottled look (especially at
3192.01 m). The rock unit has been brecciated and infilled with
dark-brown, Fe-rich deposits (see also Fig. 2 of Holdsworth et al.,
2011). The middle sample (3192.01 m) is highly veined by
calcite � anhydrite � zeolites.

The deepest sample (3192.56 m) comes from a narrow fault
that was identified by Bradbury et al. (2011) at w3192.5 m. It is
extremely fine-grained overall, with scattered porphyroclasts that
are identical in appearance to the highly veined portions of the
3192.01 m sample. The fine-grained matrix shows a well-defined
foliation that in places forms mm-scale folds. Boudinaged por-
phyroclasts help define the foliation, which is oriented at a large
angle to the core axis (Fig. 2). This fabric is cut by narrow calcite-
lined fractures. Although Bradbury et al. (2011) refer to this
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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deformed zone as a “clay gouge” (their Fig. 2), X-ray powder
diffraction analysis shows that the 3192.56 m sample, as well as
those at 3188.45 and 3192.01 m, has very high quartz and low
phyllosilicate contents. In their characterization of the SAFOD
core, Holdsworth et al. (2011) define a second structural unit in
the depth interval w3190.6ew3194 m that consists of a gray
foliated gouge cut by a darker-gray gouge at the position of the
deformed zone (Fig. 2). However, our 3192.01 m sample is iden-
tical with respect to both mineralogy and textural/structural
features to the one at 3189.7 m shown in Fig. 2d of Holdsworth
et al. (2011), suggesting that both are part of the same litho-
logic unit.

A1.2.2. Black cataclasite to ultracataclasite (3194.76, 3195.52,
3196.07, and 3196.28 m MD)

This rock unit is very fine-grained, dense, dark-colored, and
quartz-rich. The nearly black color in hand specimen arises from
finely disseminated black material. The phyllosilicate content in-
creases toward the SDZ, and at least some of the phyllosilicates are
recently formed, fracture-filling minerals. The four intact-rock
samples examined from this unit have been brecciated and sheared
to varying degrees. For example, a strongly foliated, 0.5e0.7-mm-
wide shear in the sample at 3194.76 m cross-cuts other structures
at roughly a 20� angle. The rock also contains brecciated areas
similar to those in the foliated siltstone (e.g., 3192.01 m), although
here the void spaces are filled with calcite � zeolites (?) � pyrite.
Both the shear and the brecciated areas are cross-cut at large angles
by calcite � phyllosilicate (?) filled fractures. Minor patches of
lighter-gray, recrystallized quartzose matrix resemble portions of
the foliated siltstone-shale.

The sample at 3195.52 m is extremely fine-grained and a dull
grayish-brown color overall, but it contains an irregular, reddish-
colored band of quartz-rich clasts in a phyllosilicate-rich matrix.
Single-crystal quartz clasts are all <0.1 mm diameter;
polycrystalline-quartz clasts reach w0.7 mm in length. The
sample from 3196.07 is very similar to the one at 3195.52 m, as
well as to one of two rock chips from 3196.28 m that were
sectioned.

The sample from 3196.28 m, which is located only a few cm
from the southwest boundary of the SDZ, is variably sheared
across its width (orientation relative to the core axis is un-
known). The foliation of the 5-mm-wide section at the edge of
the sheared side is overprinted by anastomosing bands of a
foliated, grayish-brown, phyllosilicate-rich gouge that some-
what resembles a highly indurated version of the SDZ. In
contrast to the SDZ, however, the porphyroclast population
consists almost exclusively of polycrystalline-quartz pieces,
along with a small number of siltstone porphyroclasts. No ser-
pentinite clasts were found in this sample. Narrow calcite-filled
fractures cross-cut nearly all of the fabric elements at a large
angle and are only slightly disrupted across the indurated,
phyllosilicate-rich gouge.

A1.2.3. Siltstone with veining (3198.63 and 3198.84 m MD)
The two samples collected from this unit for study differ

markedly from those on the other side of the SDZ. These are
quartz and feldspar-rich (K-feldspar is abundant) and relatively
phyllosilicate-poor siltstones to fine sandstones, which are
heavily cemented with calcite and some anhydrite. A few nar-
row bands of sheared and possibly recrystallized quartz and
feldspar is overprinted by narrow calcite veins and generally
wider veins of anhydrite � calcite. The sample situated slightly
closer to the SDZ (3198.63 m) is coarser-grained, with clasts
reaching w0.7 mm in length (coarse sand size). It also has the
widest veins (to w1.5 mm) with significantly larger anhydrite
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crystals (tabular crystals to w1 mm long). In comparison, the
sample from 3198.84 m has a maximum grain size of w0.25 mm
(fine sand size), and somewhat narrower veins (<1.2 mm wide)
filled with relatively short (�0.4 mm long) and stubby
anhydrite.

Both of these samples correspond much more closely to the
description of this unit as a “siltstone with veining”, as reported by
Bradbury et al. (2011) than to the “gray foliated gouge” of
Holdsworth et al. (2011). However, the samples examined by
Holdsworth et al. (2011) were situated closer to the SDZ than those
selected for this study, and their samples may reflect deformation
localized along the contact with the SDZ.
A1.3. Samples external to CDZ: cores G4eG6

A1.3.1. Banded siltstone (3295.25, 3295.52, and 3295.83 m MD)
The banded siltstone immediately southwest of the CDZ shows

well-defined but fine-scale layering, characterized by alternating
shaly and silty horizons, that is oriented at a large angle to the core
axis. Typically, detrital grains in these layers are �0.25 mm long,
with a maximum grain size of w0.5 mm. These well-bedded ho-
rizons alternate with ones that are more disrupted, consisting of
chunks of the sediments randomly mixed in a very poorly sorted
matrix. Some clasts of volcanic rock and detrital serpentinite (now
thoroughly altered to Mg-Al-rich clays) in the disrupted zones can
exceed 2 mm in length. Holdsworth et al. (2011) attribute the ir-
regularities in bedding features to soft-sediment processes,
including bioturbation, whereas Bradbury et al. (2011) consider
these rocks to possibly represent tectonic mélange. Given the fact
that the few oriented samples (relative to the core axis) from this
rock unit that we have examined all show a similar overall bedding
orientation, we favor the interpretation of Holdsworth et al. (2011).
Calcite and anhydrite fill fractures and occur as patchy deposits in
the sedimentary rocks.

Thin sections of the three banded siltstone samples were pre-
pared from the rock chips remaining after sample preparation,
whose orientations were not marked. The photograph of an ori-
ented sample shown in Fig. 2 is from a piece of core that was
collected immediately adjacent to the one at 3295.52 m for a
separate petrographic study.

A1.3.2. Foliated siltstone-shale (3300.13 m MD)
This sample from the unit adjoining the CDZ on the northeast

side is a relatively featureless, poorly sorted, reddish siltstone
containing large patches of calcite (5e10 mm in longest dimen-
sion). There are also calcite-filled fractures in this sample, some of
which showcrack-seal texture and others a suggestion of pull-apart
features. Most quartz and feldspar grains are �0.25 mm in diam-
eter, generally angular and with low sphericity. A faint bedding is
defined by a slight preferred orientation of detrital micas and
elongate quartz and feldspar grains. The largest clasts are 1e2 mm-
long, brownish-red fossil fragments.

A1.3.3. Massive graywacke (3301.74 m MD)
Overall, this is a relatively well-sorted, quartz-rich sandstone,

but it contains some layers and patches of silty to shaly material.
The shaly matrix is a dull brown color, and it is irregularly
distributed across the sample. The degrees of roundness and
sphericity of the detrital grains in this sample appear to be the
highest of all the sedimentary rocks examined in this study.
Quartzofeldspathic clasts are typically 0.1e0.2 mm diameter; the
largest clast seen in the thin section is a mafic volcanic
w0.6 � 0.9 mm in size. Only minor amounts of calcite are present,
mainly as pore-filling cement.
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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A1.3.4. Foliated siltstone-shale (3309.27 m MD)
This sample consists of alternating layers of siltstone, shale, and

minor amounts of fine-grained sandstone, with the layers oriented
at a large angle to the core axis. Quartz and abundant feldspar
grains are subangular. This sample contains abundant reddish-
brown, partly altered detrital biotite and apple-green chlorite,
much of it of diagenetic origin (e.g., after biotite). Moderate
amounts of calcite fill fractures and pore spaces; calcite veins are a
maximum of w0.25 mm wide. The wider calcite veins appear to
offset sedimentary layers by as much as 0.7 mm. The tested sample
contains numerous fresh fractures, which presumably formed
during or after sample recovery.

Appendix 2. An example of time-dependent sample
compaction

The time required to carry out these permeability tests was
often dictated by the time-dependent relaxation of the samples
following changes in effective pressure. An example of time-
dependent compaction of an intact sample of foliated gouge dur-
ing a permeability test is shown in Fig. A1. Fluid volume of brine
flowing into or out of the high-pressure side of the sample is
plotted as a function of time following an effective pressure in-
crease from 70 to 100 MPa. Constant high- and low-side fluid
pressures were maintained at, 4 MPa and atmospheric pressure,
respectively. Following the effective pressure increase to 100 MPa,
the sample compacts and water is steadily expelled as pore volume
decreases. After about two days, the compaction rate has decreased
to the point where a new steady fluid flow rate, Q, is established
that is 54% of the steady-state flow rate observed at 70 MPa. This
steady flow rate is used in eq. (1) to compute permeability, which
dropped from 2� 10�22 to 1.2 � 10�22 m2. A subtle periodic peak in
fluid volume appears at 1.6, 2.6 and 3.6 days (see boxed inset for an
expanded view). This is the result of daily room temperature
changes causing pore water in the sample/pore pressure system to
expand.

The volume change indicated in Fig. A1 is the pore fluid expelled
to the high-pressure side of the sample. By symmetry, we assume
that (to a first approximation), an equal volume of pore fluid is
expelled to the low pressure side, although this was not measured
directly. (In this assumption, we recognize that the boundary
conditions are not exactly the same at each end of the sample).
Consequently, the loss in pore volume within the sample, DV,
during this pressure step, as about twice the fluid volume expelled
into the high-pressure side of the apparatus. Thus, DV w0.09 cc, or
1.2% of the initial sample volume. In this example, the pore volume
transient is well fit by an exponential decay: DVfexp(�t/t*) with
t* ¼ 0.50 days.

By recording the volume loss following steps in effective
confining pressure, the cumulative porosity loss can be estimated.
Log (cumulative volume loss) is plotted as a function of log(Pe) for 7
samples in Fig. A2. Each curve progresses from left to right with
increasing effective pressure. Porosity loss for repeated pressure
cycles is shown for two samples (triangular data points). Since the
initial volume loss from zero pressure to the starting test pressure
(generally Pe¼ 10MPa) was notmeasured directly, it was estimated
by back-projecting the volume-loss rate from the first recorded
pressure step to zero pressure. A number of interesting features
appear in Fig. A2. First, foliated gouge from both the CDZ and SDZ
exhibit higher volume loss than country rocks and damage zone
rocks, with the latter tending to group together. Second, all volume-
loss curves exhibit power-law or near-power-law response to
changes in effective confining pressure, with slopes between 0.5
and 1.0 for the foliated gouge and about 0.8e1.0 for the (stronger)
country rock and damage zone samples. Third, therewas significant
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recovery in volumetric strain in the repeated samples during
unloading between the first and second cycles. The second cycles
showed less volumetric strain than the first but converged on
approximately the same cumulative volumetric strain at the
maximum value of Pe used.

Appendix 3. The effect of pressure cycling on permeability

Selected samples were pressure-cycled multiple times to
determine how permeability recovery depended on unloading
time and sample desiccation. We show examples of a black cat-
aclasite (3196.28 m, Fig. A3), a massive graywacke (3301.74 m,
Fig. A4), and a fracture-dominated siltstone-shale (3309.27 m,
Fig. A5). The cataclasite (Fig. A3a) was pressure cycled once, and
with the sample still in the pressure vessel, effective pressure was
dropped to the starting value of 10 MPa for one day. Permeability
was then measured during a second pressure cycle, after which
the sample was removed from the pressure vessel. At this point,
the sample was exposed to air and allowed to bench dry for 10
days before being re-saturated and pressure cycled a third time.
During the first cycle, permeability decreased systematically to a
value of around 10�20 m2. Upon cycling a second time, there was
almost no recovery in permeability: values remained fairly con-
stant, and ended at permeabilities similar to those of the first
cycle. This behavior is typical of low-permeability clay-rich
gouges, as also seen, for example, by Morrow et al. (1984).
When removed from the pressure vessel and later re-tested,
permeability recovered to the initial values from cycle 1, and
then showed a steep permeability decline as Pe was increased,
attaining values about an order of magnitude lower than seen in
the previous two cycles. These trends can be compared directly by
plotting the changes in pressure coefficient g (Fig. A3b) deter-
mined using eq. (3). Cycles 1 and 3 in this figure are more similar
than cycle 2, because drying and time-dependent relaxation
causes the sample to be more permeable even after re-saturation,
whereas cycling immediately did not allow the permeability to
recover to the high initial value. At the highest pressures, g values
were consistently around 0.01 MPa�1 or less, essentially insensi-
tive to pressure.

The intact massive graywacke (3301.74 m, Fig. A4a) sat in a
refrigerated container for five months after the first cycle, and
was then oven dried before re-saturation prior to the second
cycle. Because of the effects of long-term relaxation and drying,
this sample recovered part (but not all) of the initial perme-
ability. Values were near those of the first cycle but consistently
lower, reaching a final permeability of around 10�21 m2. Because
the permeability curves were nearly parallel, pressure sensitivity
(Fig. A4b) appeared similar for both cycles, and was fairly uni-
form at around 0.02e0.03 MPa�1 at Pe of 40 MPa or greater. This
range of g is just high enough to be important for models of fault
behavior that incorporate the pressure sensitivity of perme-
ability, since permeability is still changing significantly with
effective confining pressure, even at the higher effective pres-
sures tested.

The sample from the siltstone-shale unit showed yet another
variation on permeability behavior (Fig. A5a). This sample, which
was cycled after a 3 hour recovery time at 10 MPa in the pressure
vessel, showed very little permeability recovery upon unloading,
just like the cataclasite (Fig. 3A). However, permeability continued
to decrease during the second loading cycle, so that the final value
was more than an order of magnitude lower than in cycle 1. Pres-
sure sensitivity, g, was nearly the same in both cycles at the higher
effective confining pressures investigated (0.01e0.03 MPa�1,
Fig. A5b), even though permeability wasmore than ten times lower.
This permanent drop in permeability is likely the result of grain
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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crushing during closure of the macroscopic fractures in this sample,
a non-elastic response.

To summarize, samples that are cycled immediately while still
in the pressure vessel (i.e., remain saturated and pressurized) have
a lower permeability at the beginning of the repeat cycle than the
initial cycle, but tend to converge toward the same (or slightly
lower) permeability at higher pressures. Fractured samples such as
the foliated siltstone-shale (3309.27 m) also show little perme-
ability recovery upon cycling, but continue to decrease during cycle
2. Samples that are removed from the pressure vessel but remain
damp (see main text) recover some of their initial permeability.
Samples that are dried before re-saturation and cycling tend to
show full recovery of the initial permeability. However, higher-
pressure permeability values can still be significantly lower than
the permeabilities measured in cycle 1.

Finally, we note that our estimate of k is biased due to pressure
sensitivity g. We report average permeability kav according to eq.
(1) which assumes constant k across the sample. However,
permeability is known to vary with Pe according to eq. (2) as Pp
drops in the direction of flow. Solving eq. (2) for k0 at the position in
the sample where Pp ¼ P0 ¼ (Phigh þ Plow)/2 gives

k0 ¼ �Qm
l
A
g
h
egz=2 � e�gz=2

i�1
(A1)

where z ¼ Phigh � Plow is the pore pressure drop across the sample.
Using eqs. (1) and (A1), the bias in reported permeability can be
expressed as the ratio

r ¼ k0
kav

¼ gz

egz=2 � e�gz=2
(A2)

which depends only on the product gz. In the limit asg or z approach
zero, kav approaches k0. Also note that kav � k0. At high Pe, g is small
and rw 0.999. Themismatch is greatest at low Pewhere g is greatest
(0.1e0.2MPa�1). In this case 1> r> 0.998. For the values reported in
this paper the bias is less than 0.2% and can be neglected.
Fig. A1. Time-dependent compaction of fault gouge when effective confining pressure
is increased from 70 to 100 MPa, illustrated using sample of CDZ gouge from
3298.63 m. The total inferred change in sample pore volume during this pressures step
is DV. Inset box with an exaggerated vertical scale shows small fluid volume pertur-
bations due to daily temperature cycles.
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Fig. A2. Cumulative volumetric strain as a function of effective confining pressure.
Gouge samples (dashed lines) experience more strain when pressurized than country
rock and damage zone rock (solid lines). Two samples (3196.28 and 3298.63 m) were
pressure cycled a second time (triangular data points). These second cycles show less
volumetric strain.
Fig. A3. a) Permeability of a black cataclasite (3196.28 m) versus effective confining
pressure. Cycle 2 was conducted one day after cycle 1, while still in the pressure vessel.
Cycle 3 was conducted 10 days later after bench drying. b) Pressure sensitivity coef-
ficient g for the three pressure cycles. In each cycle, permeability progressed from low
to high effective pressure.
f the San Andreas Fault from San Andreas Fault Observatory at Depth
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Fig. A4. a) Permeability of a massive graywacke (3301.74 m) versus effective confining
pressure. Cycle 2 was conducted five months after cycle 1. b) Pressure sensitivity co-
efficient g for the two cycles.
Fig. A5. a) Permeability of a foliated siltstone-shale (3309.27 m) containing vertical
fractures versus effective confining pressure. Cycle 2 was conducted 3 h after cycle 1.
b) Pressure sensitivity coefficient g for the two cycles.
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