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The San Andreas Fault zone in central California accommodates tectonic strain by stable slip and
microseismic activity. We study microstructural controls of strength and deformation in the fault using
core samples provided by the San Andreas Fault Observatory at Depth (SAFOD) including gouge corre-
sponding to presently active shearing intervals in the main borehole. The methods of study include high-
resolution optical and electron microscopy, X-ray fluorescence mapping, X-ray powder diffraction,
energy dispersive X-ray spectroscopy, white light interferometry, and image processing.

The fault zone at the SAFOD site consists of a strongly deformed and foliated core zone that includes 2
e3 m thick active shear zones, surrounded by less deformed rocks. Results suggest deformation and
foliation of the core zone outside the active shear zones by alternating cataclasis and pressure solution
mechanisms. The active shear zones, considered zones of large-scale shear localization, appear to be
associated with an abundance of weak phases including smectite clays, serpentinite alteration products,
and amorphous material. We suggest that deformation along the active shear zones is by a granular-type
flow mechanism that involves frictional sliding of microlithons along phyllosilicate-rich Riedel shear
surfaces as well as stress-driven diffusive mass transfer. The microstructural data may be interpreted to
suggest that deformation in the active shear zones is strongly displacement-weakening. The fault creeps
because the velocity strengthening weak gouge in the active shear zones is being sheared without strong
restrengthening mechanisms such as cementation or fracture sealing. Possible mechanisms for the
observed microseismicity in the creeping segment of the SAF include local high fluid pressure build-ups,
hard asperity development by fracture-and-seal cycles, and stress build-up due to slip zone undulations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The orientation of horizontal principal stresses and data from
heat flow measurements require the San Andreas Fault (SAF) in
central California to deform at a low resolved shear stress
(Lachenbruch and Sass, 1992; Rice, 1992; Bird and Kong, 1994;
Zoback, 2000; Townend and Zoback, 2000; Hickman and Zoback,
h@louisville.edu (J.Hadizadeh).

All rights reserved.
2004; Chéry et al., 2004; Boness and Zoback, 2006). For the
creeping segment of the SAF, mechanisms such as fluid over-
pressure and presence of intrinsically weak fault rocks have been
invoked to support the weak fault model (e.g. Byerlee, 1993; Rice,
1992; Faulkner and Rutter, 2001; Lockner et al., 2011; Carpenter
et al., 2011). Hydrological modeling of the SAF by Fulton and
Saffer (2009), Fulton et al. (2009), and the results of Faulkner and
Rutter (2001) by implication, ruled out fluid overpressure weak-
ening by metamorphic dehydration, but did not rule out the
possibility of fluid overpressure due to dehydration of mantle-
derived serpentinites.
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Fig. 1. Profile of the SAFOD drill holes marked with location of core intervals. (a)
SAFOD main hole (MH) with location of Phase 1 and Phase 2 spot core intervals (solid
red circles). Lithological units SW of SAF are collectively known as the Salinian Block.
(b) Enlarged inset box showing Salinian-Great Valley Formation contact and position of
the Phase 3 lateral holes E and G with respect to MH. Coring intervals in lateral holes
are shownwith solid red rectangles. Approximate trace of the well-casing deformation
zones, SDZ and CDZ, and position of SAF core zone are shown. Note that well-casing
deformation was only detected in the main hole. Hawaii cluster refers to one of the
two target microseismicity clusters near the SAFOD boreholes. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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The central California segment of the SAF exhibits creep that
diminishes from w28 mm/year, in the central region of the
segment, to w20 mm/year at the San Andreas Fault Observatory at
Depth (SAFOD) site near Parkfield. The creep rate diminishes
almost to zero at the southeast end of the segment where transition
to a locked section of the SAF occurs near Fort Tejon (Titus et al.,
2006). In addition to creep, the segment shows repeating M < 3
earthquakes with an average recurrence time of w3 years (Nadeau
et al., 2004) on seismic patches with estimated 15e20 m radial
dimensions (Nadeau and Johnson, 1998; Dreger et al., 2007).
Seismic inversion studies near the observatory site show that the
patches occur in roughly strike-parallel clusters that make up 1% or
less of the total fault surface area (Nadeau and Johnson,1998: Rubin
et al., 1999; Waldhauser et al., 2004; Dreger et al., 2007; Chen and
Lapusta, 2009). While the weak SAF is estimated to have coefficient
of friction m< 0.2, the seismic asperity patches are expected to have
m > 0.2, suggesting that the contrasting frictional strengths could
serve as a source of mechanical instability (Townend and Zoback,
2004; Chéry et al., 2004; d’Alessio et al., 2006; Dreger et al.,
2007; Imanishi and Ellsworth, 2006; McGarr et al., 2010). Nadeau
et al. (1995) reported that locations of dominant repeating events
appear to migrate cyclically within the clusters over several years.
Establishment of the SAFOD is the latest effort to shed light on the
strengthmodel controversy and understand the nature of the creep
and seismic activity in the SAF via direct observations (Fig. 1a). The
discovery in 2005 of steel casing deformation within the SAFOD
Main Hole revealed two distinct intervals of active shearing. The
intervals (Fig. 1b) were subsequently named by Zoback et al. (2011)
the Southwestern Deforming Zone (SDZ) and Central Deforming
Zones (CDZ). The direct evidence of active shearing within the SAF
core zone has made the microstructural features associated with
the SDZ and CDZ more significant because majority of micro-
structural studies on fault rocks to date are from exhumed fault
zones.

Zoback et al. (2011) outlined major findings of the SAFOD as:
1. Major fault strands of the SAF encountered in the drill hole
consist of strongly foliated gouge, 2. The SAF acts as a barrier to
fluid flow, 3. The maximum horizontal principal stress is at high
angles to the SAF to within 100 m of the fault zone, 4. There are
no temperature anomalies and no evidence of higher-than-
hydrostatic fluid pressures in the SAFOD borehole. Recent
investigations based on the SAFOD core and cuttings samples
explain the fault’s apparent absolute weakness mainly in terms
of frictional weakness of the fault rock constituents. Solum and
van der Pluijm (2004) and Solum et al. (2006, 2007) studied
the authigenesis and distribution of phyllosilicate assemblages in
the SAFOD cores and cuttings. These results showed concentra-
tions of chlorite, illite, and illite-smectite along several identifi-
able strands of the SAF while smectite mineral saponite and
serpentine mineral lizardite were found in samples from the
active shear zones. Moore and Rymer (2007) suggested that their
discovery of talc coating on serpentinite particles is a possible
explanation for the weak fault model. Schleicher et al. (2008),
however, found little or no talc associated with serpentinites in
the fault gouge. Janssen et al. (2010) reported amorphous
material in the foliated gouge samples close to the active shear
zones. Holdsworth et al. (2011) concluded that the presence of
low-friction Mg-rich smectites is a viable explanation for the
creep behavior (velocity strengthening) and the absolute weak-
ness, but suggested that the material weakness model may hold
true only down to 5e6 km depths in this segment of the SAF.
The latter conclusion was reached because Mg-rich smectites
tend to breakdown into frictionally stronger Mg-rich chlorites at
T > 150 �C (Inoue and Utada, 1991). Wenk et al. (2010) deter-
mined that phyllosilicates in the SAFOD gouge had a much
weaker crystallographic preferred orientation (CPO) fabric rela-
tive to the fabrics found in shale from North Sea sedimentary
basin, and schist from metamorphic rocks in the Alps (also see
Haines et al., 2009). Weak fault gouge CPO fabrics were attrib-
uted to randomization by heterogeneous deformation, as well as
dissolutioneprecipitation reactions. A study by Schleicher et al.
(2009) indicated that mineralogical transformation in the
SAFOD damage zone and active shear zones are mainly due to
pressure solution and diagenetic processes. Gratier et al. (2011)
suggested that creep accommodated by pressure solution
could explain the weakness of the SAF at depths greater than
a few km.
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Based on stress measurements in the SAFOD pilot hole, Chéry
et al. (2004) argued that only a fault model with m < 0.1 could
match both the far field and the pilot hole stress data. Based on
frictional sliding experiments on reconstituted gouge (lacking in-
situ fabric) at room temperature, Tembe et al. (2006) reported
m¼ 0.4 to m¼ 0.55 for bulk samples of the SAFOD clay gouge and its
mostly siltstone-shale protolith. Velocity-stepping sliding experi-
ments by Lockner et al. (2011) gave m ¼ 0.19 and m ¼ 0.16 respec-
tively for the SDZ and CDZ core material, and showed that the
material is velocity strengthening. Extrapolating from the slowest
sliding rates in the experiments to the SAF creep rate of �34 mm/
year, Lockner et al. (2011) suggested that the actual friction in the
active shear zonesmay be as lowas m¼ 0.16 for SDZ and m¼ 0.14 for
CDZ. Carpenter et al. (2011) reported velocity-stepping sliding
experiments that provided similar strength results for the SAFOD
gouge as well as showing zero frictional-contact healing rates for
the active shear zone materials. These results and work by others
(Wintsch et al., 1995; Moore and Lockner, 2008; Tembe et al., 2009;
Ikari et al., 2009; Janssen et al., 2010) suggested that friction coef-
ficients as low as 0.1 should be expected if slip surfaces were to be
linedwith small amounts of weak phases such as talc or amorphous
material. Furthermore, frictional strengths lower than those found
by sliding experiments should be expected due to microstructural
control of gouge strength. For example, Chester and Chester (1998),
Jefferies et al. (2006), Tembe et al. (2010), and Niemeijer et al.
(2010) argued that development of foliation due to accumulation
of weak alteration products, especially phyllosilicates, is often
associated with long-term weakening of mature crustal-scale fault
zones. Foliation itself as a microstructural weakening mechanism
Fig. 2. The San Andreas Fault core zone including currently active shear zones represented
information. (a) Changes in resistivity and seismic wave velocity within lithological units tha
two red bands are intervals of well-casing deformation that indicate active shearing. (b) A cl
entire core zone including well-casing deformation zones, SDZ and CDZ, are coincident with
marked by solid black rectangles. (For interpretation of the references to color in this figur
was investigated by Collettini et al. (2009) in an experimental study
that showed intact foliated gouge samples had a lower frictional
strength than their powdered equivalents. In view of the previous
work described, this study is mainly focused on providing a better
understanding of the microstructurally recognizable deformation
mechanisms in the SAFOD samples, particularly in the active shear
zones. In this respect, an important question centers on the
strength implications of shear localization and whether this could
be interpreted from microstructures and materials of the studied
rocks.

2. The core samples and sections

The SAFOD main hole profile marked with spot core intervals in
the phase 1 and 2 drilling and a close-up of the lateral holes E and G
core intervals from the phase 3 drilling are shown in Fig. 1. The
lithological unit boundaries encountered in the SAFOD main hole
together with the velocity and resistivity logs are shown in Fig. 2a. A
close-up of the main hole interval that includes the SAF core zone
(main damage zone in Zoback et al., 2011) and location of the
studied samples are shown in Fig. 2b. The drill site structural and
stratigraphic units and the lithologies encountered in the SAFOD
are described elsewhere (Rymer et al., 2003; Thurber et al., 2004;
Darcy et al., 2004; McPhee et al., 2004; Boness and Zoback, 2006;
Bradbury et al., 2007; Zoback et al., 2011). We studied 6 samples
from the phase 1 and 2 spot cores and 9 samples from the phase 3
lateral holes. The study was further expanded by using a set of 6
SAFOD-provided petrographic thin sections (SAFOD, 2010) from
locations other than our phase 3 core samples. Information about
by geophysical logs from the SAFOD main hole. See Jeppson et al. (2010) for additional
t host the fault rocks. Dashed red lines indicate minor faults or fracture zone while the
ose-up of the 3100e3400m measured depth interval including the fault core zone. The
notable drops in resistivity. Depth range of samples used in this study (see Table 1) is

e legend, the reader is referred to the web version of this article.)



Table 1
The studied samples listed in order of measured depth (MD) in SAFOD boreholes. The relevant lithological and structural boundaries are marked. The depths for core sections
G12eG54 (Phase 3 lateral holes) are Main Hole equivalent measured depths. Abbreviations: Box¼ Spot core repository box number; E and G are lateral borehole designations.
For example, G25 stands for hole G, Run 2, Section 5; SAFOD TS ¼ Petrographic thin sections provided by the SAFOD; SDZ ¼ Southwestern Casing-Deformation Zone;
CDZ ¼ Central Casing-Deformation Zone.
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all 21 individual samples and petrographic thin sections is provided
in Table 1. The set of SAFOD-provided petrographic thin sections
(see SAFOD TS in Table 1) was also used in the study by Holdsworth
et al. (2011). Since Table 1 provides cross-referenced sample
information, here we refer to our samples by their core section
designation (e.g. G25, E11).

The SDZ and CDZ active shear zone intervals are centered at
3192 m MD (w1.6 m wide) and 3302 m MD (w2.6 m wide). For
technical reasons an accuratemeasurement of the rate of the casing
deformation has not been possible except that deformation appears
to be more intense in the CDZ than in the SDZ, and the deformation
in each case involves some sympathetic buckling of the casing on
either side of the intervals (Hickman personal communication
2010). The SAFOD geophysical logs (Fig. 2) place the CDZ and SDZ
within a low-velocity zone consisting of foliated and non-foliated
gouges. Our study included a thin section from G27 and a sample
from G28 in the SDZ, and a thin section from G43 in the CDZ. The
sample coverage, therefore, is representative of a variety of the SAF
rocks encountered during the 3 phases of drilling.

Since core samples in phase 3 were acquired by lateral drilling
from the SAFOD main hole, the measured depths for hole-G
samples listed in Table 1 are the main hole equivalent depths
rather than the actual drilling depths in the lateral hole. The
purpose of this depth conversion was to correlate the phase 3
samples with the SDZ and CDZ intervals, which were identified by
borehole caliper measurements only in the main hole. Offset
distances of �5.03 m and 3.96 mwere applied to measured depths
of the hole-G core samples. The phase 3, hole-E measured depth
values were left unchanged since this run was close to the main
hole and did not coincide with the casing deformation intervals.
The applied correction values, provided by Zoback et al. (2011),
were determined mainly by matching open-hole gamma logs (not
shown in Fig. 2) from phase 2 with phase 3 logs since: 1. The SDZ
and CDZ were both associated with distinct low total natural
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gamma counts in the open-hole logs, and 2. Both intervals of
foliated gouge in the Phase 3 core yielded distinctly low total
counts in post-drilling gamma scanning. The correlation suggests
that samples G27, G28 and G43 used in this study (Table 1) were
probably deforming at the time of coring as part of the SDZ and
CDZ.

3. Methods

The samples were directly cut from repository core lengths
using bench saws. To prevent swelling in clay mineral phases,
a CaCl2 solution with slightly higher salinity than the formation
fluid was used during cutting. The solution was also used for
sectioning the core samples. All petrographic sections were pol-
ished sections to allow both optical and electron microscopy. The
relatively less deformed samples were cut from the core billets
along 3 mutually perpendicular planes without a structural or
ground reference and were not impregnated prior to sectioning.
The foliated gouge samples were impregnated with clear epoxy
resin and cut along 2 directions perpendicular and 1 direction
parallel to foliation using visual judgment. Optical transmitted and
reflected light microscopy as well as high-resolution SEM was
used for viewing and imaging the fault rock microstructures.
Energy dispersive X-ray (EDX) with internal standards was
frequently used during SEM observations for determining mineral
phases and estimating the atomic wt. % of the phases. A limited
number of XRF chemical composition maps were created for
sample G24 to ascertain the direct relationship between foliation
microstructures and mineral phase distribution. Changes in 2D
image porosity across typical foliated clay gouge (sample G24 in
Table 1) were estimated using digital image processing. We used
digital thresholding of image pixel intensities to isolate pore
spaces on binary images, from which total pore areas were
measured. The measurements were made on overlapping, 1.15 mm
wide tracts of backscatter SEM images over 68.7 mm total tract
length. The tracts were processed one image at a time by
thresholding at the narrowest and the widest possible range of
pixel intensities that could represent pore areas on the image.
Each step created a pair of binary images with a range of porosity
values. The low-side of the range (0e10) provided the lower-
bound porosity value and was considered to be the most reliable
since the pixel intervals included darker tones of gray. Further
details of the method may be found in Hadizadeh et al. (2010).
Errors in porosity estimates due to particle plucking or filling of
pores during surface preparation were assumed negligible because
the gouge samples were resin impregnated. This assumption was
further justified because the results were in good agreement with
Table 2
The X-ray powder diffraction results. Methods are explained in the text. See Table 1 for

N Core section Qtz. Felds. Cal. Pyrite

1 Box 14 39 54 0 0
1 Box 17 29 54 0 0
2 G21 62 � 2 10 5 � 2 2
2 G24 49 � 1 9.5 � 3.5 11.5 � 0.5 1
3 G25 8.5 � 2.5 5.5 � 0.5 4.5 � 0.5 0
2 G28 10 7 � 2 4 � 1 0
1 G31a 19 25 1 1
2 G54 31.5 � 0.5 19.5 � 0.5 0 0.5 �
1 Box 1 24 32 0 0
1 Box 2 22 38 0 1
1 Box 3 32 39 5 0

Abbreviations: N ¼ number of runs; Qtz. ¼ quartz; Felds. ¼ Feldspars; Cal. ¼ calc
Amor. ¼ amorphous material; UnID ¼ unidentified.

a Analysis using Rietveld method.
the average porosity values obtained for the SAFOD gouge by
porosimetry (Janssen et al., 2011). The detailed microstructural
study of foliation, veins, faulting and fracturing in the samples was
complemented by bulk and oriented X-ray powder diffraction
(XRPD) analyses. We were primarily interested in compositional
changes in a direction normal to the fault plane particularly with
respect to the boundaries of the SDZ and CDZ active shear zones. A
suite of 11 samples (Table 2) were selected for XRPD analysis
including:

1. The fractured, but otherwise undeformed host rock (core box
samples).

2. The relatively weakly deformed material such as proto-
cataclasites and microbreccia (G21, G54).

3. The highly deformed material adjacent to the zones of active
shear localization such as cataclasites and foliated cataclasites
(G24, G25, G31).

4. Mostly foliated cataclasite and ultracataclasite gouge from the
SDZ active shear zone (G28).

A total of 17 XRPD scans were carried out, 6 of which were
duplicates to assure reproducibility in strongly foliated gouge
materials. For bulk analyses, each sample was ground and sieved to
include particles�37 mm, packed into a sample holder and scanned
at 2�/minute with a Siemens D5000Matic diffractometer at 40 kV
over the range 2e61� 2q using Cu-Ka radiation. The XRD scanning
of sample G25with possible presence of amorphous material was
repeated 3 times, including 1 scan under the same conditions as for
other runs, but using a Rigaku DMAX B diffractometer at 0.5�/
minute for a more detailed scan. We found no notable difference
between the three scans for sample G25. For clay phase identifi-
cation, a portion of the ground samples was first washed with
dilute HCl to eliminate carbonates followed by thoroughly washing
andmixing the remainingmixturewith distilled water. An oriented
mount was made by settling the aqueous mixture onto a cellulose
acetate filter and then rolling the deposited material onto a glass
disk. The oriented mounts were first scanned over the range 2e30�

2q for all phyllosilicates and then treated with glycol and re-
scanned over the range 2e22� 2q for smectite clays. Mineral
concentrations were estimated using XRF-determined elemental
compositions and the relative peak-height to peak-area on the
XRPD scans. The X-ray results are shown in Table 2. The detection
limit for an average mineral in these samples is w1e3% and the
analytical reproducibility was taken to be approximately equal to
the square root of the amount of the phase in the analyzed powder.
The XRPD scans for sample G31from the CDZ were analyzed by
Mittempergher et al. (2011) using the Rietveld method. White light
core section information.

Chl. I & IeS Verm. Amor. UnlD

0 5 0 0 2
0 15 0 0 2
7.5 � 2.5 13.5 � 1.5 0 0 0
2.5 � 2.5 25.5 � 0.5 0 0 1
0 36 � 1 2.5 � 2.5 40 � 10 3
0 0 77.5 � 2.5 0 1.5
5 49 0 0 0

0.5 29 � 1 16.5 � 2.5 0 0 3
23 18 0 0 3
24 14 0 0 1
18 5 0 0 1

ite; Chl. ¼ chlorite; I & IeS ¼ illite and illiteesmectite; Verm. ¼ vermiculite;



Fig. 3. Typical deformation microstructures outside the core zone. The data is in order of increasing measured depth toward SW border of the zone. (a) Thin gouge zone in Salinian
arkosic sandstone/fine conglomerate. Highly comminuted dark streaks (arrowed) contain iron oxide and phyllosilicates. Cross polarized light (XPL) image; sample Box 16. (b)
Imbricate plagioclase (PL) cleavage fractures (arrow) and grain-boundary attrition of quartz (Q) showing role of cataclasis in the development of minor gouge zones. Plane polarized
light (PPL) image; sample E11. (ced) Backscatter SEM image from inset box in b, and XRF elemental maps of the same area. The elemental maps are consistent with presence of iron
oxides in the shear zone, probably passively concentrated where soluble mineral were removed by pressure solution, as well as sericitization of plagioclase feldspar. Note lack of
calcite deposits and concentration of Ti in the gouge. Sample E11. (eef) Pressure solution indentation of Na-feldspar by quartz (indenter) in coarse arkosic sandstone. The
impingement area includes no calcite or clay deposits. Black spots are pore spaces. Backscatter SEM image; sample E13. (g) Indentation microfracturing and pressure solution of
quartz by neighboring feldspar grain in arkosic sandstone cataclasite. Calcite crack-seal veins indicate creep opening of the indentation cracks. XPL image; sample E25. (hei)
Development of vein-cleavage fabric in shale-siltsone cataclasites of Great Valley Formation. Close-up view of calcite vein fillings transverse to dissolution contacts. XPL images;
sample G12. (j) Calcite veins cross-cutting quartz-healed transgranular fractures (arrows) indicating an older deformation episode in shale-siltstone cataclasite. XPL image; sample
G14. (kel) Foliation in shale-siltstone cataclasite defined by large elongated siltstone clasts separated by clay gouge (PPL image). Inset box shows calcite-healed fractures transverse
to foliation, typical of vein-cleavage fabric (XPL image). Sample G21.
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Fig. 3. (continued).
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interferometry (WLI) scanning using a Zygo New View 6300
scanner was carried out on a w4 � 3 � 2 mm chip from freshly
exposed striated gouge surface in sample G28. The surface sample
was removed from the soft and fragile core material under micro-
scope to avoid physical damage resembling the natural striations.
The samplewasmounted on glass slide using a small sticky pad and
was thoroughly air-brushed before scanning.

4. Microstructural and analytical observations

The SAF core zone is w227 m wide (3187 me3414 m MD in
the main hole) as defined by significant drops in the Vp and Vs
velocity, and resistivity logs (Fig. 2b). At the scale of core
sections the zone appeared to be confined to shale and mudstone
units of the Great Valley sequence (Rymer et al., 2003; Thurber
et al., 2004). These units are interbedded with distinct siltstone
layers of up to w5 m thick (e.g. 3301e3306 m MD interval in Hole
G). A mixed shale-siltstone gouge that probably developed close
to the shale-siltstone contacts, but intervals of shale and
mudstone cataclasite and siltstone cataclasite were also common
along the core sections. In addition, visible streaks and irregularly
shaped serpentinite porphyroclasts of diameters up to w0.15 m
were present in the core lengths that include SDZ and CDZ. More
specific lithological description of the SAFOD core sections is
provided elsewhere (see Bradbury et al., 2011; Holdsworth et al.,
2011).

The deformation outside the core zone, in the Salinian arkosic
sandstone, was mostly concentrated in networks of minor fault
zones with mm to cm-scale apparent displacements. These
features were mostly observed at distances of 126 m to 35 m from
the core zone (Box 16 to E25 series, Table 1) as gouge-filled cata-
clastic shear zones that ranged in thickness from 1 mm to 2 cm
with abundant iron oxide staining (Fig. 3a). Sliding on feldspar
cleavage fractures (Fig. 3bec) and concentration of Ti (Fig. 3d),
indicating both processes of alteration and dissolution of feldspar,
were frequently observed. Indentation of feldspar by quartz, with
little or no local clay residual (Fig. 3eef), and crack-seal calcite
veins at the indentation sites (Fig. 3g) were also common outside
and away from the core zone. Similar minor shear zones were
found in the Salinian granodiorite core samples from 1464 m MD



Fig. 4. Variations in porosity across foliation in typical shale-siltstone cataclasites of the core zone. (a) Whole section PPL image of petrographic thin sections of sample G24 showing
exact position of tracts used for 2D image porosity measurement. The tracts, staggered for increased coverage, begin in host shale cataclasite P and end in deformed pyrite mass S.
(b) Porosityedistance plots. Black and gray curves respectively show porosity values corresponding to narrowest (most certain) and widest (least certain) range of intensity that
represented pore spaces on the images. Numbers in parenthesis are average porosity for the upper and lower-bound curves in each tract. (c) Top: backscatter SEM image located in
tract 2 (inset box) showing a porosity contrast boundary in the gouge (arrow on plot 2). Bottom: binary frame based on widest pixel intensity range of pore areas on the same SEM
image. Sample G24, 3188.97 m MD.
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(Hadizadeh et al., 2007) and in the samples studied by Almeida
et al. (2005).

The fault rocks within w5 m of the core zone, in Great Valley
shale and siltstone-shale units, were studied in thin sections from
samples G12, G14, andG21. The deformation appearedmore intense
than in the previously described small-displacement faults mainly
due to the development of foliation and greater evidence of
systematic veining. Calcite veins running transverse to what
appeared to be dissolution seams in the cataclasite gouge (Fig. 3hei)
indicated an early-stage cleavagedevelopment bypressure solution.
There was evidence that earlier generation of transgranular frac-
tureswere sealedwith quartz (Fig. 3j). Awell-developed foliation in
siltstone-shale cataclasites w1 m away from the core zone border
(G21) was defined by anastomosing bands of clay-rich and quartz-
rich gouge (Fig. 3k). Fractures transverse to length of quartz-rich
bands were sealed with calcite (Fig. 3l). The described microstruc-
tural deformation (Fig. 3ael) was also associated with increased
levels of illite-smectite phases toward the main damage zone
(Table 2). Outside the core zone, the dominance of quartz-feldspar
mineralogy in the SW side of the fault (Table 2) is probably due to
shearing at the contact between arkosic sandstone units of the
Salinian block and the Great valley shale-siltstone units.

The core zone, represented by samples G24 through G54
(Table 1), consisted of highly comminuted, altered, and foliated
rocks. As described in the following, we found the microstructural
deformation to be transitional across the geophysical border of the
core zone (3187 m MD). The foliation was defined by mm to sub-
mm bands of clay-rich gouge intermittent with highly veined
quartz-rich cataclasites (Fig. 4a). The 2-D image porosity varied
across the foliation depending on clay content, distribution of hard
mineral particles, and veining intensity (Fig. 4b). The porosity
approached zero in quartz-rich cataclasite bands heavily veined
with calcite transverse to the length of the band. The range of
average porosities derived from all lower and upper bound
measurements in sample G24was 1.18e4.56%, which is comparable
to the average porosity values for the SAFOD gouge obtained by
porosimetry and from TEM images by Janssen et al. (2011). The
foliated gouge in Fig. 5a (enlarged left side of Fig. 4a) contained
microstructural evidence of reworked cataclasites as well as
banding and vein fabric that appeared to be due to pressure solu-
tion. Some quartz-rich bands were vein-saturated by multiple vein
network imprints. Sheared pyrite masses and feldspar alteration
products in the XRF elemental maps (Fig. 5bec) indicated hydro-
thermal fluid flow andmineral alterations in the gouge. The sample
G42 w1 m from the CDZ boundary revealed clear evidence of
a foliation defined by pressure solution cleavage, where dissolution
seams were separated by microlithons with transverse vein fabric
(Fig. 5dee). The compositional proportion of mixed-layer illite-
smectite clays and other weak phases such as chlorite and
vermiculite was elevated in the core zone and close to the active



Fig. 5. Well-developed foliation in siltstone-shale cataclasites typical of the core zone rocks. (a) The foliation is defined by interlaced bands of siltstone-rich gouge and dark-colored
clay-rich gouge. Siltstone clasts consist of variably healed cataclasites. A mass of deformed pyrite (py) forms an inverted sigma that indicates dextral sense of shear in the sample. (b)
Distribution of Aluminum in XRF elemental map for inset area in the foliated gouge indicates pervasive clay mineralization. (c) XRF elemental map from the same area shows
pattern of the transverse calcite veins in a quartz-rich band and reveals smearing of pyrite along foliation. Sample G24. (d) SEM backscatter image of fully-developed vein-cleavage
pressure solution foliation in the core zone, w1 m distance from the CDZ boundary. Sample G42. (e). XRF elemental maps of the area shown in d.

J. Hadizadeh et al. / Journal of Structural Geology 42 (2012) 246e260254



Fig. 6. Bulk XRPD scans comparing (a) G24 gouge sample composition from 3188.97 m
MD with (b) G25 gouge sample composition from 3189.97 m MD. Raised baseline and
broad peaks indicate presence of a significant component of amorphous material
w1.3 m outside active shear zone SDZ. The inset SEM image shows typical texture of
the gouge. Large vein in foreground is calcite and well-distributed bright phases are
pyrite particles. Note the blurred appearance of fractures in the gouge. IeS ¼ mixed-
layer illiteesmectite; Ver ¼ vermiculite; Qtz ¼ quartz; Fal ¼ albite feldspar;
Cal ¼ calcite; Pyr ¼ pyrite.

Fig. 7. Evidence of fluid pressures exceeding local normal stresses in the core zone, and mu
zone SDZ. Most fracture openings appear to have a shear displacement component. Gener
filling. Stranded angular fragments of gouge in blocky calcite matrix indicate rapid volume i
older sheared veins. Blocky calcite vein filling in the large fracture opening (arrow) indicates
sample G25.
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shear zones (Table 2). It is reasonable to assume that the clays were
derived from alteration of illite in the host shale as well as from
alteration of feldspars in the gouge (see Schleicher et al., 2008). The
XRPD spectra of sample G25 bordering the SDZ also indicated the
presence of 30e50% of amorphous (non-crystalline) material
(Table 2). The proportion of quartz and feldspar in sample G25 was
anomalously low compared to other samples from the core zone,
suggesting that the amorphous material was mainly composed of
these two minerals. The reduced crystallinity of mineral compo-
nents in sample G25 compared to those of sample G24 is demon-
strated by showing the XRPD scans of these two samples side by
side in Fig. 6. In Close-up view, backscattered SEM images of sample
G25 showed an extremely fine-grained gouge with a fuzzy texture
(inset in Fig. 6b). The foliation in sample G25 was disrupted by
dilation jogs and microstructures that indicate rapid volume
increase of a fluid phase (Fig. 7a). In the same sample we found
microstructures that appeared to be reworked dilation jogs
(Fig. 7c).

The samples G27, G28 and G43 represented the SDZ and CDZ
active creeping zones in this study (Table 1). The XRPD data for the
SDZ sample G28 (Table 2) indicated that w75% of the material
consists of Mg-rich clay vermiculite. Although these samples were
as strongly foliated as other rocks in the core zone, the XRPD, SEM-
EDX, WLI and optical microscopy revealed a number of features
distinct from the foliated gouge elsewhere in the core zone as
follows.

1. The gouge had little or no vein network structure (Fig. 8).
2. The anastomosing phyllosilicate foliation, sigmoidal por-

phyroclasts, strain shadows and overgrowths (Fig. 8aeb)
provided clear indication of bulk ductile flow, possibly by
a combination of distributed brittle deformation, diffusive
ltiple episodes of brittle fracture in foliated clay gouge w1.2 m outside the active shear
al trace of foliation is indicated by a dashed line. (a) Dilational jog with blocky calcite
ncrease. (b) A network of cross-cutting calcite-filled microfractures is superimposed on
an open vein crystallization environment. (c) A reworked dilation jog. PPL images from



Fig. 8. Bulk ductile flow and alteration softening microstructures within the active shear zones. (a) Flow in clay gouge indicated by rotation of a rigid clast that has produced strain
shadow (arrow) with elongated calcite crystals. (b) Sigmoid-shaped clast of arkosic sandstone cataclasite with calcite strain shadows (arrows) indicating left-lateral sense of shear in
the clay gouge. (c) Optically continuous, stretched and boudinaged, serpentinite porphyroclast. (d) Enlarged view of inset box in previous image revealing nature of deformation in
the porphyroclast. Alteration fragmentation of serpentinite porphyroclast is indicated by anhedral serpentinite grains in smectite-rich matrix. (e) A sub-rounded clast of arkosic
sandstone cataclasite in clay gouge. (f) Enlarged view of inset box in previous image, showing smectite-rich clays mantling the cataclasite fragment. Sub-rounded quartz and
feldspar grain (dark-colored) float in the clay matrix, some with concave boundaries indicative of dissolution by grain impingement. Microstructural similarity between d and f
points to pervasive nature of the alteration softening in both active shear zones. Images a through d are from sample G27 (w0.2 m within SDZ); Images e and f, are from sample
G43(w1 m within CDZ). Images a, b, and e are in XPL; c is in PPL; d and f are optical reflected light images.
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mass transfer, and reaction softening (see White and Knipe,
1978 for the latter mechanism). In close-up images
(Fig. 8cef), the flow microstructures were associated with
matrix-supported gouge that includes quartz and feldspar
with anhedral grain boundaries.

3. Locally, serpentinite porphyroclasts made approximately
5e15% of the gouge while the rest consisted of Mg-rich smec-
tite clays, vermiculite (Table 2), or direct alteration products of
the serpentinite possibly lizardite and saponite (SEM-EDX spot
checks).

4. Sample G28 as well the entire G28 core section (w0.8 m) was
an incohesive foliatedmass. The gouge foliationwas defined by
sets of anastomosing P and R1 Riedel shear surfaces (Rutter
et al., 1986) separating serpentinite porphyroclasts and lithic
fragments mantled by alteration products (Fig. 9a). The
surfaces showed strong slickenside striations with mm to mm-
scale spacing (Fig. 9bed).
5. Discussion

We recognize three structural components of interest in the SAF
near the SAFOD site: the core zone, the active shear zones (SDZ and
CDZ), and features that may correspond to seismogenic asperity
patch model related to the microseismic activity in the creeping
segment of the SAF (see Nadeau et al., 2004; Dreger et al., 2007).
The components are discussed in the above order with regard to
our observations.



Fig. 9. Evidence of frictional granular flow in the active shear zones. (a) Typical lozenge-shaped microstructure of sample G28 (Sample G28w1 mwithin SDZ) showing microlithons
separated by bands of clay-rich gouge oriented along R1 and P type Riedel shears. Clasts marked S are serpentinite porphyroclasts, some including an alteration mantle (arrow). (b)
A 3-D plot of white light interferometry data revealing typical slickenside foliation surface. (c) 2-D plot of projected inset area in b showing a total relief of w70 mm across the
striations. (d) Plot of profiles 1-4 marked on c, showing slip-parallel roughness in the order of 1e3 mm. Deviations from average roughness appear to be related to hard mineral
protrusions and/or microcrack steps that intersect slip surface (arrows).

J. Hadizadeh et al. / Journal of Structural Geology 42 (2012) 246e260 257
5.1. Deformation mechanisms outside the active shear zones

The evidence presented here and supported by other SAFOD
studies (Schleicher et al., 2009; Holdsworth et al., 2011; Gratier
et al., 2011) show deformation in the core zone is taken place by
both cataclasis and pressure solution (Fig. 3). The dominating role
of pressure solution as a deformation mechanism, at least outside
the active shear zones, is demonstrated by the development of
a strong foliation (Fig. 5). Disruption of the foliated gouge by
cataclastic deformation close to the active creeping zones (Fig. 7) is
consistent with operation of both cataclasis and pressure solution
mechanisms over the entire seismic cycle. The primary fault zone
process that may be concluded from our observations is particle
size reduction by cataclasis and widespread clay mineral authi-
genesis (enhanced by abundance of shale), both of which are
conducive to establishment of pervasive pressure solution. Similar
deformation processes were indicated in a study of fault rocks from
the Median Tectonic Line in Japan (Jefferies et al., 2006). The
enhancing effects on pressure solution of the presence of clay
minerals have been known for sometimes (Weyl, 1959; Engelder
and Marshak, 1985; Houseknecht and Hathon, 1987). Hickman
and Evans (1995) suggested that clay minerals such as illite and
smectite, which are capable of maintaining bound water under
load, enhance pressure solution by providing higher diffusivities in
the contact layer. In terms of particle size changes, Rutter (1976)
showed that, where diffusion is the rate-limiting step, the rate of
pressure solution creep in polycrystalline aggregates should follow
an inverse cube dependence on grain size. However, if pressure
solution is accompanied by mineral transformations (incongruent
pressure solution), it is likely that reaction-rate is the rate-limiting
step (e.g. de Meer et al., 2002; Niemeijer et al., 2009). Lack of
alteration products as clay mineral residues at dissolution contacts
(Fig. 3e) and presence of a cleavage-vein fabric (Fig. 5d) suggest that
the pressure solution is not responsible for mineral alterations
found in the studied samples and that diffusion is likely to be the
rate-limiting step in the process. This interpretation is consistent
with a study of pressure solution in the same suite of SAFOD rocks
by Gratier et al. (2011).

5.2. Deformation mechanisms in the active shear zones

In agreement with recent studies (Holdsworth et al., 2011;
Jeppson et al., 2010; Zoback et al., 2011) we found that the
serpentinite-bearing active shear zones SDZ and CDZ consist of
intensely foliated Mg-rich phyllosilicates that unlike the
surrounding core zone rocks, lack pervasive vein networks.
Considering both core-scale and microstructural data, we charac-
terize these zones as sites of large-scale shear localization within
the fault core. The microstructural and compositional evidence,
including clast rotation, strain shadows, streamlined flow micro-
structures (Fig. 8), lack of cohesion and vein networks, Riedel
shears, slickenside surfaces (Fig. 9), and amorphous and weak clay
phases (Table 2) are associated with the active shear zones. An
abundance of phyllosilicates at the site of SDZ and CDZ has
contributed to a highly developed foliation, where slip occurs on
a hierarchy of surfaces in the foliated gouge, producing polished
slickenside surfaces. At the finest scale, the P and R1 slip surfaces
shown in Fig. 9a act as clay-lined microlithon boundaries in a wavy
lozenge-shaped pattern. These observations link the shear locali-
zation by a granular flow to intrinsic (absolute) material weakness.
The data suggest that shear localization is mainly by a granular flow
mechanism that involves frictional sliding of microlithons set in
a matrix of phyllosilicates. However, the grain-boundary sliding in
this mechanism may be assisted by pressure solution, which was
estimated by Gratier et al. (2011) to accommodate strain values as
large as 60% by solution cleavage at the boundary of the active shear
zones. Such stress-driven mass transfer in fine-grained gouge is
probably efficient for distances <100 mm as might be the case in
Fig. 5dee. A similar flow mechanism was shown to operate in
experimental fault gouge consisting of halite and phyllosilicates
(Bos and Spiers, 2000; Niemeijer and Spiers, 2006). However, as
argued for the Carboneras Fault zone (Faulkner and Lewis, 2003),
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the distributed nature of the deformation and thickness of the SDZ
and CDZ also are consistent with strain hardening/velocity
strengthening of the weak gouge material. Lockner et al. (2011)
showed that some of the weakest SAFOD gouge material
(m < 0.2) lies within the active shear zones. It should be noted that
the stability field of smectiteminerals in the active zones (w120 �C)
is limited to about 150e200 �C. At temperature >200 �C, smectite
clays will be replaced by Mg-Chlorites with higher friction coeffi-
cients (Frey and Robinson, 1999). To explain the creeping process at
depths below the SAFOD, presence of significant proportions of
stableweak phases such as talc or deformationmechanisms such as
diffusive grain-boundary sliding have been invoked (Lockner et al.,
2011; Holdsworth et al., 2011; Gratier et al., 2011).

5.2.1. The shear localization
Based on energy considerations alone, Beeler et al. (1996) argued

that the strength of a fault tends to be minimized provided there is
a path bywhichweakness can occur (also see Ben-Zion and Sammis,
2003). Amorphousmaterial is found bordering both the SDZ (in this
study) and CDZ (Janssen et al., 2010). The amorphous material
reported by Janssen et al. (2010) was attributed to intense commi-
nution, and considered to be significant as a friction reducing
material in the creeping SAF. Whether the amorphous material is
produced through comminution or by alteration processes, its
spatial coincidencewith the active shear zone is significant in terms
of weakening and shear localization in the core zone. We note that
further studies are needed to shed light on the genesis and distri-
bution of the observed amorphousmaterial. The results also suggest
other weakening mechanisms that might have preceded the shear
localization, including dissolution of strong load bearing minerals
(quartz and feldspar) by pressure solution, and fluid assisted alter-
ation of feldspars and serpentinite to phyllosilicates such as illite
and illite-smectite clay minerals (also see Moore and Rymer, 2012).
The existence of the active shear zones indicate that the weakening
has occurred by a reduction in the effective (actively shearing)
thickness of the fault zone rather than by widening or what may be
termed a delocalization. If we let strain rate and strain ðsð _g;gÞÞ be
the only variables affecting shear strength of the fault with effective
thickness h, we may rewrite equation (4) from Beeler et al. (1996)
simply as ds ¼ �1/h2 ðVs= _gþ ds=gÞdh, where V is slip velocity, _g

and g are shear strain rate and shear strain respectively. As applied
to the SAFOD site, dh< 0 (shear localization condition), and the term
Vs= _g is non-zero (velocity strengthening gouge). For the fault
strength to beminimized through shear localization (ds/dh< 0) the
relative effect of displacement dependence (ds/g) must be greater
than that of the velocity dependence Vs= _g, which would require
a strongly displacement-weakening fault zone. A physical expla-
nation for this mechanical behavior, as suggested by Niemeijer and
Spiers (2005, 2006) experiments, is the possible role of phyllosili-
cates in inhibiting healing and sealing of the foliated gouge
deforming by frictional granular flowassisted by stress-drivenmass
transfer. Lack of cohesion and vein networks in the SDZ sample
support this explanation. Further support for this argument is
provided by experimental results showing that the gouge material
in the active shear zones is velocity strengthening (Lockner et al.,
2011) and has an extremely low healing rate (Carpenter et al.,
2011). It appears that the velocity strengthening gouge in the
active shear zones is being sheared in the absence of pervasive
restrengthening mechanisms such as cementation or fracture
sealing.

5.3. Possible explanations for the microseismicity

The two active shear zones encountered in the drill hole are
w110 m apart. It is reasonable to assume that the zones could vary
in width and spacing and have tendency to pinch, branch, and
converge along strike. Such non-planar patterns of shear localiza-
tion resulting from deformation-related lithological obstructions
(material contrasts), which are likely to act as local restraining and
releasing bends, have been reported from other major fault zones
(e.g. Faulkner and Lewis, 2003 and Imber et al., 2008). Chester et al.
(2010) noted that slip on pinched regions of the active shear zones
must occur on gouge material with higher frictional strengths. The
primary fault rock support for the presence of meter-scale undu-
lations of the active shear zones is vein-sealed lenses of coarse
siliciclastic cataclasites interlaced with clay gouge in the core zone
(e.g. 3295m to 3296.5 mMD, and 3301.5 m to 3303.3 mMD in Hole
G). Varied-size blocks of serpentinite encountered in some drill
core sections (e.g.w0.36 m length section at 3196.63 mMD in hole
G) may serve as nucleation spots for microseismicity in the same
manner described for dolomite blocks in the Carboneras fault zone
(Faulkner and Lewis, 2003).

The permeability variations due to a combination of the litho-
logical heterogeneity and fabric development are likely to affect
fluid availability for alteration reactions and, therefore, the distri-
bution of phyllosilicate phases. Field evidence and modeling (e.g.
Chester and Chester, 2000; Sagy and Brodsky, 2009; Resor and
Meer, 2009; Griffith et al., 2010; Mittempergher et al., 2011)
suggest that the undulations of the active shear zones embedded
within the core could result in non-uniform stress distribution and
pore pressure build-up in the structural boundary regions.
Collettini and Barchi (2002) suggested that localized, transient fluid
overpressures due to presence of structural seals generate the
microseismicity along the creeping Altotiberina fault zone in
northern Umbria in central Italy. The distribution and geophysical
estimates of the dimensions of the repeating microearthquake
source suggest that regions adjacent to lithological contrasts and
geometric undulations of the SAF active shear zonesmayact as hard
patches or asperities, and should be considered as possible sources
of the observed microseismicity along the SAF creeping segment.

Holdsworth et al. (2011) suggested that the core zone foliated
gouge outside the active shear zones is probably inactive, but the
transitional contact between the active shear zones and the
surrounding core zone rocks suggests a structural coupling and
raises the possibility of strain partitioning. This argument may be
supported by the fabric analysis of the SAFOD foliated cataclasites
that indicates fault-normal compaction in the main damage zone
(Chester et al., 2010). It is possible that while most of the shear
displacement is being accommodated in the CDZ and SDZ by fric-
tional granular flow or a combination of frictional and pressure
solution mechanisms, a portion of the creep is accommodated
through a pressure solution-related relaxation in the core zone. If
the active shear zones tend to assume an undulating (anasto-
mosing) geometry, the pressure solution-related stress relaxation is
also likely to be non-uniformly distributed. Thus an alternative
explanation for the microseismicity is repetitive local healing and
hardening of the fault core as it accommodates a portion of the
creep rate along the SAF. Gratier et al. (2011) argued that if creeping
by pressure solution results in diffusion distance >100 mm, stresses
do not relax and the observed microseismic activity may be
attributed to local restrengthening of the gouge. The seismic
rupture induces fracturing, which in turn promotes pressure solu-
tion (Gratier and Gueydan, 2007). A seismic cycle involving such
fracture-and-seal processes is expected to result in episodic fluid
pressure build-up. The non-uniform porosity distribution in the
gouge resulting from the pressure solution cleavage development
(see Fig. 4) tends to produce strike-parallel fluid barriers as well as
local high fluid pressures. The disruption of foliation by episodes of
higher-than-local normal stress fluid pressure was indicated by
evidence of dilation jogs, reworked dilation jogs (Fig. 6), and
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intrusion of shale into pre-existing veins (Mittempergher et al.,
2011; Holdsworth et al., 2011). These microstructures appeared to
be confined to certain intervals of the foliated clay gouge. The
occurrence of localized high fluid pressures in the main damage
zone is further supported by evidence of fluid composition varia-
tions (Mittempergher et al., 2011) and abrupt changes in real-time
mud gas analysis during drilling (Wiersberg and Erzinger, 2008).

Whether the repeating microseismicity is explained by stress-
releasing slip zone undulations and/or by fracture-and-seal
episodes, local fluid pressures exceeding local normal stresses
appears to be amechanical requirement as seismic ruptureon ahard
asperity patch is likely to be prevented in a predominantly velocity
strengthening fault zone (Nadeau et al.,1995; Tembe et al., 2009). An
absence of higher-than-hydrostatic fluid pressures during SAFOD
drilling (Zoback et al., 2011) in contrast to our microstructural
evidence suggests that: 1. Intermittent high fluid pressure events
must have occurred in the past, and 2. The current high fluid pres-
sures, if any, are localized. The possible explanations for the
microseismicity discussed here are consistent with the clustered
and contained nature of the seismicity in the creeping segment.
6. Conclusions

The microstructural evidence suggests that cataclasis and
pressure solution alternated in the core zone of the creeping
segment of San Andreas Fault North of Parkfield, California. The
pressure solution, assisted by alteration of feldspars to phyllosili-
cates and episodic particle size reduction by cataclasis, has been
responsible for the development of the strongly foliated structure
of the gouge in this segment of the fault.

The weakest material of the fault zone is found at the borders
and within the currently active shear zones, suggesting that the
zones represent large-scale shear localization within the SAF core
zone. The energy considerations for shear localization require that
the zones are strongly displacement-weakening. This theoretical
requirement is consistent with a granular-type flow mechanism
involving frictional sliding of the gouge microlithons along
phyllosilicate-lined Riedel shear surfaces, possibly coupled with
stress-driven diffusive mass transfer. The velocity strengthening
weak gouge in the currently active shear zones is deforming in the
absence of pervasive restrengthening mechanisms such as
cementation or fracture sealing.

The study suggests two possible mechanisms for the repeating
microearthquakes in the creeping fault zone. Seismic fracture
occurs in frictionally strong regions (asperity patches) of the
damage zone associated with stress-concentrating undulations and
material contrast points. Alternatively, the asperity patches are
fracture-and-seal regions in the fault core where the pressure
solution accommodates a portion of the current creep movement.
Evidence of local high fluid pressures presented in this study is
relevant to both these explanations.
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