
lable at ScienceDirect

Journal of Structural Geology 69 (2014) 234e244
Contents lists avai
Journal of Structural Geology

journal homepage: www.elsevier .com/locate/ jsg
A “slice-and-view” (FIBeSEM) study of clay gouge from the SAFOD
creeping section of the San Andreas Fault at ~2.7 km depth

Laurence N. Warr a, *, Jasmaria Wojatschke a, Brett M. Carpenter b, Chris Marone c,
Anja M. Schleicher d, Ben A. van der Pluijm d

a Institut für Geographie und Geologie, Ernst-Moritz-Arndt Universit€at Greifswald, F.L. Jahn-Str. 17a, 17487 Greifswald, Germany
b INGV, Rome 1, Section, Via di Vigna Murata 605, Rome 00143, Italy
c Department of Geosciences, Center for Geomechanics, Geofluids, and Geohazards, The Pennsylvania State University, University Park, PA 16802, USA
d Department of Earth and Environmental Sciences, University of Michigan, 1100 University Ave, Ann Arbor, MI 48109, USA
a r t i c l e i n f o

Article history:
Received 10 July 2014
Received in revised form
6 October 2014
Accepted 14 October 2014
Available online 28 October 2014

Keywords:
Creep
Clay fabric
Mg-smectite
San Andreas fault
SAFOD
FIBeSEM and TEM
* Corresponding author.
E-mail address: warr@uni-greifswald.de (L.N. War

http://dx.doi.org/10.1016/j.jsg.2014.10.006
0191-8141/© 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

The San Andreas Fault is one of the most studied earthquake-generating structures on Earth, but the
reason that some sections are anomalously weak, and creep without apparent seismicity, remains poorly
understood. Here, we present results from nanoscale (FIBeSEM) 3D microstructural observations of weak
(friction coefficient of 0.095) SAFOD clay fault gouge containing serpentinite clasts, recovered from the
active Central Deforming Zone at ~2.7 km vertical depth. Our nanoscale observations confirm that
frictional slip and extreme weakness occur via deformation of smectite clay that forms a shear fabric
within the fault zone. We infer that creep initiates by fracture-controlled, substrate growth of oriented
Mg-smectite on R, P and Y shears, followed by clay smearing and ductile flow of an evolving and
expanding clay matrix. At the crystal-scale, pervasive sliding occurs along hydrated smectite interlayers
and surfaces occupied by exchangeable Mg- and Ca-ions, with slip typically spaced at 3e5 lattice layers
apart. We conclude that the strength and seismic behaviour of major tectonic faults at shallow crustal
levels evolves as clay fabric develops with accumulated fault slip.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Active faults are inherently weak structures of the Earth's crust
that cause diverse earthquake activity (Scholz, 2002; Holdsworth,
2004; Marone and Richardson, 2010). A key location to study
earthquake faulting is the San Andreas Fault Observatory at Depth
(SAFOD) drill site in central California, which is positioned in a
transition zone between seismically active and creeping portions of
the fault (Fig. 1a; Hickman et al., 2007; Zoback et al., 2011). This
zone is characterized by ~25 mm/yr of creep motion, repeating
micro-earthquakes (<M3) clustered along the fault at depth, and
periodic rupture during M6 earthquakes (Zoback et al., 2011; Titus
et al., 2006; Nadeau et al., 2004). Multiple cores recovered from the
actively deforming fault zone (Fig. 1b) have provided a unique
chance to study fresh fault gouge and to establish the processes
responsible for the apparent fault weakness at the depth of the
borehole and its creep behaviour (Zoback et al., 1987, 2011).
r).
The hypothesis that talc causes creep at the depth of the bore-
hole (Moore and Rymer, 2007; Wibberley, 2007) has not gained
support due to the rare occurrence of this mineral in SAFOD fault
gouge. Instead, agreement has emerged that creep occurs at loca-
tions characterized by the concentration of hydrous clay minerals,
namely smectites, vermiculites, mixed-layered illiteesmectite and
chloriteesmectite phases that form by low temperature alteration
of mudrock lithologies and enclosed serpentinite clasts (Schleicher
et al., 2006, 2010; Solum et al., 2006; Bradbury et al., 2011;
Holdsworth et al., 2011; Carpenter et al., 2011, 2012; Janssen
et al., 2014). Particular emphasis has been placed on the abun-
dance of frictionally weak trioctahedral Mg-rich smectite (sapo-
nite) caused by dissolution and precipitation alteration of
tectonically emplaced serpentinite rocks and sedimentary shales
along the two creeping strands of the fault as the primary cause of
creep (Carpenter et al., 2011, 2012; Moore and Rymer, 2012; Moore
and Lockner, 2013). More specifically the reaction is considered to
have a metasomatic character, whereby significant changes in the
bulk chemistry of the rock have occurred on an undefined macro-
scopic scale (Moore and Lockner, 2013). Others have highlighted
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Fig. 1. a) Location map of California showing the position of the SAFOD project at
Parkfield, along the San Andreas Fault. The drill site is at the intersection zone between
a seismically active strand to the SE and a creeping section (dashed line) to the NW. b)
Detailed depth profile showing the position of the SAFOD main hole (Phase II) inter-
secting the two actively creeping fault strands at borehole depths of ~3192 m and
~3302 m and the position of the sample studied here (star). SDZ ¼ Southwest
Deforming Zone, CDZ ¼ Central Deforming Zone, NBF ¼ Northern Bounding Fault,
PP ¼ Pacific Plate, NAP ¼ North American Plate, micro-earthquake cluster: SF ¼ San
Francisco, LA ¼ Los Angeles, HI ¼ Hawaii (modified after Zoback et al., 2011). c) Fric-
tional behaviour of sample G44 as a brine-saturated intact wafer, sheared at an
effective normal stress of 100 MPa, and with a slideeholdeslide sequence, in reverse
order, of 300, 30 and 3 s. m ¼ friction coefficient.
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the importance of the site-specific arrangement of various smec-
titic phases along interconnected, pervasively developed, and foli-
ated networks for attaining notably low material strength
(Schleicher et al., 2010; Holdsworth et al., 2011; Janssen et al.,
2012). Pressure-solution creep has also been proposed to explain
fault weakness at the depth of the borehole (Gratier et al., 2011).
Here, clay minerals are viewed as passively concentrated due to
their low solubility but are not considered to cause creep. In
addition to stress-driven mass transfer, granular flow along
phyllosilicate-rich Riedel surfaces in the creep gouge has also been
suggested as important (Hadizadeh et al., 2012).

That foliated clay gouge can be significantly weaker than
equivalent powder samples has been demonstrated in rock defor-
mation experiments (Collettini et al., 2009; Haines et al., 2013; Ikari
et al., 2011a) indicating that weak faults can occur at low concen-
trations of clay minerals, as long as they form an interconnected
fabric. Based on electron microscopic observations of various
mudrock-based gouges from the creeping zone of the SAFOD
borehole, it was also proposed that smectite-coated foliated slip
surfaces occur at the nanometre-scale, and were termed “clay
nanocoatings” (Schleicher et al., 2010). However, one commonly
stated problem of the clay (phyllosilicate) fabric hypothesis of creep
is that a number of laboratory experiments found that the strength
of fault rock is determined primarily by the clasts between the
shear fabric surfaces (Bos and Spiers, 2001; Niemeijer and Spiers,
2006; Niemeijer et al., 2010; Ikari et al., 2011b). Therefore, a
mechanism is required to maintain slip on selected shears without
fracturing intervening clasts that would produce strain-hardening
behaviour.

A principal restriction for understanding the mechanisms
associated with slip surfaces in creeping fault gouge has been the
analytical difficulty of resolving detailed structural and chemical
information from such specific locations. A number of general op-
tical- and scanning electron-microscopy studies have described the
2D nature of both microstructures and microchemistry from the
hand-specimen scale down to the micrometre-scale (e.g. Bradbury
et al., 2011; Holdsworth et al., 2011). Also, a number of higher
resolution transmission electron microscope (TEM) studies for
select samples close to, but not precisely within the active
deforming zones, have extended observations down to lattice scale
(Schleicher et al., 2006, 2010; Janssen et al., 2010, 2012, 2014).

In this contribution, we present results from a “slice-and-view,”
focused ion beamescanning electron microscopy (FIBeSEM) of the
San Andreas Fault gouge. To the best of our knowledge, this
contribution is the first such study of an extremely weak clay gouge
from the actively creeping section of a major tectonic fault. This
technique combines the imaging capabilities of modern field-
emission SEM (resolution < 2 nm) with the polishing and milling
power of FIB to reconstruct 3D microstructural and microchemical
features over the range of nanometres to tens of micrometres.
Using these tools, together with conventional TEM, we focus on the
critical arrangement of clay-coated slip surfaces and clay fabrics to
provide new insights about clay creep mechanisms and fabric
evolution from the crystal lattice-scale to the scale of clay shear
fabrics.

2. Materials and methods

We used fault gouge collected from SAFODHole G, run 4, section
4, core recovered from the main, actively creeping strand of the San
Andreas Fault, termed the Central Deforming Zone (Hickman et al.,
2007; Zoback et al., 2011). This sample, which we refer to as G44,
comes from 3298mmeasured borehole depth and corresponds to a
true vertical depth of ~2.7 km (Fig. 1b). The precise location of the
sampled core material can be viewed at http://coreviewer.

http://coreviewer.earthscope.org/samples/safod_core_samples/
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earthscope.org/samples/safod_core_samples/ in Hole G, Run 4,
Section 4, between 44 and 51 cm. This part of the core was studied
in detail by Sill (2010) and Carpenter et al. (2012) and is composed
of sheared serpentinite clasts set in a matrix of clay that is plastic
whenwet. The small, cm-sized, lens-shaped serpentinite fragments
are dark greyegreen in colour, with outer shiny, polished surfaces
coated with soft clay minerals, similar to those described in pre-
vious studies of the SAFOD fault gouge (Schleicher et al., 2010;
Bradbury et al., 2011; Holdsworth et al., 2011; Carpenter et al.,
2011, 2012; Moore and Rymer, 2012). This core site was selected
because it represents some the weakest gouge that shows anom-
alously low rates of frictional healing, consistent with aseismic
creep (Carpenter et al., 2009, 2011, 2012). To confirm its low
strength, the G44 material was experimentally deformed in the
laboratory using a true-triaxial pressure vessel within a biaxial load
frame. Intact samples were deformed in a single direct-shear
configuration under conditions of constant effective normal
stress, confining pressure, and pore pressure. See Carpenter et al.
(2012) for detailed descriptions and schematics of the experi-
mental apparatus and protocols.

For our study, we used small fragments (5e10mm in size) of the
original core material. For mineral identification, X-ray diffraction
(XRD) analysis of selected parts of the clay matrix and examples of
individual clasts were made both on randomwhole rocks powders
and oriented slide preparations that enhanced the 00l reflections of
clay minerals. Measurements were made using a Bruker D8
Advance equipped with a Lynxeye detector and a Co-X-ray tube at
40 kV and 30 mA. Analyses were supported by examination of air
dried-, glycerol-, ethylene glycol and water-saturated treatments
for characterizing the smectite.

Based on the XRD results, various clasts of serpentinite were
chosen, most with characteristic polished clay-coated slip surfaces
that bear fault striations. Soft mud matrix specimens were also
selected from undisturbed material, which was broken open using
a razor blade to create a fresh fracture surface. These fragments
were mounted so as to image the undisturbed clay fabric and to
avoid the deformation caused by the razor blade. Due to the soft
nature of the gouge, microscopic study was made directly on the
solid fragments and not on thin sections where the soft clay min-
erals are more difficult to preserve in their intact state (e.g.
Holdsworth et al., 2011; Janssen et al., 2012). Specimens were
mounted on carbon SEM holders in positions so that the selected
areas could be accessed for study. The pieces were most commonly
positioned for ion-milling into a plane lying perpendicular to the
observed direction of shear as marked by fault lineations located on
displacement surfaces (Fig. 3a,b). Several “slice-and-view” opera-
tions were conducted by milling down into the clasts, the charac-
teristic polished fault surfaces of the clasts, and the slip surfaces
that define the anastomosing scaly fabric of the clay matrix.

Microscope analysesweremade using a Zeiss Auriga focused ion
beamescanning electron microscope (FIBeSEM) field emission
instrument (resolution < 1.5 nm) equippedwith a gallium ion beam
for milling and an in-lens energy selective backscatter detector
(BSE) for imaging of slice surfaces (Warr and Grathoff, 2011). To
improve the imaging quality during “slice-and-view” study, speci-
mens were vacuum-coated with a thin layer of palladium. Several
different sample locations on each specimen were selected for
study. For ion milling the working distance was set at 5 mm, the
milling depth at 12 mmand themilling current at 30 kV, 500 pA. The
number of slices varied between 60 and 120, and the voxel size was
set at 16 � 16 � 10 nm. Imaging was undertaken using an electron
beamwith an accelerating voltage of 5 kV and a 60 mmaperture size
and the in-lens energy and angle selective BSE detector. Energy
Dispersive X-ray spectrometry (EDX) analyses were made on each
ion-polished slice without changing the microscope settings using
the 3D automatedmapping option of the INCA Energy 350 software
of Oxford Instruments, and an extra-large 80 mm2 X-Max SDD
detector for improved detection of X-rays at low accelerating
voltages. Due to the low voltage setting, La lines and not Ka lines
were used for the elemental mapping of Fe. Calibration of
elemental concentrations was made using internal machine stan-
dards provided by Oxford Instruments. Elemental oxide concen-
trations were normalized to 100%. The accuracy of elemental
determinations was also tested on available polished mineral
standards, and found to be <2% error (1s) for concentrations higher
than 1%. 3D image analysis was made using the software AVIZO Fire
version 8.0 from the Visualization Sciences Group (http://www.
vsg3d.com/avizo/fire). The slice sequences were initially corrected
for beam shift errors prior to quantitative analysis and
presentation.

Lamellae for TEM study were prepared by thinning down to
~50 nm sample thickness following documented methods (Wirth,
2009; Mayer et al., 2007). The sample was recovered using a
Kleindiek nanomanipulator and then transferred to a JEOL JEM
1200 TEM, with an accelerating voltage of 120 kV and a point-to-
point resolution of 0.36 nm. Samples were imaged at magnifica-
tions up to 100 000� and recorded using a GATAN Digital Micro-
graph Orius SC200 CCD camera with a pixel resolution of
2.0k � 2.0k. Measurements of lattice fringes were made with the
measuring ruler option of the GATAN software, which had been
calibrated for the selected magnifications. Due to the rapid beam
damage of the clay-rich fault gouge and the formation of amor-
phousmaterial, special attentionwas given to obtaining images as a
fast a possible, without prolonged exposure to the electron beam.
However, naturally amorphous phases could not be separated from
ion or electron-induced amorphous material (Egarton et al., 2004).
Selected area electron-diffraction (SAED) patterns were performed
on locations of interest, but due to the rapid beam damage the
patterns disappearedwithin a few seconds, and therefore could not
be recorded.

Quantitative study of mineral abundance and matrix porosity
was made using ImageJ software http://imagej.nih.gov/ij/. The grey
scale of BSE electron images was selected in the threshold model
and then the objects measured by the area analysis function. The
areas of the various grey scale objects were normalized and then
expressed in % abundance. Multiple analyses were performed using
the numerous slices to obtain better counting statistics. Objects
with characteristic grey scale ranges could be assigned to a
particular mineral phase by using EDX results. The aspect ratio of
clasts in the clay matrix was determined by using a measurement
tool and dividing the long by the short axes.

3. Results

3.1. X-ray diffraction

X-ray diffraction analysis of whole-rock powders of selected
clasts and soft clay matrix showed mineral assemblages composed
of smectite, serpentine, chlorite, quartz, calcite and feldspar (Fig. 2).
Analysis of serpentinite clasts identified fragments composed of
serpentine, smectite and calcite. Others contain mostly quartz or
calcite with minor amounts of smectite. The clay matrix is
composed largely of smectite, quartz, with minor chlorite, calcite
and feldspar (mostly albite). Analyses of oriented preparations of
the clay matrix show the smectite lacks mixed-layered phases and
contains mostly divalent cations with 2-water layer hydration
states dominating (~0.146 nm 001 reflections) when air-dried un-
der laboratory conditions (Moore and Reynolds, 1997). The
complexation behaviour of the natural smectite in glycerol and
ethylene glycol is similar to that of trioctahedral Mg-saturated

http://coreviewer.earthscope.org/samples/safod_core_samples/
http://www.vsg3d.com/avizo/fire
http://www.vsg3d.com/avizo/fire
http://imagej.nih.gov/ij/


Fig. 2. X-ray diffraction patterns of the matrix and clast material of the G44 sample (randomly powdered preparation). Matrix ¼ black line, clast 1 ¼ red lines, clast 2 ¼ blue line.
Sme ¼ smectite, Srp ¼ serpentine, Chl ¼ chlorite, Qtz ¼ quartz, Cal ¼ calcite, Fsp ¼ feldspar. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
d-values (nm) of the 001 basal reflections of smectite based on various preparation
treatments. XRD patterns were calibrated using the quartz 0.4257 nm reflection.

Treatment Natural
smectite

Mg-saturated
smectite

Mg-saturated
saponitea

No solvation
(air dried)

0.147 0.145 e

Glycerol 0.181 0.178 0.181 (0.143)
Ethylene glycol 0.168 0.168 0.167

a Results from Suquet et al. (1975). Bracketed values are characteristic subsidiary
reflections.
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saponite, using the criteria described by Suquet et al. (1975), with
001 reflections at 0.181 nm and 0.168 nm, respectively (Table 1).

3.2. Rock mechanical test

That this fault rock sample has the physical properties expected
for creeping gouge was confirmed by laboratory experiments
where the samples were deformed under brine saturated condi-
tions and effective normal stresses of 10e100 MPa using a true
triaxial pressure vessel (Carpenter et al., 2012). The intact material
represents some of the weakest gouge yet recovered from SAFOD
core, with a friction coefficient (m) of 0.095, and friction does not
increase during quasi-stationary contact but remains constant
(Fig. 1c), consistent with previous data for samples recovered from
this zone (Carpenter et al., 2011, 2012). As pressure-solution creep
is not expected to be significant in such short-term laboratory ex-
periments because of the relatively slow rate of mineral dissolution,
it is evident that this mechanism is not the likely cause of creep in
this clay gouge.

3.3. FIBeSEM observations

Small, ~10 mm fragments selected from the core sample were
carefully prepared for “slice-and-view” study (e.g. Fig. 3a).
Following initial SEM investigation, three types of material were
identified and analysed in detail: i) The serpentinite clasts; ii) the
clay-coatings of the serpentinite clasts with slickenfibres along the
direction of movement (Fig. 3b); and iii) the soft clay matrix.

Quantitative analysis of the BSE imaged slices of intact serpen-
tinite (Fig. 4a) shows serpentine (~78%) with smectite (~22%). EDX
analysis of the serpentine yields an average composition of (Fe0.16
Mg2.7 Al0.14 Na0.05 Ca0.06)[Si2.03 O5j(OH)4], number of analyses ¼ 6,
indicating minor contamination by smectite (Fig. 4b). Due to the
pervasive distribution of the smectite alteration, it was not possible
to accurately determine its composition. 3D block diagram re-
constructions of BSE images and FeeMg elemental maps show
neither serpentine nor smectite exhibit any preferred orientation,
and therefore the clast material appears largely unstrained (Fig. 5).
The Mg-depleted saponite alteration appears as an alteration rim
around a remnant of a serpentine grain and is also scattered in
small concentrations throughout the grain itself.

Ion-milling of the clay coatings perpendicular to the slip direc-
tion and 3D reconstructions reveal a principal slip-surface and a
tight network of other smectite-coated shear fractures within
serpentine (Figs. 4c and 6a; movie 1, part a), equivalent to previ-
ously documented clay nanocoatings (Schleicher et al., 2010). In
addition to the <200 nm thick smectite coating of the upper sur-
face, similar alteration occurs aligned along parallel and dipping
fractures, which are most abundant in the first 4 mm beneath the
principal slip surface. The thickness of the clay coatings is typically
100e1000 nm, although finer veinlets occur below the resolution of



Fig. 3. a) Example of a polished fault surface (a principal plane of displacement) that was selected for “slice-and-view” study. The location of the cut section is shown, and was
positioned perpendicular to the slip direction as marked by fault lineations (fl). The upper surface of the milled section therefore corresponds to the fault plane. b) Nature of
smectite particles coating the smooth slip surfaces on serpentinite clasts imaged using secondary electrons. Note the strong alignment of partly fibrous and platy smectite particles.
sf ¼ slickenfibres.
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the BSE imaging. The geometry of fracture networks shows simi-
larities with microscopic observations of SAFOD gouge from the
Southwest Deforming Zone (Hadizadeh et al., 2012) (see Fig. 1b for
location), with the development of Riedel (R) and pressure (P)
shears forming at low angles (10e45�) to microscopic-scale prin-
ciple displacement surfaces (Fig. 6a). That some angles are >30�
Fig. 4. a) BSE image of ion-polishing slice into a serpentinite clast. b) EDX spectrum of a se
coated surface of a serpentinite clast showing Mg-smectite-filled shear fractures. d) EDX sp
matrix of the creep gouge showing folds of the clay fabric and the location of a shear pl
Srp ¼ Serpentine, Sme ¼ smectite.
may reflect some distortion of the specimen due to shrinkage ef-
fects of the smectite when placed in the microscope vacuum, as
suggested by the open cracks in the sample. We note that Y shears
lying parallel with the upper slip surface are also evident.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jsg.2014.10.006.
rpentinite (serpentine) grain. c) BSE image of ion-polishing slice into the striated, clay-
ectrum of Mg-smectite alteration coating the serpentine. e) BSE image of the clay-rich
ane (bottom right of image). f) EDX spectrum of the Mg-smectite in the clay matrix.

http://dx.doi.org/10.1016/j.jsg.2014.10.006


Fig. 5. 3D reconstructions of FIB slices of a serpentinite clast. a) BSE imaging of the
darker grey serpentine and lighter grey Mg-smectite. b) Combined Fe and Mg
elemental mapping of the same volume in a). Green ¼ Fe and red ¼Mg. Note the lower
concentration of Mg around the margins of the central serpentinite grain.
Srp ¼ serpentine, Sme ¼ smectite. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. 3D reconstructions of FIB slices of a serpentineesmectite band lying beneath a
striated fault surface. a) BSE image, b) EDX mapping of Mg (green) þ Fe (blue), c) EDX
mapping of Al, d) EDX mapping of Si. In all EDX plots, the darker more intense col-
ouration is of areas of greater elemental concentrations. P ¼ pressure (thrust) shear,
R ¼ Riedel shear, Y ¼ shear parallel to principal slip surface. The dotted white lines
mark phase boundaries. The observed open nature of the fractures is most likely an
artefact of some dehydration shrinking of the smectite in the vacuum of the micro-
scope. Srp ¼ serpentine, Sme ¼ Smectite. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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The 3D geometry of smectite layers is also defined by depleted
FeþMg and greater concentrations of Si and Al (Fig. 6bed: movie 1,
part b). EDX analyses (Fig. 4d) give a trioctahedral smectite (sapo-
nite) composition, with the following average structural formula
K0.02 Na0.08 Mg0.11 Ca0.11 (Mg2.70 Fe0.28 Ni0.02)[(Si3.57 Al0.32 Fe0.11)O10
j(OH)2], number of analyses ¼ 4 and assuming trivalent Fe. As Ca
cannot occupy either octahedral or tetrahedral sites in the clay
mineral structure, this element together with Mg, are the main
cations occupying the interlayer, in agreement with previously
determined Mg-rich smectite compositions (Schleicher et al.,
2006). However, we cannot rule out the possibility that minor
contamination of the smectite analyses by serpentine has occurred,
and thus the precise amount of Mg in the interlayer remains un-
certain. EDX compositions of the serpentine show minor amounts
of Al2O3 (~1%) and CaO (<0.2%) confirming that smectite alteration
also occurs within the serpentine at a sub-micrometre level.
Quantitative analysis of the BSE images and the distribution of el-
ements across the 3D volume show smectite to account for ~30% of
the ~10 mm deep slice. Ignoring the fracture porosity caused by
shrinkage due to water loss in the SEM, the maximum matrix
porosity is extremely low (<1%; movie 1, part c) in accordance with
published porosity and permeability measurements (Janssen et al.,
2010; Morrow et al., 2013). A key result of our microscopic analyses,



Fig. 8. Transmission-electron image of deformed Mg-smectite particles lying along
clay-coated shear fractures. Black arrows mark the position of slip planes along
interlayer surfaces recognized by lattice strain offsets.
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with important implications for the weak mechanical behaviour of
the fault zone is that all resolvable fracture surfaces are coated by
smectite.

“Slice-and-view” analysis of the soft clay matrix shows abun-
dant >80% Mg-smectite with <20% clasts of serpentinite, quartz
and Feechlorite (Fig. 4e). Local areas of the matrix also contain
fragments of pyrite and calcite. The clay matrix has a well-
developed fabric, which we relate to ductile deformation, with
small lens-shaped clasts oriented parallel to the fabric. The aspect
ratio of serpentinite clasts ranges between 1.27 and 6.2, and has an
average of 2.7 (number of analyses¼ 108). Many clasts have notably
smooth and rounded surfaces but lack evidence of internal defor-
mation. A scaly, anatomising foliation characterises the clay matrix
(Fig. 7), with folds and shear planes similar in appearance to pre-
viously described SeC fabric in these rocks (Fig. 8 in Bradbury et al.,
2011), and shear bands developed in ductile, experimentally
deformed clay-rich material (Fig. 7; Dehandschutter et al., 2004).
Alternatively, these shears could also present remnants of older P
and R shear sets that were reactivated during ductile flow of the
clay matrix.
3.4. TEM observations

TEM fringe imaging of the clay coated shear fractures (seen in
Fig. 3b) prepared as FIB lamella reveals abundant deformation
microstructures within the smectite packets (Fig. 8). Although the
resolution is not great enough to resolve individual tetrahedral and
octahedral sheets, the location of interlayers and particle surfaces
can be recognized based on contrast features. Lattice-parallel slip
along these planes offsets lattice areas with minor strain (Fig. 8),
and is commonly associated with layer terminations that are
inferred to form by migration of edge dislocations in areas of the
strained crystal lattice (Bell, 1986). Such microstructures are
described in smectitic clay gouges and deformed phyllosilicate
rocks in a variety of fault zones (Warr and Cox, 2001; Solum et al.,
2003; Schleicher et al., 2012; Viti et al., 2014).

Although the small clayemineral particle size offers more po-
tential for slip along hydrated particles surfaces, an important
property of smectite is that every single lattice layer, if hydrated,
can be a potential slip surface. TEM observations of the spacing of
parallel slip surfaces show planes 3e5 lattice layers (<8 nm) apart
Fig. 7. In-lens BSE electron image of the smectite-rich matrix of the G44 sample. The low
characteristic anatomosing fabric (S) cut by shear planes (solid lines). The shear planes inters
artefacts of the milling process.
in the 00l direction (Fig. 8a), indicating shear was accommodated
via pervasive slip. SAED patterns confirm the turbostatic nature of
the smectite patterns, with only diffuse ordering in the 00l
direction.

4. Discussion

4.1. Analytical approach

In this first FIBeSEM study of SAFOD Central Deforming Zone
clay gouge, we detail the microstructures and microchemical var-
iations that occur between clasts, clay-coated slip surfaces and
matrix clay. Due to the high degree of analytical difficulty in
studying smectite-richmaterials, which are particularly susceptible
to rapid electron beam damage, and due to the large investment of
time and expense involved in applying the “slice-and-view” tech-
nique, we have purposely focused on characterizing the heteroge-
neities of a specific sample of scientific interest. This strategy is
more valuable than spreading the same number of observations
over multiple sample sets that would lack the current tight sample
constraints. Still, we acknowledge the importance of extending our
detailed work to a larger sample suite. The interpretations made in
this study therefore apply strictly to the processes relevant to the
G4, section 4, core of the Central Deforming Zone. However, given
contrast grey of the smectite comprises over 80% of the gouge matrix and shows a
ect at angles <30� . Tight folds in the clay fabric are also evident (f). The vertical lines are



Fig. 9. Model for the three-stage development of fault weakening of the San Andreas
Fault at Parkfield. Stage 1: generation of brittle shear fractures, microseismicity and
infiltration of formation fluids. Stage 2: Fracture-controlled growth of smectite on
shear planes and the onset of creep motion. PSS ¼ principal slip surface, P ¼ pressure
(thrust) shear, R ¼ Riedel shear, Y ¼ shear parallel to principle slip surface. Stage 3:
Development of abundant (>80%) smectite matrix with slip accommodated by ductile
flow along the clay fabric with local shear bands and folding. Srp ¼ serpentine,
Sme ¼ Smectite, Qtz ¼ quartz, Chl ¼ chlorite.
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the particularly weak mechanical behaviour of this material in the
laboratory, we consider it also appropriate to use our findings to
develop a hypothesis for the controls of creep in the fault zone as a
whole. Furthermore, our sample comes from the well mapped
Central Deforming Zone gouge zone that generally exhibits similar
behaviour (Carpenter et al., 2012).

A number of features described in this clay gouge are previously
recognised in SAFOD core material at a variety of scales both inside
and adjacent to the creep zones (Bradbury et al., 2011; Holdsworth
et al., 2011). They include the tight networks of anastomosing clay
fabric (Bradbury et al., 2011; Holdsworth et al., 2011; Janssen et al.,
2012), with sets of R and P shears (Hadizadeh et al., 2012) or SeC
fabrics (Bradbury et al., 2011), the abundance of clay-coated polished
slip surfaces with slickenfibres (Schleicher et al., 2010) and lens-
shaped clasts oriented parallel to the clay fabric (Sill, 2010). How-
ever, with the improved control of the FIBeSEM method, the
development of clay-fabric and fault lubrication by smectite down to
the nanometre-scale of observation may be reconstructed because
the components of the gouge: namely the clasts, the slip surfaces and
the intervening clay matrix, can be characterized at this finer scale.
Based on our 3Dmicroscopic characterization of the G44 sample, it is
evident that the very low material strength results from a combi-
nation of smectite clay growth and clay fabric development.

A particularly important location for showing the transition
from brittle-deforming serpentine to ductile deforming clay is the
external, clay-coated fracture surfaces of cm-sized, flattened ser-
pentinite clasts (Figs. 3b, 4c and 6). Here, strong strain partitioning
between clast and matrix resulted in fracturing and fracture-
controlled, substrate clay growth reflecting the generation of clay
fabric during fluid-controlled alteration of the clast material.

4.2. Model of clay fabric evolution

Our observations are used to reconstruct a three-stage model of
clay fabric evolution for this weak gouge (Fig. 9), which is proposed
as an important underlying mechanism of weakening along the
central section of the San Andreas Fault. The initial stage (1) of
fault-gouge deformation involves seismogenic fracturing of ser-
pentinite bodies and associated shale lithologies that generates
fresh shear fracture networks as a prerequisite to the formation of
clay gouge (Fig. 9). The intact serpentinite appears to be only
weakly deformed and mechanically rigid due to the intact shape of
serpentine grains, despite notable amounts of alteration to Mg-
smectite (Figs. 4a and 5). This alteration (up to 22% by area) oc-
curs scattered around the serpentine and as disseminated alter-
ation within the grains that results in a close to random clay fabric.
The lack of a good interconnect clay fabric within the clasts is
considered to be the reason why these grains are significantly less
deformed than the surrounding clay matrix in the same way that
deformed random powders are mechanically stronger than equiv-
alent intact wafers with good phyllosilicate (clay) fabric (Collettini
et al., 2009; Ikari et al., 2011a).

In contrast, the flattened, polished sheared margins of clasts
show a well-developed set of shear fractures including R, P and Y
shears. The formation of Riedel shears in laboratory-deformed
serpentinite is a feature considered to occur during seismogenic
slip as opposed to the more distributed nature of aseismic defor-
mation fabrics (Reinen, 2000). The observations are in accordance
with documented evidence of past seismicity in the rocks sur-
rounding the Central Deforming Zone (Bradbury et al., 2011). Such
repeated fracturing could occur during periodic M6þ type earth-
quakes, whereby subsequent fracture reactivations may be gener-
ating the repeating micro-seismicity (<M3), consistent with micro-
earthquakes recorded along the Southwest Deforming Zone and
Northern Bounding Fault (Fig. 1b).



L.N. Warr et al. / Journal of Structural Geology 69 (2014) 234e244242
The generation of R, P and Y shears at the sub-micrometre scales
is an important requirement for allowing fluids, probably derived
from local formation waters, to penetratively infiltrate the low
permeability fault-gouge that drives subsequent dissolution and
precipitation reactions in ametasomatic exchange process (Lockner
et al., 2011; Moore and Rymer, 2012; Moore and Lockner, 2013). The
alteration of serpentine to Mg-smectite (saponite) is a process
favoured by alkaline hydrous fluids (Moore and Lockner, 2013),
whereby high pH conditions (>10), characteristic of groundwaters
associated with ultramafic bodies, are required for the dissolution
and transport of Al and Si required for smectite growth. The supply
of Al is critical in the formation of saponite that replaces Mg in the
octahedral sites and generates the tetrahedral charge deficient
characteristic of this trioctahedral smectite and the 3D structural
ordering of water molecules (Suquet et al., 1975) responsible for the
notably weak behaviour of this hydrated smectite phase.

In the second stage (2) of development, localized clay nano-
coatings on shear fractures surfaces lead to the onset of creep
motion with growth of both platy and fibrous smectite aligned in
the direction of slip (Fig. 9). This alignment is alone unlikely to
result from particle rotation and indicates substrate-controlled
growth of smectite that is synchronous with motion along these
surfaces (Fig. 3b). The occurrence of these coatings of smectitic
minerals on fracture surfaces supports the clay nanocoatingsmodel
of Schleicher et al. (2010). The characteristic polished and striated
fracture surfaces are not considered to result from dewatering and
volume loss as suggested by Holdsworth et al. (2011) where sam-
ples lack striated surfaces, but are clearly original deformation
microstructures characteristic of SAFOD fault gouge. Such fine
fabric elements in the gouge have not been detected by bulk
textural methods that measure the combined signals of both
fracture-related and pore-fillingmatrix clayminerals (Janssen et al.,
2012).

In the case of the shear fracture network developed at the
sheared clast margins, the principal planes of displacement and
their parallel Y-shears are likely to accommodate the main dis-
placements, whereby the R and P shears are less active as they
cannot accommodate significant displacements without further
fracturing of the clast material: a process that would lead to strain
hardening. That slip is focused along sets of sub-parallel shears is
supported by the abundance of fault striations and slickenfibres on
these planes (Fig. 3aeb). Also, TEM imaging of the oriented smec-
tite particles along these planes indicates that pervasive slip occurs
at the lattice scale along interlayers and associated particle surfaces
(Fig. 8). Hydrated smectites are expected to show similar lubrica-
tion behaviour as described for sheared graphite, whereby the
effective area of an embedded weak phase is significantly increased
by smearing along a narrow planar slip zone or an interconnected
network (Rutter et al., 2013). Extensive smearing along these sur-
faces within the clay-gouge is therefore suggested as the primary
mechanism of creep in the fault zone as long as sufficient inter-
connected clay-coated foliation is developed (Schleicher et al.,
2010). Based on these relationships, it may be predicted that fault
segments currently producingmicro-earthquakes could evolve into
aseismically creeping fault segments once clay fabrics become
adequately developed. We conclude that seismogenic shear frac-
turing with the generation of R, P and Y shears, fluid-infiltration
and subsequent deformation-controlled clay fabric development
are key requirements that promote aseismic creep, which are
mechanisms that operate in addition to pressure solution defor-
mation (Holdsworth et al., 2011; Gratier et al., 2011). A similar
mechanism of fracturing, clay neoformation, and clay fabric
development have been proposed for other types of fault-rock
settings, such as in Alpine reverse faulting of Opalinus Clay in the
Jura Mountains of Switzerland (Laurich et al., 2014).
A third stage (3) of fabric evolution is recognizable by continuing
dissolutioneprecipitation alteration of serpentinite, chlorite, quartz
and calcite clasts, which results in a massive smectitic matrix
(>80%: Figs. 4c, 7 and 9). Deformation of the matrix clay is more
likely to be strongly controlled by mechanical rotation of clay
particles rather than by substrate-controlled growth mechanism,
with the development of anastomosing slip surfaces, resulting in a
scaly, anastomosing fabric defined by sets of shears planes that
intersect at low angles (Fig. 7). Creep is presumably maintained by
ductile flow of the matrix with minimal fracturing of the remaining
clast material. Ductile deformation also results in localized folding
of the matrix and rotation of elongated clasts to lie parallel with the
foliation. The smooth and rounded edges of the clast material
probably reflect intense dissolution at the grain boundaries and
expansive alteration to smectite (Fig. 4c).

Another feature considered favourable for clay-controlled creep
is the type of cation present in the hydrated interlayer sites of
smectite. In Mg-smectite (such as saponite), the Mg cations derived
from dissolution of the serpentine together with Ca cations derived
from adjacent shale lithologies are primary cations occupying the
hydrated interlayer sites. Hydration phase diagrams and molecular
simulations by Monte Carlo modelling of smectite indicate the
predicted structure of hydrated Ca-bearing water layers at 2.7 km
crustal depth should be the 1 water-layer structure with a lattice
thickness of 1.18 nm (De Pablo et al., 2007). Based on the location of
slip planes observed at the crystal scale, it is confirmed that slip
occurs primarily along the Mg- and Ca-occupied hydrated in-
terlayers whereby displacements are spaced at 3e5 lattice layers
apart (Fig. 8). As current molecular models indicate that divalent
ions concentrate around a medium line, with the water molecules
protruding outwards toward the negatively charged interlayer
surfaces, slip can be easily accommodated by the breakage and
rebuilding of weak hydrogen bonds. In fact, only hydration of
divalent interlayer cations have so far yielded friction coefficients
equivalent to those measured for the creeping gouge, whereby the
type of interlayer cation and its hydration structure explain the
weak behaviour of smectite in laboratory shear experiments
(Behnsen and Faulkner, 2013; Ikari et al., 2007). We posit that in
addition to clay fabric, the state of cation hydration is a key
contributor to creep along the SAFOD segment at ~2.7 km depth
and the origin of fault weakness as measured under laboratory
conditions.

Whereas it is evident that the formation of smectite fabric plays
a prime role in the weakness of fault creep gouge samples at
~2.7 km vertical depth, much speculation exists concerning phase
transitions occur at greater crustal depths. Based on the occurrence
of talc in some exhumed fault sections of ultramafic rocks along the
San Andreas Fault, this weak Mg-phyllosilicate has been used to
explain creep at depths below the cored section (Moore and Rymer,
2012). In contrast, smectitic phases are argued to persist to signif-
icantly deep crustal depths (10e12 km) in the form of weak
chloriteesmectite phases that are similarly produced by reactions
between ultramafic and clastic sedimentary rocks (Schleicher et al.,
2012). Whatever the types of phyllosilicate mineral assemblages
present at greater depth, we conclude that similar mechanisms of
fault-rock fabric generation and smearing of weak phases along
interconnected principle slip surfaces and Y-shears are likely to
remain the important mechanism at depths beneath that cored in
the SAFOD project.

5. Conclusions

1. 3D nano-analytical reconstructions of the distribution of clay
minerals developed in some of the weakest SAFOD fault gouge,
sampled from the G4, section 4, core of the creeping section of
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the Central Deforming Zone at ~3298 m measured borehole
depth, reveal a variety of shear fabrics that directly reflect
changes in strength and seismic behaviour.

2. We posit that fault creep initiated in our samples by formation
of interconnected nano-coatings formed by fracture-controlled,
substrate growth of Mg-smectite on R, P and Y shear surfaces,
whereby slip could be accommodated by lubrication along
parallel sets of shears without extensive fracturing of clasts. The
notably weak behaviour of this smectite can be attributed to the
predominance of hydrated Mg- and Ca-interlayer cations and
the 3D structural ordering of water molecules caused by the
tetrahedral charge deficiency of this trioctahedral smectite
(saponite) formed by the octahedral substitution of Mg by Al. At
the atomic scale, pervasive slip occurs along closely-spaced
hydrated smectite surfaces with displacements spaced at 3e5
lattice layers apart.

3. Serpentinite clasts, although also altered to Mg-smectite, are
only weakly deformed but show signs of intense dissolution at
grain boundaries. Microscopic-scale grain rotations of the clasts
locally contribute to the clay matrix fabric.

4. The strength and seismic behaviour of the central section of the
San Andreas Fault in California is proposed to evolve as clay
fabrics developwith accumulated fault slip. A three-stagemodel
of clay fabric evolution is proposed for the G44 creep gouge that
highlights how this strand of the fault is controlled by the
development of interconnected clay fabric that now lubricates
fault motion.
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