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Abstract 

The presence of smectite (saponite) in fault gouge from the Central Deforming Zone of the San 
Andreas Fault at Parkfield, CA has been linked to low mechanical strength and aseismic slip. 
However, the precise relationship between clay mineral structure, fabric development, fault 
strength, and the stability of frictional sliding is not well understood. We address these questions 
through the integration of laboratory friction tests and FIB-SEM analysis of fault rock recovered from 
the San Andreas Fault Observatory at Depth (SAFOD) borehole. Intact fault rock was compared with 
experimentally sheared fault gouge and different proportions of either quartz clasts or SAFOD clasts 
extracted from the sample. Nano-textural measurements show the development of localized clay 
particle alignment along shear folia developed within synthetic gouges; such slip planes have 
multiples of random distribution (MRD) values of 3.0-4.9. The MRD values measured are higher than 
previous estimates (MRD 1.5) that show lower degrees of shear localization and clay alignment 
averaged over larger volumes. The intact fault rock exhibits less well-developed nano-clay fabrics 
than the experimentally sheared materials, and MRD values decrease with smectite content. We 
show that the abundance, strength, and shape of clasts all influence fabric evolution via strain 
localization: quartz clasts yield more strongly developed clay fabrics than serpentine-dominated 
SAFOD clasts. Our results suggest that: 1) both clay abundance and the development of nano-scale 
fabrics play a role in fault zone weakening and 2) aseismic creep is promoted by slip along clay shears 
with >20 wt% smectite content and MRD values ≥2.7. 

 

1. Introduction 

Within seismogenic fault zones, clay minerals play an important role in the 

development of fault rock fabric that can cause frictional weakening and influence slip 

behavior [e.g., Vrolijk and van der Pluijm, 1999; Warr and Cox, 2001; Schleicher et al., 2006; 

Collettini et al., 2009; Holdsworth et al., 2011; van der Pluijm, 2011; Haines et al., 2013, 

2014; Richard et al., 2014; Bradbury et al., 2015; Vrolijk et al., 2016]. Many experimental 

studies have shown that hydrous smectite-rich clays strongly influence the hydro-mechanical 

properties of fault gouge and weaken faults at shallow crustal levels [e.g., Summers and 

Byerlee, 1977; Lupini et al., 1981; Logan & Rauenzahn, 1987; Saffer & Marone, 2003; Moore 

and Lockner, 2004; Ikari et al., 2007, 2009; Carpenter et al., 2011, 2012; Behnsen and 

Faulkner, 2013]. Laboratory friction studies on core recovered from the Central Deforming 

Zone (CDZ) of the San Andreas Fault (SAF), which undergoes aseismic creep and small 
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earthquakes, have documented friction coefficients as low as µ = 0.09 [Carpenter et al.,  

2012] and µ = 0.11 [Coble et al., 2014] in gouge samples where saponite is abundant. These  

results are consistent with measurements of frictional strength for synthetic smectite  

powders, which exhibit µ ranging from 0.03 to 0.30, depending on the applied normal stress,  

the dominant cation in the clay mineral interlayers, and water saturation state [Saffer and  

Marone, 2003; Ikari et al., 2007; Behnsen and Faulkner, 2013]. It is generally accepted that  

the low friction of clay-bearing gouge is influenced by: 1) the abundance of weak clay  

phases, 2) the clay hydration state, and 3) the microstructural features of clay fabrics  

developed during deformation (e.g., Collettini et al., 2009).  

The influence of smectite hydration state on controlling fault weakness has been  

documented in laboratory experiments at room temperature in both, dry and water- 

saturated conditions [Morrow et al., 1992; Moore and Lockner, 2004; Ikari et al., 2007]. The  

inclusion of water adsorbed in the interlayer of smectite leads to a significant decrease in  

frictional strength, in particular by incorporation of the first water layer into the structure  

[e.g., Bird, 1984]. It is also well documented that the interlayer cation present in smectite,  

typically Na+, K+, Ca2+, and Mg2+, affects frictional behavior [Behnsen and Faulkner, 2013]. For  

instance, the valency to ionic radius ratio of Ca2+ or Mg2+  is more favorable than Na+ for  

producing stable outer sphere hydration complexes within interlayers and on particle  

surfaces, and Ca/Mg smectite particles are also on average thinner, leading to decreased  

frictional strength under a given set of environmental conditions [e.g., Morrow et al., 1992].  

The addition of brine containing bivalent cations (e.g., Ca2+ and Mg2+) to smectite-bearing  

fault gouge can therefore be expected to decrease its frictional strength [e.g., Morrow et al.,  

2000; Coble et al., 2014; French et al., 2015], by combined exchange (typically Ca2+ or Mg2+  

replacing Na+) and hydration. The greater stability of the hydrated smectite interlayer  
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occupied by bivalent cations has also led to the speculation that these types of hydrous clay  

minerals or mixed layers (e.g., chlorite-smectite) may extend to depths up to 8 km, similar to  

observations in sedimentary basins [e.g., Bird, 1984; Schleicher et al., 2012].  

In addition to smectite abundance and water content, the development of clay fabric  

and shear foliation can exert a strong influence on the mechanical strength of faults [e.g.,  

Collettini et al., 2009; Niemeijer et al., 2010]. For example, comparison between the  

frictional strength of intact fault rock (e.g., from the Zuccale fault, Italy) with powders of the  

same material reveals that the shear strength is lower when fault gouge is sheared along its  

natural foliation [e.g., Collettini et al., 2009; Ikari et al., 2011, 2015b; Tesei et al., 2012]. This  

observation highlights the role of shear fabric on fault gouge weakness when phyllosilicates  

are present. Other factors also considered to be important, but not well quantified, are the  

grain size distribution and particle morphology of clay minerals [e.g., Haines et al., 2009,  

2013, 2014; Collettini et al., 2009; Janssen et al., 2012; Hadizadeh et al., 2012].  

Qualitative and quantitative mineralogical investigations of core samples recovered  

from drilling into the creeping section of the SAF (Fig. 1a) as part of the San Andreas Fault  

Observatory at Depth (SAFOD) project [Hickman et al., 2007; Zoback et al., 2011] revealed 

locally abundant saponite, likely derived from alteration of ultramafic rock associated with 

the Franciscan Complex. Based on petrographical observations, Lockner et al. [2011] 

estimated 60-65 vol% (58-63 wt%) saponite content within fault gouge from the CDZ. Based 

on X-ray diffraction (XRD) data, Carpenter et al. [2012] reported that thin shear zones locally 

contain nearly pure saponite. Taken together, the correlation between localized saponite 

abundance, low friction, a lack of fault healing, and rate-strengthening friction suggests that 

the presence of clay is a likely underlying cause of absolute fault weakness and creep 

behavior in the CDZ to ca. 3 km depth [Carpenter et al., 2011, 2012]. 
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The purpose of this study is to investigate the role of clay minerals and clast content 

on shear fabric development and mechanical behavior of fault rocks. We report results of 

laboratory friction experiments (Fig. 2, Table 1) for both natural fault rock and synthetic fault 

gouge, and combine these results with micro- and nano-structural fabric analysis. We 

quantitatively investigated the degree of clay mineral alignment at the nm to µm scale using 

a new technique based on 3D FIB-SEM (Fig. 3). These combined analyses provide key insights 

into the strength and mechanical behavior of tectonic faults, and the friction constitutive 

properties of smectite-bearing fault gouge in general. 

2. Materials and Methods 

2.1. Sample material and characterization 

We used 250 g of core material from SAFOD Hole G, run 4, section 3 (G-R4-S3; 

referred to here as SAFOD G43 core material), obtained from the CDZ at 3297 m measured 

borehole depth (Figs. 1b, c; MD, corresponding to a true vertical depth of about 2.7 km) 

[Hickman et al., 2007; Zoback et al., 2011]. Frictional properties of this specimen were 

previously reported by Carpenter et al. [2012]. The sample lies ca. 1 m above the G44 sample 

investigated in detail by Warr et al. [2014], and shows similar macroscopically polished 

surfaces. 

We investigated the roles of clay and clast content using friction results and clay 

nano-structure for samples of intact and synthetic fault gouge (Table 1). The synthetic gouge 

was formed by pulverizing the fault rock and wet-sieving it to produce two size fractions, 

<63 µm (matrix clay) and >63 µm (SAFOD clasts). We used the <63 µm size range for the clay 

matrix because separation of the more commonly used <2 µm size fraction did not yield 
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sufficient material for the purpose of the study, and because the <63 µm fraction has 

essentially the same mineralogy as the <2 µm separate. 

Our samples of synthetic fault gouge were constructed by first freeze-drying the 

<63 µm size fraction and then mixing it with clasts in a prescribed wt% ratio (Table 1). Two 

types of clast material were used. The first consisted of SAFOD clasts obtained by separating 

the 120 - 500 µm size fraction from the separate described above. The second consisted of 

quartz sand with subangular grains (F110; U.S. Silica Company; average grain size of 127 µm), 

that was sieved to a grain size fraction of 120 - 500 µm (quartz clasts). Due to the limited 

amount of the SAFOD clast material, only one deformation experiment was carried out using 

this material, with a mixture of 70 wt% matrix clay/30 wt% SAFOD clasts. Experimental 

reproducibility was assessed via repeat tests under closely related conditions. 

For the other experiments, two clay/quartz clast mixtures with a ratio of 30 wt% 

matrix clay/70 wt% quartz clasts and 70 wt% matrix clay/30 wt% quartz clasts were 

prepared. These ratios were selected because previous experimental studies demonstrate 

that a relative abundance of ca. 70 wt% of a given phase represents an approximate 

threshold for controlling gouge frictional behavior [e.g. Lupini et al., 1981; Logan and 

Rauenzahn, 1987; Brown et al., 2003; Saffer and Marone, 2003; Marone and Saffer, 2007]. In 

addition to these mixtures, we tested end member compositions of 100 wt% matrix clay and 

100 wt% quartz clasts (Table 1). 

The SAFOD-derived materials, namely the whole rock G43 core, the matrix clay 

fraction, and the SAFOD clast fraction, were characterized with quantitative powder XRD 

(Fig. 4) and Rietveld refinement using the program BGMN [Bergmann et al., 1998]. The XRD 

patterns as randomly oriented powders were measured with the following conditions: Fe-
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filtered CoKα-radiation (Kα1 1.78892 Å and Kα2 1.79278 Å) generated at 40 kV and 30 mA, 

0.499 degrees fixed divergence slit, 8 mm antiscatter slit, 2.5 degrees primary and secondary 

soller collimator, and a scan speed of 1.5 degrees per minute using a 1D-detector in 

continuous mode. For the Rietveld refinement program BGMN the diffractometer was 

correctly parameterized and hence all instrument-induced effects are corrected 

automatically. After qualitative characterization and selection of the correct mineral models, 

all lattice parameters, as well as microstrain and crystallite size-induced peak broadening 

were calculated and refined for each mineral phase. 

2.2. Deformation experiments 

Friction experiments were conducted using a servo-controlled biaxial deformation 

apparatus equipped with a pressure vessel, in a jacketed double-direct shear (DDS) 

configuration (Fig. 2) [e.g., Ikari et al., 2009; Scuderi et al., 2013]. The double direct shear 

configuration consists of a three forcing block assembly, including a central forcing block and 

two side stationary blocks that “sandwich” two layers of gouge material, with a nominal 

frictional contact area of 5.64 cm × 5.55 cm. Gouge layers were prepared using leveling jigs 

to obtain a uniform initial (benchtop) layer thickness of 5 mm. The pressure vessel 

configuration allows independent application of pore fluid pressure to the experimental 

shear zone through each of two side blocks and the center block, and a confining pressure 

outside the jacket acting on the entire shearing block assembly (Fig. 2). Internal conduits 

within the forcing blocks provide fluid access to the gouge layers via sintered stainless steel 

porous frits. The frits are press-fit into the forcing blocks and used to homogenously 

distribute fluids to the gouge layer boundaries. Frits were machined with grooves using an 

electrical discharge machining (EDM) technique to avoid damaging the pore structure; 

grooves are 0.8 mm in height with 1-mm spacing and oriented perpendicular to the shear 
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direction, designed to ensure that shear occurs within the gouge layers and not at the layer 

boundaries. Confining pressure is applied using a hydrogenated, paraffinic white oil 

(XCELTHERM 600, Radco Industries), and maintained at a constant value throughout each 

test. A brine pore fluid was designed to match the major ion chemistry (in mg/l) (Na+ = 6360, 

Ca2+ = 2790, K+ = 193, and Cl- = 13,300) measured in the SAFOD borehole, considered as 

typical formation water from sedimentary rocks [Thordsen et al., 2010]. 

A fast acting servo-hydraulic system was used to control applied stresses and/or 

displacements. The applied normal stress was maintained constant via a load-feedback servo 

control loop. Shear stress was applied via a controlled shear displacement rate imposed at 

the fault boundaries using servo control. Forces were measured using load cells with an 

accuracy of ±0.01 kN. Displacements were measured via direct current displacement 

transducers (DCDT’s), with an accuracy of ±0.1 µm, and positioned at the ram nose. 

In each experiment, normal force was initially applied by operating the horizontal 

ram in a displacement-control mode, until a small load was applied (ca. 2 MPa), and then 

switched to load-control mode to reach the target value. Layer thickness under load was 

measured to accurately document layer thickness at the onset of shearing, and to compute 

shear strains during each test. The pressure vessel was then closed, filled with oil, and a 

confining pressure of 1 MPa applied. An up-stream pore fluid pressure (usually 0.5 MPa) was 

applied until flow through the gouge layers was established. The down-stream pore fluid line 

was then connected and left to equilibrate with the up-stream side (i.e. drained conditions). 

Normal stress, confining pressure, and pore fluid pressure were then raised to the target 

effective normal stress of 5 MPa across the layers. When the gouge layers reached a steady 

state of mechanical compaction, the vertical ram was driven down at a constant velocity, 

applying force on the central block and inducing shear within the gouge layers. The values of 
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shear stress and vertical displacements, reported in the following sections, were corrected 

for apparatus stiffness and elastic compression of the rubber jacket (Fig. 2). 

Each experiment began with a “run-in” at constant shear velocity of 10 µm/s for 7 -

 10 mm, in order to localize shear within the gouge layers, until steady state shear strength 

was achieved (Fig. 5). In order to investigate healing properties of gouge layers, after 10 -

 15 mm of displacement a series of slide-hold-slide tests (SHS) were performed, with hold 

times from 3 to 3000 s and a re-shear velocity of 10 µm/s for a displacement of 500 µm 

(Fig. 6). At the end of each experiment, the loads (Pp, Pc and σn, in this order) were removed, 

the pore pressure lines disconnected, and samples were removed from the pressure vessel. 

Careful attention was given during jacket removal to avoid damaging the gouge layers and to 

preserve the shear fabric formed during the experiment. For comparison with shear-induced 

microstructures, one experiment was conducted with 100 wt% matrix clay, in which the 

layers were subjected only to layer-normal compression, without shear. 

The coefficient of sliding friction (µ) was calculated as the ratio of shear stress (τ) to 

effective normal stress (σ'n) assuming zero cohesion, and after steady state shear strength 

had been reached (Fig. 5). During holds conducted as part of the SHS tests, shear stress 

typically decreases due to inelastic fault creep [Marone, 1998]. Resuming shear deformation 

leads to a peak strength followed by decay to a steady state. Frictional healing (Δµ) is 

defined as the difference between the value of steady-state friction (µ) before the hold and 

the peak strength (µs) upon re-shear [e.g., Carpenter et al., 2011]. The frictional healing rate 

(β) is given by a log-linear fit of frictional healing as a function of hold time 

(β = Δµ/Δlog10(th)). When necessary, the slide-hold-slide data are detrended to remove the 

effect of long-term strain hardening or weakening. 
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2.3. Focused Ion Beam - Secondary Electron Microscopy (FIB-SEM) 

After each experiment, specimens of material containing smooth slip surfaces were 

carefully separated from each set of experimental gouge layers. To avoid localized 

deformation caused by the grooves in the steel frits, material was taken from the center of 

the gouge layer. Material from the intact natural SAFOD core was selected using a similar 

approach (G-R4-S3). The specimens were mounted, with the slip surfaces facing upward, on 

sample holders using a conductive carbon paste and coated with palladium. Mounted 

samples were referenced to the foliation plane (xy plane) and macroscopic fault striation. 

SEM images were taken parallel to the shear direction, such that the orientation was the 

same for every sample, with the z-orientation normal to the shear surfaces and the x-

orientation marked by fault striation (Fig. 3a). 

A “slice-and-view” study was carried out following the approach of Warr et al. [2014] 

using a FIB-SEM equipped with a gallium ion beam. The ion beam is oriented 90° to the slip 

surface for constrained removal of material (Fig. 3b), which allows microstructural imaging of 

nano-scale clay coatings located on slip surfaces. Imaging was conducted for each slice at 

1.3 keV using a secondary electron (SE) and an energy selective backscattered electron 

detector (EsB). The voxel resolution varied from (37.2-55.8) nm x (37.2-55.8) nm x (35-

75) nm. To visualize 3D reconstructions the program "Avizo Fire version 8.1" was used. 

FIB slicing into the slip surfaces reveals the degree of clay particle orientation in thin 

clay coatings, within a ± 20 x 20 x 20 µm volume (Figs. 3c, d), whereby the upper surface 

represents a visibly polished and striated principal slip surface (PSS). Because the clays shrink 

slightly in the vacuum of the microscope, due to the loss of surface and interlayered water, 

the fabric can be easily recognized by the occurrence of slit-shaped pores elongated along 
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basal (00l) planes. These features, which are commonly observed between clay particles, are 

used to reconstruct the orientation of the smectite minerals by textural analysis (Fig. 3d). To 

compare textural results with previous X-ray textural and neutron diffraction studies [e.g., 

Solum et al., 2003; Haines et al., 2009, 2013; Wenk et al., 2010; Janssen et al., 2012], the 

degree of preferred orientation is expressed as multiples of random distribution (MRD). For 

displaying the MRD, the poles are plotted and then contoured using a mathematical 

distribution function to generate a density plot. A given MRD value represents the number of 

data points (expressed as percent) that fall within a 1% counting circle area, which is equal to 

1% of the total equal-area hemispheric projection. This means that the higher the MRD value 

the more data points fall within a narrow 1% area, implying a higher preferred orientation or 

fabric intensity. For example, an MRD value of 5 indicates 5% of the surface poles are 

present within 1% area of the hemispheric projection. 

3. Results 

Rietveld XRD quantification of the whole rock mineralogy showed a composition of 

ca. 63 wt% smectite (saponite), 21  wt% chlorite, 6 wt% serpentine (chrysotile), 4 wt% 

feldspar, 2.5 wt% quartz, 2.5 wt% calcite, and minor amounts of magnestite and pyrite 

(Table 2). These results are consistent with previous, but qualitative petrological estimates of 

clay mineral abundance [Lockner et al., 2011]. The mineralogy of the matrix clay (<63 µm 

fraction) is similar to that of the intact whole rock sample G43 and shows that the powder 

consists of 67 wt% smectite (saponite), 19 wt% chlorite, 7 wt% serpentine (chrysotile), and 

small quantities of feldspar, quartz, and calcite, which together constitute 7 wt% of this size 

fraction (Fig. 4). The SAFOD clast fraction has a distinctly different mineral composition, and 

contains 25 wt% quartz, 17 wt% calcite, 17 wt% chlorite, 16 wt% feldspar, 12 wt% 
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serpentine, 7 wt% smectite, and trace quantities of muscovite, magnetite, pyrite and 

possibly kaolinite (Table 2). 

3.1. Frictional behavior of intact and synthetic fault gouge 

Upon initial shearing, shear stress increased to a peak value for both the natural and 

synthetic fault gouges. This was followed by weakening and attainment of a quasi steady-

state residual strength (Fig. 5). In most of the experiments, modest strain-hardening was also 

observed following the attainment of residual strength, and is likely related to layer 

compaction and thinning [Carpenter et al., 2015]. 

Shearing of the intact G43 wafer under an effective normal stress of 7 MPa (inset in 

Fig. 5) yielded a value of µ = 0.177, reached after 2 mm of displacement [Carpenter et al., 

2012]. The shape of the stress-strain curve is similar to the nearby G44 sample having similar 

composition studied by Warr et al. [2014], which at 100 MPa produced a value of µ = 0.095. 

The friction of the 100 wt% matrix clay at 5 MPa is µ = 0.14 and shows a frictional behavior 

comparable to the natural intact wafer (G43). 

All of the clay-dominated samples (70 to 100 wt% matrix clay) exhibited similar 

stress-strain behavior, characterized by a sharp peak in strength within the first ca. 5 mm of 

displacement, followed by a decrease to residual values over the subsequent 2 - 3 mm 

(Fig. 5). The two matrix clay/clast mixtures (70 wt% matrix clay) yielded friction coefficients 

of µ = 0.23 (for quartz clasts) and µ = 0.20 (for SAFOD clasts). For both mixtures, long-term 

strain hardening leads to an increase in frictional strength to ca. µ = 0.26 by the end of each 

experiment. In contrast, the gouge with low clay content (30 wt% matrix clay) exhibited a 

maximum coefficient of friction of 0.47, followed by a steady gradual strain weakening 

(Fig. 5). The overall trend of decreased friction with increasing clay content is consistent with 
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a large body of previous work on clay gouges, as discussed later [e.g., Logan and Rauenzahn, 

1987; Saffer and Marone, 2003; Ikari et al., 2007; Tembe et al., 2010]. 

The results of the SHS tests, including the values of frictional healing (Δµ) and healing 

rate (β) further highlight the effects of composition - and specifically quartz content - in 

controlling frictional properties (Figs. 5 and 6). The sample containing 30 wt% matrix clay 

shows modest healing (β = 0.0005 to 0.0022), whereas those with 70 and 100 wt% matrix 

clay both show healing (Δµ) and healing rates (β) that are distinctly negative (β = -0.0032 to 

0.004 and β = -0.0054 to -0.0062, respectively) (Figs. 6b, c), consistent with previous work 

[e.g., Carpenter et al., 2012, 2015, 2016; Ikari et al., 2016]. The transition to negative healing 

rates appears to occur at ca. 30 wt% matrix clay, corresponding to a smectite abundance of 

20-25 wt% in the bulk sample. 

3.2. SEM microstructural observations 

Nano- to micrometer-scale clay fabrics in the intact G43 sample were similar to those 

previously described by visual and more qualitative methods in similar fault gouge from the 

CDZ, and which have been invoked as a mechanism to explain the weakness of the SAF at 

depth in the creeping zone [Schleicher et al., 2009; Holdsworth et al., 2011; Hadizadeh et al., 

2012; Bradbury et al, 2014; Warr et al., 2014]. Arrays of smooth, low-angle slip surfaces are 

anastomosing and characterized by platy and generally well-oriented clay mineral particles. 

The matrix between the slip surfaces contains irregularly oriented clay mineral particles and 

clast material that forms a wavy fabric (Fig. 7). 

Experimentally induced slip planes in the synthetic gouge exhibit similar 

microscopically smooth surfaces coated by oriented clay minerals. These coatings are 

typically thin (<1 – 30 µm), with fault striations in the form of slickensides (Fig. 7), and in 
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some cases manifested as nano-clay coatings that approach the thickness of single clay 

mineral particles. At a larger scale, macroscopic slip surfaces extend to centimeters in length, 

and represent connected micro- to macroscale slip surfaces. These structures are referred to 

as principal slip surfaces (PSS). The pure clay sample subjected to compaction without 

shearing (as a control experiment) formed sets of opposing anastomosing folia (compaction 

bands) lying at angles of 30 to 45 degrees to surfaces that formed perpendicular to the 

normal stress axis. The particles in the clay matrix between these planes of strong particle 

alignment show a weak preferred orientation developed by layer flattening (Figs. 8a, b). 

The nature of the shear fabric surfaces coated by clay particles shows a clear 

relationship to the clay/clast ratio (Fig. 8). The clay fabric changes with increasing clast 

content from more homogenously distributed to more localized shear planes. For the 

sheared pure clay sample, distinct shear parallel surfaces are well developed together with 

similar low angle slip planes, which may represent Riedel shears (Fig. 8c). Continuous 

surfaces formed by the orientation of clay particles in the matrix define a stair-stepped S-

shaped fabric (Fig. 8d). 

The sample containing 30 wt% SAFOD clasts developed well-defined slip surfaces 

parallel to PSS as well as stepped S-shaped surfaces formed by oriented clay particles in the 

intervening matrix (Figs. 8e, f). The development of clay foliations around the more 

abundant clasts is apparent in this sample, showing that clasts strongly influence the shape 

of clay-dominated slip surfaces. Similar features were observed in the 30 wt% quartz clast 

sample, in which closely spaced slip surfaces are observed parallel to the PSS (Fig. 8g). 

However, the difference between these two clast types is the typically smooth curved 

surfaces and elongated shapes of the SAFOD clasts, compared to the subangular quartz 

clasts of a more regular shape. The 30 wt% matrix clay/70 wt% quartz clast sample, which 

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to Geochemistry, Geophysics, Geosystems 

Wojatschke et al.,   Clay fabric and friction  p. 15 

has the lowest clay/clast ratio, produced numerous sets of closely spaced slip (Y) planes 

parallel to the PSS, and the matrix in between these surfaces is characterized by thin clay 

seams that flow around the quartz grains to form an irregular anastomosing network 

(Fig. 8k). In both of the quartz-bearing samples low-angle slip surfaces are not well 

developed. These results imply that the clay/clast ratio has a strong influence on the type of 

resulting slip surfaces and clay fabric. 

3.3. Fabric intensity measurement 

The clay nano-fabric intensity revealed by FIB-SEM textural analysis documents a 

range of states developed along the slip planes for the natural whole rock specimen and the 

different clay-clast samples. The fabric of the intact fault rock wafer, G43, produced the 

weakest intensity distribution of all samples measured, with an MRD value of 2.7. This is 

consistent with its irregular macroscopic appearance (Fig. 7a). The dip of this slightly 

undulose fabric is at an angle of ca. 35° to the PSS (Fig. 9a). As this sample was not sheared in 

the laboratory, and exact shear direction is not known, the orientation of the clay particles 

observed in the pole figure cannot be related to the stress axes. However, it can be related 

to macroscopic fabric elements like fault striation, which show macroscopically different 

orientations suggesting multiple stress axis and deformation history or local shear directions 

(Fig. 7a). 

The compacted (unsheared) pure clay samples yield an MRD value of 3.2, with a 

maximum in the pole figure almost parallel to the applied normal stress axis (Fig. 9b). This 

fabric shows some undulation with particles oriented around an axis along the y-direction. 

The sheared pure clay sample yields a similar MRD value of 3.0 with a low angle fabric 

intensity maxima (ca. 7°) that also shows weak undulations around the axis along the y-
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direction (Fig. 9c). The sample with 70 wt% matrix clay/30 wt% SAFOD clasts produced a 

stronger fabric with an MRD value of 3.7 and a dip of the pole maxima of 7° to the PSS 

(Fig. 9d). The well-developed clay fabric that is close to planar occurs in the gouge with well-

flattened and elongated SAFOD grains. The fabric is notably stronger than the comparable 

quartz clast sample of 70 wt% matrix clay/30 wt% quartz, which has a lower MRD value of 

3.1 (Fig. 9e). The low angle fabric developed within the 30 wt% quartz sample shows more 

oriented particles around the axis of the x-direction than that of the y-direction. The best 

developed fabric of all shear gouge experiments was recorded in the 30 wt% matrix 

clay/70 wt% quartz clast sample, which revealed the highest MRD value of 4.9 despite having 

the smallest strain. However this sample also exhibits the highest degree of rotation (ca. 45°) 

of the pole maxima from the macroscopic PSS as well as a narrow fabric intensity 

distribution. 

The observed differences in MRD are significant and point to the critical role of clast 

geometry in facilitating fabric development by forcing shear zones to localize around them. 

We note that fabric intensity is also affected by net shear strain, which differs between our 

samples (Table 1). However, we observe the highest MRD values for the sample with the 

lowest shear strain and clay content (30 wt% matrix clay/70 wt% quartz clasts), and thus we 

would expect even larger differences at the same strain values. 

4. Discussion 

4.1. Frictional behavior of intact and synthetic SAFOD fault gouge 

The mechanical behavior of the synthetic, clay-dominated fault gouge differs from 

the intact fault rock and the clast-dominated samples (30 wt% matrix clay/70 wt% quartz 

clasts; cf. Fig. 5). During initial shearing of clay-dominated samples, the peak stress and 
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subsequent frictional strain weakening reflect shear-enhanced compaction and alignment of 

platy particles as described by Saffer et al. [2001] at room humidity conditions and Moore 

and Lockner [2004] for water-saturation. Hence, shear-enhanced compaction and particle 

alignment strongly influence the initial frictional behavior [e.g., Haines et al., 2013]. 

At higher shear strains, gradual strain hardening was observed in all clay-dominated 

samples, and may result from shear-enhanced compaction, layer densification, or geometric 

effects of the sample assembly. For the intact fault rock, much less shear strain is needed to 

attain steady state sliding, and minimal strain hardening occurs, indicating the strong 

influence of the pre-existing natural fabric, regarding reactivation of previously developed 

slip surfaces. 

Our data show a systematic relationship between friction and clay content, consistent 

with previous studies (Fig. 10) [e.g., Saffer & Marone, 2003; Kopf & Brown, 2004; Ikari et al., 

2007, 2015a]. For our data, we see that the strain required to reach initial peak strength 

increases with increasing clast content (cf. Fig. 5). This observation agrees with 

experimentally determined mixing laws of Logan and Rauenzahn [1987] who showed a non-

linear behavior for quartz-montmorillonite mixtures, as did Tembe et al. [2010] who 

followed the three-regime model of Lupini et al. [1981] using sand-bentonite mixtures. 

Logan and Rauenzahn [1987] concluded from their results that 70-75% by volume (ca. 68-

73 wt%) of the starting-/end-member material controls the frictional behavior and within the 

25-70% mixing range by volume (ca. 23-68 wt%) the behavior is linear. 

Based on the varying coefficient of friction of our clay-clast mixtures of intact and 

synthetic fault gouges, together with the published results from similar smectite-quartz 

experiments (Fig. 10), it is evident that significant weakening of clay-rich gouge, like that at 
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SAFOD, occurs between ca. 20 wt% and 50 wt% saponite. A saponite content of ca. 20 wt% 

or lower appears to have no major effect on gouge frictional properties, even if the clay 

fabric is well developed. In contrast, the clay-rich samples containing abundant saponite 

(wt% of ca. 60-70%) clearly represent the weakest materials, showing the lowest frictional 

strength (µ < 0.2) and zero or negative values of frictional healing. This is particularly evident 

in the end member clay-sized (<63 µm) fraction, which has a similar saponite content as the 

natural intact gouge sample [Carpenter et al., 2012], and a comparable friction coefficient, 

supporting the idea that smectite abundance plays a major role in determining the friction 

properties of the gouge [e.g., Brown et al., 2003; Saffer & Marone, 2003; Ikari et al., 2007, 

2009]. 

However, some differences in the mechanical behavior of intact fault rock (e.g., 

higher coefficient of friction) and synthetic fault gouge are observed, and may result from 

differences in grain size distribution as well as the presence of clasts. In the intact fault rock, 

larger clasts are present as well as a broader grain size distribution relative to the synthetic 

gouge samples. The type of clast material also may exert a small influence on the frictional 

behavior. In our experiments we can see a difference of 0.03 in the coefficient of friction 

between our two clast materials. Addition of 30 wt% of quartz clasts to the powder results in 

a friction coefficient to µ = 0.23. In contrast, addition of the original SAFOD clasts, which 

contain complex mineral mixtures including ca. 40wt% phyllosilicate content, yields a friction 

coefficients of µ=0.20. In these mixtures, the clay matrix is the major factor controlling the 

evolution of friction, as the fabric is formed with ongoing shear as indicated by similar 

coefficients of friction and stress-strain curves. The clast abundance appears to affect friction 

only in the early stages of deformation, which corresponds to initial development of the 

shear fabric. 
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4.2. SEM microstructure observations 

Initial compaction of the synthetic gouge prior to shearing is expected to produce a 

weak preferred orientation by the rotation of platy shaped clay mineral particles to lie 

perpendicular to the normal stress. However, based on our microstructural observations, 

such preferred oriented fabrics are notably heterogeneously distributed and hard to 

distinguish (Fig. 8a). More commonly the clay particles still show a more random 

distribution, especially in areas in between the oriented clay particle surface sets (Fig. 8b). 

The smooth surfaces bearing striations or slickensides in all sheared samples 

represent slip planes that are common in both natural and synthetic fault gouge (Fig. 7). 

Three main microfabric features are observed, both macroscopically and microscopically (cf. 

Fig. 8): (1) layer parallel Y-shears, (2) P-shears (or S-foliation) between Y-shears, and (3) less 

abundant Riedel shears (R) that have previously been described in sheared clay gouges 

[Holdsworth et al., 2011, Janssen et al., 2012, Hadizadeh et al., 2012; Haines et al., 2013, 

2014]. R-shears typically develop during the shear of clay-rich material under room 

temperature and room humidity conditions [e.g., Riedel, 1929; Logan and Rauenzahn, 1987]. 

In the present study using water-saturated conditions, R-shears appear to be less dominant 

than under dry conditions; the main displacement occurs along Y-surfaces (Fig. 8), similar to 

those described by Logan and Rauenzahn [1987]. 

Under the experimental conditions used in this study, all synthetic fault gouge 

samples appear to favor flat-laying R- to Y-shears. These orientations can better 

accommodate stable slip, either together with S-shaped fabrics defined by the alignment of 

clay mineral particles in between the Y-shears or with a more anastomosing fabric (Fig. 8). 
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The fact that the main slip is accommodated along Y-shear surfaces contrasts with the dry 

shear deformation of clay highlighted by Haines et al. [2013]. 

All of the slip surfaces observed in this study are characterized by the alignment of 

platy grains parallel to the shear surfaces, consistent with previous work [Logan and 

Rauenzahn, 1987; Moore and Lockner, 2004; Schleicher et al., 2006]. In our samples, shear 

fabric surfaces developed as boundary parallel shear surfaces (Y) or as minor R-shears. As 

dissolution and growth of smectite is unlikely to occur under the pressure - temperature 

conditions or within the time period of our experiments, the alignment can be attributed to 

the physical rotation of platelets to lie parallel to the direction of slip. Additional alignment 

of clay minerals occurs along the S-shaped surfaces, where rotation and sliding is evident. 

Our SEM observations show that most of the SAFOD clasts have smooth surfaces. 

Although the smooth surfaces may allow clay minerals to redistribute around the clasts and 

lead to the formation of slip-related fabrics that contribute to weak frictional behavior, the 

more important difference between the SAFOD clasts and quartz clasts of equivalent grain 

sizes is likely the hardness of the minerals. The weak nature of serpentine and chlorite have 

been well documented in the literature, and can be classified themselves as weak minerals 

with low resistance to shear [Reinen, 2000; Carpenter et al., 2009]. 

Taken together, the microstructural fabric we observed reflects the effects of strain-

localization and clay mineral-orientation caused by the presence of more competent clasts 

and the plastic behavior of water-saturated smectite-rich clay, which can cause the material 

to transition from a brittle regime to one characterized by pressure-independent strength 

[e.g., Saffer & Marone, 2003; Carpenter et al., 2012]. We see no evidence for comminution 
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or bulk grain size reduction, as reported in previous studies of granular fault gouge sheared 

under similar conditions [e.g., Tesei et al., 2012; Haines et al., 2013]. 

4.3. Nano-textural analyses using FIB-SEM 

In contrast to previous methods used to determine the texture of fault fabric (i.e. X-

ray textural goniometry or X-ray synchrotron), which average measurements over the mm to 

cm-scale, 3D FIB-SEM analysis allows us to reconstruct the microstructure of nano-scale clay 

coatings and quantify their possible role in fault weakness at a smaller scale. The FIB-SEM 

results reveal a well-developed nano-scale clay fabric along natural slip surfaces both in the 

intact and synthetic gouge sample. For the natural intact fault rock, that was not deformed 

in the laboratory, this clay fabric has an MRD value of 2.7, which reflects the localized 

orientation of clay mineral particles along shear planes, consistent with previous works [e.g., 

Schleicher et al., 2010; Holdsworth et al., 2011; Warr et al. 2014]. This is in contrast to the 

coarser and poorly oriented matrix fabrics described in general from SAFOD fault gouge 

using X-ray texture analysis and synchrotron diffraction, with typical MRD values of <1.5, 

which were averaged over larger volumes (mm³ to cm³) that included both localized shear 

planes and intervening matrix [e.g., Janssen et al., 2012]. 

Overall, our nano-textural analysis of the clay-shears reveals a similar range of MRD 

values (2.7 to 4.9; Fig. 9) for both the natural intact core and experimentally deformed gouge 

material. These values are also similar to the MRD values (1.7 to 4.5) measured by X-ray 

textural goniometry on dry experimental gouges of varying smectite content [Haines et al. 

2009]. However, the sheared smectite-rich samples (≥50%) of Haines et al. [2009] did 

produce a narrower range of MRD values (1.7 to 2.5) at low normal stress (20 MPa), and a 

weak fabric intensity for compacted smectite (1.7) at 10 MPa. In addition to the mentioned 
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differences in fabric intensities measured by XTG and FIB-SEM techniques that are scale-

dependent, the better-developed clay fabrics measured in our experiments may partly 

reflect the presence of water during shear, which would facilitate sliding of clay particles and 

slip-rotation of the clay minerals along shear surfaces. 

There are a number of similarities in appearance between the oriented nano-clay 

fabrics of our natural undeformed sample and the laboratory deformed synthetic gouge 

samples, but there are also notable differences that probably reflect transient states of 

deformation. First, the slip-related fabrics of the natural specimen are less well-developed 

(MRD value of 2.7) than those of synthetic samples (3.0 to 4.9 range; Fig. 9). This may reflect 

a more complex and prolonged deformation history experienced by the natural sample 

compared to the limited, more focused shear strains incurred in experiments, although we 

cannot rule out the role of heterogeneity in the natural fault rock. Whereas prolonged 

deformation is much more likely to reach a steady state, there is more opportunity for 

further slip-associated folding, fluid-rock reaction and recrystallization processes, or 

subsequent relaxation that may reduce fabric intensity [Janssen et al., 2012]. For example, 

the neocrystallization of smectite under natural conditions is likely to influence fabric 

evolution, either as oriented, substrate-controlled growth along slip surfaces [Schleicher et 

al., 2006] or as more irregular growth of clay minerals in the gouge matrix [Janssen et al., 

2012; Moore, 2014]. The occurrence of oriented clay mineral fibers on slip surfaces in a 

similar natural gouge specimen as that studied by Warr et al. [2014] was not observed in any 

of the deformation experiments reported here, indicating that the role of syn-slip dissolution 

and mineral growth may lead to differences in fabric development for natural and synthetic 

gouges. Due to the very low dissolution and crystallization rates of smectites at low 
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temperatures, to our knowledge no experiments have yet successfully reproduced these 

reactions in laboratory shear experiments. 

It is notable that the sample with the highest MRD (4.9) and therefore the highest 

degree of preferred orientation of clay particles is the sample with the lowest clay content. 

Furthermore, this sample is the only synthetic mixture with a high angle (about 45 degrees) 

between the pole maxima and the PSS, and is similar to the intact fault rock. All other 

samples show a lower angle between fabric (5 to 10 degrees) and the PSS. This may relate to 

the low clay content (30%), where more strain is accommodated in less volume of clay than 

in other experiments containing >70% clay minerals. The low amount of clay leads to the 

development of very thin layers around the clast material and the formation of fabric 

enhancement where deformation is concentrated. The higher angle of the shear fabric to the 

PSS as well as the higher MRD of the quartz-rich gouge therefore results from strong strain 

partitioning and focusing of shear in clay bands that become more evident at the nm-µm 

scale of observation. 

The weak undulations of oriented clay particles observed in many of the synthetically 

sheared gouges (Figs. 9b, c, d, f) are consistent with the rotation of the particles during 

shear. An influence from the grooves of the shear apparatus, however, cannot completely be 

excluded, but the effects of the grooves were minimized by sampling from the center of the 

gouge layer, typically lying between areas of flat-lying PSS planes. 

Another likely cause of weak undulation and intensification of clay fabric measured 

along the polished slip planes is the shape and location of nearby clasts. Due to the 

similarities in shape and strength, less strain partitioning is expected between the smectite 

matrix and mixed-mineralogy SAFOD clasts than in the case of quartz clasts. Such effects are 
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evident in the fabric intensity pole figures whereby the gouge sample containing 30% SAFOD 

clasts produced a close to flat-lying, well-developed planar fabric (MRD of 3.7) located 

between the smooth surfaces of the oriented and elongated grains comprised commonly of 

other phyllosilicate minerals (ca. 40%). In contrast, the gouge with 30% quartz grains 

produced a weaker fabric with a wider orientation range (MRD of 3.1) and an undulation axis 

slightly oblique to the y-axis, with clay particles presumably oriented around nearby 

subangular grains. The highest degree of clay mineral alignment in the slip-related fabrics as 

well as the abundance of boundary parallel shear (Y) surfaces developed in the 70 wt% 

quartz clasts gouge (Fig. 9f), is also attributable to the strongest degree of strain partitioning 

between the competent clasts and weak matrix. 

5. Conclusions 

The comparison of SAFOD natural fault gouge from the CDZ of the San Andreas Fault 

with synthetic and remolded gouge samples was used to investigate the roles of mineral 

composition, clay content, and clast content on influencing the development of gouge 

microstructure, fabric development, and mechanical behavior. Shear experiments conducted 

at an effective normal stress of 5 MPa under brine-saturated drained conditions reveal 

significant weakening of smectite-bearing gouges with a saponite content between ca. 20 

and 50 wt%. The weakest gouge samples have >60 wt% saponite, friction values of µ < 0.2, 

and show a mechanical behavior consistent with fault creep. Our results support previous 

findings related to the role of clay minerals in lowering the coefficient of sliding friction and 

further document the role of clay/clast ratio and clast type for frictional weakness. 

Nano-textural analyses on slip-related fabrics based on the 3D FIB-SEM technique 

reveal the orientation of clay minerals along displacement planes. Our results, that explore 
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fabrics at higher spatial resolution, show significantly higher degrees of clay mineral 

alignment than previous works based on X-ray textural or synchrotron studies, which 

average over larger volumes. We find that the degree of preferred orientation, at the nm -

 µm scale, is strongly influenced by the abundance of clasts, which induce strain localization 

along well-defined slip planes around the harder clasts that mechanically "smear" out the 

soft, hydrated smectite clay minerals along the displacement surfaces. With increasing clay 

content and fewer clasts, the development of shear planes is less evident and at this scale of 

observation, strain becomes more homogenously distributed in the matrix. As a result, slip-

related clay fabrics become less evident. The constrained rock deformation and 3D nano-

textural FIB-SEM based study presented here highlights the importance (1) of clay 

abundance controlling the coefficient of friction and (2) clay fabric history in influencing slip 

behavior along mature, plate boundary faults. 
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Table 1: List of experiments. All experiments were run with SAFOD brine (composition specified in 
the text). 

Experiment # Material Clay/Clasts 
(wt%) 

σn (MPa) Sliding velocity 
(µm/s) 

Sequence of Hold 
Times (s) 

p4261 Clay matrix 100/0 5 10 3, 10, 30, 100, 300, 
1000, 3000 

p4262 Clay matrix, 
SAFOD clasts 70/30 5 10 3, 10, 30, 100, 300, 

1000, 3000 

p4276 Clay matrix 100/0 5 -  

p4277 Clay matrix, 
Quartz clasts 70/30 5 10 3, 10, 30, 100, 300, 

1000, 3000 

p4278 Clay matrix, 
Quartz clasts 30/70 5 10 3, 10, 30, 100, 300, 

1000, 3000 

p3012 Intact core 
(G43A) - 7 10 3, 30, 300 

 

Table 2: Summary of quantitative XRD results for the SAFOD materials. Results may not equal 100% 
due to rounding. Mineral abbreviations after Whitney and Evans [2010]. 

 Qtz Fsp Cal Srp Sme Chl 
(& Kln) 

Ms Mag Py 

G43 core material 2.5 4 2.5 6 63 21 0.4 0.3 

matrix clay (<63 µm) 1 5.5 0.5 7 67 19   

SAFOD clasts (120-
500 µm) 

25 16 17 12 7 17 
(<<5) 

3 1.4 0.6 
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Figure 1: (a) Location map of California showing the trace of the San Andreas Fault and the position of the 
SAFOD project (star) at Parkfield. (b) A cross section of the SAFOD borehole. (c) Expanded view of the grey box 
in (b) showing the detailed sample location within the fault zone (star). SDZ - Southwestern Deforming Zone, 
CDZ - Central Deforming Zone, NBF - Northern Bounding Fault, PP - Pacific Plate, NAP - North America Plate (all 
figures modified after Zoback et al., 2011). 

 

Figure 2: Sketches of the true-triaxial testing machine and double direct shear configuration used for the 
experiments [after Carpenter et al., 2011]. 

 

Figure 3: Micrographs and diagrams to illustrate the sample geometry for the 3D FIB-SEM studies. (a) Example 
of a polished sample surface and a representative cutting orientation for each sample (PSS - principal slip 
surface; arrow - direction of striation). The only exception is the compacted 100 % clay sample where no shear 
strain was applied and the sample was oriented with σ1 (normal stress) along the z-axis. (b) Schematic cross 
beam configuration in the scanning electron microscope [based on Holzer et al., 2004]. The u-shaped cutis 
made using the ion beam. The front and sides must be free for the imaging procedure to avoid shading effects 
related to “captured” electrons. (c-d) Example of a 3D reconstruction using the SEM images acquired using the 
FIB-SEM technique. (c) 3D volume of the electron images where clasts are visible as compact areas of different 
grey scale and pore space (opened due to shrinking of clay particles) is indicated by shades of dark grey to 
black. (d) Extracted pore space for further orientation analysis. 

 

Figure 4: XRD pattern for matrix material from sample G43. Three curves are shown. Medium grey curve is the 
measured data. Note that it follows closely the black curve, which is calculated using the Rietveld program 
BGMN. Light grey line, near bottom, shows the residual difference between the measured and refined curve 
(Rwp = 3.61%, Rexp = 1.43%). Rwp - weighted residual sum of squares (value to evaluate fitting quality), Rexp -
 possible minimum value of Rwp. Note the high amount of smectite and chlorite. Cal - calcite, Chl - chlorite, 
Fsp - feldspar, Sme - smectite, Srp - serpentine, Qtz - quartz.  

 

Figure 5: Representative data for four complete experiments conducted under effective normal stress of 5MPa. 
Inset shows data from a G43 intact fault rock experiment by Carpenter et al. [2012] under an effective normal 
stress of 7 MPa. 

 

Figure 6: Results of slide-hold-slide (SHS) tests (also plotted intact fault rock data of Carpenter et al. [2012]). (a) 
Data for one complete experiment. Inset shows schematic details of one SHS test (note that the x-axis for the 
inset is time). Stress drops during the hold period due to creep relaxation. (b) Frictional healing Δµ is measured 
as the change in peak friction relative to the initial friction prior to the hold period (cf. inset in a). Fitted lines 
show the rate of frictional healing (β) defined by log-linear regression curves for each series. (c) Rate of 
frictional healing (β) for each experimental mixture. Note that some values are negative. 

 

Figure 7: (a-b) SEM images showing natural core material. (a) Polished surfaces with striations that represent 
slickensides. Note that these occur in several different orientations (indicated by dashed lines). Small rectangle 
shows the position of the close up view in (b) along a "tearoff" edge. Notice wavy surface shape formed by 
many clay particles as they bend in many directions. (c-d) Oriented clay-fabrics developed on smooth slip 
surfaces within the experimental gouge. The curled up edges are features typical of swelling smectite particles. 
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Figure 8: (a-l) Secondary electron images at different magnifications illustrating microstructural development 
with increasing clast content. Images e-h display the same clast content, but different clast material. Small 
white arrows refer to surfaces (Y-shears) parallel to principal slip surfaces (PSS); surfaces with an angle to PSS 
are partly highlighted with broken lines (P- or S- shears); R - indicates possible R1 Riedel shear surface. 

 

Figure 9: Pole figures displaying MRD values for (a) SAFOD G43 intact fault rock and (b-f) the experimental 
sample set; contour interval is 0.3 MRD. Clay dominated samples show a maximum that is ca. 5 to 10 degrees 
from normal to the gouge layer. The 70 wt% quartz clast dominated sample shows a rotation of intensity 
maxima of about 45 degrees from the z-axis, and a strong increase in intensity. 

 

Figure 10: Coefficient of residual sliding friction as a function of clay content. Data for intact fault rock are taken 
from Carpenter et al. [2012]. Large numbers are MRD values determined in the present investigation. The wt% 
smectite axis (top) is only applied to the experimental samples of the present study and does not refer to 
previously published data. Data from previous works are shown for reference (colorless symbols; light grey 
area). For comparison of our data with results from Logan and Rauenzahn [1987] and Brown et al. [2003] 
(reported in vol%), we converted to wt%, assuming mineral densities for quartz of ρ = 2.65 and smectite of 
ρ = 2.4 [Kaufhold et al., 2013]. For conversion of the experimental data by Brown et al. [2003], to minimize 
errors the estimated mineral density for smectite of ρ = 2.1 was used, as these authors already converted their 
data from wt% to vol% using this mineral density. Experimental conditions: Lupini et al. [1981] at effective 
normal stress <1 MPa, hydrated with unknown saturation state, wt% clay reported as <2 µm fraction; Logan 
and Rauenzahn [1987] at 50 MPa confining pressure, saturated; Brown et al. [2003] at effective normal stress 
of <2 MPa, drained; Kopf and Brown [2003] at effective normal stress of <2 MPa, saturated; Saffer and Marone 
[2003] at effective normal stress of 25 MPa and room humidity; Ikari et al. [2007] at 5 MPa normal stress, 100% 
RH; Tembe et al. [2010] at 40 MPa effective normal stress (41 MPa confining pressure), saturated. 
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