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1 INTRODUCTION

SUMMARY

Along the central segment of the San Andreas Fault (SAF) near Parkfield, California, dis-
placement occurs by a combination of aseismic creep and micro-earthquake slip. To constrain
the strength and parametrize a constitutive relation for the creeping behaviour of the cen-
tral segment of the SAF, we conducted friction experiments on clay-rich gouge retrieved by
coring the Central Deforming Zone (CDZ) of the SAF at 2.7 km vertical depth. The gouge
was flaked rather than powdered to preserve the natural scaly microfabric, and formed into
2-mm-thick layers that were sheared using a triaxial deformation apparatus. Experiments were
conducted at in situ effective normal stress (100 MPa), pore pressure (25 MPa) and temper-
ature (80—120 °C) conditions using brine pore fluid with the ionic composition of the in situ
formation fluid. Velocity-stepping (0.006—0.6 um s~—!) and temperature-stepping experiments
were conducted on brine-saturated gouge, and slide-hold-slide experiments were conducted
on brine-saturated and room-dry gouge. Results are used to quantify the effects of rate, state,
temperature and pore fluid on the strength of the CDZ gouge. We find that the gouge is ex-
tremely weak (1 < 0.13) and rate-strengthening, consistent with findings of previous studies
on the CDZ gouge. We also find that, in a rate and state friction framework, slip history has a
negligible effect on strength (b ~ 0) under both saturated and dry conditions. The CDZ gouge
is temperature-weakening from 80 to 120 °C and weakens 17 per cent when saturated with
brine compared to room-dry conditions. Employing the laboratory-derived friction constitu-
tive parameters, and including the temperature weakening and the strain-rate strengthening
effects, we determine an approximate in situ friction coefficient of u ~ 0.11. For u =~ 0.11,
aseismic creep under normal pore fluid conditions is permitted for angles up to 79° between the
maximum horizontal stress and the plane of the SAF, consistent with nearby stress orientation
measurements.

Key words: Geomechanics; Creep and deformation; Friction; Fault zone Rheology.

that frictional heating is significantly lower than predicted if p, dur-
ing slip on the SAF is as large as 0.5, and that the fault is weak in

Abundant evidence suggests that the locked and creeping segments
of the San Andreas Fault (SAF) are weak in both a relative and ab-
solute sense. Borehole breakouts and drilling-induced tensile frac-
tures in the San Andreas Fault Observatory at Depth (SAFOD),
stress orientations from inversion of earthquake focal mechanisms,
and thrust faults and anticlinal axes that strike subparallel to the
SAF, indicate that the maximum horizontal compressive stress, Sy,
is oriented between 65° and 85° to the SAF consistent with a low
apparent coefficient of sliding friction, p, (Mount & Suppe 1987;
Zoback et al. 1987; Provost & Houston 2001; Hickman & Zoback
2004). Furthermore, evaluation of heat flow data from along the
fault using fluid flow and heat transport model analyses indicates
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an absolute sense (Brune ez al. 1969; Lachenbruch & Sass 1980;
Provost & Houston 2001; Fulton et al. 2004, 2009; Williams et al.
2004; Fulton & Saffer 2009a,b).

Hypotheses proposed to explain the low apparent coefficient of
friction along the central creeping section of the SAF include: (1)
the presence of intrinsically weak minerals (e.g. smectite and talc)
that allow frictional slip at a low resolved shear stress (Moore &
Rymer 2007; Lockner et al. 2011; Carpenter et al. 2012) and that
often develop natural foliations defined by strong mineral fabrics
(e.g. mica folia; Collettini e al. 2009; Niemeijer ef al. 2010; Schle-
icher et al. 2010; Moore & Lockner 2011), (2) the condition of
sustained elevated pore fluid pressure within the fault core, which
lowers the effective normal stress on the fault and allows slip at
a low resolved shear stress (Lachenbruch 1980; Rice 1992; Ful-
ton et al. 2009; Fulton & Saffer 2009b) and (3) deformation by
pressure-independent mechanisms, such as dissolution-aided slip
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Figure 1. (a) The SAFOD site (star) is located along the aseismic creeping section of the SAF (red) in central California near the town of Parkfield. The
northern and southern sections of the SAF (black) are locked and slip along these sections of the fault occurs by large magnitude earthquakes. (b) From Chester
et al. 2007. Initial drilling of the SAFOD borehole took place on the west side of the fault. The borehole was then deviated and crossed the SAF at 2.7 km true
vertical depth. The major rock types cut by the borehole are indicated by yellow, pink and green shading for Quaternary/Tertiary sedimentary rocks, Salinian
granitic rocks, and sedimentary rock comprised of sandstones, siltstones and shales, respectively. The SAF gouge used in this study was taken from the Phase

3 spot cores.

and dislocation glide in phyllosilicates (Rutter & Mainprice 1978;
Bos et al. 2000; Gratier et al. 2011; Moore & Lockner 2013).

To test hypotheses for the cause of fault weakening mechanisms,
experiments have been conducted on exhumed fault rocks (Numelin
et al. 2007; Collettini et al. 2009; Smith & Faulkner 2010), and on
artificial gouge containing representative minerals found in natu-
ral faults (Morrow et al. 2000; Saffer & Marone 2003; Moore &
Lockner 2004, 2008; Ikari ez al. 2009; Niemeijer et al. 2010; Tembe
et al. 2010). Several recent continental and ocean drilling projects
make it possible to measure the strength of fault rocks taken from an
active fault at seismic depths (e.g. Tembe et al. 2006; Morrow et al.
2007; Mizoguchi et al. 2009; Sone & Shimamoto 2009; Boulton
et al. 2014), including several studies that explore the behaviour of
natural fault gouge taken from the actively creeping zones of the
SAF at ~3 km depth in the SAFOD borehole (Lockner e al. 2011;
Carpenter et al. 2012; French et al. 2014).

SAFOD is located within the central creeping segment of the
SAF, a few kilometres northwest of the transition with the southern
locked segment (Fig. 1). In the vicinity of SAFOD, fault displace-
ment occurs through a combination of aseismic creep and repeating
micro-earthquakes. The borehole intersects two actively creeping
traces of the SAF, the Southwest Deforming Zone (SDZ) at 3192
m measured depth (MD) and the Central Deforming Zone (CDZ)
at 3302 m MD (Zoback et al. 2010). The measured depths corre-
spond to true vertical depths of 2620 and 2675 m, respectively. The
creeping zones are composed of dark greyish-black, ultrafine-grain,
foliated fault gouge that contains clasts of serpentinite, siltstone
and fine-grained sandstone (Bradbury ez al. 2011; Holdsworth et al.
2011; Hadizadeh et al. 2012).

Recent measurements of anomalously low frictional strength
(1 < 0.2) in gouge recovered from the CDZ indicate that the creep-
ing segment of the SAF is weak in an absolute sense (Lockner et al.
2011; Carpenter et al. 2012). Friction experiments using the CDZ
gouge show strengthening with increasing velocity, a property that

implies that the creeping segment of the SAF is inherently seis-
mically stable (Coble 2010; Lockner et al. 2011; Carpenter et al.
2012). The experiments were conducted on powdered CDZ gouge
samples (Lockner ef al. 2011; Carpenter et al. 2012) or intact wafers
(Carpenter et al. 2012) at high normal stresses (50—200 MPa), brine-
saturated conditions, and at room temperature. Lockner ez al. (2011)
show that the intrinsically low strength of the CDZ gouge is con-
sistent with measurements of the orientation of Sy at high-angles
to the SAF within the fault damage zone because stresses rotate
within the weak CDZ gouge (e.g. Rice 1992). Using this analysis,
they estimate that the effective normal stress at 2.7 km depth is
~122 MPa.

The purpose of this study is to expand our understanding of the
mechanical properties of the aseismic creeping section of the SAF
by quantifying the effects of temperature, strain rate, and slip history
on the frictional strength of the CDZ gouge. To achieve this goal
we conducted low-speed shear experiments on gently flaked CDZ
gouge at conditions of temperature, stress and pore-fluid chemistry
that simulate in sifu seismogenic depth conditions. Using these data
we present the constitutive relationship for the CDZ gouge under
the most realistic in situ conditions published to date.

We describe the velocity, slip history and temperature dependen-
cies by fitting the experimental data to the temperature-dependent
rate and state friction model (Chester 1994). This constitutive re-
lation is adapted from the ageing rate and state friction law to in-
corporate the effects of temperature (Dieterich 1978). The friction
coefficient, p, at slip velocity, V and temperature, 7, is
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where a is the constant describing the direct effect, b describes the
evolution effect, 6 is the state variable, D, is the slip weakening
distance, £, and E}, are the activation energies of the mechanisms
responsible for the direct and evolution effects, respectively, and
R is the ideal gas constant. Starred parameters indicate values at
reference conditions. The steady-state velocity dependence is

du o
[d(ln V)]T =ah =

and the steady-state temperature dependence is

dp
v | = s —oE 2b)
Friction experiments on the CDZ gouge were conducted at an
effective normal stress of 100 MPa, close to the 122 MPa effective
normal stress determined by Lockner ez al. (2011), and pore fluid
pressure of 25 MPa. A combination of velocity-stepping, slide-
hold-slide and temperature-stepping experiments were conducted
and analysed to parametrize the constitutive relation given by eqs
(1a) and (1b). Velocity-stepping at shear slip rates of 0.6, 0.06 and
0.006 pm s~! and slide-hold-slide experiments at 0.06 pm s~! show
that the CDZ gouge is steady-state velocity strengthening, exhibits
negligible healing, and has an evolution effect that is very small (b &~
0). Temperature-stepping experiments at 80, 100, and 120 °C show
the strength of the CDZ gouge decreases with increasing temper-
ature with all other conditions constant (temperature-weakening),
which is consistent with velocity-strengthening behaviour if both
dependencies reflect the same mechanisms (Chester 1994).

2 METHODS

2.1 Sample composition and preparation

The CDZ gouge used in this study is from Hole G, Core Run
4, Section 4, 9 cm from the top of the section. The gouge was
gently disaggregated to particle diameters of about 844 pm; the
large particle size was used to preserve the natural microfabric and
porphyroclasts within the gouge. The brine used as the pore fluid in
these experiments has the same composition as the formation fluid
recovered from the SAFOD borehole at a measured depth 0f3594 m;
the concentration of the primary ionic components of the formation
fluid is 15.7 g L™' of Cl, 5.72 g L' of Na, 3.62 g L' Ca and
0.22 g L~! of K (Kharaka & Thordsen, personal communication,
2007).

2.2 Triaxial shear experiments

Triaxial shear experiments were conducted by placing 2.65 g of
flaked room-dry CDZ gouge between a sawcut in a cylindrical
Coconino Sandstone forcing block, 19.05 mm in diameter. The
sawcut was oriented at 35° to the shortening direction and long
axis of the cylinder (Fig. 2). The Coconino Sandstone poros-
ity (~13.7-14.8 percent) and high permeability (~4.2 x 10715~
2.2 x 10~'% m?) facilitate transmission of the pore fluid to the gouge
layer and maintenance of the desired pore fluid pressure. The 35°
pre-cut surfaces were wet-sanded with 220 grit silicon carbide sand
paper to produce uniform and repeatable roughness.

An inner silver foil and outer Teflon jacket sealed the sample;
the foil reduces diffusion of pore fluid through the Teflon jacket
and out of the sample. Samples deformed with brine pore fluid
were saturated in a vacuum chamber for approximately 12 hr before
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Figure 2. Sample assembly and jacketing configuration.

applying the outer jacket and sealing the assembly with tie-wires.
Samples were allowed to equilibrate at temperature and pressure
for 24 hr prior to sliding. When compacted to 100 MPa effective
confining pressure, the brine-saturated gouge layer is ~2 mm thick.

Experiments were conducted in a gear-driven, variable strain-rate,
triaxial rock deformation apparatus using silicone fluid as the con-
fining medium (Heard 1963; Chester 1988; Fig. 2). The apparatus
incorporates an internal force gauge for sensitive force measure-
ments that does not require a correction for seal friction, an external
furnace for stable temperatures with temperature variations along
the sample that are less than 1 per cent of the reported temperature,
an independently controlled pore fluid pressure system incorporat-
ing a volumeter used to measure pore volume changes in the sample,
and corrosion-resistant stainless steel and inconel plumbing to min-
imize reactions with pore fluids.

All experiments were conducted at constant effective normal
stress by manually maintaining a constant pore fluid pressure and
adjusting the confining pressure during shearing. Adjustment of the
confining pressure to maintain constant normal stress is standard
operating procedure during friction tests in the triaxial configura-
tion, because normal stress is coupled to axial force, which evolves
with changes in gouge strength. Real-time monitoring of experi-
mental conditions was used to calculate the effective normal stress,
which allows for the confining pressure to be adjusted appropriately.
The calculation of effective normal stress also takes into account
the strength of the sealing jacket. Parameters recorded during the
experiment were elapsed time, confining pressure (accuracy of 0.07
MPa), pore fluid pressure, P, (with an error of less than 0.02 MPa),
displaced pore fluid pressure volume (accurate to 0.02 cc), differ-
ential axial force (accurate to 15 1bs), axial displacement (accurate
to 5 um), and temperature (with an error of less than 1 °C).

CDZ gouge experiments were performed at a constant effective
normal stress of 100 MPa, pore fluid pressure of 25 MPa (except for
the dry sample), and at 100 °C (with the exception of the temperature
stepping experiment) to best simulate the conditions at 2.7 km depth
in the fault zone (Table 1). One room-dry sample was deformed at
100 °C; like the brine-saturated samples, this sample was allowed
to equilibrate at temperature for 24 hr prior to sliding.

The steady-state rate-dependence of the CDZ gouge (a—b, eq. 2a)
is determined from velocity-stepping tests conducted from 0.006 to
0.6 um s~!. Step changes consist of an increase or decrease in
velocity by one or two orders of magnitude during steady-state
sliding. The friction parameters a, b and D, were determined using
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Table 1. Matrix of shear experiments on gouge layers.
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Gouge material ~ Experiment ID  Testtype  Pore fluid 7 (°C) Shear displ. rate (um s™')  Shear displ. (mm)
CDZ SG1 SHS Brine 100 0.6 425
CDZ SG2 SHS Brine 100 0.6 4.25
CDZ SG3 SHS Dry 100 0.6 425
CDZ SG6 VS Brine 100 0.6, 0.06, 0.006 425
CDZ SG7 VS, TS Brine 80, 100, 120 0.6, 0.06, 0.006 425

Notes: All experiments were conducted at 100 MPa effective normal stress. In brine saturated CDZ gouge pore fluid pressure
was 25 MPa. T is temperature, SHS is slide-hold-slide, VS is velocity stepping, TS is temperature stepping.

inverse models of slide-hold-slide tests; holds were conducted in
time increments of an order of magnitude and lasted between 1 and
10° s.

The steady-state temperature dependence of CDZ gouge (eq. 2b)
was determined by stepping the temperature at 0.25 mm shear dis-
placement intervals. The slowest displacement rate of 0.006 pm s
was employed to minimize the displacement while temperature and
pore fluid pressure equilibrate during and following temperature
steps. The sample was loaded and sheared at an initial temperature
of 100 °C and was then stepped to 80, 100, 120 and 100 °C.

2.3 Inverse modelling of slide-hold-slide tests

Because the apparatus used to collect the data reported herein is
relatively compliant, the evolution of stress following a velocity-step
or a hold is significantly influenced by elastic deformation of the
apparatus. It is, therefore, difficult to directly determine the friction
parameters from the mechanical data. Accordingly, we employ a
least-squares inverse model to objectively determine the parameters
of the rate and state constitutive relation (eqs 1a and 1b) to estimate
the magnitudes of the parameters a, b and D, for brine-saturated
and room-dry gouge during the slide-hold-slide tests. The inverse
model fits the evolution of stress with time during the ‘holds’ and
reloads with the rate- and state-friction relation, and the utility of this
approach lies in the reduced dependence on the reloading behaviour.

The change in friction coefficient with time during the experi-
ments is

du Vip
— =k -V, 3
dt : (cosa ) ®)

where k,, is the elastic stiffness of the apparatus and sample in units
of coefficient of friction per unit shear displacement, V}; is the load
point velocity, ¥ is the velocity of the gouge layer parallel to the
sawcut and « is the angle between the core axis and sawcut surface
(35°). The constant k,, can be determined from the total stiffness of
the apparatus and sample (kK = ka + ks) using the relation k, = k
(cos a)[sin(2a)](1 — u taner)>/24P,., where A is the cross sectional
area of the cylinder corrected for shear offset, and P, is the effective
confining pressure (Chester & Higgs 1992). For each experiment
and model, the total stiffness, £, is that measured during the elastic
loading and unloading portions of the experiment. From eq. (3) it is
apparent that during steady state shearing (du/df = 0) Vi,/cosa =V,
and during the holds (7}, = 0) du/d¢ and ¥ continuously decrease
with time until shearing is resumed.

The evolution of the CDZ gouge strength with time is completely
described by eqgs (1a), (1b), and (3). We used a fourth order Runge—
Kutta method to solve eqs (1a), (1b), and (3) for /" and solved the
system of eqs (la) and (1b) for p*, a, b and D, using the least-
squares inverse model presented by Reinen & Weeks (1992). This
procedure is consistent with published methods of determining the

Table 2. Matrix of experiments to determine jacket strength.

Experiment Shear displ. Shear displ.
ID P, (MPa) T(°C) rate (um s ') (mm)
ST-80-1 80, 60 100 0.6 4.0
ST-50-1 50, 70 100 0.6 4.0
ST-80-2 80 100 0.6 4.0

rate and state frictional properties of fault rock (Blanpied et al.
1998; Ikari et al. 2009).

2.4 Jacket strength determination

Dedicated experiments are used to determine the strength of the
jackets as a function of effective pressure and displacement, and the
results are used to correct the mechanical data and accurately deter-
mine the coefficient of friction of the CDZ gouge. Jacket strength
is determined using the same sample and jacketing configuration
as the gouge experiments except (1) the cut cylinders are steel and
the cut surfaces are ground to a surface roughness of 0.4 um, (2)
the inclined surface is lubricated with silicone fluid to reduce slid-
ing friction and (3) pore fluids are not used. The steel cylinder is
18.54 mm in diameter, and experiments are conducted at a constant
confining pressure (Table 2).

Jacket strength is determined following the analysis of mechan-
ical data outlined by Chester (1994). The effective normal stress,
oy, and shear stress, 7, across the pre-cut surface are given by

o = (P. — P,) + [(AF, — AF;)sin’a + w,AF,cosasina]/ A
(4a)

© = [(AF, — AF;) cosasina — w,AF;sin’a] / A, (4b)

where P is the confining pressure, P, is the pore fluid pressure, o
is the angle between the pre-cut surface and the maximum principal
stress (35°), AF, is the differential force, AFj is the differential
force supported by the jackets, L is the coefficient of friction of
the interface between the lower piston and lower spacer and 4, is the
cross-sectional area of the interface between the lower piston and
lower spacer. From t = po,, where p is the coefficient of friction
of the 35° sliding interface, eqs (4a) and (4b) may be substituted
to derive a single expression relating the three unknowns, p, AFj
and .

T [(AF, — AF;)cosasina — w AF,sin’a
H= ot (P.— P,)+[(AF, — AF))sin?a + w,AF,cosasina]’
(5)

The best-fitting values of p and p,; were determined from a
previous suite of jacket strength tests (Coble 2010), and AFj is
determined as a function of effective pressure and displacement.
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Figure 3. Plot of the differential stress supported by the silver foil and Teflon
jacket at 100 °C as a function of shear displacement for confining pressures
of 50, 60, 70 and 80 MPa. In some experiments the confining pressure was
stepped up or down at displacements of approximately 2.3 mm. The jacket
strength varies little with effective confining pressure. The average strength
of jackets at all confining pressures tested are indicated by red symbols
for shear displacements less than 0.02 mm. At greater shear displacement,
jacket strength was calculated at shear displacement intervals of 0.5 mm.
The jackets strengthen with shear displacement and are best described by
separate functions for small displacements (<0.02 mm; eq. 6a) and large
displacements (>0.02 mm) (eq. 6b).

The variation in strength caused by changes in confining pressure
is less than the magnitude of sample-to-sample variation, thus it is
assumed that jacket strength is independent of effective pressure
(Fig. 3). This variation in the sample-to-sample strength introduces
a maximum error of 1.5 MPa in the jacket correction; this is the
largest source of uncertainty in our measurements of the absolute
magnitude of gouge friction (i*). A bilinear relationship is needed
to describe the strength of the jackets at small and large displace-
ments. For small displacements

Ao = 71.35d (6a)
and for large displacements
Acj = 1.41d + 2.05, (6b)

where Aoj is the differential stress supported by the silver and Teflon
jackets in MPa and d is the shear displacement in mm.

3 RESULTS

3.1 Frictional strength of the SAFOD gouge

The strength of the CDZ gouge is 1 ~ 0.13 at 100 °C, which is sim-
ilar to the strength of the CDZ gouge measured by Lockner et al.
(2011) and Carpenter et al. (2012) (Fig. 4a). Comparison of ex-
periments conducted on room-dry and brine-saturated CDZ gouge
samples shows that the frictional strength is reduced 17 per cent by
the presence of the pore fluid. The CDZ gouge compacts through-
out shear deformation at a rate that is relatively constant with shear
displacement (Fig. 4b).

3.2 Steady-state velocity dependence

Velocity-stepping experiments show that the steady-state velocity
dependence of brine-saturated CDZ is positive, i.e. the CDZ gouge

a) 025 e ,
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—— saturated CDZ (SG2)

0.20} |- -- dry CDZ (SG3)

o
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[4)]

Friction coefficient
o
S
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compaction

-0.01}

-0.02}

Pore volume change (cm?)

-0.03

0 1 2 3 4
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Figure 4. Results from experiments on brine-saturated and room-dry CDZ
gouge. All experiments were conducted at 100 MPa effective normal stress,
shear velocity of 0.6 um s', and 100°C. (a) The evolution of friction
coefficient with shear displacement. (b) The evolution of pore volume with
shear displacement for saturated CDZ gouge. Pore volume changes were
not measured for dry gouge. Positive and negative volume changes indicate
dilation and compaction, respectively. Based on an approximately 2-mm-
thick elliptical gouge layer, the total reduction in pore volume corresponds
to compaction of 1-2 per cent in these experiments.

is velocity strengthening (Fig. 5). Measured values of a — b (eq. 2a)
range between 0.0005 and 0.0022 with an average and standard
deviation of 0.0014 £ 0.0005 (Fig. 6). The velocity dependence is
determined by the difference in the average coefficient of friction
spanning the 0.25 mm preceding and succeeding the velocity step.
There is no consistent trend in the magnitude of a — b between
samples or with either a step up or step down in velocity.

3.3 Transient frictional behaviour

The coefficient of friction of the CDZ gouge does not change sig-
nificantly or systematically when sliding resumes following a hold,
indicating negligible time-dependent healing over the time-scales
tested (Figs 4a and 7). For time- or slip-dependent frictional pro-
cesses, the gouge is expected to strengthen following a hold. The
lack of significant healing, which was also observed at displacement
rates three to four orders higher in magnitude by Carpenter ef al.
(2011) and Carpenter et al. (2012), suggests that in a rate and state
friction framework, the magnitude of b is small.

8107 Jequiejdag |z Uo Jasn ANsIoAluN NBY Sexal Aq |LEYEZ9/956/2/66A0BNSAe-8joE/IB/100 dno-ojWapeo.//:SARY WOl POPEOjUMOQ



(@)

015 ——

-
< '
2L (b) & ()
L_) .............................
E0.10+ i
(]

o

(]

o=

kel

=

O —— V-stepping (SG6)

C 0.05 ——V & T-stepping (SG7)

0 L L L L L ' L
0 1 2 3 4
Shear displacement (mm)
(b)o.15 : : : : :
- Velocity in um/s SG6
c
@
' 0.14} 08 :
=
(]
(o]
o
5 0.13+ -
S
% 0.12! ]
0.11 ) ‘ : : -
15 2 25 3 35 4
Shear displacement (mm)
©) 015 . , :
- Velocity in um/s SG7
C
(]
©0.14; o6 |o.os i P.OT 06 1
&
(]
Qo
o
.5 0.13 |
k3]
L o 4ol 100 |80 83 100‘ 120 | 100 7
Temperature in (°C)
015 2 25 3 35 4

Shear displacement (mm)

Figure 5. (a) The evolution of friction coefficient with shear displacement
for velocity-stepping (SG6 and SG7) and temperature-stepping (SG7) ex-
periments. The dashed box is the data range shown in (b) and (c). The
analsed velocity- and temperature-stepping data are shown in Figs 6 and 9,
respectively. Velocity and temperature-stepping tests were conducted after
2 mm displacement when the steady-state strength of the gouge is similar
in the two experiments. Differences in the strain hardening behaviour most
likely represent redistribution of the gouge between the sawcut surfaces.
(b) Friction coefficient with shear displacement for velocity-stepping exper-
iment SG6. The experimental conditions are 100 MPa effective normal stress
and 100 °C. Velocity was stepped between 0.006, 0.06 and 0.6 pm s~'. (c)
Friction coefficient with shear displacement for velocity-stepping and tem-
perature stepping experiment SG7. The experimental conditions are 100
MPa effective normal stress. Velocity was stepped between 0.006, 0.06 and
0.6 um s~ ! at a constant temperature of 100 °C. Temperature was stepped
between 80, 100 and 120 °C at a constant velocity of 0.006 pm s~
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Figure 6. Steady state velocity dependence parameter (a — b) versus shear
velocity for experiments SG6 and SG7 (Fig. 5). Both tests were conducted
at 100°C and 100 MPa effective normal stress. The a — b value is always
positive indicating velocity-strengthening behaviour and the average and
standard deviation are: 0.0014 £ 0.0005. The a — b measurements have a
similar range of magnitudes for each velocity tested.
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Figure 7. The difference between the peak friction coefficient following
a hold and steady state friction coefficient preceding the hold (Ap) as a
function of hold time for the CDZ gouge experiments shown in Fig. 4.
All experiments were conducted at 100 MPa effective normal stress, shear
velocity of 0.6 um s~!, and 100 °C. Neither room-dry nor brine-saturated
gouge strengthens measurably.

The rate and state friction parameters estimated from inverse
models of slide-hold-slide tests confirm that brine-saturated CDZ
gouge is velocity-strengthening and the magnitude of b is small
(b = 0; Fig. 8). For brine-saturated gouge, a — b varies from
0.0006 to 0.0028 with an average of 0.0014, the same as deter-
mined from velocity-stepping experiments. Inverse model estimates
for the magnitude of a range from 0.0008 to 0.0014 with an average
@avg = 0.0011, and estimates for b range from —0.0014 to 0.0002
with an average by, = —0.0003 (b,,, = 0 if the longest hold lasting
1 day is excluded). The results of all of the tests can be reasonably
well fit with the model b = 0 (Fig. 8).

The magnitude of steady state velocity-strengthening in the CDZ
gouge, a — b = 0.0014 £ 0.005, is within the range reported by
Lockner et al. (2011) and Carpenter et al. (2012), and is similar
to values from several other studies on clay rich gouge (Saffer &
Marone 2003; Tembe et al. 2006; Morrow et al. 2007; Moore &
Lockner 2008; Carpenter et al. 2009, 2011; Ikari ez al. 2009; Tembe
et al. 2010). Clay-rich gouges, such as the CDZ gouge, have very
low permeability (10~'8 to 107! m?; Morrow et al. 1984; Faulkner
& Rutter 2003; Takahashi et al. 2007, Ikari et al. 2009) and at the
fastest shear velocities, the pore fluid pressure does not equilibrate.
As a result, there could be over or under pressurization caused by
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Figure 8. Top panel: an expanded view of the evolution of friction coefficient with displacement for the slide-hold-slide experiment SG2 also shown in Fig. 4.
The sample is brine-saturated CDZ gouge deformed at 100 MPa effective normal stress, 100 °C and 0.6 um s~!. Bottom panels: the experimentally determined
evolution of friction coefficient with time during the six holds (black). The evolution of friction coefficient with time determined from inverse models (red)
with the rate and state friction parameters shown. When the inverse model yields the result b # 0, the best fit with the constraint b = 0 is also shown (blue).

the step changes in velocity. If so, different values for a — b would
be expected for velocity-stepping and slide-hold-slide tests. That
the a — b values are consistent between the two types of tests and
consistent with previous results indicates that we have accurately
determined the steady-state velocity dependence of the CDZ gouge.

The estimates of D, are variable (0-3.13 mm), and the estimate
for the longest hold is particularly large (3.13 mm). The apparent
large variation in D, most likely reflects the high uncertainty in
this parameter at very low b values. Previous studies also show very
small to negligible values for b in phyllosilicate rich gouge (Saffer &
Marone 2003; Moore & Lockner 2008; Ikari e al. 2009). Ikari et al.
(2009) show that on average b ~ 0 in synthetic gouge composed
of 50 per cent montomorillonite and 50 per cent quartz. For some
velocity stepping tests they found small but non-zero values for
b that span the same range of values (—0.0032 to 0.009) that we
calculate for the CDZ gouge (—0.0014 to 0.0002). In addition, they
find a similar range for ¢ — b, and calculate large variation in D,
which they attribute to high uncertainty.

The slide-hold-slide tests on dry gouge are generally best fit by the
model parameters b = 0 and 0.0032 < a < 0.0040, indicating that
dry gouge is more rate-strengthening than brine-saturated gouge
(Fig. 9). In two cases (H1 and H3) the magnitudes of b are predicted
to be significantly greater than zero (0.002 and 0.005, respectively)

resulting in a — b values that are inconsistent with our other results
on dry and saturated gouge. We attribute the results from these two
tests to variability in strength, prior to or following the holds, that is
not easily fit by a rate and state model; these tests can also be fairly
well approximated using b = 0 (Fig. 9). Compared to brine-saturated
gouge, the reloading behaviour of room-dry gouge is not as well fit
by the rate and state friction model. Upon reloading the strength of
the room-dry gouge is weaker than predicted by our model fits and
appears similar to behaviour attributed to negative values of b in
other clay-rich gouges, although in smectite the result is limited to
higher velocities and lower normal stresses than investigated herein
(Ikari et al. 2009). The inverse models allow for b < 0, as was the
result for tests on saturated gouge, but this result was not the best
fit for any of the room-dry gouge samples (Fig. 8).

We find that the correlation coefficient of a and b is very high for
all tests (>0.95), which is a general consequence of using inverse
models to determine rate and state friction parameters from exper-
imental data (e.g. Reinen & Weeks 1992; Blanpied et al. 1998).
As a result, there is greater uncertainty in each of these parameters
independently than in their difference, a — b. Nevertheless, inverse
models of 7 of 12 tests yield the result » &~ 0 and the other five tests
can be qualitatively well fit with b = 0, providing confidence in this
result.
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Figure 9. Top panel: an expanded view of the evolution of friction coefficient with displacement for the slide-hold-slide experiment SG3 also shown in Fig. 4.
The sample is room-dry CDZ gouge deformed at 100 MPa effective normal stress, 100 °C and 0.6 um s~!. Bottom panels: the experimentally determined
evolution of friction coefficient with time during the six holds (black). The evolution of friction coefficient with time determined from inverse models (red)
with the rate and state friction parameters shown. When the inverse model yields the result b # 0, the best fit with the constraint b = 0 is also shown (blue).

3.4 Steady-state temperature dependence

The CDZ gouge is steady-state temperature weakening, (¢ E, —
bEy)/R >0 (eq. 2b), over the range of temperatures (80—
120°C) tested (Figs 4 and 10). The experimentally determined
value of (aE, — bE,)/R = 37.0K (Fig. 10b). If the results from
velocity-stepping and slide-hold-slide tests are taken into account
(a=0.0014, b = 0), then the activation energy is E, = 215 kJ mol~"'.

The temperature-weakening frictional strength of the CDZ gouge
is consistent with its velocity-strengthening behaviour if both the
direct and evolution effects are governed by the same microme-
chanical processes, as has been shown in quartzofeldspathic gouge
(Chester 1994; Blanpied et al. 1998). Previous studies on natural
and synthetic phyllosilicate-rich fault gouges show that the effects
of temperature on frictional strength depend on both the gouge com-
position and the range of conditions tested, largely because of the
additional effects of adsorbed water (e.g. Moore et al. 1997; Morrow
et al. 2000; Moore & Lockner 2004, 2008). In many cases tempera-
ture dependence is determined by conducting separate experiments
at different temperatures rather than by using a temperature-stepping
method. When separate experiments are conducted, differences in
temperature must be large enough to dominate the sample-to-sample
strength variation that may arise solely from differences in gouge

structure. Results using this approach have shown both increasing
and decreasing strength with increasing temperature (e.g. Moore
et al. 1989, 1997; Moore & Lockner 2008; den Hartog and Spiers
2013). Illite strengthens as temperature is increased from 200 to
600 °C (Moore et al. 1989) and chrysotile serpentine weakens from
25 to 100 °C but then strengthens at temperatures higher than 100 °C
as adsorbed water is removed (Moore et al. 1997). Differences be-
tween these prior results and the temperature weakening behaviour
of the CDZ gouge documented herein are most likely related to the
small range of temperature (80—120 °C) employed in the stepping
tests. Both these results for the CDZ gouge and results for other
phyllosilicate-rich gouge tested over larger temperature ranges con-
sistently show, however, that when frictional strength decreases with
increasing temperature the rate dependence is velocity strength-
ening. When strength increases with increasing temperature the
rate dependence is either determined to be velocity-weakening or
exhibits stick-slip behaviour, which is characteristic of velocity-
weakening behaviour (Moore et al. 1989; Moore et al. 2004; Moore
& Lockner 2008; den Hartog ef al. 2012; den Hartog & Spiers
2013). All of these results are, therefore, consistent with the quali-
tative micromechanical model for temperature-dependent frictional
strength set forth by Chester (1994).
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Figure 10. (a) The evolution of friction coefficient with shear displacement
during the temperature-stepping part of the experiment (SG7) shown in
Fig. 5(c). The experimental conditions are 100 MPa effective normal stress
and 0.006 pm s~! shear velocity. Temperature was stepped between 80,
100 and 120°C. A furnace malfunction caused the temperature to slowly
increase from 80 to 83 °C following one step, but the resulting strength
is consistent with the temperature dependence determined from the other
temperature steps. The CDZ gouge weakens with increasing temperature.
(b) The change in friction coefficient with a change in 1/7 provides a measure
of the activation energies for the state and evolution effects (eq. 2b). Given
b=0anda=0.0014, E, = 215klJ.

4 DISCUSSION

4.1 Frictional behaviour of the SAFOD gouge

The coefficient of friction of the CDZ gouge (0.13 £ 0.01) is very
close to the strength reported by Lockner et al. (2011) and Car-
penter et al. (2012) at higher shear rates, and consensus is that the
occurrence of the smectite mineral saponite in the CDZ gouge is
responsible for the low coefficient of friction measured in this and
previous studies. Phyllosilicate-rich gouges often have low coeffi-
cients of friction (1 < 0.5; Reinen ef al. 1991, 1994; Moore et al.
1997; Saffer & Marone 2003; Moore & Lockner 2004, 2008; Moore
& Rymer 2007; Ikari et al. 2009; Tembe et al. 2010), and smec-
tite minerals, including saponite, are particularly weak (1 < 0.2;
Logan & Rauenzahn 1987; Saffer & Marone 2003; Moore & Lock-
ner 2004; Ikari et al. 2009; Tembe et al. 2010; Lockner et al. 2011;
Carpenter et al. 2012). The weakness of smectite minerals, and
therefore the CDZ gouge, is attributed to the low interlayer bond
strength and, in the presence of pore fluid, structured adsorbed water
layers that assist frictional sliding (Morrow et al. 2000).

The reduction in strength of the CDZ gouge under brine-saturated
conditions compared to room-dry conditions is consistent with the
qualitative observation from experiments on natural and simulated
gouges of varying composition that water reduces frictional strength
(Rutter & Mainprice 1978; Chester & Higgs 1992; Morrow et al.
2000; Moore & Lockner 2004; Ikari et al. 2007, 2009; Moore &
Lockner 2008). Phyllosilicates with hydrophilic electrically charged

surfaces, such as smectite, are shown to exhibit the greatest weak-
ening when saturated, presumably because of the structured water
films that form along grain surfaces (Summers & Byerlee 1977;
Morrow et al. 2000). In addition to the difference in the magnitude
of strength, we find that the magnitude of the rate-dependence in the
CDZ gouge is two to three times greater under room-dry conditions.
The effects of saturation state on strength and on its rate-dependence
probably reflect the micro-mechanisms of deformation, which war-
rants further study. The in sifu mechanical properties of the SAF in
the vicinity of SAFOD, however, are best described by the depen-
dence of velocity, temperature, and displacement on the strength of
brine-saturated gouge.

4.2 Frictional strength of SAF at SAFOD

Velocity-strengthening behaviour of the CDZ gouge at the low ve-
locities tested in this study is consistent with the aseismic, creeping
behaviour of the central section of the SAF as also determined
by Carpenter et al. (2012) and Lockner et al. (2011). The CDZ
has the lowest frictional strength, by far, of all SAFOD materials
tested (Tembe et al. 2006, 2009; Morrow et al. 2007; Carpenter et al.
2009), which is likely the reason that deformation is concentrated in
this region of highly foliated gouge. The shear velocities employed
herein, while slower than most friction studies, are faster than the
shear rates seen along the SAF at SAFOD. The shear velocities used
in this study (0.006-0.6 um s~') correlate to a shear strain rate of
3.0 x 107%t0 3.0 x 1073 s~! for a gouge layer thickness of 2 mm.
Using the measured displacement rate of 21 mm yr! for the region
near SAFOD (Titus et al. 2006) and the 4 m combined thickness of
the SDZ (1.6 m) and CDZ (2.6 m) gouge zones, the shear strain rate
for the SAF is 1.7 x 107'° s~!. Taking the base level coefficient of
friction value of 0.135 at 0.6 um s~! (SG2), using the velocity de-
pendence determined for the CDZ gouge (a = a — b = 0.0014), and
substituting strain-rate for velocity in eqs (1a) and (1b) yields the
result that the coefficient of friction along the creeping segment of
the SAF is p=0.11 £ 0.01 at approximate in situ conditions. If the
strain rate fluctuates as the result of laterally varying gouge thick-
ness, or from the possible presence of additional creeping traces
further east, the coefficient of friction could decrease further.

Measurements of stress orientations near the SAF have shown
that the maximum horizontal compressive stress, Sy, is nearly nor-
mal to the SAF and the results of this study support the idea that
slip along the SAF can occur with Sy at these orientations (Mount
& Suppe 1987; Zoback et al. 1987; Provost & Houston 2001; Hick-
man & Zoback 2004). We use the results of these friction tests to
calculate the approximate angle between the SAF and maximum
horizontal compressive stress following the analysis of Tembe et al.
(2009) and Lockner et al. (2011). Given the magnitude of the maxi-
mum and minimum horizontal effective principal compressive stress
(126 and 51 MPa, respectively) determined by Hickman & Zoback
(2004) in the SAFOD pilot hole, and using the coefficient of fric-
tion determined in this study calculated for the in situ strain rate
(0.112), slip is permitted for angles between Sy and the plane of the
SAF up to 79° (Fig. 11). Thus, at the depth of SAFOD, the CDZ is
weak enough to permit slip along the creeping segment of the SAF
without necessitating excess pore pressure.

The coefficient of friction determined for the SAFOD gouge is
at the upper limit of the heat flow constraint. Brune et al. (1969)
and Lachenbruch & Sass (1980) determined that the average shear
strength of the SAF must be approximately 10 MPa based on the
lack of a frictionally generated heat flow. Assuming a coefficient of

8107 Jequiejdag |z Uo Jasn ANsIoAluN NBY Sexal Aq |LEYEZ9/956/2/66A0BNSAe-8joE/IB/100 dno-ojWapeo.//:SARY WOl POPEOjUMOQ



60 : T .

Sv Sh SH

Shear stress (MPa)
o

80,20 40 60 80 100 120 140 160

Effective normal stress (MPa)

Figure 11. Mohr circle diagram depicting the effective principal stresses
at SAFOD and the frictional failure envelope for the CDZ gouge at 100 °C
and 10719 s=! (= 0.11). Principle stresses were estimated from borehole
geophysics conducted by Hickman & Zoback (2004) using data from the
SAFOD pilot hole and are similar to the stress magnitudes used by Lockner
et al. (2011). Sy, Sy and Sy indicate the vertical, minimum horizontal and
maximum horizontal effective principle stresses, respectively. Pore fluid
pressure is assumed to be hydrostatic at 2.7 km depth (27 MPa). Slip can
occur within the CDZ if the maximum horizontal principal compressive
stress is oriented equal to or greater than 90° — y to the SAF plane. Based
on the friction coefficient determined herein for in sifu conditions, the angle
between the SAF and the greatest compressive stress may be as low as 79.5°
at this location and 2.7 km depth.

friction of 0.11 and an effective normal stress of 122 MPa (Lockner
et al. 2011; Fig. 11), the shear stress at 2.7 km depth at SAFOD is
13.7 MPa. Our estimate of in situ friction is an extrapolation over
4 orders of magnitude in shear rate, so the possibility exists that at
the lower shear rates or at higher temperatures different weakening
mechanisms, such as dissolution-aided or dislocation-aided slip,
may dominate the behaviour and produce even greater weakening
of the SAFOD gouge than determined here.

5 CONCLUSIONS

(1) The CDZ gouge is extremely weak (1 < 0.13) for shear at low
laboratory rates and at in situ temperature (100 °C), effective normal
stress (100 MPa), and pore fluid conditions present at SAFOD.
When the laboratory relations are used to extrapolate to in situ strain
rates, the coefficient of friction is 0.11 & 0.01. The low coefficient
of friction of the CDZ gouge at the depth range of SAFOD satisfies
the apparent low frictional strength of the SAF based on heat flow
and stress orientation measurements without calling on elevated
pore fluid pressure.

(2) The CDZ gouge shows stable, rate-strengthening behaviour
(@ — b = 0.0014 + 0.0005) at the conditions and rates tested.
Rate-strengthening behaviour is consistent with aseismic creep on
the SAF at SAFOD and the magnitude of the steady-state rate
dependence is similar to that previously reported by Lockner ef al.
(2011) and Carpenter et al. (2012) at higher velocities.

(3) The CDZ gouge exhibits negligible state-dependence
(b =~ 0), which results in negligible time-dependent healing and
transient strength.

(4) Temperature-weakening behaviour is observed for the CDZ
gouge. This is consistent with rate-strengthening behaviour where
the micromechanisms that cause the temperature and rate depen-
dencies are the same, and described by an activation energy of
215 kJ mol™!.
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