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Abstract We conducted experiments to investigate the influence of pore fluid pressure on the frictional
strength and slip behavior of gouge bearing faults. Saw cut porous sandstone samples with a layer of gouge
powders placed between the precut surfaces were deformed in the conventional triaxial loading
configuration. A series of velocity-step tests were performed to measure the response of the friction
coefficient to variations in sliding velocity. Pore volume changes were monitored during shearing of the
gouge. Our results demonstrate that under constant effective pressure, increasing pore pressure stabilizes
the frictional slip of faults with all four gouge materials including antigorite, olivine, quartz, and chrysotile.
The stabilizing effect is the strongest in antigorite gouge, which shows an evolution of friction parameters
from velocity-weakening toward velocity-strengthening behavior with increasing pore pressure.
Experiments with controlled pore volume show that the pore volume reduction diminishes under high pore
fluid pressures, implying an increasing dilation component at these conditions. The dilatant hardening
mechanism can explain the observed strengthening. These results provide a possible explanation to the
observed spatial correlation between slow slip events and high pore pressure in many subduction zones.

Plain Language Summary Elevated pore fluid pressures are often detected in regions where
slow slip events occur. We conducted deformation experiments to investigate the effect of pore pressure
on slip behaviors of gouge-bearing faults. Common minerals found at subduction interface, for example,
antigorite, chrysotile, olivine, and quartz were used as gouge materials. We found that high pore pressure
stabilizes the frictional slip of faults with all four gouge materials. In particular, antigorite-bearing faults
exhibit velocity-weakening to velocity-strengthening slip behaviors as pore pressures increase. Furthermore,
an increasing amount of pore volume dilation is accompanied by stronger stabilizing effect, consistent with
the dilatant hardening model. This study provides new physical understanding of the observed spatial
correl&g%%&?myen slow slip events and high pore pressure in many subduction zones.
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1. Introduction

Geophysical observations reveal a variety of slip behaviors along the subduction interface, including seismo-
genic slip, slow slip, and aseismic creep. Compared to typical earthquakes, slow slip events have slower slip
rates and smaller stress drops, and they generally lack high frequency seismic radiation (Peng & Gomberg,
2010). Slow slip events are observed at both the updip and downdip limits of subduction seismogenic zones,
often in regions inferred to have elevated pore fluid pressures (Figure 1). For instance, evidence for the near-
lithostatic pore fluid pressure occurs in regions of slow slip at the Nankai Trough and Cascadia (e.g., Kodaira
et al., 2004; Peacock et al., 2011; Shelly et al., 2006). At the Hikurangi margin, regions inferred to have low
fluid content are associated with seismicity while regions showing evidence of fluid overpressure correlates
with aseismic creep (Heise et al., 2013, 2017). Together, these observations suggest that high pore fluid pres-
sures may promote slow slip behaviors.

The mechanical effect of pore fluid pressure on fault slip is usually quantified with the law of effective stress,
which states that the “effective” normal stress, a'n, is equal to the total normal stress, o,,, minus the pore fluid
pressure, Py, (ai1 = oy, — aP;, where o is ~1 for brittle deformation; e.g., Terzaghi, 1943). Assuming a
Coulomb-Amontons friction law, slip occurs when the shear stress along the fault, 7, reaches a critical value,
7. = 1 (0, — Pp), where u (0.6 < 1 < 0.85 for most rocks) is the coefficient of sliding friction (Byerlee, 1978).
Thus, higher pore fluid pressure reduces the effective normal stress and causes the fault to slip at a lower
shear stress. However, this stress threshold model of fault slip does not predict whether slip induced by high
pore pressure is seismogenic or aseismic.
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Figure 1. Illustration of the distribution of slip behavior within the subduction zone. A variety of slip behaviors are documented along subduction interface, and
high pore fluid pressures have been correlated with the occurrence of transitional slip behaviors (modified from Bilek & Lay, 2002).

Models of fault slip stability have been derived from rate-and-state constitutive relations for frictional slid-
ing. The difference between the empirical frictional parameters a and b represents the steady state velocity
dependence of the frictional strength (e.g., Dieterich, 1979a; Ruina, 1983). A negative velocity dependence
factor (a-b) describes fault weakening with increasing sliding velocity and such a system has the potential
for dynamic runaway (Gu et al., 1984). A positive (a-b) fault strengthening with increasing sliding velocity,
which results in stable sliding. It is proposed that slow slip events may arise from faults that are nearly velo-
city neutral, that is, at (a-b)~0 (e.g., Rubin, 2008) or when the effective pressure is low (e.g., Leeman et al.,
2016). A more complete representation of the stability of frictional sliding can be described by a parameter
called “the critical stiffness,” k. (Rice & Ruina, 1983):

=200 W

where D, is the characteristic slip weakening distance.

In this model, derived assuming constant o,, slip can accelerate to instability when k. is greater than the sys-
tem stiffness, k (Gu et al., 1984; Rice & Ruina, 1983). Thus, instability is favored for larger values of —(a-b)
and o, and smaller values of D. As a result, any effect that pore fluid pressure has on these three parameters
may stabilize or destabilize fault slip, depending on the sign and magnitude of the effect. Previous studies on
the influence of high pore fluid pressure on these parameters have shown competing effects on fault
stability.

Several experimental studies have investigated the role that B has on fault stability with different results
(French et al., 2016; Ikari et al., 2009; Rutter & Hackston, 2017). For instance, Sawai et al. (2016) demon-
strate that decreasing effective pressure (g,) causes a transition from stable to unstable slip behavior in
blueschist samples. Ougier-Simonin and Zhu (2013, 2015) also observed that shear localization in porous
rocks could become unstable by decreasing effective pressure as pore pressure increases during the post
failure stage of faulting. In addition, French et al. (2016) and Scuderi et al. (2017) show that fluid pressur-
ization can overcome velocity-strengthening friction to result in accelerated fault slip. On the other hand,
slow slip events may arise or when the effective pressure is low (e.g., Leeman et al., 2016), and the low %
associated with high pore fluid pressure is expected to stabilize slip. The apparent disagreements in
whether high pore pressure enhances or impedes unstable slip could be due to the different rock materi-
als tested.
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In addition to the effects of pore fluid pressure on rate and state friction parameters, pore fluid pressure may
have an effect on fault constitutive behavior that is not represented by this framework. For example, den
Hartog and Spiers (2013) reported an increase in (a-b) in sheared gouge mixtures of quartz and illite with
increasing pore fluid pressure at constant effective pressure. French and Zhu (2017) showed that at the same
effective pressure, high pore fluid pressure reduced the rate of fault propagation in intact serpentinite and
caused a transition from dynamic to quasi-stable faulting (French & Zhu, 2017). This stabilizing effect of
high pore pressure has been explained by the dilatant hardening mechanism where the growth of cracks
during brittle deformation leads to an increase in pore space, causing the pore pressure to drop and the local
effective stress to rise, making it harder for cracks to grow. As such, dilatancy in a fluid-saturated rocks sta-
bilizes fault propagation and strengthens the bulk rock (Brace & Bombolakis, 1963; Frank, 1965; Rice, 1975;
Rudnicki & Chen, 1988).

Here we focus on the role that pore fluid pressure plays on controlling the rate and state frictional para-
meters of a rock (a-b). The rate dependence (a-b) is controlled by a variety of factors, including mineralogy
(e.g., Moore & Lockner, 2011), porosity (Blanpied et al., 1995; Takahashi et al., 2011), strain rate (French
et al., 2015; Goldsby & Tullis, 2002; Niemeijer et al., 2010; Rabinowicz, 1958), temperature (Chernak &
Hirth, 2010; Chester, 1994; Chester & Higgs, 1992; Lockner et al., 1986), and effective pressure (Carpenter
etal., 2016; Morrow et al., 1992; Niemeijer & Collettini, 2013; Sawai et al., 2016). However, the effect of pore
fluid pressure on (a-b) has not been distinguished from effects of g, on (a-b).

In this study, we investigated whether the strengthening effect of high pore pressure stands true for frictional
slip along gouge-bearing experimental faults. Phyllosilicate-rich rocks are common along seismogenic faults
and plate boundaries. The slow slip events have also been repeatedly observed in phyllosilicate bearing seis-
mogenic faults (e.g., Shelly, 2010). The frictional behavior of serpentines is, therefore, thought to have a great
influence on the behavior of faults that exhibit diverse slip modes (Okazaki & Katayama, 2015; Reinen et al.,
1994; Takahashi et al., 2011). Here we studied phyllosilicate gouges, antigorite, and chrysotile. For compar-
ison, we also studied olivine and quartz gouges. We conducted a series of frictional sliding experiments with
constant effective pressure but different pore fluid pressures to discern the effect of pore fluid pressure alone
on the frictional properties of gouge. A series of velocity-stepping tests were performed to measure the
response of friction coefficient to variations of sliding velocity; we measured the rate and state frictional
parameters (a-b) and characteristic displacement D, to quantify the effects of pore fluid pressure on slip sta-
bility. We also performed microstructural observations to constrain the deformation processes that lead to
the observed mechanical behavior. Our goal is to gain a better understanding of the effect of high pore pres-
sure on frictional behavior, which has important implications on the occurrence of different types of slip
events in subduction zones.

2. Experimental Procedures

In this study, we investigate two serpentine gouge powders, the Verde Antique antigorite and Zimbabwe
chrysotile. Together with olivine and quartz, San Carlos olivine and quartz powders from U.S. Silica, respec-
tively, our samples include common minerals present along plate boundary faults. The modal mineralogy of
the antigorite, chrysotile, and olivine gouges are quantified using X-ray powder diffraction (see supporting
information Figures S6-S8). The Verde Antique antigorite is composed of 90.8% antigorite with 9.2% iron
oxides. The Zimbabwe chrysotile is composed of 42.8% lizardite, 41.8% chrysotile, and 15.5% brucite. The
San Carlos olivine is ~100% olivine.

For each experiment, a layer of fine-grained gouge (<150 um) composed of 2 g of dry serpentine powders was
placed along a 30° saw cut surface in a cylindrical porous sandstone shearing block (25.4 mm in diameter
and 50.8 mm in height; see Figure 2). We varied the mass of the powders in order to maintain a consistent
gouge thickness of ~1 mm (~2 g for serpentines, ~2.6 g for olivine, and ~2.1 g for quartz), which is necessary
because the density differences between serpentine (~2.52 g/cnr), olivine (3.27 g/cm®), and quartz
(2.65 g/cm®). We added a few drops of distilled water into the dry powder to spread the gouge evenly over
the saw cut surface and to saturate the gouge layer. The sandstone shearing blocks were made of Berea sand-
stone which has a porosity of ~20% and permeability ~5 x 10> m? (Zhu & Wong, 1997), and the saw cut
surface was ground with 120-grit diamond wheel to ensure a consistent surface property.
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Figure 2. Sample and apparatus configuration. A traditional triaxial deformation apparatus is used in this study. The confining pressure and pore pressure are con-
trolled individually through external servo-controlled intensifiers. Thin sections of deformed samples are made along the plane marked by the red dashed line. The
equipment configuration is for illustration only and is not to scale.

The gouge and forcing blocks were jacketed in a 0.05-mm thick copper foil; the sample and two alumina
spacers were then inserted into a 1.27-mm thick lead tube with an inner diameter of ~53 mm. The lead jacket
was then sealed by hose-clamps and o-rings to the endcaps (see Figure 2). Pore fluid access to the sample was
provided by small centric holes in the alumina spacers and end caps. Argon gas and deionized water were
used as the confining medium and pore fluid respectively.

Before each experiment, the saturated sample was first brought to a confining pressure (R) of 20 MPa and
allowed to precompact for ~15 hr. A pore pressure (P) of 10 MPa was then applied to purge air bubbles from
the system. After that, the confining and pore pressures were changed to the desired experimental conditions
for the friction experiments. Gouge layers were sheared at an effective pressure (R-Py of either 30 or 70 MPa
(Table 1); for experiments conducted at 70-MPa effective pressure (B-Py), the pore pressures ranged from 5
to 60 MPa, and for experiments conducted at 30-MPa effective pressure, the pore pressures ranged from 10 to
90 MPa. Confining pressure was determined to achieve the desired effective pressure and all experiments
were conducted at room temperature.

Two series of experiments were conducted. In one series, the pore pressure was kept constant under servo
control (referred to as constant pore pressure, CPP, experiments). During shearing of the gouge, changes
in pore volume were measured from displacement of a linear variable differential transformer (LVDT)
affixed to the pore pressure intensifier piston. Velocity stepping tests were performed to obtain rate-and-state
frictional parameters during CPP tests. In the other series of experiments, the sample was initially loaded at
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Table 1
Summary of Experiments
CPP Experiments
Gouge P. (MPa) Pr(MPa) P.-P¢(MPa) [ Oyield (MPa) (a—b)+ (a-b)~ D¢ (mm)
Atgh 75 5 70 0.57 157.8 —0.0042 + 0.0010 —0.0044 + 0.0020 0.1074 + 0.0165
Atgh 100 30 70 0.58 155.1 —0.0025 + 0.0010 —0.0030 + 0.0016 0.1165 + 0.0269
Atgh 130 60 70 0.60 151.1 —0.0015 + 0.0010 —0.0035 + 0.0007 0.1308 + 0.0343
Ctln 75 5 70 0.33 71.1 0.0072 £ 0.0015 0.0047 + 0.0020 0.0223 + 0.0100
Ctln 100 30 70 0.33 71.5 0.0069 + 0.0017 0.0072 + 0.0010 0.0338 + 0.0260
Ctln 130 60 70 0.33 68.1 0.0072 + 0.0015 0.0069 + 0.0006 0.0262 + 0.0066
o 75 5 70 0.69 151.0 0.0059 + 0.0009 0.0050 + 0.0009 0.0373 + 0.0432
on 100 30 70 0.69 148.0 0.0064 + 0.0005 0.0057 + 0.0006 0.0365 + 0.0125
on 130 60 70 0.65 145.9 0.0063 + 0.0005 0.0054 + 0.0005 0.0426 + 0.0108
Qz" 75 5 70 0.68 163.6 0.0041 + 0.0005 0.0025 + 0.0003 0.0567 + 0.0247
Qz" 100 30 70 0.68 161.4 0.0042 + 0.0003 0.0026 + 0.0006 0.0559 + 0.0184
Qz” 130 60 70 0.69 159.2 0.0043 + 0.0006 0.0032 + 0.0009 0.0604 + 0.0210
Atgh 40 10 30 0.65 69.8 0.0068 + 0.0020 0.0070 + 0.0019 0.0289 + 0.0070
Atgh 60 30 30 0.72 76.5 0.0073 + 0.0018 0.0056 + 0.0015 0.0265 + 0.0054
Atgh 90 60 30 0.64 64.7 0.0033 + 0.0181 0.0055 + 0.0045 0.0235 + 0.0058
Atgh 120 90 30 0.72 76.4 0.0083 + 0.0023 0.0094 + 0.0008 0.0236 + 0.0075
CPV Experiments
Gouge P. (MPa) Pr(MPa) P.-P¢(MPa) [ Oyield (MPa)
Atg* 40 10 30 0.737 63.7
Atg* 60 30 30 0.718 70.0
Atg* 90 60 30 0.629 62.2
Atg* 120 90 30 0.678 66.4
Ctl* 40 10 30 0.445 32.0
Ctl* 120 90 30 0.434 28.5
Ol* 40 10 30 0.764 70.4
Ol* 90 60 30 0.742 66.2
Ol* 120 90 30 0.747 66.8
Qz* 40 10 30 0.721 73.9
Qz* 120 90 30 0.732 73.6

Note. Atg = Antigorite; Ctl = Chrysotile; Ol = Olivine; Qz = quartz; (*) = tests under CPP; (*) = tests under CPV; M= velocity increasing steps; () = velocity
decreasing steps. The reported values of (a-b) are the average and standard deviation for all velocity steps in an experiment. CPP = constant pore pressure; CPV =

controlled pore volume experiment.

constant pore pressure, and once sliding occurs, pore volume was held approximately constant by locking
the piston of the pore pressure intensifier (referred to as constant pore volume, CPV, experiments).
During the CPV tests, the tendency for the samples to dilate or compact resulted in a decrease or increase
in P¢ which was monitored. We unlocked the pore pressure intensifier intermittently to keep the pore
fluid pressure within ~5 MPa of the target pressure. In reality, the total fluid mass in the sample and
intensifier was held constant in these experiments, and the total volume varied slightly as the pores
contract or dilate. Given the compressibility of water (~4 x 10°* MPa ™), a 5 MPa increase in pressure is
equivalent to a water volume reduction of ~0.03 ml for a total water volume (sample + intensifier) of
14 ml. Assuming that all pore volume change is due to gouge deformation, this corresponds to a gouge
volume reduction of ~3.4%. Because of the changing pore pressure during CPV tests, measurements of
(a-b) and D, showed large variation due to pressure fluctuations. Thus, the (a-b) and I from CPV
experiments were not used to discuss the slip behavior.

Samples were deformed at a constant axial displacement rate (loading velocity) of 0.5 um/s. For each defor-
mation test, once slip along the saw cut surface occurred (at ~1.5-mm axial displacement), the axial displa-
cement velocity was stepped in increments between 0.1 and 5 um/s (0.12 and 5.77 um/s sliding velocity; see
Table 1). To ensure a drained condition of the gouge, the sliding velocity was limited to between 0.1 and
1 um/s during the CPP experiments. Following each velocity step, we allowed 0.5-mm axial displacement
to achieve a new steady state for reliable measurement of rate and state friction parameters. The axial displa-
cement was measured by a LVDT affixed to the axial piston. An external force gauge was mounted at the
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piston outside the vessel from which the axial load (i) was measured (see Figure 2). The differential stress
(Ao = 0, — P.) was calculated from the axial load and corrected for o-ring seal friction due to its placement
outside of the pressure vesselx (Appendix Al).

The friction coefficient u (shear stress Tnormalized by the effective normal stress (q, — P¢) on the fault plane)

is calculated from differential stress (Ac) from the following equation:

T 05Acsin(2¢)  0.5Acsin(2¢)
" on—P; Acsin’(¢) + P—P;  0.5Ac(1—cos(2¢)

where ¢ is the angle between the gouge layer and the axial load ¢; (30°). The shear and normal stresses are
corrected for decreasing area of contact along the sawcut with increasing displacement (Appendix A2).

The velocity dependence factor (a-b) and characteristic displacement (1 ) are determined from the measure-
ments using the rate- and state-dependent friction model (Dieterich, 1979; Ruina, 1983). Calculation of the
velocity dependence factor (a-b) and the measurement of ). are discussed in detail in the Appendix A3.

The deformed samples were epoxy impregnated after the deformation and were cut perpendicular to the
shear plane and parallel to the slip vector (see Figure 2). Thin sections of antigorite and olivine gouges were
made after the experiments and were used for microstructural analyses.

3. Results
3.1. Frictional Strength and Friction Coefficient From CPP Experiments

The yield strengths of the samples having the same composition and deformed under the same effective pres-
sure (P.-Pr) vary less than 5% (see supporting information Figure S1), indicating that the mechanical
strength obeys the effective pressure law, with effective pressure of (R.-P;) and a-value close to 1. Both ser-
pentine gouges exhibit strain hardening to a peak strength followed by subsequent strain weakening to a
steady state strength (Figure 3a). In contrast, olivine and quartz gouges both exhibit strain hardening until
a steady state strength is achieved. These results are consistent with previous experimental studies on gouges
rich in phyllosilicates and other silicate minerals (e.g., Den Hartog et al., 2014; Escartin et al., 1997; Proctor
et al., 2014).

Like the yield strength, the friction coefficient of a given gouge composition shows no obvious correlations
with pore pressure magnitude (Figure 3a). The two serpentines have lower friction coefficients than those of
the olivine and quartz. Chrysotile has the lowest friction coefficient of ~0.33, and the friction coefficient of
antigorite shows a range from ~0.57 to 0.60. These observations are consistent with previously reported
strengths of serpentine minerals (e.g., Moore et al., 1996, 2004; Proctor et al., 2014). The friction coefficients
of olivine and quartz show a range from ~0.65 to 0.69 and are in agreement with previous observations for
these minerals as well (e.g., Dieterich & Conrad, 1984; Takahashi et al., 2011).

3.2. Frictional Velocity Dependence From CPP Experiments

The rate and state frictional parameter a for all gouge materials does not vary measurably between gouges of
different compositions (Figure 3b). However, the value of b is measurably higher for antigorite than for
quartz, while olivine and chrysotile show near 0 values for parameter b (Figure 3b). In this study, the velocity
dependence factors (a-b) is much better constrained from the experimental data than the parameters a and b
individually (Verberne et al., 2010). Therefore, only the steady state velocity dependence (a-b) is discussed in
further detail (Table 1).

Among the gouges studied here, only antigorite shows velocity-weakening behavior, (a-b) < 0 in slip
response at the testing conditions (Figure 3b), whereas olivine, quartz, and chrysotile gouges all exhibit
velocity-strengthening behavior, (a-b) > 0. Chrysotile, which has the lowest friction coefficient, also shows
the most positive (a-b) among all the compositions tested. This is consistent with the result of Ikari et al.
(2011) that gouges having a friction coefficient of u < 0.5 tend to exhibit stable sliding behavior.

An asymmetric frictional response to increasing and decreasing velocity steps is observed in (a-b) values (see
supporting information Figure S2). Specifically, the values of (a-b) determined from decreasing velocity steps
(1 to 0.1 um/s; Table 2) are lower than those from increasing velocity steps (0.1 to 1 um/s; Table 2). The
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Figure 3. (a) The friction coefficient of antigorite (green), olivine (blue), quartz (yellow), and chrysotile (red) for constant pore pressure experiments. The velocity
steps are marked in the plot for olivine friction and same sequence was used in all experiments. (b) Detailed plots showing velocity steps from experiments con-
ducted at 100 MPa P and 30 MPa Py. Steps from higher (1 um/s, white) to lower (0.1 um/s, shaded) velocities and back are shown.

asymmetry is more significant in olivine and quartz friction experiments. Rathbun and Marone (2013)
reported that, D, is larger in velocity decrease steps than the velocity increase steps and argue that this
was due to shear localization and changes in shear fabric in fault gouge. The pore structure evolution can
be affected by the step direction. This may cause the D. and (a-b) to show asymmetry between velocity
increase and decrease steps. The asymmetry of friction parameters is also discussed by (Chen et al., 2017).
These differences in shear localization and shear fabric may also affect the (a-b), leading to the
asymmetry observed in our study. Due to this asymmetry, averaging (a-b) values from increasing and
decreasing velocity steps exaggerates the apparent variability.

To better illustrate the effect of pore fluid pressure on (a-b), we compared results from velocity increase and
decrease steps separately. The (a-b) values for each increasing velocity step (0.1 to 1 um/s) is calculated and
plotted against the pore pressure in Figure 4, and the results for decreasing velocity steps are given in the
supporting information (Figure S3) The value of (a-b) increases with increasing pore pressure for all gouge
composition, which records an apparent strengthening effect of increasing pore pressure on fault strength.
The strengthening effect is greatest in antigorite, for which we observed an increase in (a-b) of ~5 x 10°°
MPa™! with increasing pore pressure. This corresponds to ~1% of (a-b) per MPa increase in pore pressure.
Olivine, quartz, and chrysotile show a smaller correlation between pore pressure and (a-b) compared to
antigorite (Figure 5).

3.3. Characteristic Displacement From CPP Experiments

The characteristic displacement (D) of each step is reported for all materials at conditions of 100-MPa con-
fining pressure and 30-MPa pore pressure (Figure 6a). The uncertainties in the absolute I values could be
considerable due to the specific machine configuration. Nevertheless, the relative values of I for different

Table 2

Axial Displacement Rate for the Step Tests During Each Experiment

Step # 1 2 3 4 5 6 7

Velocity Steps (um/s) 01t01(™) 1t001() 0ltol(*) 1t001() 0ltol(T)  1to00.1(")for CPP 01to1 (") for CPP5
1to 5 (") for CPV to 1 (") for CPV

Axial Displacement (mm) ~0.5 ~0.5 ~0.5 ~0.5 ~0.5 ~0.5 ~0.5

Note. For steps 6 and 7, the axial displacement rateis 1 to 0.1 and 0.1 to 1 um/s for CPP experiments and 1 to 5 and 5 to 1 um/s for CPV experiments. H= velocity
increasing steps; (*) = velocity decreasing steps.
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Figure 4. The correlation between velocity dependence factor (a-b) and pore pressure for (a) antigorite, (b) olivine, (c) quartz, and (d) chrysotile for velocity steps up
from 0.1 to 1 um/s in CPP experiments at effective pressure of 70 MPa. The strengthening rate of (a-b) from pore pressure is calculated based on the slope of the fitted
line in the plot. The evolution in (a-b) with increasing pore pressure is generally positive, and greatest in antigorite.

gouges obtained at the same experimental conditions can be compared. I} is the largest in antigorite com-
pared to all other minerals; for antigorite, the average value of D, is ~0.12 mm while olivine, quartz, and
chrysotile all have an average D of ~0.05.

We also compared the value of D, in antigorite at different pore pressures ranging from 5 to 60 MPa
(Figure 6b). Notwithstanding some scattering, D. is generally higher in experiments at pore pressures of

x107°

a-b Change with Pore Pressure /MPa

Atg ol Qz cti
Gouge Material

Figure 5. A box plot showing change in (a-b) with pore pressure (slope of the fitted lines in Figure 4). Only (a-b) from
increasing velocity steps (0.1 to 1 um/s) is presented in this plot.
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Py; (b) Characteristic displacement (D) of antigorite in response to steps in slip velocity shown for 70-MPa effective pressure and different pore pressures.

30 or 60 MPa than those at 5 MPa. This suggests that higher pore pressure could cause an increase in the
characteristic displacement.

3.4. Pore Volume Fluctuations From CPP Experiments

Before the start of deformation in each experiment, the pore volume of the Rintensifier is adjusted to the
same level. Thus, we can assume that the total pore volume in the sample and the system is similar among
all experiments. For the data presentation, pore volume at the beginning of the deformation is neutralized
to 0.

All experiments showed a net pore volume reduction (compaction) during frictional sliding (Figure 7). In
addition, we observed transient fluctuations in the position of the pore pressure intensifier piston during
slip, likely reflecting the responses of the servo control to sudden changes in pore volume. Figure 7 shows
that the pore volume fluctuation (i.e., from —0.5 to 0.3 ml) becomes more frequent at higher pore pressures
in antigorite gouge. Comparing quartz with antigorite, the amplitude of pore volume fluctuation (i.e., —0.2-
0.1 ml) is smaller. Because the (a-b) shows a stronger correlation with pore pressure in antigorite than in
quartz, the possible link between the pore volume fluctuation and the strengthening were investigated.

3.5. Pore Pressure Variations During CPV Experiments

In the CPV experiments (Table 2), samples deformed at an initial pore pressure less than 60 MPa show clear
and repeatable increases in pore pressure when the intensifier is locked (Figure 8). In samples deformed at
initial pore pressures greater than 60 MPa, however, little pore pressure variation was observed when the
intensifier was locked.

During frictional sliding, processes that cause both local compaction (e.g., pore collapse) and dilation (e.g.,
fracturing) take place within the sample (e.g., Morrow & Byerlee, 1989). Competition between the compac-
tion and dilation components determines the net (bulk) pore volume change. Our CPV data indicate that
high pore pressure suppresses compactive processes and/or promotes dilatant processes relative to lower
pore pressure conditions.

The pressurization rate during CPV tests is greater in samples deformed at low initial pore pressures than
that at high pore pressures (Figures 8 and 9), and this decrease in pressurization rate with increasing pore
pressure is observed in all materials (Figure 9). The antigorite shows the largest contrast in rate of pressur-
ization between low and high pore pressure. The rate of pore fluid pressurization decreases with increasing
slip velocity leading to a decrease in the contrast in pressurization rate between low and high pore pressure
experiments at slip velocities greater than 1 um/s (Figure 9).
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_Pore Volume Changes During Antigorite Friction

3.6. Microstructure of the Deformed Gouge

We observed Y fractures (Logan et al., 1992) in antigorite and olivine
i) ' gouges deformed at all conditions (Figure 10). Both gouge compositions
exhibit R; (Riedel) shear fractures at higher pore fluid pressure but not

s P
0

0.5+ 1
g 0 1 2

3 4 5 at lower pore pressure. In addition, gouges deformed at higher pore pres-
sure have fewer large grains than those deformed at lower pore pressures

05 Pc 100 Ff 30

| despite the fact that they were deformed at the same effective pressure
(70 MPa). This demonstrates that there is more extensive grain size reduc-
tion at higher pore pressure than at lower pore pressure in antigorite and
olivine. The thickness of the zone of comminution where intense grain

Pore Volume Change (mL)

0

. ! 2 3 4 5 size reduction is observed also increases with increasing pore pressure at

1 T T T constant effective pressure indicating that strain is more distributed at
o5 [ PeT30PMe0] 1 high pore pressure conditions. The development of shear fracture and

0 cracking during grain size reduction can all contribute to the pore volume
05 F 1 dilation during deformation.

1 1 2 3 4 5 . .

Axial Displacement (mm) 4. Discussion

, Pore Volume Changes During Quartz Friciion 4.1. Frictional Behavior Change With Increasing Pore Pressure
osl [ Pc7s Pl 1 The friction coefficients of all gouges that we studied are consistent with

ol ] previous studies which report that the serpentines are weaker than olivine
Py and quartz (Beeler, 2007; Dieterich & Conrad, 1984; Takahashi et al.,

2011) and that chrysotile is the weakest and promotes stable sliding at

05

Pore Volume Change (mL)

05" Pc 100 Pf 30

3 4 5 our experimental conditions (Ikari et al., 2011; Moore et al., 1996, 2004).

Calculations of the velocity dependence factor (a-b) demonstrate that
higher pore pressures can cause an increase in (a-b), thereby stabilizing
frictional slip. For instance, the smallest value of (a-b) measured for
antigorite is —4.2 X 10™> at 5-MPa pore pressure and 75-MPa confining
a3 4 5 pressure. If we extrapolated these results to 80-MPa pore pressure and
150-MPa confining pressure given the measured correlation between pore

051 Pc 130 PI 60

05+

pressure and (a-b) (~5 X 107> MPa '), then the relationship predicts a
transition of the frictional behavior of antigorite from velocity weakening
to velocity strengthening. This corresponds to a change in slip behavior
from potential unstable to stable slip.

1

Axial Displacement (mm)

2

3 4

w

It is noted that with increasing slip rates, the pore fluid eventually
becomes undrained. Under undrained conditions, the pore pressure mea-

Figure 7. Pore volume changes of antigorite (green) and quartz (yellow) surements at the transducer do not reflect pore pressure changes within
during deformation. The white and shaded areas show fast (1 um/s) and the gouge. However, at low slip rates, the gouge is considered as drained

slow (0.1 um/s) slip velocity steps, respectively. Experiments were conducted
at 70-MPa effective pressure. Compaction of the pore space is represented by
negative pore volume change and dilation represented by positive pore

volume change.

and the pore pressure measurements accurately track the pressure within
the gouge. We calculated the diffusion time which describes the time for
the fluid in the gouge to equilibrate after perturbations using the following

equation:
hpn
f=—— 3
% (3

where h is the diffusion length, § is the compressibility of the gouge, 7 is the viscosity of the fluid, and k is the
permeability of the gouge. We adopt the compressibility value of 107'° Pa™" and fluid viscosity of 0.001 Pa-s
base on Faulkner et al. (2018). We assume a gouge permeability of 102° m? (Faulkner & Rutter, 2003; Ikari
et al., 2009; Morrow et al., 1984). The calculated diffusion time is ~1.25 s. The gouge compaction takes place
at grain contact scale of ~1 pm. When slip rate is at 5 pm/s, the time scale for compaction is ~0.2 s. In this
case, the gouge can be considered as undrained at the contact scale. While at slip rate of 1 um/s or lower,
the compaction takes place at a time scale of 1-10 s. Therefore, the gouge is drained at slip rate of 0.1 to
1 um/s.
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Figure 8. Pore pressure changes of antigorite gouge during constant pore volume experiments. The white and light grey areas show fast (1 um/s) and slow
(0.1 um/s) slip velocity steps, respectively. The dark grey area represents a slip velocity of 5 um/s. The black arrows mark the point at which the pore volume is
fixed by locking the pore pressure intensifier. In order to maintain conditions comparable with the constant pore pressure tests, we prevented the pore pressure from
varying more than 5 MPa from the initial conditions by regaining servo control of pore pressure intensifier.

4.2. Pore Volume Change During Shear

The increase in pore pressure during CPV experiments and the inverse correlation between pressurization
rate and the magnitude of pore pressure cannot be explained by the dependence of water compressibility
on pore pressure. Specifically, the compressibility of water (8) is described by the equation:

1 /oV
i=-7, (), @

where V, is the volume, P is the pore pressure, and T is the temperature. The compressibility of water with
respect to pore pressure at room temperature. The compressibility of water decreases with increasing pore
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Figure 9. The pore fluid pressurization rate (with displacement) of antigorite (green), olivine (blue), quartz (yellow), and chrysotile (red), during constant pore
volume experiments at different axial displacement rates. Experiments were conducted at effective pressure of 70 MPa. The fluid pressurization rate decreases

with increasing pore pressure.

pressure from 4.41 x 10~* MPa ™! at 10 MPa to 3.62 X 10~* MPa " at 90 MPa at room temperature (Fine &
Millero, 1973). This indicates that for the same change in pore volume, a larger change in pore pressure is
expected at higher pore pressures, which is the opposite of our observations.

In our antigorite experiment from CPV, we observed a 5-MPa pore pressure increase over ~0.08 mm of axial
displacement following a lock on the pore volume during the deformation, which corresponds to a pore fluid
pressurization rate of ~74 MPa/mm. This 5-MPa increase in pore pressure is equivalent to a pore volume
reduction of ~0.03 ml, assuming a total pore volume (sample + intensifier) of 14 ml. For a cylindrical sample
of 25.4 mm in diameter and 50.8 mm in height, this correspond to a sample volume reduction of ~0.12%.
Assuming that all pore volume change is due to gouge deformation. This would correspond to a gouge
volume reduction of ~3.4%, assuming a gouge porosity of ~10%.Considering the change in water compressi-
bility at the lowest and highest pore pressures that we studied, the same sample volume reduction that leads
to a 5-MPa increase in pressure at 10-MPa pore pressure would cause a 5.9-MPa pore pressure increase at
90-MPa pore pressure. However, we do not observe a systematic increase in pressurization rate at 90 MPa.
It follows that the pressure-dependent compressibility cannot explain the differences in pressurization rate
at different pore pressure in our study. Thus, the decrease in pressurization rate with increasing pressure
must reflect a decrease in the net pore compaction rate with increasing pressure.

Gouge deformation (granular flow) following a change in the slip velocity is a competition between pore
volume compaction and dilation (e.g., Morrow & Byerlee, 1989). A decrease in the net compaction effect
with increasing pore pressure could be resulted from a decrease in the compaction component or an increase
in the dilation component associated with pore pressure increase. Change in the compaction component is a
result of the variation in effective normal stress (a’n =0, — aPy). The observed decrease in compaction with
increasing pore pressure would require an a value higher than 1 which is not supported by our stress-
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Figure 10. Microstructures of antigorite (Atg) and olivine (Ol) gouges at different pore pressures and effective pressures of 70 MPa. The orange arrow marks the

shearing direction.

displacement loading plot (Figures 3a and S1). The yield point is consistent among the same gouge materials
at the same controlled effective pressures in Figures 3a and S1, demonstrating that the o value is around 1 in
our experiments.

Based on the observations, we propose that the processes associated with compaction are suppressed and
dilatant processes are enhanced with increasing pore pressure. Specifically, the decrease in pressurization
rate with increasing pore pressure demonstrates that the deformation changes from compaction dominated
at low P;to nearly dilation-dominated processes at high B. Following a change in slip velocity, compaction
cannot proceed indefinitely and ceases once a new steady state friction is achieved following a change in slip
velocity. However, because the compaction and dilation take place during the evolution of friction following
a change in slip velocity, we expect the competition to affect the value of the new steady state friction and
rate parameters (a-b).

4.3. Pore Pressure Dependence of (a-b)

Given the evidence for decreasing net compaction with increasing pore pressure, we propose that the corre-
lation between pore pressure and (a-b) can be explained by a dilatant hardening mechanism that occurs on a
local scale despite the fact that net volume changes are compactions. Because the (a-b) measurements
discussed here are all taken from CPP experiments, where velocity steps are between 0.1 and 1 um/s, the
(a-b) dependence on pore pressure from this experiment is not affected by the undrained conditions.
When dilation takes place locally during deformation, the transient effective normal stress increases and
may approach the total normal stress, which causes frictional strengthening (Marone, 1998). By keeping
the applied effective pressure constant, the local normal stress that can be achieved is higher in samples
under higher applied pore pressures. In other words, a higher pore pressure could lead to greater frictional
strengthening due to local dilatant hardening under net compactive deformation. In this case, the (a-b) that

XING ET AL.

*[0202/S0/10] ¥ [200810416102/6201°01/3pda/10p/npa: prun-irodyoreasar wn-Axoxd- wod-£d[im-Aresqraurjuo-sqndnse//:sdny - 201°'610°200' 621 - PUBIAIEIN JO ANsIoatun] £q pajutig



pmna



Journal of Geophysical Research: Solid Earth 10.1029/2019JB018002

we reported is an apparent rate dependence of the gouge, because it includes both inherent material
properties and evolving fluid pressure, despite the fact that slip velocities are predicted to result in drained
behavior based on macroscopic estimates.

This conceptual model for local dilation and transiently increased local normal stress can explain the differ-
ent degrees of velocity strengthening behaviors observed in gouges of different composition. Lower perme-
ability gouges would be more likely to hinder draining of transient changes in pore fluid pressure and thus
cause greater apparent strengthening compared to higher permeability gouges. The fact that the correlation
between pore pressure and (a-b) is greater in phyllosilicate gouges is consistent with experimental observa-
tions which show that phyllosilicate gouges have low permeability, which would promote undrained
behavior (Faulkner & Rutter, 1998; Zhang et al., 1999, 2001). This is also consistent with other studies that
show quartz-rich gouges can maintain a high permeability, which would limit pore fluid pressurization
(Ikari et al., 2009; Samuelson et al., 2009).

The pore volume measurements during CPP tests corroborate the observed pore fluid pressure dependence
of (a-b). The CPP tests demonstrate that less total compaction, which we infer reflects more local dilation,
occurs at higher pore pressures (Figure 7). More local dilation corresponds to greater local hardening effects
and is consistent with the larger increase on (a-b) of all gouges with higher pore fluid pressures.

The decrease in fluid pressurization with increasing slip velocity in the CPV tests can be explained by the
effect of slip velocity on dilation. As slip velocity increases, the amount of local dilation increases and com-
pensates for the compaction, leading to a decrease in the pressurization rate of the pore fluid. This effect of
slip velocity on dilation has also been shown by previous studies where the net volume changes are dilatant
(e.g., Morrow & Byerlee, 1989). This stands true for all of the gouge compositions that we tested, although the
largest effect is seen during deformation of antigorite.

The fact that antigorite shows the greatest change in the pressurization rate with increasing pore pressure
conditions is consistent with it also exhibiting the more significant increase in (a-b) with increasing pore
pressure. We interpret that the presence of R, shear fractures in gouge deformed at higher pore pressures
could also contribute to higher amount of dilation leading to greater dilatant hardening given the fact that
these features are only observed at higher pore pressure where the mechanical data show evidence for lower
net compaction. We also posit that the more extensive grain size reduction distributed over a thicker zone, as
observed in samples deformed at higher pore pressure, could tend to enhance local dilation through the asso-
ciated cracking (Figure 11) and led to the apparent increase of (a-b) in the gouges.

The effect of dilatant hardening on gouge deformation has been observed in previous studies. Ikari et al.
(2009) suggested that a low pore pressure could reduce the potential for velocity strengthening because com-
paction by consolidation and cementation is favored at low pore pressure. However, this is discussed in a
context of the effect of high effective pressure at low pore pressure conditions. Our observations suggest that
dilation may also be affected by the absolute pore pressure level where dilation increases as the pore pressure
level becomes elevated. French and Zhu (2017) have found that high pore pressure impedes the rate of fault
propagation during the loss of cohesion in serpentinite and leads to strengthening of the material and more
stable failure. The results from this study demonstrated that dilatant hardening could also have a significant
effect on the frictional deformation of gouge materials and lead to an apparent velocity strengthening that
correlates with pore pressure magnitude.

4.4. Characteristic Displacement (D.)

The characteristic displacement of antigorite is ~5 times larger than any of other gouge materials that we
tested. In the critical stiffness friction stability criterion, larger D, would lead to a lower critical stiffness of
the antigorite gouge and therefore favor more stable slip. This suggests that the slip of antigorite is more
likely to favors slow slip than all other materials studied here under room temperature conditions.

For antigorite friction, higher pore pressure also leads to an increase in the characteristic displacement
(Figure 6b). This observation is consistent with the discovery of French and Zhu (2017), who suggested that
the dilatancy hardening causes an increase in the slip weakening distance. Increase in D. would reduce the
critical stiffness and, therefore, favor stable sliding. The parameter I has been correlated with the thickness
of the zone of localized shear strain (Marone & Kilgore, 1993). The thicker zone of comminution observed in
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Figure 11. An illustration of the structures seen in the gouges. The shearing results in the development of comminution zone with grain size reduction and R
Riedel fracture. At grain scale, development of microcracks promotes the grain size reduction processes.

thin sections of gouge deformed at high pore pressures also seems to support a more distributed zone of
deformation (Figure 10). Thus, these results suggest that distributed deformation would favor a more
stable slip compared to localized deformation. This is also consistent with our observation that (a-b)
increases with increasing pore pressure.

4.5. Slow Slip in Serpentine

The observed dependence of rate and state friction parameters on pore fluid pressure suggests that in addi-
tion to the inherent material properties, local dilatant hardening in gouge materials could potentially lead to
slow slip (Segall et al., 2010). From the observations of this study, the largest effect of local dilation is docu-
mented during deformation of antigorite. It is reasonable to infer that the frictional deformation character-
istics of antigorite are the most likely to produce slow slip of the gouges that we tested. We propose that slip
that occurs in regions with a large presence of the antigorite or gouge with similar frictional properties and
high pore pressure would likely favor slow slip.

The strengthening effect of a dilatant hardening mechanism has been discussed in several studies (Brace &
Bombolakis, 1963; French & Zhu, 2017; Rudnicki & Chen, 1988). However, our study shows that it is neces-
sary to consider the absolute level of pore pressure especially when pore pressure is high. The enhanced rate
strengthening of friction could come from both effective pressure reduction and pore pressure increase. For
antigorite gouges, the high pore pressure could cause a transition in the frictional behavior from unstable to
stable slip. This observation is especially important in regions such as subduction zones, transform faults,
and mid-ocean ridges where large amounts of fluid are brought to the fault zone to induce extensive serpen-
tinization. Although our experiments are all conducted at room temperature, the findings of this study also
seem to be valid at high temperature conditions. Takahashi et al. (2011) observed stick-slip behavior in
serpentine at ~500 °C. Interestingly, Okazaki and Katayama (2015) found slow slip in serpentine at above
500 °C and argued that dehydration in serpentine was responsible for the observed slow slip. It is
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plausible, that the slow slip is linked to the elevated pore pressure produced by serpentine dehydration at
higher temperature. This implies that our observation that high pore pressure promotes slow slip could also
apply to high temperature conditions. French and Zhu (2017) found that high pore fluid pressure has a
stabilizing effect on fault propagation from 23 to 150 °C. These findings suggest that the strengthening effect
of pore fluid pressure observed in this study may be applicable to high temperature conditions as well.

5. Conclusions
Based on the observations in this study, we have found that

1. Chrysotile, olivine, and quartz are velocity strengthening at the conditions of this study and have a simi-
lar velocity dependence (a-b), while antigorite is velocity weakening.

2. Increasing pore fluid pressure leads to an increase in (a-b) for all gouge compositions with the largest
effect seen in antigorite.

3. At the same effective pressure, the net pore volume reduction during shear diminishes at high pore fluid
pressures, indicating less compaction and/or more local dilation at these conditions.

4. The observed correlation between high pore pressure and the magnitude of (a-b) can be explained by
dilatant hardening mechanism.

5. Under the same effective pressure conditions, increasing pore pressure would likely lead to a transition in
friction from velocity-weakening to velocity strengthening; and lead to evolution of friction parameters,
reducing the critical stiffness of the deforming gouge and favors transitional slip behaviors such as slow
slips and tremors.

The experimental results of this study demonstrate that high pore pressure can promote an increase in the
apparent velocity dependence of gouge and can cause a change in the frictional behavior from velocity weak-
ening to apparent velocity strengthening. This could potentially result in a transition from seismic slip to
aseismic creep fault behavior. The results suggest that the presence of high pore pressure may rest the
stick-slip earthquakes and cause transitional slip behavior to occur. This study sheds light on the importance
of taking into the account the magnitude of fluid pressure when discussing fault slip behavior. It is likely that
other minerals also exhibit a correlation between the apparent rate dependence and fluid pressure. This
remain to be tested through further extensive study on other materials.

Appendix A

Al. Seal Friction Correction

The axial load (differential stress) applied to the sample is measured with an external load cell and used to
determine differential stress. When the load cell is located outside the vessel, some of the measured force is
resisted by the friction between the advancing piston and confining pressure seal assembly. Therefore, it is
necessary to correct the differential stress by subtracting seal friction.

Seal friction can be determined by first advancing the piston at a constant rate (i.e., 10 um/s) until it makes
contact with the sample. Then the piston is retracted with a rate one order of magnitude lower than the
advancing rate (i.e., 1 um/s) until the differential stress is fully released and becomes constant again. The seal
friction is the difference between the two constant stresses at each stable state.

Because the piston is only moving in one direction during the deformation, the true differential stress read-
ing should be Axial load-P.-Seal Friction.

A2. Contact Offset Correction

As the experiments are conducted on saw cut samples, increasing slip on the surfaces would cause a decrease
in the overlapping area. This would make the true differential stress values higher than the measurements
read from the force gauge. Following the calculation of Tembe et al. (2010), the area correction would result
in 23% stress adjustment by 8 mm of axial shortening. Therefore, a geometric factor A/A, is used for this cor-
rection (Scott et al., 1994):
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where Ap and A are the original and corrected cross-sectional area of the sample, respectively, © is the angle
subtended by the point of intersection of two overlapping circles, at the centers of the circles, dl is the axial
displacement measured by the LVDTs, and r is the radius of the sample. The corrected differential stress
(Aoey) is as follows:

ACcor = Aa% (A3)
A3. Rate-and-State Friction Parameters
Figure Al illustrates the measurement of characteristic displacement I based on the calculation from the
friction coefficient. Following a change in slip velocity (V4 to V3), the friction coefficient evolves from one
steady state (1) to the next steady state (). The D, describes the displacement required for the friction coef-
ficient to evolve.

The velocity-dependence factor is calculated based on the equation:

=My

a—b= (A3)

" In(V2/ V)

a) Velocity-Weakening: V<V, <V, Hy>H >,

b) Velocity-5trengthening: V, <V <V, My <M <M,

1
1
1 Vv
1
1

Figure Al. Friction responses to changes in slip velocity. (a) Velocity weakening behavior where increase in slip velocity is associated with a decrease in the
friction coefficient (negative a-b). (b) Velocity strengthening behavior where increase in slip velocity is associated with an increase in the friction coefficient
(positive a-b). The characteristic displacement (D) is marked by the distance required for the friction coefficient to evolve to one steady state to the next steady state
following a change in slip velocity.
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This is derived from constitutive rate-and-state friction laws which describe the dependence of the dynamic
friction coefficient on sliding velocity and history (Dieterich, 1979; Ruina, 1983):

B v, V.6
Hs =M +aln <V1> + bln( D. ) (A5)
de ov
@' (A6)
V.
My =t + (a—b)ln<—2> (A7)
1%}

where s the steady state friction coefficient and us is the dynamic friction coefficient at slip velocity of V;
and V, respectively, a and b are material properties, D, is the displacement over which friction evolves with
slip, and 6 is the state variable.

D, describes the displacement over which friction evolves into 1/e of the change in steady state friction, (i.e.,
when u changes to level of b/e; Kilgore et al., 1993). In this study, the I is estimated as (1-1/e) of the displa-
cement for friction coefficient to evolve from one steady state to the next steady state where b value is high
and cannot be ignored. In cases of olivine, quartz, and chrysotile friction, the b value is small. Therefore, b/e
is close to zero. The D, is then approximated as the displacement for friction coefficient to evolve from one
steady state to the next steady state.
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