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Frictional properties of gabbro at conditions corresponding
to slow slip events in subduction zones

E. K. Mitchell", Y. Fialko', and K. M. Brown'

"Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California, San Diego,
San Diego, California, USA

Abstract we conducted a series of experiments to explore the rate and state frictional properties of gab-
bro at conditions thought to be representative of slow slip events (SSEs) in subduction zones. The experi-
ments were conducted using a heated direct shear apparatus. We tested both solid and simulated gouge
samples at low effective normal stress (5-30 MPa) over a broad range of temperatures (20-600°C) under dry
and hydrated conditions. In tests performed on dry solid samples, we observed stable sliding at low temper-
atures (20-150°C), stick slip at high temperatures (350-600°C), and a transitional “episodic slow slip” behav-
ior at intermediate temperatures (200-300°C). In tests performed on dry gouge samples, we observed
stable sliding at all temperatures. Under hydrated conditions, the gouge samples exhibited episodic slow
slip and stick-slip behavior at temperatures between 300 and 500°C. Our results show a decrease in the rate
parameter (a — b) with temperature for both solid and gouge samples; friction transitions from velocity
strengthening to velocity weakening at temperature of about 150°C for both solid and gouge samples. We
do not observe transition to velocity-strengthening friction at the high end of the tested temperature range.
Our results suggest that the occurrence of slow slip events and the downdip limit of the seismogenic zone
on subduction megathrusts cannot be solely explained by the temperature dependence of frictional proper-
ties of gabbro. Further experimental studies are needed to evaluate the effects of water fugacity and com-
positional heterogeneity (e.g., the presence of phyllosilicates) on frictional stability of subduction
megathrusts.

1. Introduction

Over the last decade, geodetic observations revealed slow slip events (SSEs) in a number of subduction
zones around the world [Hirose et al., 1999; Dragert et al., 2001; Rogers and Dragert, 2003; Obara et al., 2004;
Obara and Hirose, 2006]. SSEs are characterized by accelerated fault creep at the bottom of the seismogenic
zone that occurs over a time scale of the order of a few weeks, with a characteristic recurrence interval of
the order of a year [Dragert et al., 2001; Obara et al., 2004]. Low-frequency earthquakes (LFEs), also known as
nonvolcanic tremor, have been observed coincidentally with SSEs, and are thought to be the seismic signa-
ture of such events [Obara, 2002; Rogers and Dragert, 2003; Ito et al., 2007; Bartlow et al., 2011]. SSEs are
thought to occur under conditions of very low effective normal stress, possibly due to locally elevated pore
fluid pressure [Matsubara et al., 2009] in the transition zone between the velocity-weakening (seismogenic)
and velocity-strengthening (aseismic) parts of the subduction megathrust [Rubin, 2008; Liu and Rice, 2009].
SSEs have been also reported in other tectonic environments [e.g., Louie et al., 1985; Linde et al., 1996;
Cervelli et al., 2002; Wei et al., 2009], and used to argue for a continuum of slip modes ranging from stable
creep to slow slip events to earthquakes [e.g., Peng and Gomberg, 2010].

Models of the earthquake cycle on subduction zone megathrusts are able to produce SSEs of reasonable
size and duration by assuming low effective normal stress and rate-state friction parameters that have a
temperature-dependent stability transition [Liu and Rice, 2005, 2009; Rubin, 2008; Segall et al., 2010]. For
example, models of Liu and Rice [2009] assumed frictional parameters experimentally determined by He
et al. [2007] for gabbro under hydrothermal conditions using a triaxial apparatus. As mentioned by Liu and
Rice [2009], the experimental data are limited and (a — b) shows a dependence on loading conditions such
as effective normal stress and load-point velocity, warranting more laboratory investigations at conditions
corresponding to those at the inferred depths of SSEs. In this study, we investigate the frictional properties
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Figure 1. Experimental setup. (a) Diagram of 1-D spring-slider model. (b) Photograph of the gabbro samples after testing, with an intact sample for comparison and a pen for scale. (c)
Microscope image of a portion of the shear zone after testing, under plane polarized transmitted light. Note the brown, very fine grained gouge layer within the shear zone, with possi-
ble Riedel shears (pointed out by arrows), indicative of primarily brittle deformation. (d) Scanning electron microscope (SEM) image of a portion of the shear zone, showing crushed
grains along the shear surfaces and a layer of very small gouge particles. Inset figure is a close up of the gouge zone showing gouge particle size (of the order of hundreds of

nanometers).

of gabbro under low normal stress, dry and hydrated conditions (low water fugacity), over a temperature
range of 20-600°C. We find that slip becomes increasingly more unstable (velocity-weakening) with increas-
ing temperature, up to the high-temperature limit of our experiments (600°C).

2, Experimental Setup

We conducted experiments using a heated direct shear apparatus in which rectangular blocks of gabbro
with a total contact area of 2.64 X 10> mm? are contained in steel sample holders of matching geometry.
The sample holders can also be used to test granular samples. Figure 1a is a diagram of a simple 1-D spring-
slider model that closely approximates the experimental setup. Figure 1b shows the solid gabbro samples
after testing, with an intact gabbro sample for comparison. The gabbro samples are composed of 63% pla-
gioclase, 31% pyroxene, 3% magnetite, 2% olivine, and 1% chlorite. Average grain size is 0.5 mm. Solid sam-
ples were ground to a flatness of 4 um/m and roughness of grit #80. Simulated gouge samples were
created by crushing solid blocks of gabbro until they passed through a sieve with holes of diameter
1.67 mm. Gouge samples were initially 13 mm thick, and compacted to a thickness of 9 mm after being
compressed to 30 MPa. The samples were “ran-in” by the initial slip of 160 mm at 5 MPa normal stress and
room temperature. For solid samples, coefficient of friction evolved to a nearly constant value during the
run-in, typically increasing from about 0.50 to 0.75 after total slip of about 100 mm, as a ~0.1 mm thick
gouge layer accumulated between the rock surfaces. Displacements were measured using an LVDT trans-
ducer attached to the sample. Measured displacements included a small reversible component (0.03 mm/
MPa for shear stress less than 15 MPa and 0.05 mm/MPa for shear stress greater than 15 MPa), most likely
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resulting from tilting of the sample holder, as verified by cyclic increases and decreases in shear stress
below the slip threshold. This reversible component was subtracted from the displacement data. We also
removed any small linear trend in shear stress that was likely caused by irregularities along the slip inter-
face. We heated the samples at 150°C for 30 min before all tests in order to reduce the effects of room
humidity on dry tests performed at low temperatures. For more details about the experimental setup, see
Mitchell et al. [2013]. To investigate the effects of water on frictional properties of the simulated gouge, we
injected water at a rate of 0.02 mL/min into the bottom of the sample holder with a pressure cap of 0.7
MPa. Since the samples are unconfined, at temperatures above 100°C, the water flashes to vapor.

Experiments were conducted at normal stresses between 5 and 30 MPa, and load-point velocities between
10 %and 3 X 10”2 mm/s. The tested range of normal stresses and slip velocities corresponds to conditions
at the top and the bottom of the seismogenic zone on subduction megathrusts, where slow slip events
occur. Effective normal stress at the bottom of the seismogenic zone is inferred to be very low (1-10 MPa)
based on high V,/V; ratios [Kodaira et al., 2004; Matsubara et al.,, 2009], tremor triggered by Love waves
[Rubinstein et al., 2007], aqueous metamorphic reactions in subducted rocks [Dobson et al., 2002; Hacker
et al., 2003], and results of numerical simulations of the geodetically detected slow slip events [Liu and Rice,
2005, 2009; Rubin, 2008; Segall et al., 2010]. The typical long-term fault slip rate in subduction zones is of the
order of 10~ mm/s (a few centimeters per year), and the slip rate during SSEs is of the order of 107°—10"*
mm/s [e.g., Dragert et al., 2001; Liu and Rice, 2009; Peng and Gomberg, 2010]. We varied temperature from
room temperature to 600°C. The deep limit of seismicity on subduction megathrusts is thought to occur at
a temperature of about 350°C [Hyndman and Wang, 1993; Gutscher and Peacock, 2003], but estimates as low
as 250°C and as high as 550°C have also been made [Tichelaar and Ruff, 1993]. For comparison, the deep
limit of earthquake nucleation on continental transform faults is thought to occur at about 350°C [Hyndman
and Wang, 1993; Schwartz and Rokosky, 2007; Gutscher and Peacock, 2003], and on oceanic transform faults
at about 600°C based on seismic studies and thermal models [McKenzie et al., 2005; Boettcher et al., 2007].
For experiments in which the samples stably slid, we performed velocity steps between 3 X 10~* and 3 X
10~2 mm/s, and directly measured the rate-state friction parameters (a — b), a, D, and y, [Dieterich, 1978;
Ruina, 1983]. For experiments in which the samples did not slide stably, we inverted for the respective
parameters using the rate-state equations, as discussed in section 5.

3. Experimental Results

Figure 2 shows the evolution of shear stress of solid samples for the tested range of ambient temperatures
(lowest temperatures tested are not shown since the samples slid stably). The data reveal a continuum of
slip modes from stable sliding at low temperature (20-150°C), to oscillations and episodic slow slips in the
mid temperature range (200-300°C), to robust unstable slip events at high temperature (350-600°C). Figure
3 shows the displacement histories of a few slip events so that the differences between slip events at differ-
ent temperatures can be more easily distinguished. The slip velocity during experimental slow slip events is
between 0.005 and 0.074 mm/s. This is between 5 and 70 times the load-point velocity. The geodetically
inferred slip rates of SSEs (10> mm/s) exceed the long-term fault slip rates (10~® mm/s) by the same order
of magnitude, as noted in the previous section. SSE-like behavior in our laboratory experiments can be
described by conditionally stable behavior of a one-dimensional spring-slider model with spring constant
less than the critical stiffness. The slow slip events observed in our experiments, however, are not a direct
analog to SSEs on natural faults, since slip on deformable faults involves a range of length scales (or stiff-
nesses) that control the degree of stability of sliding [e.g., Rubin, 2008].

We conducted additional tests on solid gabbro at 400°C and lower load-point velocities to explore if stick-
slip behavior would still occur. The results of these experiments are shown in Figure 4. We find that the sam-
ples stick slipped and stress drops during slip events were larger for lower load-point velocities, even as low
as 10~® mm/s. This is presumably because the lower load-point velocity gives rise to more efficient healing
between slip events, which allows for a greater stress drop during slip events, as expected by rate-state fric-
tion theory [Dieterich, 1978; Ruina, 1983; Gu and Wong, 1991; He et al., 2003]. For a given load-point velocity
(10~2 mm/s), we also observe an increase in stress drop with temperature, similar to results of our tests on
granite [Mitchell et al., 2013].
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Figure 2. Shear stress time series. Cyan dotted lines represent shear stress data from experiments conducted on dry solid gabbro at
normal stress of 5 MPa and load-point velocity of 10~> mm/s. Black lines represent best fitting models.

We observed stable sliding in the dry simulated gouge samples at all temperatures. In the presence of water,
at temperatures between 300 and 500°C, stable sliding transitioned to either episodic slow slips (in the case
of 30 MPa normal stress) or stick-slip events (in the case of 5 MPa normal stress), as shown in Figure 5.

4, Shear Zone Microstructure

At the end of the experimental runs, we extracted both parts of the solid sample from the machine and
glued them together with epoxy. We then sliced the sample perpendicular to the shear zone and created
thin sections to investigate deformation microstructures within the shear zone. Figure 1c is a microscope
image of a thin section that shows a portion of the shear zone, with shear direction indicated by the white
arrow at the top of the figure. The shear surfaces look rough at the microscopic scale; between the shear
surfaces is a layer of brown, very fine grained gouge material. The white arrows in Figure 1c point out possi-
ble Riedel shears within the gouge layer, indicating that deformation was occurring in the brittle regime.
Figure 1d is a scanning electron microscope (SEM) image of the same thin section. Grain cracking can be
seen along the edges of the shear zone, and gouge particles can be seen within the shear zone. The darker
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0.14 line running through the middle of the
gouge zone is epoxy that intruded into the

0.12 shear zone, possibly because strain was
localized there during slip, causing the sam-

0.1 ples to separate along that plane when

E 0.08 they were extracted from the machine. The
g inset image is a close up of the gouge
g 0.06 material. It shows gouge particle size to be

very small, of the order of about 100 nm.
0.04

0.02 5. Numerical Modeling

‘ ‘ ‘ ‘ ‘ ‘ Due to the relatively low stiffness of the
%0 70 80 90 100 110 120 130 direct shear apparatus, we could not

Time, s directly measure the rate-state friction
parameters by performing velocity-

Figure 3. Displacement time series. Displacement data (offset added for visual
clarity) as a function of time for experiments conducted on dry solid gabbro at stepping tests in case of unstable slip.
three different temperatures. At 150°C, the sample slides stably at the driving Instead, we solved for the shear stress
speed of 10> mm/s. At 400°C, the sample exhibits stick-slip behavior, with and displacement time series usin

maximum slip speed greater than 6.8 mm/s. At 250°C, the sample exhibits an P 9 a
intermediate SSE-like behavior, with slip speed of about 4.6 X 107> mm/s. spring-slider model (Figure 1a) that incor-

porates the rate-state constitutive equa-
tions [Dieterich, 1978; Ruina, 1983]. We assume the following friction constitutive equation at the sliding

interface,
v V,0
=u,+aln ( — | +bln | == 1
U=, an(vo) bn(Dc) (M

where p is the coefficient of friction, V is the slip velocity, i, is the coefficient of friction at reference velocity
V,, a is the direct velocity effect, b is the evolution effect, 0 is the state variable, and D, is the slip weakening
distance. This equation can be rewritten in terms of velocity as a function of coefficient of friction,

V=V, (%) gexp (%) (2)

We have used several evolution laws for the
state variable 0, including the aging law

14 ] 0;6 mm I‘ ° [Dieterich, 1978], the slip law [Ruina, 1983], a
1.0l -5 S | composite law [Kato and Tullis, 2001], and
4 @10 5 mm/s the aging law with a shear stress weakening
s 1 ® 107" mm/s ° i term, ¢, as proposed by Nagata et al. [2012]:
=
. Vo
.| i 0=1——, Agin (3)
g 08 oo Aging
p 0.6 Vo Vo
‘n [ 7 .
o 0=——In|— li 4
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Figure 4. Stress drop. Stress drop during slip events as a function of temperature In the composite law (equation (5)), V. is a
from an experiment conducted on dry solid gabbro at normal stress of 5 MPa. cutoff velocity, assumed to be 10*5 mm/s

Dark blue dots represent data from experiments conducted at load-point veloc-
ity of 10~ mm/s. We also conducted tests at 400°C and driving velocities of
107> and 10~® mmV/s, represented by green and cyan dots, respectively. shear stress 1 is given by

in our simulations. The rate of change in
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Figure 5. Dry and hydrated tests. (a) Coefficient of friction time series from tests conducted on simulated gabbro gouge. The black line
represents a test conducted at 500°C and normal stress of 30 MPa. The blue line represents a test conducted at 300°C and normal stress of
5 MPa. Arrows represent the time at which water was injected into the bottom of the samples.

t=k(V*-V) (7)

where k is the spring stiffness per unit contact area and V * is the driving velocity. The different equations
for evolution of the state variable were designed to empirically fit data from laboratory friction tests. The
aging law (equation (3)), when applied to the spring-slider system, reproduces the increase in shear
strength of the frictional interface with time. In this case, the state variable represents the average “lifetime”
of asperities on the frictional interface [Dieterich, 1978; Marone, 1998]. In case of the slip law (equation (4)),
both slip and slip velocity, not the time of contact time alone, affect coefficient of friction [Ruina, 1983;
Marone, 1998]. The slip law fails to reproduce observed increases in static friction with time, but is able to
explain a slip-weakening displacement that is independent of the magnitude and sign of abrupt velocity
changes, as observed in laboratory tests [Nakatani, 2001; Ampuero and Rubin, 2008]. Both laws predict a
steady state coefficient of friction at a constant velocity and a nearly instantaneous change in coefficient of
friction due to a step-like change in velocity (in the same sign as the velocity change). The composite law
(equation (5)) was proposed as a way to combine desirable aspects of the aging and slip laws. Below a cut-
off velocity, V,, it allows for time-dependent frictional healing, and above V. it more closely approximates
the slip law [Kato and Tullis, 2001]. The law proposed by Nagata et al. [2012] (equation (6)) includes a shear
stress weakening term, c. Nagata et al. [2012] proposed that the values of a and b are actually much larger
than traditionally estimated, and that a modification to the state variable evolution should be made to
more appropriately fit the data.

The coupled system of equations (2) and (7) and the respective evolution law was solved using Matlab’s stiff
ordinary differential equation solver “ode23s” subject to initial conditions of [d,, o, 05] = [0, o0, Dc/ V5],
where 9 is slip. The predicted shear stress time series was shifted in time to achieve the best agreement
(using cross correlation) with the observed shear stress time series. The shift is necessary because the
observed time series begins at an arbitrary point during the stick-slip cycle. The misfit between the two
time series was then evaluated by computing the sum of the squares of the difference between the data
and the model. This process was repeated for a range of values of the rate-state parameters (a—b), (a+b),
D., and p, (and c in case of the modified aging law). The best fitting parameter values were chosen to be
those that rendered the smallest misfit. This process was repeated for data from experiments conducted at
different temperatures.

All of the models are able to fit the data at low temperatures, when friction is nearly velocity neutral.
Differences in the models become significant at higher temperatures, when sliding becomes increas-
ingly unstable (Figure 6). At high temperatures, the best fit is obtained using the aging law. It repro-
duces the relatively constant displacement during “stick” intervals, as well as large stress drops during
slip events. This model does a good job of reproducing the abruptness of slip events, although at the
highest temperatures it still underpredicts the velocity during slip events. The model incorporating the
slip law, on the other hand, overpredicts creep during “stick” intervals and underpredicts stress drops
during slip events. The slip events predicted by this model are much less abrupt than those predicted
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by the model incorporating the

La
£ 0.3 aging law. The model incorporating
€ 0.2 the composite law produces results
Hia Data .. .
a — Model-Aging lsw very similar to those of the slip law.
a 0.1 —— Model-Slip law || The model incorporating the stress-
0 ‘ ~ Model-Gomyposite weakening parameter, ¢, produces
0 100 200 300 the smallest misfit to the data when

¢ =0, which is the same as the aging
law. Models that best fit the data

m.\ . .
@ 4.2 from solid gabbro samples (assuming
-:’5) g the aging law) are shown as black
5= 4 lines in Figure 2.
(9]
L
@ 3.8

"0 100 200 300 6. Results: Rate-State

Time, s Parameters

Figure 6. Evolution Laws. (a) Displacement time series. (b) Shear stress time series. 6.1. Dry Solid Gabbro
Cyan dots represent data from a test on solid gabbro at normal stress of 5 MPa, Figure 7 shows the best estimates for

temperature of 400°C, and load-point velocity of 102, Black lines represents best th t ter (a — b) f
fitting model incorporating the aging law. Green lines represent best fitting € rate parameter {a as a tunc-
model incorporating the slip law. Dark blue lines (coincident with green lines) tion of temperature. Figure 8 shows

represent best fitting model incorporating the composite law. our best estimates for the parameters

a, b, uss (@t V=102 mm/s), and D..
These values are summarized in Table 1. At 150°C, the solid gabbro data show a transitional (near veloc-
ity-neutral) behavior with small oscillations in shear stress that decay with time to stable sliding. This
allows us to use both methods (velocity stepping and parameter fitting) to determine the rate-state
parameters of interest. We find that the results of the two methods are in agreement within the uncer-
tainties (Figure 7). For solid gabbro samples, we observe a decrease in (@ — b) with temperature, from
0.002 at 20°C to —0.040 at 600°C, with a transition from velocity strengthening to velocity weakening
around 150°C. A decreasing trend in (@ — b) is necessary to fit the more unstable sliding behavior at
higher temperature, which is characterized by longer recurrence intervals, larger stress drops, and faster
slip events. We find that a is nearly independent of temperature between 20 and 500°C and equal to
about 0.004, and decreases with temperature between 500 and 600°C to about 0.0009. Parameter b
increases with temperature from 0.004 at 20°C to 0.020 at 500°C and sharply increases to 0.041 at
600°C. Our inversions suggest a small increase in D, with temperature from 7 um at 20°C to 8 um at
500°C, and a large increase to 33 um at 600°C. The increase in D, is needed to fit the larger recurrence
interval between slip events at higher temperature. We observe a small increase in p, with temperature
from 0.75 at 20°C to 0.78 at 500°C, and a decrease to 0.55 at 600°C.

6.2. Simulated Gabbro Gouge at Dry and Hydrated Conditions

For dry simulated gouge samples, we observe a comparatively small decrease in (@ — b) from 0.0015 at
20°C to —0.0031 at 600°C, with a transition to velocity weakening at about 150°C. We do not observe a sig-
nificant difference in (@ — b) for data collected at normal stress of 5 versus 30 MPa. We find that a is rela-
tively constant at ~0.005 between 20 and 400°C, and increases to 0.007 at 600°C. b increases from 0.005 at
20°C to 0.012 at 600°C. Both a and b are slightly larger for tests conducted at normal stress of 5 MPa com-
pared to tests conducted at 30 MPa. We do not observe a consistent trend in u with temperature. While
the uncertainty in our measurements for D, is very high, there does seem to be a small increase in D, with
temperature from 500 to 600°C. D, is consistently higher for tests conducted at 30 MPa (D, ~ 0.05 mm) ver-
sus 5 MPa (D, ~ 0.02 mm). Overall, estimates for D, from granular samples are higher than those from solid
samples. For hydrated gouge samples, (a — b) is slightly lower than for dry gouge samples. The more nega-
tive values of (@ — b) in hydrated tests are obvious from unstable sliding (compared to stable sliding in dry
tests). a and b are individually both higher for hydrated tests compared to dry tests. There is no consistent
trend in ug with temperature in hydrated gouge tests. Estimates of D, are lower for tests conducted on
hydrated versus dry gouge.
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| @ s . ®om theory [King and Marone, 2012; Mitchell
(1] 0 02_ m Solid, dry, 5MPa, fitting s | . .

-~ =U. Goue iy s s et al, 2013]. According to adhesion
o Gouge, iy, 0MPavsten theory, the macroscopic friction coeffi-
coue, hyrated, P g cient is controlled by the area and the
P Gouse: hycrated 30pa, fing = shear strength of microscopic contact
=0.04; |- reetsan = | asperities [Bowden and Tabor, 1950;

ouge, dry, 200-300MPa
¢ Heetal 2007) Dieterich and Kilgore, 1994]. Contact

Gouge, wet, 200-300MPa

area may increase at higher tempera-

0 200 400 600 tures due to enhanced creep and flat-

Temperature, oc tening of asperities [.MltcheII. et al,
2013]. This can explain the inferred

Figure 7. (a — b) versus temperature. Open symbols denote results from previous increase in D, the characteristic asper-
studies. Filled symbols denote results from this study. Error bars on symbols repre- ity size, with temperature. Greater val-
senting velocity-stepping tests correspond to two standard deviations. Error bars
on symbols representing model fits to the time series correspond to the variation
in (a — b) that triples the minimum misfit at a given temperature. simulated gouge at 30 versus 5 MPa

might be due to greater flattening of
asperities under higher normal stress, or more efficient packing of gouge particles. If so, the inferred lower
values of D, of hydrated gouge compared to those of dry gouge are surprising, since increased water con-
tent is expected to decrease viscosity, and increase the creep rate. One possibility is that values of D,
inferred from numerical modeling are systematically underestimated compared to values of D, directly esti-
mated from velocity-stepping tests. Note that values of D, estimated using velocity-stepping tests are simi-
lar at comparable temperatures for solid samples under dry conditions and gouge samples under hydrated
conditions (Figure 7d). There is a certain trade-off between (a — b) and D, in models of unsteady slip. This
trade-off is related to a condition for instability that defines a critical stiffness below which oscillations begin
to grow. The critical stiffness, k., depends on the ratio of (a — b) and D, (kgir=0, _(g:b)) [Ruina, 1983];
these parameters are highly covariant in numerical models of oscillatory slip (Figure 9).

ues of D, for tests conducted on

We do not observe a consistent trend in coefficient of friction, u, with temperature (Figure 7c). This may
be explained by a trade-off between decreases in shear strength of asperities [Blanpied, 1995] and increases
in the asperity size, as the coefficient of friction depends on both the asperity contact area and asperity
strength.

It has been argued based on adhesion theory that the so-called “aging effect” (a logarithmic increase in
shear strength withhold time) is due to the flattening of asperities in time under a given normal load [Bow-
den and Tabor, 1950; Dieterich, 1972; Dieterich and Kilgore, 1994]. The rate of the “aging effect” is controlled
by the evolution parameter b. At higher temperatures, asperities may deform more quickly, leading to a
faster increase in contact area under normal load. This could be a primary control on the inferred increase
in b with temperature [Mitchell et al, 2013]. We do not observe a consistent trend in a with temperature,
despite the theoretical prediction that a should linearly increase with temperature [Heslot et al., 1994; Sleep,
1997; Nakatani, 2001].

7.2. Comparison With Previous Experimental Results

The downdip limit of the seismogenic zone on subduction megathrusts (depth of ~30-70 km, temperature
of ~350-600°C) is thought to be controlled by a transition to velocity-strengthening friction [e.g., Liu and
Rice, 2009]. Available experimental data indicate that gabbro transitions from velocity weakening to velocity
strengthening at a temperature of 310 and 510°C for nonsupercritical and supercritical water conditions,
respectively, under effective normal stress of 130-200 MPa. This is close to the estimated temperatures at
the deep limit of the seismicity on subduction megathrusts, in the source region of SSEs. However, at higher
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Figure 8. Rate-state parameters versus temperature. Symbols are the same as those in Figure 7. (a) a. (b) b. (c) uss at V= 10~2 mm/s. (d) D.

normal stress (300 MPa), velocity strengthening was observed at all temperatures. This is in contrast to our
results that show progressive velocity weakening with temperature up to 600°C. One possible reason for
the discrepancy between our results and those of He et al. [2007] might be related to subtle differences in
sample mineralogy. The gabbro samples of He et al. [2007] contained a small fraction of quartz, while we
did not identify quartz in our gabbro samples. A more recent study demonstrated that gouges composed
of plagioclase and pyroxene (the dominant minerals in gabbro) were velocity weakening at temperatures
up to 600°C, but the addition of a small amount (3-5%) of quartz caused velocity-strengthening friction
between 400 and 600°C [He et al., 2013]. We do not believe that compositional variations alone are a viable
explanation, as our experiments on Westerly granite, which has a significant fraction of quartz, revealed
velocity weakening and unstable slip at high temperature [Mitchell et al., 2013; E. Mitchell et al.,, What con-
trols the depth distribution of earthquakes in the Earth’s crust?, submitted manuscript, Nature, 2015].
Another reason for the discrepancy between our results and those of He et al. [2007] may be related to dif-
ferences in the experimental apparatuses. The experiments of He et al. [2007] were conducted using a triax-
ial apparatus, which can produce large normal stress and high pore pressure, but is limited to only a few
millimeters of total displacement on the samples. The direct shear apparatus can achieve larger total dis-
placements (order of 10-10> mm in individual runs), but smaller normal stresses (up to 40 MPa) and pore
pressures (not exceeding the atmospheric pressure because the samples are unconfined). In the study of He
et al. [2006], velocity-strengthening behavior was observed in dry gabbro at all temperatures, and (a — b)
was reported to be in the range of 0.001-0.005, except for one test that exhibited unstable slip and large
negative (@ — b) at 610°C. One possibility is that a limited total displacement in triaxial tests might have
biased the results toward velocity-strengthening behavior. It is well known that the development of a fabric
within the gouge layer due to slip localization encourages the transition to velocity weakening with
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Table 1. Rate-State Parameters®

Sample Type Water a, (MPa) Method T(°C) (a — b) a b Hss D, (mm)
Solid Dry 5 v-step 20 0.0016 0.0057 0.0041 0.753 0.0066
Solid Dry 5 v-step 50 0.0003 0.0049 0.0046 0.790 0.0068
Solid Dry 5 v-step 100 —0.0005 0.0044 0.0049 0.786 0.0071
Solid Dry 5 v-step 150 —0.0005 0.0041 0.0046 0.771 0.0069
Solid Dry 5 Fit 150 —0.0084 0.0027 0.0111 0.727 0.0048
Solid Dry 5 Fit 200 —0.0061 0.005 0.0111 0.718 0.0031
Solid Dry 5 Fit 250 —0.0063 0.0049 0.0112 0.784 0.0032
Solid Dry 5 Fit 300 —0.0095 0.0034 0.0129 0.792 0.0047
Solid Dry 5 Fit 350 —0.0134 0.0042 0.0176 0.787 0.0067
Solid Dry 5 Fit 400 —0.0172 0.0037 0.0209 0.782 0.0086
Solid Dry 5 Fit 450 —0.0159 0.0055 0.0214 0.811 0.0080
Solid Dry 5 Fit 500 —0.0161 0.0043 0.0204 0.787 0.0080
Solid Dry 5 Fit 550 —0.0354 0.0025 0.0379 0.647 0.0252
Solid Dry 5 Fit 600 —0.04 0.0009 0.0409 0.5530 0.0334
Gouge Dry 5 v-step 20 —0.0002 0.0051 0.0053 0.755 0.0173
Gouge Dry 5 v-step 100 0.0004 0.0052 0.0048 0.753 0.0220
Gouge Dry 5 v-step 200 —0.0011 0.0064 0.0075 0.676 0.0183
Gouge Dry 5 v-step 300 —0.0002 0.0075 0.0077 0.738 0.0218
Gouge Dry 5 v-step 400 —0.0024 0.0057 0.0081 0.845 0.0211
Gouge Dry 5 v-step 500 —0.0033 0.0074 0.0107 0.806 0.0213
Gouge Dry 5 v-step 600 —0.0031 0.0085 0.0116 0.714 0.0263
Gouge Dry 30 v-step 20 0.0015 0.0038 0.0023 0.759 0.0469
Gouge Dry 30 v-step 100 0.0017 0.0038 0.0021 0.732 0.0408
Gouge Dry 30 v-step 200 —0.0003 0.0037 0.0040 0.735 0.0651
Gouge Dry 30 v-step 300 —0.0003 0.0046 0.0049 0.734 0.0530
Gouge Dry 30 v-step 400 —0.0014 0.0037 0.0051 0.752 0.0491
Gouge Dry 30 v-step 500 —0.0025 0.0049 0.0074 0.723 0.0695
Gouge Dry 30 v-step 600 —0.0016 0.0065 0.0081 0.778 0.0842
Gouge Hydrated 5 Fit 300 —0.0044 0.0166 0.0210 0.720 0.0020
Gouge Hydrated 5 Fit 400 —0.0048 0.0186 0.0234 0.720 0.0022
Gouge Hydrated 5 Fit 500 -0.0116 0.0172 0.0288 0.715 0.0049
Gouge Hydrated 30 Fit 300 —0.0024 0.0063 0.0087 0.751 0.0056
Gouge Hydrated 30 Fit 400 —0.0027 0.0147 0.0174 0.770 0.0051
Gouge Hydrated 30 Fit 500 —0.0021 0.0144 0.0165 0.780 0.0048

“Direct measurements from velocity-stepping tests or best fitting rate-state friction parameters, as plotted in Figures 7 and 8.

increasing slip [Gu and Wong, 1994; Beeler et al., 1996]. For example, Marone and Cox [1994] reported
velocity-strengthening behavior ((a — b) = 0.005) that transitioned to velocity-weakening behavior ((@ —
b) = —0.001) as total displacement increased to more than 50 mm in their tests conducted on gabbro at
room temperature with a large direct-shear apparatus. Studies on granite gouge also show decreases in (a
— b) in the first few millimeters of total slip [Dieterich, 1981; Biegel et al., 1989; Collettini et al., 2009]. Our
experiments on solid gabbro at room temperature show a similar behavior, although we observed that
heating and subsequent cooling may increase (a — b), presumably due to a reduction in water content. The
absence of well-developed shear fabric in triaxial experiments on gabbro at high temperatures [Stesky et al.,
1974; He et al., 2006] could bias the results toward greater velocity strengthening compared to our experi-
ments. To test this possibility, we performed additional experiments on solid samples of gabbro in which
we removed the wear products from the slip interface and reroughened the surface with 80 grit paper.
These experiments still exhibited stick-slip behavior at high temperature and low (<10 mm) displacement.
Hence, the difference in the inferred values of (@ — b) in our experiments and triaxial experiments at high
temperature cannot be completely attributed to shear fabric development. Another possibility is that the
inferred frictional properties are affected by the experimental design. For example, in the direct-shear setup,
a small amount of torque on the moving (top) sample holder might give rise to nonuniform distribution of
normal stress along the shear zone. In triaxial experiments, the results could be affected by the interaction
of the confining jacket with the sample. Velocity dependence of friction may be also affected by pore pres-
sure. Triaxial experiments conducted on gabbro and granite at both dry and hydrothermal conditions indi-
cate that the addition of water enhances velocity weakening at temperatures between 150 and 350°C and
velocity strengthening at temperatures above ~350-450°C [Blanpied et al., 1991; He et al., 2006, 2007]. In
our experiments, the addition of water enhances velocity weakening at temperatures up to 500°C. This dis-
crepancy might be attributed to water fugacity. In particular, high water fugacity is expected to enhance
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hydrolytic reactions that might give rise
to stable creep [Keefner et al, 2011; Mei
and Kohlstedt, 2000a,b]. This, however,
cannot explain the discrepancy in (a — b)
between the direct shear and triaxial
experiments conducted at dry conditions
(Figure 7). Further insights into possible
causes of a disagreement between results
obtained on different apparatus may be
gained, for example, by conducting triax-
ial experiments over a wider range of nor-
mal stresses, including low-to-
intermediate  (1-100 MPa)  normal
‘ ‘ ‘ stresses, and variable water fugacities
32 -3 -28 -26 -24 -22 -2 over a range of elevated temperatures.

(a-b) x 10

7.3. Implications for Natural SSEs in
Figure 9. Trade-off between (a — b) and D.. Misfit between shear stress time Subduction Zones .
series and numerical predictions as a function of the rate-state parameters Results from our experiments suggest
(a — b) and D.. Shear stress data are from an experiment conducted on that the temperature dependence of fric-
hydrated gabbro gouge at temperature of 400°C, normal stress of 30 MPa and 6 | ti f gabb | t
load-point velocity of 107> mm/s. lonal properties of gabbro alone may no
explain the occurrence of slow slip events
at the base of the seismogenic zone in subduction settings. It is likely that a number of factors such as tem-
perature, water content, water fugacity, mineral composition, shear fabric, gouge thickness, and lithologic
heterogeneity all affect the value of (a — b) and the degree of locking and stability of the fault interface.
Among previously suggested mechanisms for slow slip events in subduction zones is the dependence of (a
— b) on slip velocity. For example, if (a — b) is negative at low slip velocity but positive at a higher (but still
subseismic) velocity, a slip event could nucleate but not accelerate to become an earthquake. Kaproth and
Marone [2013] reported such behavior in double direct shear experiments conducted at room temperature
on serpentinite. In their experiments, the transition from negative to positive (a — b) occurred at slip rate of
~1072 mm/s. We did not observe a dependence of (@ — b) on sliding velocity in our velocity-stepping tests
on gabbro over the tested range of velocities up to 3 X 10~ 2 mm/s. We cannot rule out a possibility that (a
— b) could change sign at velocities that are greater still.

In fact, it is not clear if gabbro is a representative rock type of the slip interface on subduction megathrusts
[Plank and Langmuir, 1998]. It has been suggested that compositions rich in clays and phyllosilicates such as
smectite (from the accretionary prism), illite (the low-grade metamorphic product of smectite), chlorite, and
muscovite may be present on the megathrust interface and affect the slip behavior of the fault [lkari et al.,
2009; Carpenter et al., 2011; Schleicher et al., 2012]. This may pose a problem for explaining seismogenic
behavior, since clays are known to be velocity strengthening [Saffer and Marone, 2003; Ikari et al., 2009],
although a possibility of a transition to velocity weakening was suggested due to processes such as consoli-
dation and cementation [Moore and Saffer, 2001; Saffer and Marone, 2003]. While velocity-strengthening
regions of the fault cannot nucleate ruptures, it is possible that ruptures could nucleate in a nearby velocity-
weakening region and propagate into velocity-strengthening (clay rich) regions due to stress perturbations
[Perfettini and Ampuero, 2008; Kaneko et al., 2008; Faulkner et al., 2011]. There is geological evidence that the
long-term motion on a megathrust deforms accretionary prism sediments as well as the top of the oceanic
basement. Blocks of basalt intermixed with sediments have been documented in melanges in the Shimanto
Belt in western Japan [Kimura and Mukai, 1991]. Some of these melanges may have formed at temperatures
corresponding to the deep limit of the seismogenic zone (350°C), since they are thought to have been
underplated under greenschist metamorphic conditions [Kimura and Mukai, 1991]. Other melanges in the
Shimanto Belt contain unaltered basalts [Kimura and Mukai, 1991]. This could either be an indication of
melange formation at shallower depths, or an indication that water fugacity was low during formation, since
olivine serpentinization would have occurred under hydrothermal conditions [Malvoisin et al., 2012].

A mixture of velocity-weakening and velocity-strengthening lithologies could potentially produce SSEs [Den
Hartog et al., 2012; Saffer and Wallace, 2015]. In particular, Den Hartog et al. [2012] showed that a certain
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mixture of illite and quartz can produce a transition from velocity weakening to velocity strengthening at
temperatures that correspond to a transition between locked and creeping parts of subduction mega-
thrusts. Microstructural analysis of the gouge mixture deformed at high temperatures revealed significant
deformation within illite, and no evidence of quartz plasticity, suggesting that phyllosilicates may play an
important role in the stability transition at the bottom of the seismogenic zone [Den Hartog et al., 2012].
Clay-rich lithologies are known to influence the degree of fault locking on continental transform faults. For
instance, core samples from the San Andreas Fault Observatory at Depth (SAFOD) revealed foliated chlorite-
smectite and illite assemblages that that may control fault creep down to depth of 10 km [Schleicher et al.,
2012]. In subduction settings, clays and phyllosilicates may be introduced on the megathrust interface from
the downgoing oceanic sediments. Alternatively, they can be derived from the oceanic crust during a trans-
formation of gabbro to greenschist facies. This transformation is expected to occur at temperatures of
~300-450°C and pressures of ~200-1000 MPa, which are coincident with temperatures and pressures in
the source region of slow slip events at the downdip end of shallow seismicity in subduction zones.

7.4. Implications for Faulting in Other Tectonic Settings

The frictional properties of gabbro measured in this study are also relevant to our understanding of
mechanics of oceanic transform faults. One feature of interest is the degree of seismic coupling on oceanic
transform faults. For instance, as much as 85% of slip above the 600°C isotherm in the oceanic lithosphere
is thought to occur aseismically based on comparisons of seismic moment release rate and moment accu-
mulation due to relative plate motion [Boettcher and Jordan, 2004]. Our results for gabbro gouge indicate
velocity-strengthening behavior below 200°C, and weakly velocity-weakening behavior between 400 and
600°C (Figure 7), which may help explain the low seismic coupling throughout the entire oceanic crust
[Boettcher and Jordan, 2004]. At greater depths, a transition to velocity strengthening in olivine above 600°C
is thought to explain the deep limit of the seismogenic zone in the mantle [Boettcher et al., 2007]. This inter-
pretation implies robust creep in the top several kilometers of oceanic transforms following large earth-
quakes and in the interseismic period. Another relevant observation is an increase in the characteristic slip-
weakening distance, D, with temperature and normal stress (Figure 8d). An increase in D, with depth was
postulated in numerical models of earthquake cycles on oceanic transform faults in order to reproduce the
low seismic coupling observed on both short, high slip rate and long, low slip rate oceanic transform faults
[Liu et al., 2012]. Our experimental results (Figure 8d) lend support to the hypothesis that increases in D,
with depth can play an important role in the partitioning of aseismic and seismic slip on oceanic transform
faults.

On continents, seismicity is generally limited to the silicic upper crust, while the mafic lower crust is domi-
nantly aseismic [Eaton et al., 1970; Hill et al., 1975; Wesson et al., 1973; Sibson, 1982; Tse and Rice, 1986; Blan-
pied et al., 1991]. However, deep lower crustal seismicity has been reported in regions of active extension
[Craig et al.,, 2011; Emmerson et al., 2006] and convergence [Jackson, 2002; Leyton et al., 2009]. Our results
indeed indicate that the lower continental crust can allow nucleation of slip instabilities under dry or low
water fugacity conditions (Figure 7). As slip rate increases, a number of dynamic weakening mechanisms
can promote seismic ruptures, as observed in laboratory experiments [Hirose and Shimamoto, 2005; Di Toro
et al.,, 2011; Niemeijer et al., 2011; Brown and Fialko, 2012] and in nature [Di Toro et al., 2006].

8. Conclusions

We conducted a series of friction experiments on gabbro at conditions thought to be representative of slow
slip events at subduction zones. For dry solid samples of gabbro, we observed stable sliding at low tempera-
tures (20-150°C), episodic slow slips in the mid temperature range (200-300°C), and stick slip at high tem-
peratures (350-600°C). For dry gouge samples, we observed stable sliding at all temperatures. For hydrated
gouge samples, we observed episodic slow slip and stick slip at high temperatures (300-500°C). For experi-
ments in which the samples stably slid, we conducted velocity-stepping tests and directly measured the
rate-state parameters. For experiments in which the samples exhibited time-dependent sliding, we per-
formed a grid search for the parameter values that provided the best numerical fit to the recorded shear
stress time series. We find that (@ — b) is small and positive (~0.001) at room temperature for solid and
gouge samples. Parameter (a — b) decreases with temperature to —0.040 at 600°C for dry solid samples
and to —0.003 for dry gouge samples. (@ — b) is more negative for hydrated gouge samples compared to
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dry gouge samples. We do not observe a high-temperature transition to velocity strengthening, which is
thought to control the deep limit of seismogenic zones and the extent of SSEs. Other factors such as the
presence of clay-rich sediments, transformation of gabbro to greenschist facies (which include velocity-
strengthening clay minerals such as chlorite, smectite, illite, and muscovite) may govern the occurrence of
slow slip events at the base of the seismogenic zone on subduction megathrusts.

Notation

u Coefficient of friction, dimensionless.

Uo  Reference coefficient of friction, dimensionless.
V,  Reference velocity or slip rate, mm/s.

Uss  Steady state coefficient of friction, dimensionless.
Velocity or slip rate, mm/s.

Direct velocity effect, dimensionless.

Evolution effect, dimensionless.

State variable, s.

Slip weakening distance, mm.

Cutoff velocity or slip rate, mm/s.

Shear stress, MPa.

Rate of change of shear stress, MPa/s.

Machine stiffness, MPa/mm.

Driving velocity, mm/s.

Normal stress, MPa.

Shear stress weakening parameter, dimensionless.
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