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ABSTRACT OF THE DISSERTATION

Temperature Dependent Frictional Properties of Crustal Rocks

by

Erica Kate Mitchell

Doctor of Philosophy in Earth Sciences

University of California, San Diego, 2015

Professor Kevin Brown, Co-Chair
Professor Yuri Fialko, Co-Chair

In this dissertation, I study the effects of temperature on frictional prop-

erties of crustal rocks at conditions relevant to earthquake nucleation. I explore

how temperature affects fault healing after an earthquake. I present results from

slide-hold-slide experiments on Westerly granite that show that frictional healing

rate increases slightly and shear strength increases with temperature. Based on

our results, if the effects of temperature are neglected, fault strength could be

under-predicted by as much as 10 percent. I use finite element numerical exper-

iments to show that our frictional healing data can be explained by increases in

contact area between viscoelastic rough surfaces. I investigate the influence of tem-

perature on the transition from seismogenic slip to aseismic creep with depth in

xiii



continental crust. I present results from velocity-stepping and constant load-point

velocity experiments on Westerly granite conducted at a wide range of tempera-

tures. I construct a numerical model incorporating rate-state friction equations

to estimate the values of (a − b) that provide the best fit to the stick-slip data.

I find that sliding becomes more unstable ((a − b) < 0) with temperature up to

the maximum temperature tested, 600 ◦C. This contradicts a traditional view that

the deep limit to seismicity in continental upper crust is caused by a transition to

stable creep ((a− b) > 0) in granite at temperatures above ∼350 ◦C. These results

may help explain the occurrence of anomalously deep earthquakes found in areas

of active extension and convergence. I explore frictional properties of gabbro at

conditions corresponding to slow slip events in subduction zones. I present results

from experiments on gabbro conducted at low effective normal stress and temper-

atures between 20-600 ◦C. I find that (a− b) decreases with temperature based on

direct measurements and numerical modeling. I conclude that the occurrence of

slow slip events at the base of the seismogenic zone cannot be fully explained by a

transition to nearly velocity-neutral friction in gabbro at temperature of ∼350 ◦C.

Conditions of high water fugacity or the presence of clay minerals may play an

important role in the occurrence of slow slip events in subduction zones.

xiv



CHAPTER 1

Introduction

Faults display a variety of slip behaviors from stable, aseismic creep to un-

stable, seismic slip. Earthquakes produced by unstable slip on faults can have

devastating consequences to society including loss of life and damage to infras-

tructure. In the last decade, improvements in GPS technology have lead to the

discovery of slow slip events (SSE) [Hirose et al., 1999, Dragert et al., 2001], and

improvements in seismic processing techniques have revealed the likely seismologi-

cal signature of SSEs, low frequency earthquakes [Obara, 2002, Obara et al., 2004].

These observations lend support to the view that slip on faults is part of a diverse

range of sliding behaviors [Peng and Gomberg, 2010]. The stability of fault slip

is largely controlled by the frictional properties of fault materials [Scholz, 1998].

Faults are found in a variety of geological materials from clay-rich sediments to

dense oceanic basement [Boettcher et al., 2007, Ikari et al., 2009]. Temperature,

pressure, differential stress and water fugacity all vary significantly on faults as

a function of depth [Peacock, 1996]. Each of these conditions can have profound

effects on the stability of fault slip [Blanpied et al., 1991, Carpenter et al., 2011].

Rock friction experiments are part of an active field of research focused on deter-

mining the frictional properties of faults and the link between frictional processes

and stability of fault slip. Great advances have been made in describing rock fric-

tion laboratory data with rate-state friction theory, and in applying this theory

to reproduce realistic behaviors of natural faults such as recurrence interval, fault

healing, stress drop, afterslip and slow slip [Tse and Rice, 1986, Rubin, 2008, Liu

and Rice, 2009]. However, there still remain fundamental questions about the

1
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micro-physical processes controlling rock friction and the applicability of labora-

tory results to natural faults. Some relevant questions include: what are the shear

strength and real contact area of asperities? How do temperature and water fu-

gacity affect the rheology of asperities? What are the consequences of granular

deformation such as rolling, cracking and reorganization of gouge particles? Fi-

nally, how do all of these processes scale with lengths and times that are greater

by many orders of magnitude?

A significant challenge in investigating the frictional properties of faults is

uncertainty in our best estimates of in-situ conditions. The variation in tempera-

ture with depth can be estimated by heat flow studies, but factors such as rate of

shear heating and mantle convection (in subduction settings) can cause significant

(100s of ◦C) uncertainties in such estimates [Peacock, 1996]. Far-field velocities

can be measured accurately with GPS technology, so load-point velocity in the

laboratory can be chosen wisely [Lindsey and Fialko, 2013]. Normal stress, σn,

due to weight of the overlying rock, is also straightforward. The existence of pore

fluids on faults can be inferred using seismic Vp/Vs ratios [Matsubara et al., 2009],

but there are still large uncertainties in pore fluid pressure, Pf , which in turn re-

duce our certainty in effective stress, σeff = σn − Pf . There is also uncertainty

in the mineral composition of fault rocks. Expensive drilling projects have pro-

duced core samples of fault zones, but those projects are limited to geologically

shallow depths. For instance, cores of the splay fault in the Nankai subduction

zone reveal a mixture of clay minerals and quartz [Saffer and Wallace, 2015], but

it is uncertain whether the shear interface transitions to other materials, such as

gabbro, at greater seismogenic depths [Kimura and Mukai, 1991]. In continental

crust, previous studies have focused on granite as a representative of fault material

[Blanpied et al., 1991]. In more recent years, drilling at the creeping segment of

the San Andreas Fault has revealed smectite, a weak clay, within the shear zone

[Carpenter et al., 2011]. The thickness of the gouge layer and the development

of shear fabric within the gouge layer, which both vary greatly among natural

faults, have also been shown to strongly affect frictional properties [Byerlee and

Summers, 1976, Chester and Logan, 1987a, Beeler et al., 1996]. As estimates of
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in-situ conditions on faults improve, it is increasingly apparent that there is a lack

of rock friction data collected at relevant laboratory conditions.

There are a handful of different rock friction apparatus geometries, each

designed to reproduce certain aspects of the seismic cycle on natural faults. The

triaxial apparatus is commonly used because it can achieve high normal stresses

(100s of megapascals) and high pore fluid pressures. However, the triaxial appara-

tus is limited in total slip to less than 10 mm, and interaction of the samples with

the confining jacket may influence results. Rotary shear apparatuses are designed

to achieve high slip rates (meters per second) and large total displacements in or-

der to investigate dynamic weakening during seismic slip. I conducted experiments

for the chapters in this thesis using a direct shear apparatus. The direct shear ap-

paratus, like the triaxial apparatus, operates under low load-point velocities (10−6

– 10−2 mm/s). For reference, 35 mm/year, or 10−6 mm/s, is accommodated by

the southern San Andreas Fault system [Lindsey and Fialko, 2013]. This makes

the direct shear apparatus useful for studying earthquake nucleation. Large total

displacements can be accumulated on the sample (100s of centimeters) upon re-

setting it multiple times, allowing for the development of shear fabric within the

gouge layer. Our direct shear apparatus can be heated to a temperature of 600 ◦C,

which exceeds the temperature at the base of most seismogenic zones. Water can

also be introduced to gouge samples, although water fugacity is low since the sam-

ples are unconfined. Unstable slip is encouraged by the relatively low machine

stiffness (∼ 10 MPa/mm).

The pioneering studies of rock friction were conducted using triaxial and

direct-shear machines at room temperature and room humidity [Brace and Byerlee,

1966, Byerlee, 1967, Byerlee and Brace, 1968, Dieterich, 1972]. Frictional stress was

shown to be, to first order, proportional to normal stress [Byerlee, 1967]. To second

order, frictional stress was shown to depend on the slip rate and the evolution

of the “state” of the sliding surfaces [Dieterich, 1972, Scholz and Engelder, 1976,

Dieterich, 1978, Ruina, 1983]. These observations are built into the empirical “rate-

state” friction equations. If steady-state friction is higher for greater velocities

(slip rates) then it is termed velocity-strengthening and sliding is stable. If steady-
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state friction is lower for greater velocities then it is termed velocity-weakening

and sliding is conditionally unstable. The rate-state constitutive equations can be

applied to a simple spring-slider model where they can be solved to predict the

displacement and shear stress histories of the shear interface. If spring stiffness

is below a critical value and friction is velocity-weakening, sliding will be a jerky

“stick-slip” motion that is analogous to the seismic cycle on natural faults [Tse

and Rice, 1986, Liu and Rice, 2009].

This simple model, along with experimentally determined parameters, can

reproduce a diverse range of behaviors that are observed on natural faults [Tse

and Rice, 1986, Liu and Rice, 2009]. One such behavior is called fault healing.

This is the time dependent process that allows faults to regain their shear strength

after seismic slip occurs. Without fault healing, repeating earthquakes could not

exist [Marone et al., 1995]. Fault healing has been documented in nature by time

dependent increases in S-wave velocity in damage zones after an earthquake, likely

due to crack closure [Li et al., 2006]. In Chapter 2 of this thesis, I investigate

the effects of temperature on frictional healing of Westerly granite. I find that

temperature only slightly increases the logarithmic rate of frictional healing, and

that overall shear strength is higher at greater temperatures. This has implications

for future studies involving models of slip on faults. If temperature is not taken

into account, fault strength could be under-predicted by as much as 10 %. The

micromechanics behind frictional healing is also a current topic of research. Some

studies suggest that growth in asperity contact area is completely responsible for

frictional healing [Dieterich and Kilgore, 1994]. Other studies point to the chemical

effects of water on asperity shear strength [Li et al., 2011]. Compaction of gouge,

crack healing and a host of other complicated things could be happening in nature

as well as the laboratory. In the second half of Chapter 2 I investigate the contact

area growth theory using a finite element model of rough surfaces that are pressed

together under normal load. Flattening of asperities with temperature-dependent

viscoelastic rheology is able to reproduce the temperature and time dependent

frictional healing observed in the lab.

Another feature of natural faults that has been reproduced by models of
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friction is the depth distribution of earthquakes. The deep extent of earthquake

nucleation on transform faults in the continental upper crust (∼15 km) has been

attributed to a transition from velocity-weakening to velocity-strengthening fric-

tion of granite under hydrothermal conditions at a temperature of about 350 ◦C

[Tse and Rice, 1986, Blanpied et al., 1991]. Models of fault slip are extremely

sensitive to the chosen depth distribution of parameter (a− b), yet these data are

based on a relatively small number of experiments. In Chapter 3, I present results

from a series of experiments on Westerly granite under conditions of low water

fugacity and a wide range of temperatures. At room temperature, our results are

in agreement with those of previous studies [Lockner et al., 1986a, Blanpied et al.,

1991]. However, we observe increasingly unstable slip with temperature up to the

maximum temperature tested, 600 ◦C. This may highlight the importance of high

water fugacity on the transition to aseismic creep in the continental upper crust.

Our data may also help explain the occurrence of anomalously deep earthquakes

in regions of active extension (e.g. East Africa and Baikal) [Craig et al., 2011, Em-

merson et al., 2006] and convergence (e.g. Himalayas and Andes)[Jackson, 2002,

Leyton et al., 2009].

Slow slip events are a relatively recently discovered phenomenon, occurring

predominately at the base of the seismogenic zone on subduction megathrusts

[Hirose et al., 1999, Dragert et al., 2001], but also occurring in other tectonic

environments as well [Wei et al., 2009]. Modeling studies suggest that conditions

of very low effective normal stress (1 – 10 MPa) and nearly velocity-neutral friction

are necessary to produce slow slip events on faults [Liu and Rice, 2007, Rubin,

2008]. There are, however, few rock friction experiments conducted at conditions

corresponding to slow slip events. In Chapter 4, I present results from a suite of

experiments on gabbro conducted at low effective normal stress and a wide range

of temperatures. I observe velocity-strengthening friction at room temperature,

a transition to velocity-weakening friction at a temperature of about 150◦C, and

increasingly velocity-weakening behavior up to the maximum temperature tested,

600 ◦C. Our results suggest that the occurrence of slow slip events cannot be fully

explained by temperature dependent changes in gabbro frictional stability. Other
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conditions, such as high water fugacity [He et al., 2007], or the presence of clay

minerals [Ikari et al., 2009, Den Hartog et al., 2012] may be necessary for the

production of slow slip events at the base of the seismogenic zone on subduction

megathrusts.



CHAPTER 2

Temperature dependence of frictional healing of Westerly granite:

experimental observations and numerical simulations

Abstract. Temperature is believed to have an important control on fric-

tional properties of rocks, yet the amount of experimental observations of time-

dependent rock friction at high temperatures is rather limited. In this study we

investigated frictional healing of Westerly granite in a series of slide-hold-slide ex-

periments using a direct shear apparatus at ambient temperatures between 20-550

◦C. We observed that at room temperature coefficient of friction increases in pro-

portion to the logarithm of hold time at a rate consistent with findings of previous

studies [Dieterich, 1972]. For a given hold time, the coefficient of friction linearly

increases with temperature, but temperature has little effect on the rate of change

in static friction with hold time. We used a numerical model to investigate whether

time dependent increases in real contact area between rough surfaces could account

for the observed frictional healing. The model incorporates fractal geometry and

temperature-dependent viscoelasoplastic rheology. We explored several candidate

rheologies that have been proposed for steady state creep of rocks at high stresses

and temperatures. None of the tested laws could provide an agreement between

the observed and modeled healing behavior given material properties reported in

the bulk creep experiments. An acceptable fit to the experimental data could

be achieved with modified parameters. In particular, for the power-law rheology

to provide a reasonable fit to the data, the stress exponent needs to be greater

than 40. Alternative mechanisms include time-dependent gouge compaction and

increases in bond strength between contacting asperities.

7
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2.1 Introduction

An important part of the seismic cycle is the increase in fault strength after

the occurrence of rapid slip, also known as fault healing. Frictional healing has

been documented in laboratory experiments on many rock types. Static coefficient

of friction increases with the duration of time of stationary contact between rock

surfaces under normal load [Dieterich, 1972]. The pioneering experimental studies

of frictional healing in rocks [Dieterich, 1972] were performed with a double direct

shear apparatus at room temperature. The key observation was that static friction

coefficient increases with the logarithm of time that surfaces are left in stationary

contact. This is a reproducible phenomenon that is observed in many rock types

and other materials such as metals, paper, glass and acrylic for a wide range of

experimental conditions [Dieterich, 1972, Dieterich and Kilgore, 1994, Baumberger

and Caroli, 2006]. Subsequent studies have investigated the effects of humidity

[Dieterich and Conrad, 1984, Frye and Marone, 2002], rock type, normal stress

[Dieterich, 1972], shear stress [Karner and Marone, 2001] and loading rate [Kato

et al., 1992] on frictional healing. The effect of temperature was also explored

[Stesky et al., 1974, Blanpied, 1995, Karner et al., 1997, Nakatani, 2001], but with

the exception of Nakatani [2001], experimental constraints on the temperature

dependence of frictional healing are rather limited. Recent findings from high-

speed frictional experiments suggest that dramatic variations in the coefficient of

friction at slip rates greater than 0.1 m/s may be thermally activated [Tsutsumi and

Shimamoto, 1997, Di Toro et al., 2011, Brown and Fialko, 2012]. Because coseismic

heating effects can be significant [e.g., Fialko, 2004], one of the motivations of

this study is to better understand the effects of pure temperature vs. coupled

temperature-slip rate dependence of frictional strength. Also, the importance of

temperature control on the transition between velocity-weakening and velocity-

strengthening behavior and, ultimately, the depth extent of the seismogenic layer

[Scholz, 2002] warrants more experimental studies. Finally, quantifying the effect

of temperature on fault healing will improve our understanding of the behavior of

active faults at seismogenic depths.

In this study we focus on time-dependent evolution of true contact area as a
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possible mechanism of frictional healing. Dieterich and Kilgore [1994] reported that

for analog materials (glass and acrylic), contact area increases with the logarithm

of hold time and agrees well with the observed evolution of static friction. They

argued that similar time dependence is evidence for the control of true contact

area on frictional aging. If so, a similar mechanism may be applicable to a wide

range of materials such as rock, metal, paper, glass and acrylic, which all exhibit

logarithmic strengthening with time [Baumberger and Caroli, 2006].

A similar interpretation is provided by nanoindentation studies [Goldsby

et al., 2004]. Goldsby et al. [2004] compared fractional contact area calculated from

indentation creep data on quartz with fractional contact area inferred from slide-

hold-slide static friction tests on quartz. They found that contact area increase

from the indentation tests was logarithmic in time and only 1.7 times larger than

that inferred from static friction experiments. They suggested that the discrepancy

was due to shear relaxation during the reloading portion of the slide-hold-slide

tests. They argued that inelastic flow at asperities, which increases real contact

area, is the most likely mechanism causing frictional healing.

Here we report results from a series of slide-hold-slide laboratory experi-

ments aimed to study the effects of elevated temperature on fault healing rates.

We also evaluate the extent to which frictional healing can be described by in-

creases in real contact area due to creep of asperities using a finite element model

with fractal contact geometry.

2.2 Experimental Setup

We conducted experiments using a heated direct shear apparatus (Fig-

ure 2.1a,b). Rectangular rock samples are pressed against each other within steel

sample holders of matching geometry. The bottom sample holder is held station-

ary. The top sample is shorter than the bottom sample, so that it can slide over

a distance of 40 mm while maintaining constant contact area. The top sample

holder is pulled in the shear direction using a stepper motor. The stepper motor

is controlled with a computer program (Shear Large), in which a series of velocity

steps can be specified. The normal load is applied to the sample by a hydraulic
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pump which presses a ram onto the top sample. The hydraulic piston is attached

to a track above the sample and can slide in the shear direction freely while it

exerts a normal load. The normal load is held constant using a proportional-

integral-derivative (PID) controller that is part of the data acquisition system.

Electrical strip heaters are attached to both the top and bottom sample holders.

We measure temperature using a thermistor that is inserted through a hole in the

top sample holder so that it touches the sample. We built a furnace around the

sample holders using insulating materials to hold temperature constant. Normal

stress is measured using a load cell in compression that is directly connected to

the top sample holder. It is calibrated using a pressure sensor on the hydraulic

pump. The hydraulic pump is accurate to within about 0.15 MPa. The shear

stress is measured using a load cell in tension that is connected between the step-

per motor and the bar that pulls the top sample. It is calibrated to the normal

load cell, assuming a sliding coefficient of friction for Westerly granite of about

0.75. Both load cell calibrations are linear with an R2 of about 0.995 over the

range of 0.5 - 20 MPa. The shear displacement is measured using a linear voltage

displacement transducer (LVDT) that is connected directly to the top and bottom

sample holders. The LVDT is calibrated using the speed of the stepper motor.

The LVDT is accurate to within about 1 µm and is linear with an R2 of about

0.999 over the range of 10 mm. The data are collected from the transducers and

digitized using Instrunet (http://www.instrunet.com/). Variations in friction due

to heterogeneity within the sample shear zone are much larger (µo = 0.77 +
−
0.04)

than variations due to non linearity and analog-to-digital conversions. When the

sample is sheared a layer of gouge builds up between the rock surfaces. There is

no sleeve to confine the wear particles between the samples, but very little gouge

(about 5 % of the total gouge by volume) is extruded out of the samples during

testing and re-setting the samples.

The apparatus can operate at driving velocity from less than 10−5 mm/s up

to 0.1 mm/s. The machine’s stiffness is 8.28 MPa/mm. We measured coefficient

of friction in the temperature range from room temperature to 550 ◦C. All the

experiments reported here were conducted at constant normal stress of 15 MPa,
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Figure 2.1: Experimental setup. (a) Diagram of direct shear apparatus. (b)
Photo of experimental setup. (c) Photo of Westerly granite.

driving speed of 0.01 mm/s, and room humidity. The nominal area of contact

between samples is 2.64x103 square millimeters. The samples have been ground

to a flatness of 4 µm/m and roughness of grit #80. We performed experiments on

several rock types. Results presented here are for Westerly granite which has been

extensively used in previous studies. Westerly granite was chosen because it has

been previously well characterized and it is instructive to compare friction results

at similar laboratory conditions [Lockner et al., 1986b, Blanpied, 1995, Carter

et al., 1981, Tullis and Yund, 1977, Stesky, 1978, Beeler et al., 1996]. Westerly

granite consists of about 30% quartz, 30% oligoclase, 30% microcline and about

5-10% bioite, with an average grain size of about 0.75 mm (Figure 2.1c) [Tullis

and Yund, 1977].

The direct shear setup has several advantages over other types of experi-

mental apparatuses. It can perform under a wide range of driving velocities and

significant slip distances (up to hundreds of millimeters), compared to the widely

used triaxial apparatus which can only produce small displacements because of the
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geometry of the confining jacket around the sample [Hoskins et al., 1968]. Large slip

distances are beneficial because of significant evolution of friction coefficient within

the first few tens of millimeters of slip, likely due to the buildup of gouge (wear

particles) [e.g., Beeler et al., 1996]. A typical run-in displacement in our experi-

ments was about 80 mm, and the total cumulative displacement in our experiments

was about 440 mm. This is comparable to a “run-in” displacement of a few tens

of millimeters and total displacement of greater than 400 mm reported by Beeler

et al. [1996]. In a study of Power et al. [1988], gouge production was measured

as a function of slip for solid Westerly granite samples. Their results showed an

initial increase in wear particles with displacement, but eventually gouge produc-

tion nearly stopped and shear deformation was accommodated by the developed

layer of granular material. This implies that results shouldn’t depend on total slip

after the initial “run-in” displacement. Gouge fabric plays an important role in

the frictional strength of faults [Collettini et al., 2009]. In our experimental setup,

initially bare rock surfaces are sheared and a gouge layer accumulates “naturally”.

This may be a better approximation of in situ fault conditions than either bare

or “simulated” (ground and sieved) gouge, since the gouge has undergone some

amount of shearing and has developed some fabric.

2.3 Procedure

Initially, the sample was run-in (slid under normal stress) until friction

reached a constant value. We employed a slide-hold-slide routine [Dieterich, 1972,

Beeler et al., 1994, Marone, 1998a]. We placed the top sample at the edge of the

bottom sample to allow the largest amount of slip in each run. Upon applying the

normal stress of 15 MPa we heated the sample to the desired ambient temperature.

During the first part of a hold test we applied the driving velocity until the sample

either stably slid at constant shear stress or stick-slipped with nearly constant

stress drop and recurrence interval. Then we sharply reduced the driving velocity

(in case of stick-slip, right after a slip event). We held the sample under constant

normal stress for the desired period of time. Then we resumed pulling at the

imposed driving velocity and measured the peak value of shear stress right before
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the next slip event. We calculated friction coefficient by dividing the measured

shear stress by normal stress (Figure 2.2a). We recorded the value of coefficient of

friction right before the hold period, the peak value of friction right before rapid

slip (µs) (Figure 2.2b), the minimum value of friction right after rapid slip (µmin),

as well as the time during quasi-stationary contact (hold time, th). See Figure 2.11

of the Supplementary Materials for a description of these different measures of

friction.

The steps of slide, hold and slide were repeated to cover several orders of

magnitude of hold time. Then we changed the ambient temperature and repeated

the steps of slide-hold-slide until the slip distance equalled the difference in length

between the top and bottom samples (40mm). Subsequently, we reduced the nor-

mal stress to 0.5 MPa and moved the top sample back to the original position. We

repeated tests in various sequences to ensure reproducible behavior. We conducted

most tests for hold times between 7 seconds and 2×105 seconds (a few days), and

one test was held for over a month (3.6×106 seconds). We applied temperature

increments in both increasing and decreasing order to investigate possible temper-

ature hysteresis effects. Eight runs in total were completed, and we kept track of

the order in which the tests were conducted to monitor any dependence of friction

on total slip. Figures 2.12 – 2.20 of the Supplementary Materials illustrate the

respective results.

2.4 Experimental Results

All tests revealed a logarithmic increase in static friction with hold time.

On similar machines with granite samples at room temperature and about 15 MPa

normal stress we calculate healing rates similar to those reported by Dieterich

[1972]: a few percent increase in static friction per decade hold time. For example,

at room temperature static coefficient of friction increases from 0.77 to 0.81 in

103 seconds (or 17 minutes). We fit our experimental data using an empirical

expression proposed by Dieterich [1972]:

µs = µo + β log10(th) (2.1)
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Figure 2.2: Slide-hold-slide tests. (a) Friction coefficient vs. time. The black line
represents hold tests conducted at room temperature, the magenta line represents
tests conducted at 500 ◦C. The arrow labeled th marks the beginning and end of
a hold during which driving velocity decreased to zero for the room temperature
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“slide” and “hold” do not line up in time between the two different temperature
runs. (b) Static coefficient of friction vs. hold time. The circled dots represent
values picked from data shown in Figure (a).
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where µs is static friction coefficient, µo is the value of static friction coefficient at

1 second (also referred to as “intercept” in this study), β is the logarithmic rate of

increase in static friction coefficient (also referred to as “slope” in this study), and

th is hold time. Equation 2.1 breaks down for hold times less than a few seconds

[Nakatani and Scholz, 2006], but in our experiments the shortest hold times were

about 7 seconds. Figure 2.3 shows all the µs data plus logarithmic fits using

Equation 2.1. The increase in static friction coefficient with hold time represents

an increase in the shear strength of the samples. The logarithmic rate of increase

in shear strength with time can be calculated by multiplying the normal stress

by the coefficient of friction and by the percent increase in coefficient of friction

per decade (15 MPa x 0.7 x 0.025 decade−1 = 0.3 MPa/decade). Extrapolation of

these results to conditions at seismogenic depths (effective normal stress of 100-200

MPa) gives rise to strengthening rates of a few megapascals per decade.
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Figure 2.3: Static coefficient of friction, µs, vs. hold time. Measurements are
shown with dots, least squares fits are shown with lines. Color represents temper-
ature. Each plot consists of tests done in sequence without re-setting the sample.
The titles display the total slip accumulated at the end of each plot.

The experimental results show that static friction increases linearly with in-

creasing temperature at about 0.02 per 140 ◦C. For example, at room temperature,

µo is 0.77 and at 500 ◦C it is 0.83 (Figure 2.4a), which is an increase in coefficient

of friction of 0.06. In the study of Nakatani [2001], hold tests were performed

on feldspar powder using a double direct shear apparatus at similar pressure and

temperature conditions to our experiments (Figure 2.21a of the Supplementary
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Materials). µo can be calculated from the data he presented in Table 1. Based on

the data of Nakatani [2001], µo increases from 0.62 at room temperature to 0.69 at

600 ◦C, which is an increase of 0.07 (Figure 2.21b of the Supplementary Materials).

While our values for µo seem to be slightly higher, the temperature dependence of

µo is in agreement with Nakatani’s results.

In the study of Chester [1995], the temperature dependence of steady state

friction of dry granite gouge (from Lockner et al. [1986b]) was compared to that of

wet granite gouge (from Blanpied et al. [1991]). The coefficient of friction for dry

granite gouge increased with temperature from about 0.70 at room temperature

to about 0.75 at 500 ◦C, and continued to increase up to 900 ◦C. The wet granite

gouge data followed the dry data up to about 300 ◦C, after which the coefficient

of friction dropped dramatically between 300 ◦C and 600 ◦C, to about 0.58. The

temperature dependence of µo that we report is in agreement with the temperature

dependence of sliding friction of dry granite gouge reported by Lockner et al.

[1986b]. Caution must be used in extrapolating laboratory results to natural faults,

especially considering the uncertainty in pore fluid pressure and fluid saturation at

depth. Assuming dry conditions, the neglect of temperature dependence gives rise

to underestimation of the static fault strength by nearly 10 percent, (see Figures 2.3

and 2.4). However, the effect of temperature on fault strength may be offset in the

presence of water [Blanpied et al., 1991].

Our results suggest that temperature does not significantly change the rate

at which static friction increases with time. This relationship holds all the way up

to the maximum tested temperature of 550 ◦C (Figure 2.4b). Figure 2.4 shows µo

and β as a function of temperature for all of the data presented in Figure 2.3. At

room temperature we calculate β to be about 0.016 , and at 500 ◦C we calculate β

to be about 0.021. For comparison, β can also be calculated from data of Nakatani

[2001] (his Table 1). Based on his data, β increases from about 0.007 at room

temperature to 0.0293 at 600 ◦C. At room temperature, our value for β is higher

than the values reported by Nakatani, but our results agree at higher temperature.

Overall, Nakatani reports a stronger increase in β with temperature (Figure 2.21c

of the Supplementary Materials).
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Our experimental results may be analyzed in the context of the rate-state

friction laws [Dieterich, 1979, Ruina, 1983]:

µ = µ∗ + a ln
V

V∗

+ b ln
V∗θ

Dc
(2.2)

dθ

dt
= 1−

V θ

Dc

(2.3)

where µ is the coefficient of friction, µ∗ is the coefficient of friction at a

reference velocity V∗, V is velocity, a is a constitutive parameter corresponding

to the direct effect, b is a constitutive parameter corresponding to the evolution

effect, θ is a state variable and Dc is the critical displacement. If the conventional

rate-state constitutive equations (Equations 2.2 and 2.3) are applied to a simple

spring-slider model of friction, the parameter b can be calculated directly from our

experiments, assuming that the state variable evolves according to an aging law

(Equation 2.3) and not a slip law [Beeler et al., 1994].

At long hold times, b can be approximated by the following equation:

b =
∆µs

∆ ln th
(2.4)

We calculate b as the slope of the curves in Figure 2.3 with logarithmic (base

e) time. We estimate that b increases from 0.0092 at room temperature to 0.0118

at 500 ◦C. We also fit the rate-state equations to timeseries of slip and µ from two

of our hold tests (Figure 2.22 in the Supplementary Materials). We found that the

data can be fit well at 20 ◦C and 500 ◦C using the values for b calculated using

Equation 2.4 at those respective temperatures. In the study of Blanpied et al.

[1998], the rate-state parameters a and b were fit to data from dry and wet granite

velocity-stepping tests. Blanpied et al. [1998] performed inversions for a and b on

dry granite data from Lockner et al. [1986b] and wet granite data from Blanpied

et al. [1991] and Blanpied [1995]. Blanpied et al. [1998] reported that for the dry

granite data, b increased from 0.001 to 0.018 from 23 ◦C to 845 ◦C. The wet tests up

to 350 ◦C could be fit by similar values. The wet tests above 350 ◦C, however, had

to be fit using a second state variable, b2, which decreases from -0.03 to -0.14 from



20

350 ◦C to 600 ◦C. In the low temperature range, the values for b that we report

are higher than the values reported by Blanpied et al. [1998] for dry granite. In

the high temperature range the values for b that we report are close to the values

reported by Blanpied et al. [1998] for dry granite. The following are three possible

reasons for the discrepancy between our results and those of Blanpied et al. [1998].

The first is that experiments were performed on different kinds of samples (Lockner

et al. [1986b], Blanpied et al. [1991] and Blanpied [1995] used ground simulated

granite gouge). The second is that the experiments were performed using different

machine geometries (Lockner et al. [1986b], Blanpied et al. [1991] and Blanpied

[1995] used a triaxial setup, which only allows for small cumulative slip). The

third is that the experimental procedures were different (Lockner et al. [1986b],

Blanpied et al. [1991] and Blanpied [1995] performed velocity-stepping tests under

stable sliding conditions).

Another result of the inversions of Blanpied et al. [1998] was the value of

(a − b) as a function of temperature. For dry granite, (a − b) was close to zero

at all temperatures. For wet granite, (a − b1 − b2) rose from slightly negative to

largely positive from 250 ◦C to 500 ◦C. This suggests that the dry granite may

have had the potential for slip instabilities at all temperatures, but that the wet

granite became essentially stable above 350 ◦C. Given these results, the presence

of water on a fault may play an important role in the brittle-ductile transition.

While we did not invert for (a − b), we observed increasingly unstable stick-slip

with higher temperature, all the way up to the the highest temperature we tested,

550 ◦C. This implies that (a−b) is most certainly negative, and possibly becoming

more negative with higher temperature. This result is unexpected, since it implies

a greater tendency for unstable slip at temperatures as high as 550 ◦C, and may

highlight the control of water on the deep limit of the seismogenic zone. The high

temperature stick-slip behavior observed in our experiments will be addressed in

a separate study; here we are interested in the origin of an apparent increase in

static friction with temperature (Figure 2.4a). We note that there is no consistent

trend in static friction with total slip, except a slight decrease in slope after 360

mm total slip (Figure 2.20 of the Supplementary Materials). We also don’t observe
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consistent changes in friction depending on the order in which temperature was

changed. We visually compared samples with various amounts of total slip, and

the gouge volume and particle size distribution looked similar for 80 vs. 360 mm

of slip. This suggests that friction does not evolve considerably after the initial

“run-in” slip. Such behavior helps isolate the effects of temperature on friction.

2.5 Theoretical Model: Preliminaries

In our experiments the interaction between the microscopically rough sur-

faces and gouge particles controls the average value of friction on the slip interface.

During “hold” periods some time-dependent process must result in strengthening

of the slip surfaces (or the intervening gouge particles). Here we explore the idea

that the logarithmic increase in frictional strength with time results from increases

in the real contact area due to creep of highly stressed asperities [Dieterich and

Kilgore, 1994]. The fractal nature of our model is intended to account for both

the microscopically rough geometry of bare surfaces [Brown and Scholz, 1985a] as

well as the fractal size distribution of gouge particles [Sammis and Biegel, 1989].

We use adhesion theory to link true contact area between fractal surfaces to static

friction coefficient. The underlying assumption of the model is that increases in

real contact area due to viscous flattening of contacts under normal load are the

primary cause of the observed logarithmic strengthening of the slip interface dur-

ing hold time. We seek a model that is also able to reproduce basic characteristics

of friction such as Amonton’s laws.

The first Amonton’s law states that coefficient of friction is independent of

total contact area; small and large samples of the same material should have the

same friction coefficient. The second law states that shear force at the onset of

sliding is proportional to normal force [Scholz, 2002]. Bowden and Tabor [1950]

formulated Adhesion theory to explain these empirical relations. The basic tenant

of adhesion theory is that when two surfaces come into contact, most of the nor-

mal and shear load is supported by a small fraction of the nominal contact area

(Figure 2.5).
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Figure 2.5: Cartoon of a microscopically rough surface. N and F are the applied
normal and shear forces, respectively. A is the total area of contact. Ar, the real
contact area, is the sum of many small areas in which the rough surfaces actually
touch. Ar is a small fraction of A.

Asperity contacts, since they are so small, are highly stressed, possibly to

the point of yielding, close to the theoretical strength of the order of one tenth of

the elastic modulus of the material [Dieterich and Conrad, 1984, Rice et al., 2001,

Griffith, 1921]. When a normal force N is applied to the surfaces, the contacts

deform and increase in size (in proportion to the normal load) until they are just

large enough to support the normal load. A maximum shear force F applied to

the surfaces cannot exceed a product of the true contact area of the asperities, Ar,

and their intrinsic shear strength, s.

F = sAr (2.5)

The friction coefficient µ is defined as a ratio of F to N , and according to

Equation 2.5 equals

µ = sAr/N (2.6)

We will use the real area of contact between surfaces, Ar as a proxy for

the coefficient of friction, assuming that the microscopic yield strength s to the

first order is independent of temperature. Under this assumption, one can relate

second-order changes in the coefficient of friction with time and temperature to
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evolution of the true contact area,

µ(t, T ) = sAr(t, T )/N (2.7)

In Equation 2.7, Amonton’s first law (coefficient of friction, µ, is indepen-

dent of total contact area, A) is satisfied. Under this framework, Amonton’s second

law (F is proportional to N , or µ is constant) can be explained in one of two ways.

In the first explanation, asperities are highly stressed and at the point of plastic

yielding, so that normal force, N , can’t exceed a product of the real contact area,

Ar, and the intrinsic penetration hardness, p. From Equation 2.6, µ = s/p, a con-

stant provided s and p are material properties, regardless of the contact geometry.

If asperities are not at the theoretical strength limit Amonton’s second law cannot

be explained by deformation of a single “representative” elastic contact [Archard,

1957]. For example, for idealized elastic contacts of spherical shape, Ar is propor-

tional to the normal load as Ar ∝ N2/3. According to Equation 2.6, Ar must be

linearly proportional to N in order to keep µ constant. In the second explanation,

a true contact area is proportional to the normal load. In the limit of multiple

elastic spherical contacts with fractally distributed sizes, Ar becomes directly pro-

portional to N [Archard, 1957] (Figure 2.23 of the Supplementary Materials). Both

natural faults and cut rock samples are known to have fractal surface geometry

with power spectral density decaying as a power law, with power of about -3 to

-2, which corresponds to a fractal dimension of 1 to 1.5, over length scales from

100 µm to 0.1 m [Brown and Scholz, 1985a]. Some samples exhibited slopes out-

side this range for certain frequency bands, which yields problems in estimating

fractal dimension and scaling up the rms height to greater wavelengths. The size

of our laboratory samples falls within the length scales mentioned above, so we

expect the roughness of our samples to be well described by the statistics reported

by Brown and Scholz [1985a]. Brown and Scholz [1985a] suggested that a frac-

tional Brownian surface best describes the observed surface roughness. Brown and

Scholz [1985b] presented a model in which elastic surfaces with fractal geometry

were pressed together. They showed that closure between the surfaces as a function

of normal stress successfully predicted closure measured in laboratory experiments
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on ground glass surfaces which exhibit fractal profiles. Therefore we adopt this

geometry in our numerical models. To reduce the computational burden, we use a

1D realization of the 2D fractional Brownian surface with plane strain conditions

[Popov, 2010]. The equivalent contact area can be calculated as

Ar =
π

4

∑

i

(l2i ) (2.8)

where li are the lengths of the “touching” intervals of the 1D interface and a rigid

flat surface [Popov, 2010]. We also calculated the equivalent contact area as

Ar =
∑

i

(liw) (2.9)

where w is an arbitrary dimension of the slip interface in the direction orthogonal

to slip vector. We found that the use of expressions 2.8 and 2.9 gives rise to a

negligible difference in the ratio of Ar(t)/Aro. We have further simplified the model

using equivalence between two 1D fractal surfaces and one 1D fractal surface with

half the Young’s modulus pressed against a rigid flat surface [Brown and Scholz,

1985b]. This is justified because the single fractal surface has the same statistical

properties, or the same power spectrum, as the difference between two fractal

surfaces.

To produce time dependent evolution of the real contact area under con-

stant normal load the material must undergo some form of creep. We assume a

viscoelastic rheology in which strain rate is some empirical function of deviatoric

stress. In our numerical experiments we tested several laboratory-derived creep

laws, including:

ǫ̇ = C exp

(

−Q

RT

)

σn
dev (2.10)

ǫ̇ = C exp

(

−Q

RT

)

exp(Bσdev) (2.11)

ǫ̇ = C exp

(

−Q

RT

)

[sinh(Bσdev)]
n (2.12)



25

ǫ̇ = C exp

(

−Q

RT

)

σn
dev exp

(

σdev

σp

)

(2.13)

where ǫ̇ is strain rate, C is a premultiplying factor, Q is activation energy, R is the

gas constant, T is temperature, σdev is deviatoric stress, n is the stress power, B

is an empirical constant, and σp is the Peierls stress. Note that the values of C, B

and n are different in each of the laws, and for different materials.

The first creep law (Equation 2.10) is a power law that e.g. corresponds to

migration of imperfections (dislocations) within a crystal lattice, with stress ex-

ponent n ≈3 [Twiss and Moores, 2007, Kirby, 1983]. The second law, exponential

creep (Equation 2.11), is reported to fit steady state creep data on rocks at high

stress (σdif >200 MPa) better than the power law [Twiss and Moores, 2007, Tsenn

and Carter, 1987]. The third law (Equation 2.12) attempts to fit creep data over

a wider range of stresses [Tsenn and Carter, 1987, Post, 1977]. The fourth law

(Equation 2.13) was proposed as a good fit to high stress olivine creep measure-

ments. Like the exponential and hyperbolic sine laws, the Peierls law is meant to

account for the increase in effective stress exponent at high stress [Renner et al.,

2002, Weertman, 1957, Evans and Goetze, 1979]. In addition to the viscous creep

law presented in Equation 2.13, we also specified that there would be a cutoff to

viscous behavior at the Peierls stress, σp, and that deformation at σdev ≥ σp would

be perfectly plastic.

We used the commercial finite element code Abaqus to perform numerical

simulations. First, we generated the fractional Brownian surface with variance of

0.1, Hurst exponent H of 0.6, and total number of points of 5000, using a FOR-

TRAN code from the the National Simulation Resource Center for Bioengineering

at the University of Washington [Bassingthwaighte, 1996]. We used this surface

to define a sample geometry, and generated a mesh of 3-node linear plane-strain

triangles. The finest elements of the mesh are defined by the spacing between

points on the fractal surface. We also created an analytical rigid flat surface onto

which the fractal surface is pressed. We assumed a viscoelastoplastic rheology of

the sample, as described above. We assigned the following boundary conditions:

the analytical flat surface is stationary, the top edge of the sample acts as a rigid

pin and cannot move in the horizontal (x) direction, and the fractal surface is free
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of shear stress (free slip boundary condition) and is not allowed to penetrate into

or adhere to the rigid foundation (Figure 2.6). A normal load, σn, is applied to

the top edge of the sample by ramping linearly up to the desired value within 1

second, then remaining constant for 107 seconds.

σn
dx=0
drz=0

 

dx=dy=0

x-y plane strain symmetry

drz=0

 

Fractal surface

x

y

z

A

ArRigid !at surface

(GPa)

= 0.05 GPa

Figure 2.6: Finite element model. A portion of the finite element model showing
model geometry, boundary conditions, loading (σn = 0.05 GPa) and mesh. The
distribution of Mises stress is shown, with the color bar in units of GPa. Stress
concentrations greater than ten times the applied normal stress can be seen near
where the rough surface contacts the flat surface.

One difference between the laboratory experiments and the numerical model

is that in the laboratory experiments, the samples were held at both shear and nor-

mal stress during hold periods, while the modeled contact was only subjected to

normal stress. To investigate the effect of shear stress on frictional healing in the

laboratory we conducted hold tests at room temperature in which we reduced the

shear stress to 0.5 MPa during the hold period. Compared to the hold tests dis-

cussed above, hold tests in which shear stress was reduced showed a slight increase

in the static coefficient of friction (µo was greater by about 3%), and no resolvable

change in b. The small difference in results due to reduced shear stress during hold

periods suggests that the model may be describing the healing process well, even

without taking shear stress into account. Similar reduced-shear experiments were

performed in studies by Karner and Marone [2001] and Nakatani and Mochizuki
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[1996]. In hold tests in which the shear stress was reduced to zero, Karner and

Marone [2001] reported a static coefficient of friction about 8% greater than hold

tests performed at shear stress near the sliding value. Similarly, Nakatani and

Mochizuki [1996] reported that shear unloading during hold periods increased co-

efficient of friction by 10-20%. This is similar to, but of greater magnitude than

what we calculate. Both Karner and Marone [2001] and Nakatani and Mochizuki

[1996] reported a decrease in b in reduced shear hold tests, and Karner and Marone

[2001] even reported negative b (time-dependent weakening) in tests performed at

zero shear stress. This is different from our results, which suggest that b is inde-

pendent of the shear stress at which the sample is held. According to Karner and

Marone [2001], deformation of “force chains” within a granular layer can describe

the observed variations in µs and b with shear stress. We did not include shear

loading in the model for two reasons. First, the constitutive relationship for slip

at the asperity scale is not well understood, but is expected to have a large impact

on the predicted shear deformation. Second, our model does not consider breaking

of asperities, as well as rolling and breaking of gouge particles that presumably

play an important role in accomodating shear on natural slip surfaces. We focus

on the effects of normal load alone, assuming that the microscopic shear strength

is governed by s, while the macroscopic shear strength is governed by the product

sAr(t) (see Equation 2.7).

2.6 Numerical Modeling: Results

An acceptable model must be able to reproduce the first-order characteris-

tics of friction such as the Amonton’s laws as well as the second-order characteris-

tics such as the observed rate-, state- and temperature dependence. First we show

that our model obeys Amonoton’s second law, in that friction force is proportional

to normal force. As described in the previous section, Ar should be proportional to

N in order to achieve this [Greenwood and Williamson, 1966]. Equivalently, Ar/A

is proportional to σn, where A is the total area of contact. Here we consider a

purely elastic response to an applied normal load. The black curve in Figure 2.24

of the Supplementary Materials shows the computed value of Ar/A as a function
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of σn. For a normal stress up to about 0.2 GPa there is a linear relationship,

so the second law is satisfied. At higher stress the contacts become “saturated”,

and eventually level off in the limit Ar/A = 1. To test whether our model obeys

Amontons first law (friction is independent of nominal contact area) we ran the

same numerical test on fractal surfaces 500 µm long, 1000 µm long and 5000 µm

long. The results are plotted in Figure 2.24 of the Supplementary Materials and

show the same slope for σn < 0.2 GPa, indicating that the first law is satisfied as

well.

Figure 2.6 shows the distribution of Mises stress throughout a portion of

the model domain. Warm colors represent high stress and cool colors represent low

stress. The places where the fractal surface makes contact with the flat surface are

highly stressed, between 0.5 and 0.9 GPa (greater than ten times the applied nor-

mal stress). For applied stresses between 5-250 MPa, typical of confining stresses

used in most rock friction experiments, the maximum normal stress resolved on the

asperities is 2-7 GPa (Figure 2.7 and Figure 2.25 of the Supplementary Materials).

Adhesion theory holds that local contact stresses are close to the theoretical yield

strength of the material, on the order of a few GPa [Rice et al., 2001, Dieterich

and Conrad, 1984]. Our calculations indicate that the maximum contact stress

does not scale linearly with the applied normal stress (Figure 2.7b, light gray line),

even in the absence of yielding. Furthermore, the average normal stress supported

by the contacts is 0.75 - 1.7 GPa, and is nearly independent of σn (Figure 2.7b,

black line).
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Figure 2.7: Contact pressure vs. applied normal stress. (a) Maximum contact
pressure shown in gray and average contact pressure shown in black calculated
over the whole fractal surface as a function of applied normal stress. (b) The
plot above zoomed in to 0.25 GPa. The average contact pressure changes very
little over the applied stress range corresponding to confining pressures applied
in most laboratory tests (5-200 MPa). This relationship is a result of the fractal
geometry of the contact surfaces, and is required by Adhesion theory. At very
high applied stresses, the fractal surface becomes “saturated”, and contact pressure
scales linearly with applied stress.

These results suggest that characteristic stresses of the order of a few GPa

can result from elastic deformation of a fractal surface, and plastic yielding is
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not required to ensure constant µ [Greenwood and Williamson, 1966]. In the

viscoelastic model we ramp σn up to 0.05 GPa, higher than the normal stress

applied to the samples in the laboratory, 0.015 GPa. This allows for a better

sampling of the fractal surface (note how the black line in Figure 2.24 of the

Supplementary Materials is smoother than the gray lines), and since the stress at

the contacts is nearly independent of the applied normal stress within this range

of normal stresses, we don’t expect the strain rate (and rate of increase in contact

area) to be affected by this difference. In the viscoelastic model, the contacts

creep and contact area increases, thereby decreasing the local stress concentrations.

To model the second order effects of time and temperature on static friction we

calculate µo and b as

µo =
sAro

σnA
(2.14)

b =
s∆Ar

σnA∆ ln t
(2.15)

and compare to the laboratory data (Figure 2.10a,b). None of the bulk creep

laws, when applied to the model, could produce a rate of increase in contact area

that matched the rate of increase in static friction observed in our experiments.

For example, the power-law rheology pertaining to dislocation creep (Equation

2.10, n=3) fails to produce enough deformation in the initial period (≈ 103s).

This is because the effective viscosity is too high so that the material at first

behaves elastically (not flowing and increasing contact area). Furthermore, when

the contact area does begin to increase it does so too quickly (Figure 2.8, dashed

lines). After a parameter search we found that the power-law rheology is able to

explain the laboratory data only if the stress exponent is assumed to be greater

than 40. In this case, the model is able to reproduce both short-term effects (aging

starts almost immediately) and long-term effects (a relatively constant slope of

the aging curves (Figure 2.8, solid lines). At this high stress exponent, changing

temperature up to 500 ◦C has little effect on the slope of the aging curves, which is

consistent with the laboratory data. The best-fitting creep laws with parameters
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deduced bases on trial and error are shown in Figure 2.9.
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Figure 2.8: Numerical simulation results for fractional real contact area, Ar/A
as a function of time. Dashed lines correspond to simulations using a power law
pertaining to dislocation creep, with stress power n = 3. Solid lines correspond
to simulations using the best fitting power law, with stress power n = 45. Color
represents temperature. Note that the dashed lines have a delay during which
contact area does not increase, and once contact area does increase, it does so too
quickly to match the lab data. The solid lines show real contact area increasing
immediately after the normal stress is applied. The higher temperature simulations
produce higher values of initial real contact area, similar to the increase in µo with
temperature observed in the laboratory. The rate of increase in real contact area
changes very little as a function of temperature, similar to the insensitivity of slope,
β, observed in the lab.
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Figure 2.9: Viscous creep laws used in numerical simulations. For all laws Q =
105.86 kJ mol−1, R = 8.314 J mol−1K−1, T = 573 K. The bulk creep power law
pertaining to dislocation creep is shown in black: ǫ̇ = C exp

(

−
Q
RT

)

σn
dev, where C

= 0.7017 GPa−3s−1, n = 3. The best fitting power law is shown in red, where C
= 7.017 x 1011 GPa−45s−1, n = 45. The best fitting exponential law is shown in
green: ǫ̇ = C exp

(

−
Q
RT

)

exp(Bσdev), where C = 1 x 10−15 s−1, B = 61 GPa−1. The

best fitting hyperbolic sine law is shown in blue: ǫ̇ = C exp
(

−
Q
RT

)

[sinh(Bσdev)]
n,

where C = 1 x 10−14 s−1, B = 20 GPa−1, n = 3. The best fitting Peierls law is

shown in magenta: ǫ̇ = C exp
(

−Q
RT

)

σn
dev exp

(

σdev

σp

)

, where C = 1 x 1011 GPa−40s−1,

n = 40, σp = 5 GPa.

We also explored a second Peierls creep law:

ǫ̇ = C
(

σdev

µ

)l

exp
(

−Q
RT

[1−
(

σdev

σp

)m

]n
)

[Kameyama et al., 1999, Tsenn and Carter,

1987, Evans and Goetze, 1979], with the additional condition that deformation

would be perfectly plastic at σdev ≥ σp. It could produce the right slope to fit

the experimental data, but the intercept was consistently too low to match the

experimental data, so we did not include it with the best fitting laws in Figures 2.9

and 2.10. Figure 2.10 shows a comparison between the lab data and the best fitting
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numerical results for µo and b as a function of temperature. Numerical results using

each best-fitting creep law from Figure 2.9 could adequately match the lab data.
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Figure 2.10: Comparison between laboratory data and numerical results. (a) µo

vs. temperature, T . Laboratory data are shown in black dots, and are calculated
using the least squares fit to the data at hold time of 1 second. Results from
numerical simulations are shown in squares, and are calculated using µo = sAro

σnA
,

where s = 1.1 GPa, a material property equal to the shear strength of asperities,
Aro is the real contact area reached at 1 second (immediately after the application
of normal loading), σn = 0.05 GPa, the applied normal loading, and A = 5000
µm2 is the total area. Color symbols denote the best fitting rheology: power
law (red), exponential law (green), hyperbolic sine law (blue), and Peierls law
(magenta). (b) Rate-state b parameter vs. Temperature. Symbols colors are the
same as in Figure (a). Laboratory data are calculated using b = ∆µs

∆ ln th
. Results

from numerical simulations are calculated using b = s∆Ar

σnA∆ln t
.
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2.7 Discussion

Under the assumption that a fractal contact geometry is a good representa-

tion of sheared rock surfaces, and that viscous flattening of contacts is responsible

for frictional healing, our results indicate that none of the theoretical or empirically

derived bulk creep laws are able to explain the observed time and temperature de-

pendent frictional healing. This result implies several possibilities. First, it is well

known that at high stress levels, the power law with n=3, corresponding to dis-

location creep, fails to describe the bulk deformation of rocks [Twiss and Moores,

2007]. This “power law breakdown” may be caused by a transition in deformation

mechanisms from dislocation creep to dislocation glide around stress of approxi-

mately 200 MPa, which may be matched better by a power law with higher n or

an exponential law. For example, data from high stress creep of clinopyroxenite

have been fit by both a power law with n=83 and an exponential law [Tsenn and

Carter, 1987, Kirby and Kronenberg, 1984]. The effective stress exponent of n ≈

45 deduced in our study may reflect a similar phenomenon. Second, the bulk rhe-

ology reported for macroscopic samples may not be applicable to the deformation

of the highly stressed microasperities. Independent measurements of single-crystal

hardness have been used to predict a polycrystalline flow law (such as the sec-

ond Peierls creep law mentioned in the Numerical Results section) [Evans and

Goetze, 1979]. Even with modified parameters, this creep law could not match

our experimental data. Third, the observed aging effects may be dominated by

time-dependent compaction of the gouge layer. In this case, the observed loga-

rithmic strengthening may be due to complex particle interactions that take place

in the gouge layer such as sliding and rolling on the inter-grain boundaries [Frye

and Marone, 2002]. Note that even under conditions of purely uniaxial compres-

sion, some fraction of the grain boundaries will be subject to shear stress simply

due to the oblique orientation of grain contacts with respect to local principal

stresses. Because contact stresses can be locally high, some sliding and rolling

between grains may cause a reorganization that leads to a denser gouge packing,

and greater effective contact area between the surfaces and grains. If this process

is more efficient than the bulk viscous deformation of asperities, it could be con-



35

tributing to the effective high stress exponent needed to match the experimental

data. Karner and Marone [2001] measured compaction as a function of hold time

to compare with measurements of static coefficient of friction. During slide-hold-

slide experiments, compaction and static friction increased with the logarithm of

hold time, with thicker gouge layers yielding more compaction. While compaction

could also result from viscous flattening of asperities, the observed correlation of

healing with the thickness of the gouge layer may be evidence for the importance

of grain interactions in the recovery of frictional strength. Fourth, the strength

of contacting regions, s, may be increasing with time or temperature. It is possi-

ble that a combination of s(t, T ) (bond “quality”) and Ar(t, T ) (bond “quantity”)

contributes to the observed increases in µ(t, T ) [Frye and Marone, 2002]. Strength-

ening of the asperities may be related, e.g. to the development of new bonds across

the contacts. Frye and Marone [2002] and Dieterich and Conrad [1984] studied the

effects of humidity on frictional healing. Both studies report that scrupulously dry

conditions can severely reduce frictional healing rates. Water assisted mechanisms

may be affecting both the bulk creep of the contacts and the asperity bonds. Hy-

drolytic weakening may serve to increase contact area, or contact “quantity” more

quickly. Hydrogen bonding and desorption of water were proposed as possible con-

tact “quality” enhancers, but data collected from the conducted experiments could

not distinguish between these two mechanisms [Frye and Marone, 2002]. Dieterich

and Kilgore [1994] directly measured contact area and static coefficient of friction

for glass and acrylic. They concluded that growth in contact area is sufficient

to explain growth in frictional strength during hold periods. That logarithmic

strengthening is observed in various different materials (rock, acrylic, paper and

steel) suggests a common underlying physical mechanism [Baumberger and Caroli,

2006]. Thus results obtained for glass and acrylic may be applicable to a broad

range of engineering and geological materials.

2.8 Conclusions

We ran a series of heated slide-hold-slide laboratory experiments to ex-

plore the temperature dependence of frictional healing of Westerly granite. Our
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results show increases in static coefficient of friction at higher temperature and

little dependence of healing rate on temperature. While caution must be used

in extrapolating laboratory results to natural faults, our data suggest that ne-

glecting the effect of temperature may lead to underestimation of fault strength

under dry conditions by up to 10 %. The fault restrengthening rates are only

weakly temperature dependent under dry conditions. We performed numerical ex-

periments to test whether temperature dependent viscous flattening of asperities

could account for the frictional re-strengthening observed in the lab. We assumed

a fractal contact geometry with characteristics similar to those proposed by Brown

and Scholz [1985a]. We used the evolution of the true contact area as a proxy to

time-dependent evolution of the coefficient of friction. We found that rheology

corresponding to dislocation creep (power law with stress exponent of 3) fails to

match the experimental data. Other creep laws (exponential, hyperbolic sine, and

a Peierls creep law) also failed to match the experimental data given the param-

eters reported in the literature. In order to match the experimental data with

a power law, stress exponent of n>40 was required. The other creep laws were

also shown to provide a reasonable fit to the lab data given modified model pa-

rameters. These results may highlight the contributions of dislocation glide, grain

boundary sliding, gouge compaction, and time-dependent increases in the bond

strength in frictional healing. Further work is required to estimate the importance

of the proposed mechanisms for fault healing rates.

2.9 Notation

th Hold time, s.

to Hold time = 1s.

Ar Real contact area, µm2.

Aro Real contact area at to, µm
2.

A Total contact area, µm2.

µs Static coefficient of friction, dimensionless.

µo Static coefficient of friction at to, “intercept”, dimensionless.

β “Slope” of logarithmic hold time curve, dimensionless.
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σn Normal stress, GPa.

σs Shear stress, GPa.

µ∗ Coefficient of friction at reference velocity, V∗, dimensionless.

a Direct coefficient, dimensionless.

b Evolution coefficient, dimensionless.

V Velocity/slip rate between surfaces, µm s−1.

V∗ Reference velocity, µm s−1

θ State variable, s.

Dc Critical displacement, µm.

N Normal force, N.

p Penetration hardness of asperities, Nm−2.

F Shear force required to initiate sliding, N.

s Shear strength of asperities, Nm−2.

li Length of touching intervals between fractal surface and rigid flat surface,

µm.

w Arbitrary dimension of the slip interface orthogonal to the slip vector,

µm.

ǫ̇ Strain rate, s−1.

C Premultiplying factor in steady state creep law, GPa−ns−1 for power law

and Peierls law, s−1 for other laws.

Q Activation energy, kJ mol−1.

R Gas constant, kJ mol−1 K−1.

T Temperature, K.

B Empirical constant, GPa−1.

σdev deviatoric stress, GPa.

n Stress power, dimensionless.

l, m Other empirical fitting powers, dimensionless

σp Peierls stress, GPa.

σy Yield stress, GPa.
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2.11 Supplementary Materials

The following Supplementary Figures (2.11 – 2.20) present different mea-

sures of friction from heated slide-hold-slide direct shear experiments. Supplemen-

tary Figure 2.21 presents data from similar tests conducted by Nakatani [2001].

Supplementary Figures (2.22 – 2.25) present results from some of the numerical

simulations in this study [Mitchell et al., 2013].
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Figure 2.12: Static coefficient of friction (µs) vs. hold time. Color represents
temperature. Each plot consists of tests done in sequence without re-setting the
sample. The titles display the total slip accumulated of each plot.
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Figure 2.14: Increase in coefficient of friction (∆µ) vs. hold time. ∆µ is the in-
crease in friction from the steady state value (in case of stable sliding), or minimum
value (in case of stick-slip) right before the hold period, to the static coefficient of
friction (right before rapid slip) vs. hold time.
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Figure 2.16: Minimum coefficient of friction (µmin) vs. hold time. µmin is the
coefficient of friction reached right after rapid slip vs. hold time.
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Figure 2.18: Drop in coefficient of friction (µdrop) vs. hold time. µdrop is the drop
in coefficient of friction during rapid slip from µs to µmin.
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Figure 2.21: Data from Table 1 of Nakatani [2001]. His study was done at
conditions similar to those of our experiments. He used a double direct shear
apparatus to shear feldspar powder at 20 MPa normal stress and at temperature
from 25 ◦C to 800 ◦C, under dry conditions. We interpret µs = µ∗ + Θ. (a) µs vs.
hold time, where color represents temperature. (b) Intercept, µo, vs. temperature.
(c) Slope, β, vs. temperature. Our results are in general agreement with those of
Nakatani [2001], except our values for µo are a little lower at all temperatures, and
our value for β is a little higher at low temperature.
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Figure 2.22: Timeseries and model incorporating rate-state friction. (a) Time-
series of slip and coefficient of friction at 20 ◦C, with laboratory data shown in
black and the rate-state model shown in red. The model uses the rate-state b
parameter equal to 0.0092, which is the value of b measured at room temperature
from hold tests using b = ∆µs/∆lnth. (b) Timeseries of slip and coefficient of
friction at 500 ◦C, with laboratory data shown in black and the rate-state model
shown in red. The model uses the rate-state b parameter equal to 0.0118, which is
the value of b measured at 500 ◦C from hold tests using b = ∆µs/∆lnth.
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Figure 2.23: Fractional real contact area calculated for different model geome-
tries. (a) Results of real contact area divided by total contact area, Ar/A, vs.
applied normal stress, σn, from numerical models with different geometries and
elastic rheology. Black dots are from a hemisphere, blue from a cylinder, and
green from a fractal surface. Thick lines represent various stress- real contact area
relationships. (b) Same as (a), but zoomed in to 0.5 GPa. The full numerical
simulations in this study were performed at a normal stress of 0.05 GPa. Note
that only the fractal surface produces a linear relationship between real contact
area and applied normal stress. At very high applied normal stress the contact
area becomes saturated, and the linear relationship does not hold.
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Figure 2.24: Fractional real contact area vs. applied normal stress. Ratio of real
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is a straight line for reference. Note that up to about 0.1-0.2 GPa the curves are
coincident (verification of Amonton’s first law) and essentially straight (verification
of Amonton’s second law).
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Figure 2.25: Distribution of normal stress on fractal surface. Distribution of
normal stress at contacting regions (contact pressure) between the fractal surface
and the rigid flat surface for a range of applied normal stresses. In the first two
rows, the maximum number of elements has been capped at 200, to see more detail
at higher contact pressures. The sample has an elastic rheology. At the lowest
applied normal stresses, the maximum contact pressure reached is relatively high
because the real contact area is very small. As applied stress is increased, the real
contact area increases, with little effect on the maximum contact pressure. This
relationship holds in the range of applied stresses used in rock friction laboratory
experiments. Once the real contact area starts to become saturated, the geometry
is less like a fractal and more like a flat line, and the distribution of contact
pressure centers around the applied stress. Behavior of the model in this regime is
inconsistent with Adhesion theory.



CHAPTER 3

What controls the depth distribution of earthquakes in the Earth’s

crust?

Abstract. The deep limit to seismicity in continental crust is believed

to be controlled by a transition from velocity-weakening to velocity-strengthening

friction based on experimental measurements of the rate dependence of friction at

different temperatures [Tse and Rice, 1986, Blanpied et al., 1991, Marone, 1998b].

Available experimental data on granite suggest a transition to stable creep at about

350 ◦C (∼15 km depth) [Stesky, 1978, Blanpied et al., 1991, Chester, 1994]. In

this study we present results from a series of unconfined experiments on Westerly

granite at both dry and hydrated conditions that show increasingly unstable slip

(velocity-weakening behavior) at temperature up to 600 ◦C. These results challenge

the traditional view on the nature of the seismic-aseismic transition in the conti-

nental crust, but may help explain anomalously deep crustal seismicity in regions

of active extension (e.g. East Africa and Baikal) [Craig et al., 2011, Emmerson

et al., 2006] and convergence (e.g. Himalayas and Andes) [Jackson, 2002, Leyton

et al., 2009].

3.1 Introduction

Most earthquakes in the continental lithosphere occur in the upper crust

[Eaton et al., 1970, Hill et al., 1975, Sibson, 1982]. Termination of seismicity at

depth of 12-15 km is usually attributed to a transition from velocity-weakening

to velocity-strengthening friction [Tse and Rice, 1986, Marone, 1998b]. Indeed,
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laboratory measurements of the rate parameter (a − b) of rate-state friction [Di-

eterich, 1978, Ruina, 1983] for Westerly granite showed a transition from nega-

tive (a − b) (velocity-weakening behavior, conditionally unstable slip) to positive

(a− b) (velocity-strengthening behavior, stable creep) at temperatures above 300-

350 ◦C [Stesky, 1978, Blanpied et al., 1991]. Assuming a reasonable geotherm, this

transition is expected to occur at depth of ∼15 km, in good agreement with the

depth distribution of earthquakes in California [Blanpied et al., 1991, Nazareth

and Hauksson, 2004]. The temperature dependence of the (a − b) parameter is

believed to control the thickness of the seismogenic layer, as earthquakes would

not be able to nucleate under velocity-strengthening conditions [Brace and Byerlee,

1966, Dieterich, 1974, Ruina, 1983]. This view, however, is based on a relatively

small number of experiments that were all done on the same type of experimen-

tal apparatus, the triaxial machine [Stesky, 1978, Lockner et al., 1986b, Blanpied

et al., 1991]. In addition, seismologic observations indicate that earthquakes do

occur in the lower continental crust in various tectonic settings including regions

of active extension [Craig et al., 2011, Emmerson et al., 2006] and convergence

[Jackson, 2002, Leyton et al., 2009] in the temperature range at which existing

laboratory data imply stable creep.

3.2 Experimental Method

To investigate the transition from unstable seismogenic slip to creep we per-

formed a series of experiments on Westerly granite using a heated direct shear ap-

paratus (Figure 3.1). Experiments were conducted over a wide range of conditions

including temperatures between 20-600 ◦C, load-point velocities 10−5 – 3×10−2

mm/s, normal stresses 5-40 MPa, on solid samples and simulated gouge, and at

both dry and hydrated conditions. The experimental setup is illustrated in Fig-

ure 3.1a, and further described in the Methods section and in the Supplementary

Materials. Direct-shear experiments can achieve large total displacements upon

re-setting the sample multiple times. We found that the dependence of friction on

total displacement is most prominent in the initial ∼ 20 mm of slip. Most of the

experiments presented here were conducted after an initial run-in over distance
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of 160 mm. During the run-in period, a shear fabric is developed in the gouge

between the driving plates or solid rock samples (Figure 3.1b-d). Shear fabric is

thought to promote velocity-weakening behavior, but the relationship isn’t well

understood due to the effects of wear and dilatation [Beeler et al., 1996]. Shear

fabrics produced in our experiments (Figure 3.1b-d) are similar to those found

on natural faults [Chester and Logan, 1987b]. In tests done at low (20-150 ◦C)

temperatures, the samples were held at 200 ◦C for an hour and allowed to cool

down to the desired temperature to reduce the effects of room humidity on friction.

A relatively low stiffness of the direct shear apparatus allows for unstable sliding

(stick-slip). Stick-slip behavior is an unambiguous indicator of velocity-weakening

friction [Ruina, 1983, Heslot et al., 1994]. In cases of stable slip, we performed

velocity-stepping tests and directly measured the rate-state friction parameters a,

b, Dc, and µo (see Supplementary Materials). In cases of time-dependent (unstable)

slip, we applied a constant load-point velocity and recorded the shear stress and

sample displacement histories. In this case, the rate-state friction parameters were

computed by fitting predictions of a one-dimensional spring-slider model incorpo-

rating rate-state friction to the stress and displacement timeseries (Figure 3.1a)

[Dieterich, 1978, Ruina, 1983].

3.3 Experimental Results

Tests performed on solid samples showed increasingly larger stick-slip events

with temperature (Figure 3.2). Tests performed on simulated gouge samples

showed stable sliding at low temperatures. Velocity-stepping tests confirmed velocity-

strengthening behavior of gouge at low temperatures (Figure 3.3a,b,d). How-

ever, at temperature above 200 ◦C, the rate dependence of friction transitioned

to velocity-weakening (Figure 3.3a,c,e). To investigate the effect of total displace-

ment, we repeated tests after accumulating more than 110 mm of total slip on the

samples. We found that (a − b) became slightly more negative, perhaps due to

increased slip localization and further development of shear fabric. To examine the

structure of the slip interface, we extracted the gouge samples at the end of the

tests. Much of the gouge was consolidated except across a well-developed primary
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Figure 3.1: Experimental setup. (a), Diagram of the heated direct shear appa-
ratus. (b), Microscope image of a thin section of the gouge sample, plane light.
Arrow indicates the shear direction. Reduced grain size can be seen within the
shear zone. Note sheared grains of biotite and crushed grains of feldspar. (c),
Photograph of the top and bottom halves of the gouge sample within the sample
holders. The sample separated along the primary slip surface. (d), Bottom half
of the gouge sample after removal from the sample holder. Arrows indicate shear
direction. Grain size is dramatically reduced toward the primary slip surface. One
can also see Riedel shears.

slip interface (Figure 3.1c,d). The samples were impregnated with epoxy and then

cut into thin sections to observe shear microstructures. There is pronounced grain

size reduction toward the primary slip interface. This can be seen even without

a microscope by viewing the sample from the side (Figure 3.1d, brownish upper

half of the sample). The thin sections show Riedel shears away from the primary

slip interface (Figure 3.1b). We also observe sheared grains of biotite and cracked

grains of feldspar that resemble deformed grains in granite from previous studies

[Stesky, 1978].

Tests done at different values of normal stress and load-point velocities did

not show any significant change in rate dependence of friction, and the inferred
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Figure 3.2: Stick-slip timeseries, solid sample of Westerly granite. (a)-(c), Dis-
placement timeseries at 20, 500 and 600 ◦C, respectively. The tests were conducted
at 5 MPa normal stress and 10−3 mm/s load-point velocity. (d)-(f), Correspond-
ing shear stress timeseries. Cyan dotted lines represent data, black lines represent
predictions from the best-fitting models.

value of (a − b). Provided that (a − b) is negative and the machine stiffness is

below the limit of conditional stability, the amplitude and the recurrence interval

of stick-slip progressively increase with increasing normal stress and decreasing

load-point velocity (Figure 3.10b of the Supplementary Materials), in agreement

with predictions of rate-state friction theory [Ruina, 1983, Heslot et al., 1994].

Given a potentially profound effect of water on rock friction over a wide range of

temperatures [Blanpied et al., 1991, Chester, 1994, Dieterich and Conrad, 1984,

Frye and Marone, 2002], we performed a series of tests under hydrated conditions.

In these tests the water was injected at the bottom of the sample holder at constant

flow rate of 2 mL/min and a pressure cap of 0.7 MPa (100 psi). Because the sample

is unconfined, the water flashed to vapor under high temperature conditions (note

that in confined experiments, water is expected to be in a super-critical state, so

there is no distinction between liquid and vapor [Franck, 1983]). The presence

of water has a marked effect on frictional properties of gouge. At the beginning

of injection, the samples sometimes begin to creep, but shortly thereafter stick-

slip resumes, with larger amplitude and longer recurrence intervals compared to

the “dry” tests (Figure 3.9 of the Supplementary Materials), indicative of more

negative (a − b). After the water injection was stopped, the size of stick-slips

returned to smaller values similar to those before water was added.
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Figure 3.3: Velocity-stepping test results, Westerly granite gouge. (a), Load-
point velocity vs. displacement. (b) and (c), Coefficient of friction vs. displacement
at 20 ◦C and 400 ◦C, respectively. (d) and (e), Steady state coefficient of friction as
a function of load point velocity at 20 ◦C and 400 ◦C, respectively. Lines denote the
least squares fit to the data. (a− b) is the slope of the line. Tests were performed
at normal stress of 30 MPa.

3.4 Results: rate-state parameters

Figure 3.4 shows a summary of (a − b) values inferred from our experi-

ments on solid and gouge samples under dry and hydrated conditions as a function

of temperature (solid colored symbols), as well as results from previous triaxial

tests (open black symbols). Our results for dry gouge are in general agreement

with those from previous studies [Lockner et al., 1986b] (Figure 3.4 solid circles vs.

open circles) up to a temperature of about 350 ◦C. Above 350 ◦C, there is a general

disagreement between different sets of experiments. Stesky [1978] reported increas-

ing values of (a− b) with temperature, while Lockner et al. [1986b] found (a− b)

to be slightly positive and independent of temperature. Our data for dry gouge

indicate that (a − b) continues to become increasingly negative at temperatures

above 350 ◦C. This behavior is even more pronounced in tests on solid samples (see

red squares in Figure 3.4). The effects of water on the rate dependence of friction
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appear to enhance the high-temperature trends observed in different experiments

under dry conditions. In unconfined double direct shear tests conducted at room

temperature, higher relative humidity gives rise to greater values of b (indicating

enhanced healing), and decreases in (a − b) compared to tests carried out at dry

conditions [Dieterich and Conrad, 1984, Frye and Marone, 2002]. Triaxial tests

conducted at confined hydrothermal conditions also show more negative values of

(a − b) compared to dry tests at temperatures between 100-350 ◦C (Figure 3.4,

open triangles vs. open circles). Our experiments conducted at dry and hydrated

conditions show a similar behavior over the respective temperature range (Fig-

ure 3.4, pink squares vs. pink stars). However, at temperatures above 350◦C the

data are remarkably different. Triaxial tests of Blanpied et al. [1991] showed that

in the presence of water friction becomes more velocity-strengthening, i.e. (a− b)

is positive and increasing with temperature, while our direct shear tests indicate

that (a−b) is negative and continues to decrease over the entire temperature range

up to 600 ◦C (Figure 3.4, filled symbols).

Modeling of stress histories associated with unstable slip using rate-state

friction theory (see Supplementary Materials) reveals that the observed decrease in

(a−b) with temperature occurs primarily at the expense of an increase in the “evo-

lution” parameter b (Supplementary Figure 3.6b). Parameter b characterizes the

rate of healing of a slip interface, often attributed to a time-dependent increase in

real contact area due to creep at microscopic asperities [Dieterich, 1972, Dieterich

and Kilgore, 1994]. Higher temperatures are expected to enhance frictional heal-

ing, resulting in greater values of b [Nakatani, 2001, Mitchell et al., 2013]. The

observed tendency for more unstable slip at greater temperature indicate that the

parameter b is increasing with temperature at a greater rate than the parameter

a (the latter is inferred to be nearly independent of temperature in our experi-

ments, Supplementary Figure 3.6a). The effect of water on viscous flattening of

the asperity contacts is expected to be similar to that of temperature: both pro-

cesses result in higher rates of creep at the contacts and the concomitant frictional

healing [Dieterich and Conrad, 1984, Frye and Marone, 2002]. Other processes

such as hydrogen bonding, desorption of water, and water-aided crack growth may
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Figure 3.4: (a-b) vs. temperature, Westerly granite. Open symbols denote results
from previous studies. Filled symbols denote results from this study. Error bars
on symbols representing velocity-stepping tests correspond to two standard devia-
tions. Error bars on symbols representing model fits to the timeseries correspond
to the variation in (a− b) that triples the minimum misfit at a given temperature.

contribute to more efficient frictional healing and increases in b with temperature

under hydrated conditions [Dieterich and Conrad, 1984, Frye and Marone, 2002].

3.5 Discussion

The dependence of frictional properties on a type of an experimental ap-

paratus at high temperatures (Figure 3.4) is puzzling, as the experiments were

conducted on the same rock type and over a similar range of temperatures and slip

rates. The main differences are the total slip, normal stress, and pore pressure.

While the direct shear apparatus allows for a much larger total slip (thus yielding

a greater similarity to natural faults), we do not believe that this fully explains

the observed difference, as direct shear experiments with even a limited amount of

slip exhibited velocity-weakening properties similar to those shown in Figure 3.4,
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albeit of a smaller magnitude. The triaxial experiments were conducted at nor-

mal stresses and pore pressures of the order of hundreds of megapascals, closer to

in situ conditions compared to the direct shear experiments. Increases in normal

stress alone should not cause a transition to velocity-strengthening, provided that

the ratio of a true contact area to the total surface area remains sufficiently small

[Dieterich and Kilgore, 1994, Mitchell et al., 2013]. If anything, an opposite trend

is expected, as confirmed by our experiments over the range of normal stresses

tested (5-40 MPa). The pore pressure may be an important factor promoting sta-

ble creep due to e.g. increased water fugacity and various hydrolytic reactions. If

the pore pressure is indeed the main reason for the differences between the high-

temperature results from the triaxial and direct shear apparati, our observations

suggest that the effect of water fugacity on the rate dependence of friction is highly

non-linear, with low fugacity enhancing velocity-weakening, and high fugacity en-

hancing velocity-strengthening behavior. A disagreement between the triaxial and

direct shear experiments for temperatures greater than 350◦C under dry condi-

tions (Figure 3.4), however, cannot be attributed to the effects of pore pressure

and fugacity. It should also be noted that at temperature and pressure conditions

corresponding to the lower crust (400-600 ◦C, 400-1000 MPa, respectively) porosi-

ties are very small and water is likely to be absorbed into hydrous mineral phases,

so that little if any water may exist in a free fluid phase [Newton, 1990].

3.6 Conclusions

Taken at face value, results of our high-temperature experiments challenge

a traditional view that silicic rocks such as granite undergo a transition from

velocity-weakening to velocity-strengthening friction at temperatures above 250-

350 ◦C, which explains the predominant occurrence of earthquakes in the upper

continental crust [Chen and Molnar, 1983, Blanpied et al., 1991, Scholz, 2002].

Our study provides experimental evidence that friction of common crustal rocks

can be velocity-weakening over a wider depth range than previously believed, in

particular under dry conditions or low water fugacity. This implies that the lower

continental crust can be seismically active under certain conditions. Deep crustal
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seismicity in fact appears to be quite common in areas of active extension (e.g.,

Baikal [Emmerson et al., 2006] and East Africa [Craig et al., 2011] rift zones) and

convergence (e.g., Himalayas [Jackson, 2002] and Andes [Leyton et al., 2009]). In

other areas where the lower crust is nominally aseismic, a recent discovery of non-

volcanic tremor [Shelly, 2010] indicates conditions of weak velocity-weakening. It

remains an open question whether a general reduction in the number of earthquakes

with depth is primarily controlled by the effects of water on friction [Blanpied

et al., 1991, Chester, 1994, Frye and Marone, 2002], compositional changes such as

a decrease in silica content, or the onset of viscous deformation and de-localization

of slip below the brittle-ductile transition [Leloup et al., 1995, Wilson et al., 2004,

Takeuchi and Fialko, 2012]. Given the importance of laboratory results for our

understanding of the occurrence and distribution of earthquakes in seismically

active areas, further experimental studies are certainly warranted.

3.7 Methods summary

The heated direct shear apparatus used in this study has a stiffness of 9

MPa/mm, and a contact area between rock samples of 2.64× 103 mm2. The steel

sample holders have a rectangular geometry and are positioned horizontally so that

the shorter sample rests on top of the longer one. The maximum slip distance in

a single test is 40 mm; arbitrarily large total displacements can be achieved by

re-setting the sample multiple times. The temperature of the samples is controlled

using electric strip heaters connected to the sample holders. Normal stress is

applied to the top sample holder by a ram with a PID-controlled hydraulic pump.

The ram translates with the top sample along low friction rails. The top sample is

pulled horizontally using a stepper motor. The horizontal load is applied as close

as possible to the slip interface to reduce rocking or torquing around the shear

interface. Solid samples of the Westerly granite were prepared by grinding to a

flatness of 4 µm/m and roughness of grit #80. The simulated gouge samples were

prepared by crushing solid blocks of Westerly granite and sorting through a sieve

with 1.67 mm holes. The initial thickness of the gouge samples was 15 mm. The

samples were compressed at 30 MPa normal stress and compacted to a thickness
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of about 9 mm. Gouge samples were sheared using rough driving plates at the top

and the bottom of the sample holder. Both solid and gouge samples were “ran-in”

at room temperature and normal stress of 5 MPa for about 160 mm of total slip

before experiments were conducted. In “hydrated” tests, water was injected into

the bottom sample through metal tubing at a constant flow rate using a syringe

pump. More information about data and numerical modeling can be found in the

online Supplementary Materials.
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3.9 Supplementary Materials

3.9.1 Data acquisition

Shear stress, displacement and normal stress were recorded at a rate of 10

samples per second per channel. In several high-temperature experiments data

were recorded at sampling rates higher than 1000 samples per second to resolve

the maximum velocity during slip events. Some of the tests produced a small

systematic trend in shear stress. This is typical for friction experiments, possibly

due to slight irregularities of the slip interface and/or the development of shear

fabric. In such cases, a best-fitting linear trend was removed from the time-series

of stress.

While the apparatus was designed to minimize torque on a sample (in par-

ticular, by applying the load point velocity as close as possible to the shear inter-

face), the top sample holder undergoes a small amount of tilting proportional to

the applied shear stress. This tilt affects the displacement measurements as the

displacement transducer is located a few cm above the slip surface. We measured
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the amount of tilt by performing several cycles of loading and unloading and regis-

tering reversible displacements. The contribution of tilt to the displacement data

was found to be 0.03 mm/MPa for shear stress up to 15 MPa, and 0.05 mm/MPa

for shear stress greater than 15 MPa. The respective contributions were removed

from the displacement time series.

3.9.2 Numerical modeling of unstable slip

Data from experiments that exhibited time-dependent sliding under con-

stant load-point velocity were simulated using a spring-slider model obeying rate

and state friction [Dieterich, 1978, Ruina, 1983]. We assume the following consti-

tutive equation at the sliding interface,

µ = µo + a ln

(

V

Vo

)

+ b ln

(

Voθ

Dc

)

(3.1)

where µ is the coefficient of friction, V is the slip velocity, µo is the coefficient of

friction at reference velocity Vo, a is the direct velocity effect, b is the evolution

effect, θ is the state variable, and Dc is the slip weakening distance.

This equation can be rewritten in terms of velocity as a function of coeffi-

cient of friction,

V = Vo

(

Dc

Voθ

)
b
a

exp

(

µ− µo

a

)

. (3.2)

Several expressions have been proposed to describe evolution of the state variable,

θ, including the aging law [Dieterich, 1978] and the slip law [Ruina, 1983],

θ̇ = 1−
V θ

Dc
, Aging Law (3.3)

θ̇ = −
V θ

Dc

ln

(

V θ

Dc

)

, Slip Law (3.4)

We performed simulations for both cases. The problem is closed by relating

the stressing rate τ̇ to the rate of stretching of an elastic bar (spring analog) that
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connects the stepper motor to the specimen holder,

τ̇ = k(V ∗

− V ) (3.5)

where k is the effective rigidity (spring constant) and V ∗ is the load-point velocity.

The resulting system of coupled ordinary differential equations (eqs. 3.2,

3.5, and chosen state variable evolution equation) was solved using Matlab’s stiff

ODE solver “ode23s”. Because the initial condition in the experimental time series

is arbitrary, to compare the data and the model predictions we cross-correlated

the observed and predicted timeseries, and shifted them in time to ensure the best

match. The misfit was then calculated as the sum of the squares of the difference

between the data and the modeled shear stress. We performed a grid search over

a wide range of values of the rate-state parameters (a − b), (a + b), Dc, and µo.

Figure 3.5 shows an example of the misfit distribution as a function of parameters

(a− b) and (a+ b) (c,f), and a comparison of the data and the best-fitting models

(a,b,d,e). We consistently find that the aging law provides a better fit to the data

over a wide range of conditions compared to the slip law (Figure 3.5 a,b and d,e).

In particular, models assuming the slip law that are able to match the recurrence

interval between slip events under-predict stress drops and slip rate during slip

events (Figure 3.5 d,e). Figure 3.6 shows the dependence of the best-fitting rate-

state parameters on temperature inferred from the models assuming the aging

law.
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Figure 3.5: Comparison between data and numerical models. Observed and
modeled time-series of displacement and shear stress assuming different evolution
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model predictions are denoted by black dots. Experiments were performed on
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shear stress. (c), (f): misfit between data and modeled shear stress as a function
of the parameters (a− b) and (a+ b) at the best fitting values for Dc and µo. Cool
colors represent low misfit and warm colors represent high misfit. The magenta
star marks the minimum misfit. (d) and (e) show the same dataset in light blue
as in (a) and (b).
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Figure 3.6: Rate-state friction parameters vs. temperature. (a) The “direct
effect”, a. For velocity-stepping tests, a was measured directly from the data. (b)
The “evolution effect”, b. For velocity-stepping tests, (a−b) was measured directly
and subtracted from a to calculate b. (c) µss at 10
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For velocity-stepping tests, Dc was measured directly from the data. For Figures
(a)-(d) the error bars on velocity-stepping measurements (circles) represent two
standard deviations. The error bars on parameter-fitting calculations (squares)
represent the range in the parameter that produces triple the minimum misfit.
Dark blue symbols represent tests on Westerly granite gouge conducted at normal
stress of 30 MPa, light blue symbols represent tests on Westerly granite gouge
conducted at normal stress of 5 MPa. Red squares represent tests on solid Westerly
granite conducted at 5 MPa. Pink squares represent tests on Westerly granite
gouge conducted at normal stress of 30 MPa and 112 mm more total slip compared
to tests shown in dark blue. The orange square represents a test on Westerly
granite gouge conducted at normal stress of 30 MPa and load-point velocity of
10−5 mm/s. (All other parameter-fitting tests shown here were conducted at load-
point velocity of 10−3 mm/s). Stars denote parameters inferred from tests under
hydrated conditions.

3.9.3 Velocity-stepping tests

In cases of stable or quasi-stable slip, we performed velocity-stepping tests

to verify the effect of temperature on rate dependence of friction, and to provide

independent constraints on the inferred values of the rate-state parameters. The

measured values of parameters a and b in velocity-stepping tests are likely lower

bounds because of a finite stiffness of the experimental apparatus [Nakatani, 2001].
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However, the values of (a−b) should be robust as they are evaluated at steady state.

Results of velocity-stepping tests are shown in Figures 3.7 and 3.8, and confirm

that (a− b) becomes progressively more negative up to 400 ◦C . At temperatures

greater than 400 ◦C slip is unstable, and the samples exhibit episodic accelerated

creep or stick-slip.
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Figure 3.7: Velocity-stepping tests on Westerly granite gouge at 30 MPa normal
stress. (a) Load-point velocity as a function of displacement. (b)-(f) Coefficient
of friction as a function of displacement at temperatures of 20 - 400 ◦C. (g)-(k)
Steady-state coefficient of friction as a function of the logarithm of load-point
velocity, obtained from the data shown in Figures (b)-(f). Black lines are the least
squares fit to the data. (a− b) is the slope of the line.
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Figure 3.8: Velocity-stepping tests on Westerly granite gouge at 5 MPa normal
stress.

3.9.4 Effects of slow loading and hydrothermal conditions

It could be argued that a high loading rate (high driving velocity) may result

in some “embrittlement” of the asperity contacts, encouraging unstable behavior.
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To test the dependence of slip pattern on the load-point velocity, we conducted a

series of tests at low velocity of 10−5 mm/s which is at the lower end of the range

of load-point velocities used in triaxial tests [Lockner et al., 1986b, Blanpied et al.,

1991] and more comparable to the loading rates of natural faults (centimeters per

year, or ∼10−6 mm/s). We found that the lower load-point velocity results in

larger stress drop events with greater recurrence intervals (Figure 3.10). This is

consistent with predictions of the rate-state friction theory, as the contacting sur-

faces have more time to “heal” between slip events, thereby resulting in greater

static friction and larger stress drops [Heslot et al., 1994]. Similarly, one could

argue that the presence of water may help stabilize slip at high temperature by

enhancing creep rate at the scale of micro-asperities [Blanpied et al., 1991]. Tem-

perature and water content are expected to have similar effects on friction, as both

factors contribute to lowering the effective viscosity of the asperity contacts. How-

ever, the overall impact on frictional strength (and rate-dependence of friction) is

not straightforward. There is a competition between a possible reduction in shear

strength of the asperities, and an increase in the asperity size (and the true area

of contact) [Mitchell et al., 2013]. It is of interest to establish which of the two

processes is dominant. To investigate the effects of water, we performed a series

of tests in which water was injected into the bottom sample holder at a constant

flow rate. We found that the injection of water into gouge samples at high temper-

ature (300 and 500 ◦C) promotes stick-slip behavior. Slip events under hydrated

conditions become notably larger compared to those under dry conditions (Figure

3.9). The drop in coefficient of friction during slip events is shown as a function of

temperature in Figure 3.10b. The maximum slip rate during slip events is shown

as a function of temperature in Figure 3.10a.
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Figure 3.9: Effects of hydration on friction timeseries. Dry vs. hydrated Westerly
granite gouge. (a) Coefficient of friction from a test conducted at temperature of
300 ◦C, normal stress of 30 MPa and load-point velocity of 10−3 mm/s. Water was
injected into the bottom of the sample at a rate of 2 mL/min starting at the time
indicated by the green arrow and continuing through the rest of the test. (b) Same
as (a), at temperature of 500 ◦C. (c) Same as (b), at load-point velocity of 10−5

mm/s. Water was injected for the time period marked by the two green arrows.
In all tests the maximum water pressure was limited to 0.7 MPa (100 psi).
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Figure 3.10: Maximum slip rate and drop in coefficient of friction for stick-slip
events: (a) Maximum slip rate during slip events vs. temperature. For most tests,
data were collected at a rate of 10 samples/second, and represent a lower bound on
the maximum slip rate during slip events. The inset figure shows the displacement
timeseries for a slip event sampled at a higher rate (1987 samples/second, blue
dots). The slope of the black line, which represents the maximum slip rate during
the slip event, is 0.5 mm/s. Symbols are the same as those in Figure 3.6. (b) Drop
in coefficient of friction during slip events vs. temperature. Symbols are the same
as those in Figure 3.6.

3.9.5 Slide-hold-slide tests

We conducted a series of slide-hold-slide tests on gouge samples of Westerly

granite to investigate the effect of temperature on frictional healing (Figure 3.11).

Slide-hold-slide tests provide an independent measure of the evolution parameter,

b (complementary to results from velocity-stepping tests and parameter fitting

using spring-slider models). The rate of frictional healing can be calculated as b

= dµp/dln(th), where µp is static coefficient of friction and th is the hold time.

We find that b is nearly zero at room temperature and increases with temperature

up to ∼0.01 at 600 ◦C. These estimates for b are in general agreement with those

calculated from velocity-stepping tests (Figure 3.6b), and with results reported by

Mitchell et al. [2013] for solid samples of Westerly granite.
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Figure 3.11: Results of slide-hold-slide tests. (a) Coefficient of friction vs. dis-
placement for a slide-hold-slide test conducted at temperature of 300 ◦C and normal
stress of 30 MPa. (b) Coefficient of friction vs. displacement for a slide-hold-slide
test conducted at temperature of 20 ◦C and normal stress of 5 MPa. (c) Static
coefficient of friction vs. logarithm of hold time for the two tests shown in Figures
(a) (dark blue dots) and (b) (light blue dots). Black lines denote the least squares
fit to the data. (d) Rate of frictional healing vs. temperature (an estimate for the
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deviations.



CHAPTER 4

Frictional properties of gabbro at conditions corresponding to slow slip

events in subduction zones

Abstract. We conducted a series of experiments to explore the rate and

state frictional properties of gabbro at conditions thought to be representative of

slow slip events (SSEs) in subduction zones. The experiments 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 temperatures (20–150 ◦C), stick-slip at

high temperatures (350–600 ◦C) and a transitional “episodic slow slip” behavior 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 300–500 ◦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 properties of gabbro. Further experimental studies are needed to

evaluate the effects of water fugacity and compositional heterogeneity (e.g., the

presence of phyllosilicates) on frictional stability of subduction megathrusts.
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4.1 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 non-volcanic tremor, have been

observed coincidentally with SSEs, and are thought to be the seismic signature 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 nor-

mal 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 experi-

mentally determined by He et al. [2007] for gabbro under hydrothermal conditions

using a triaxial apparatus. As mentioned by Liu and Rice [2009], the experimen-

tal data are limited and (a-b) shows a dependence on loading conditions such as

effective normal stress and load-point velocity, warranting more laboratory investi-

gations at conditions corresponding to those at the inferred depths of SSEs. In this

study, we investigate the frictional properties 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)
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with increasing temperature, up to the high temperature limit of our experiments

(600 ◦C).

4.2 Experimental Setup

We conducted experiments using a heated direct shear apparatus in which

rectangular blocks of gabbro with a total contact area of 2.64×103 square mil-

limeters are contained in steel sample holders of matching geometry. The sample

holders can also be used to test granular samples. Figure 4.1a is a diagram of a

simple 1D spring-slider model that closely approximates the experimental setup.

Figure 4.1b shows the solid gabbro samples after testing, with an intact gabbro

sample for comparison. The gabbro samples are composed of 63 % plagioclase,

31% pyroxene, 3% magnetite, 2% olivine and 1% chlorite. Average grain size is 0.5

mm. Solid samples were ground to a flatness of 4 microns/meter 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 transducer 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 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 interface. We heated the samples

at 150 ◦C for 30 minutes 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 set-up, see Mitchell et al. [2013]. To investigate the effects of water
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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.

V*k

V(μ,θ,T)

0.1 mm

a b

c d

Figure 4.1: Experimental setup. (a) Diagram of 1D spring-slider model. (b),
Photograph of the gabbro samples after testing, with an intact sample for com-
parison 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 possible 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).

Experiments were conducted at normal stresses between 5 and 30 MPa,

and load-point velocities between 10−6–3×10−2 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 Vp/Vs ratios [Kodaira et al., 2004, Matsubara et al.,



80

2009], tremor triggered by Love waves [Rubinstein et al., 2007], aqueous metamor-

phic 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 10−6 mm/s (a few centimeters

per year), and the slip rate during SSEs is of the order of 10−5–10−4 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 3×10−4 and 3×10−2 mm/s, and directly mea-

sured the rate-state friction parameters (a − b), a, Dc and µo [Dieterich, 1978,

Ruina, 1983]. For experiments in which the samples did not slide stably, we in-

verted for the respective parameters using the rate-state equations, as discussed in

Section 5.

4.3 Experimental Results

Figure 4.2 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 4.3 shows the displacement histories of a few slip

events so that the differences between slip events at different temperatures can be

more easily distinguished. The slip velocity during experimental slow slip events is
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between 0.005 and 0.074 mm/s. This is between five and seventy times the load-

point velocity. The geodetically inferred slip rates of SSEs (10−5 mm/s) exceed the

long-term fault slip rates (10−6 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 stiffnesses) that

control the degree of stability of sliding [e.g., Rubin, 2008].
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Figure 4.2: Shear stress timeseries. 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 10−3 mm/s. Black lines represent best fitting models.
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Figure 4.3: Displacement timeseries. Displacement data (offset added for visual
clarity) as a function of time for experiments conducted on dry solid gabbro at three
different temperatures. At 150 ◦C the sample slides stably at the driving speed
of 10−3 mm/s. At 400 ◦C the sample exhibits stick-slip behavior, with maximum
slip speed greater than 6.8 mm/s. At 250 ◦C the sample exhibits an intermediate
SSE-like behavior, with slip speed of about 4.6×10−3 mm/s.

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 4.4. We find that the samples stick-slipped

and stress drops during slip events were larger for lower load-point velocities, even

as low as 10−6 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 friction theory [Dieterich,

1978, Ruina, 1983, Gu and Wong, 1991, He et al., 2003]. For a given load-point

velocity (10−3 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 4.4: Stress drop vs. temperature. Stress drop during slip events as a
function of temperature from an experiment conducted on dry solid gabbro at
normal stress of 5 MPa. Dark blue dots represent data from experiments conducted
at load-point velocity of 10−3 mm/s. We also conducted tests at 400◦C and driving
velocities of 10−5 mm/s and 10−6 mm/s, represented by green and cyan dots,
respectively.

We observed stable sliding in the dry simulated gouge samples at all tem-

peratures. In the presence of water, at temperatures between 300–500 ◦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 Fig-

ure 4.5.
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4.4 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 4.1c 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 4.1c point out possible Riedel

shears within the gouge layer, indicating that deformation was occurring in the

brittle regime. Figure 4.1d 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 line running

through the middle of the gouge zone is epoxy that intruded into the shear zone,

possibly because strain was localized there during slip, causing the samples to

separate along that plane when they were extracted from the machine. The inset

image is a close-up of the gouge material. It shows gouge particle size to be very
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small, of the order of about 100 nanometers.

4.5 Numerical Modeling

Due to the relatively low stiffness of the direct shear apparatus, we could not

directly measure the rate-state friction parameters by performing velocity stepping

tests in case of unstable slip. Instead, we solved for the shear stress and displace-

ment timeseries using a spring-slider model (Figure 4.1a) that incorporates the

rate-state constitutive equations [Dieterich, 1978, Ruina, 1983]. We assume the

following friction constitutive equation at the sliding interface,

µ = µo + a ln

(

V

Vo

)

+ b ln

(

Voθ

Dc

)

(4.1)

where µ is the coefficient of friction, V is the slip velocity, µo is the coefficient of

friction at reference velocity Vo, a is the direct velocity effect, b is the evolution

effect, θ is the state variable, and Dc is the slip weakening distance. This equation

can be re-written in terms of velocity as a function of coefficient of friction,

V = Vo

(

Dc

Voθ

)
b
a

exp

(

µ− µo

a

)

. (4.2)

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

law [Dieterich, 1978], the slip law [Ruina, 1983], a composite law [Kato and Tullis,

2001] and the aging law with a shear stress weakening term, c, as proposed by

Nagata et al. [2012]:

θ̇ = 1−
V θ

Dc
, Aging (4.3)

θ̇ = −
V θ

Dc
ln

(

V θ

Dc

)

, Slip (4.4)

θ̇ = exp

(

−V

Vc

)

−
V θ

Dc
ln

(

V θ

Dc

)

, Composite (4.5)

θ̇ = 1−
V θ

Dc
−

cθ

σb
τ̇ , Modified aging . (4.6)
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In the composite law (Equation 4.5), Vc is a cut-off velocity, assumed to be 10−5

mm/s in our simulations. The rate of change in shear stress τ̇ is given by

τ̇ = k(V ∗

− V ) (4.7)

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 empir-

ically fit data from laboratory friction tests. The aging law (Equation 4.3), 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, 1998b].

In case of the slip law (Equation 4.4) both slip and slip velocity, not the time of

contact time alone, affect coefficient of friction [Ruina, 1983, Marone, 1998b]. 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 magni-

tude 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 4.5) was proposed as a way to combine desirable aspects

of the aging and slip laws. Below a cutoff velocity, Vc, it allows for time dependent

frictional healing, and above Vc it more closely approximates the slip law [Kato

and Tullis, 2001]. The law proposed by Nagata et al. [2012] (Equation 4.6) in-

cludes 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, 7, and the respective evolution law) was

solved using Matlab’s stiff ordinary differential equation solver “ode23s” subject

to initial conditions of [δo, τo, θo] = [0, µoσ, Dc/Vo], where δ is slip. The predicted

shear stress timeseries was shifted in time to achieve the best agreement (using

cross-correlation) with the observed shear stress timeseries. The shift is necessary
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because the observed timeseries begins at an arbitrary point during the stick-slip

cycle. The misfit between the two timeseries 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),

Dc, and µo (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 increasingly unstable (Figure 4.6). At high

temperatures the best fit is obtained using the aging law. It reproduces the rela-

tively 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 under-predicts the velocity

during slip events. The model incorporating the slip law, on the other hand, over-

predicts creep during “stick” intervals and under-predicts stress drops during slip

events. The slip events predicted by this model are much less abrupt than those

predicted by the model incorporating the aging law. The model incorporating the

composite law produces results very similar to those of the slip law. The model

incorporating the stress-weakening parameter, c, produces the smallest misfit to

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

data from solid gabbro samples (assuming the aging law) are shown as black lines

in Figure 4.2.
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Figure 4.6: Data and numerical models incorporating different versions of state
variable evolution. (a), Displacement timeseries. (b), Shear stress timeseries.
Cyan dots represent data from a test on solid gabbro at normal stress of 5 MPa,
temperature of 400◦C, and load-point velocity of 10−3. Black lines represents best
fitting model incorporating the aging law. Green lines represent best fitting model
incorporating the slip law. Dark blue lines (coincident with green lines) represent
best fitting model incorporating the composite law.

4.6 Results: Rate-state parameters

4.6.1 Dry solid gabbro

Figure 4.7 shows the best estimates for the rate parameter (a − b) as a

function of temperature. Figure 4.8 shows our best estimates for the parameters

a, b, µss (at V = 10−2 mm/s) and Dc. At 150 ◦C, the solid gabbro data show a

transitional (near velocity-neutral) behavior with small oscillations in shear stress

that decay with time to stable sliding. This allows us to use both methods (ve-

locity 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
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uncertainties (Figure 4.7). For solid gabbro samples we observe a decrease in (a−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

(a−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 20-500 ◦C

and equal to about 0.004, and decreases with temperature between 500-600◦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 Dc with temperature from 7 µm at 20 ◦C to 8 µm at 500 ◦C,

and a large increase to 33 µm at 600 ◦C. The increase in Dc is needed to fit the

larger recurrence interval between slip events at higher temperature. We observe

a small increase in µo with temperature from 0.75 at 20 ◦C to 0.78 at 500 ◦C, and

a decrease to 0.55 at 600 ◦C.
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4.6.2 Simulated gabbro gouge at dry and hydrated conditions

For dry simulated gouge samples, we observe a comparatively small decrease

in (a− 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 significant difference in (a−b) for

data collected at normal stress of 5 vs. 30 MPa. We find that a is relatively constant

at ∼0.005 between 20–400 ◦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 compared to tests conducted at at 30 MPa. We do not

observe a consistent trend in µss with temperature. While the uncertainty in our
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measurements forDc is very high, there does seem to be a small increase in Dc with

temperature from 500 to 600 ◦C. Dc is consistently higher for tests conducted at

30 MPa (Dc∼0.05 mm) vs. 5 MPa (Dc∼0.02 mm). Overall, estimates for Dc 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 negative

values of (a− 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 µss with temperature in

hydrated gouge tests. Estimates of Dc are lower for tests conducted on hydrated

vs. dry gouge.
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Table 4.1: Rate-state parameters: Direct measurements from velocity-stepping
tests or best fitting rate-state friction parameters, as plotted in Figures 7 and 8.
Sample type Water σn (MPa) Method T (◦C) (a− b) a b µss Dc (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
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4.7 Discussion

4.7.1 Micro-mechanical context of the rate, state and temperature de-

pendence of frictional properties

Some features of the temperature dependence of friction parameters can

be explained in terms of adhesion theory [King and Marone, 2012, Mitchell et al.,

2013]. According to adhesion theory, the macroscopic friction coefficient is con-

trolled by the area and the shear strength of microscopic contact asperities [Bowden

and Tabor, 1950, Dieterich and Kilgore, 1994]. Contact area may increase at higher

temperatures due to enhanced creep and flattening of asperities [Mitchell et al.,

2013]. This can explain the inferred increase in Dc, the characteristic asperity size,

with temperature. Greater values of Dc for tests conducted on simulated gouge at

30 vs. 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 val-

ues of Dc of hydrated gouge compared to those of dry gouge are surprising, since

increased water content is expected to decrease viscosity, and increase the creep

rate. One possibility is that values of Dc inferred from numerical modeling are

systematically under-estimated compared to values of Dc directly estimated from

velocity-stepping tests. Note that values of Dc estimated using velocity-stepping

tests are similar at comparable temperatures for solid samples under dry con-

ditions and gouge samples under hydrated conditions (Figure 4.8d). There is a

certain tradeoff between (a− b) and Dc in models of unsteady slip. This tradeoff is

related to a condition for instability that defines a critical stiffness below which os-

cillations begin to grow. The critical stiffness, kcrit, depends on the ratio of (a− b)

and Dc (kcrit = σn
−(a−b)

Dc
) [Ruina, 1983]; these parameters are highly co-variant in

numerical models of oscillatory slip (Figure 4.9).
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We don’t observe a consistent trend in coefficient of friction, µss, with tem-

perature (Figure 4.8c). This may be explained by a tradeoff 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 with hold time) is due to the flattening of

asperities in time under a given normal load [Bowden 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
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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].

4.7.2 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]. Avail-

able experimental data indicate that gabbro transitions from velocity-weakening

to velocity-strengthening at a temperature of 310 and 510 ◦C for non-supercritical

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. How-

ever, at higher 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 differ-

ences 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 pyrox-

ene (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 – 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]; [Mitchell

et al., 2015, in review]. Another reason for the discrepancy between our results

and those of He et al. [2007] may be related to differences in the experimental

apparatuses. The experiments of He et al. [2007] were conducted using a triaxial

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
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shear apparatus can achieve larger total displacements, (order of 10–102 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 (a− 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 localiza-

tion encourages the transition to velocity-weakening with 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 ((a − 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, Collet-

tini 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 temper-

atures [Stesky et al., 1974, He et al., 2006] could bias the results toward greater

velocity-strengthening compared to our experiments. 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 re-roughened 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

(a − 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 ex-

ample, in the direct-shear setup, a small amount of torque on the moving (top)

sample holder might give rise to non-uniform distribution of normal stress along
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the shear zone. In triaxial experiments, the results could be affected by the in-

teraction of the confining jacket with the sample. Velocity-dependence of friction

may be also affected by pore pressure. Triaxial experiments conducted on gabbro

and granite at both dry and hydrothermal conditions indicate that the addition

of water enhances velocity-weakening at temperatures between 150 – 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 discrepancy might be attributed to

water fugacity. In particular, high water fugacity is expected to enhance hydrolytic

reactions that might give rise to stable creep [Keefner et al., 2011, Mei and Kohlst-

edt, 2000a,b]. This, however, cannot explain the discrepancy in (a − b) between

the direct shear and triaxial experiments conducted at dry conditions (Figure 4.7).

Further insights into possible causes of a disagreement between results obtained on

different apparati may be gained, for example, by conducting triaxial experiments

over a wider range of normal stresses, including low-to-intermediate (1-100 MPa)

normal stresses, and variable water fugacities over a range of elevated tempera-

tures.

4.7.3 Implications for natural SSEs in subduction zones

Results from our experiments suggest that the temperature dependence of

frictional properties of gabbro alone may not 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 temperature, 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 sub-seismic) 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
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to positive (a − b) occurred at slip rate of ∼10−2 mm/s. We did not observe a

dependence of (a− b) on sliding velocity in our velocity-stepping tests on gabbro

over the tested range of velocities up to 3×10−2 mm/s. We cannot rule out a

possibility that (a− b) could change sign at velocities that are greater still.

In fact it’s 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 [Ikari 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 consolidation 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
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particular, Den Hartog et al. [2012] showed that a certain 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 megathrusts. Microstructural analysis of the gouge mixture de-

formed 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 transformation 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 tem-

peratures and pressures in the source region of slow slip events at the down-dip

end of shallow seismicity in subduction zones.

4.7.4 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 accumulation 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 – 600 ◦C (Figure 4.7),

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
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seismogenic zone in the mantle [Boettcher et al., 2007]. This interpretation implies

robust creep in the top several kilometers of oceanic transforms following large

earthquakes and in the interseismic period. Another relevant observation is an

increase in the characteristic slip-weakening distance, Dc, with temperature and

normal stress (Figure 4.8d). An increase in Dc 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 4.8d) lend support to the hypothesis that increases in Dc 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 dominantly aseismic [Eaton et al., 1970, Hill et al., 1975,

Wesson et al., 1973, Sibson, 1982, Tse and Rice, 1986, Blanpied et al., 1991]. How-

ever, deep lower crustal seismicity has been reported in regions of active extension

[Craig et al., 2011, Emmerson et al., 2006] and convergence [Jackson, 2002, Ley-

ton 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 4.7). 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].

4.8 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 temperatures (20 – 150 ◦C),

episodic slow slips in the mid-temperature range (200 – 300 ◦C), and stick-slip

at high temperatures (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 experiments in
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which the samples stably slid, we conducted velocity-stepping tests and directly

measured the rate-state parameters. For experiments in which the samples exhib-

ited time-dependent sliding, we performed a grid search for the parameter values

that provided the best numerical fit to the recorded shear stress timeseries. We

find that (a− 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. (a−b) is more negative

for hydrated gouge samples compared to 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, il-

lite, and muscovite) may govern the occurrence of slow slip events at the base of

the seismogenic zone on subduction megathrusts.

4.9 Notation

µ Coefficient of friction, dimensionless

µo Reference coefficient of friction, dimensionless.

Vo Reference velocity or slip rate, mm/s

µss Steady state coefficient of friction, dimensionless

V Velocity or slip rate, mm/s

a Direct velocity effect, dimensionless

b Evolution effect, dimensionless

θ State variable, s

Dc Slip weakening distance, mm

Vc Cutoff velocity or slip rate, mm/s

τ Shear stress, MPa

τ̇ Rate of change of shear stress, MPa/s

k Machine stiffness, MPa/mm

V ∗ Driving velocity, mm/s

σ Normal stress, MPa
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c Shear stress weakening parameter, dimensionless

4.10 Acknowledgments

This work was supported by NSF (grants EAR-0838255 and 1321932).

This Chapter, in full, is a reformatted version of material currently sub-

mitted to Geochemistry, Geophysics, Geosystems (Mitchell, E. K., Fialko, Y., and

Brown, K. M. Frictional properties of gabbro at conditions corresponding to slow

slip events in subduction zones) Erica Mitchell was the primary investigator and

author of this paper.



BIBLIOGRAPHY

Ampuero, J.-P. and Rubin, A. M. (2008). Earthquake nucleation on rate and
state faults–Aging and slip laws. Journal of Geophysical Research: Solid Earth
(1978–2012), 113(B1).

Archard, J. F. (1957). Elastic deformation and the laws of friction. Proceedings
of the Royal Society of London. Series A. Mathematical and Physical Sciences,
243(1233):190–205.

Bartlow, N. M., Miyazaki, S., Bradley, A. M., and Segall, P. (2011). Space-time
correlation of slip and tremor during the 2009 Cascadia slow slip event. Geo-
physical Research Letters, 38(18):L18309.

Bassingthwaighte, J. B. (1996). Program to generate fractional brownian noise
using fractional gaussian processes. Fortran code Copyright 1995 by National
Simulation Resource, Univ of WA., National Simulation Resource Center for
Bioengineering, University of Washington, Box 357962, Seattle, WA 98195-7962.

Baumberger, T. and Caroli, C. (2006). Solid friction from stick–slip down to
pinning and aging. Advances in Physics, 55(3-4):279–348.

Beeler, N., Tullis, T., Blanpied, M., and Weeks, J. (1996). Frictional behavior of
large displacement experimental faults. Journal of Geophysical Research: Solid
Earth (1978–2012), 101(B4):8697–8715.

Beeler, N. M., Tullis, T. E., and Weeks, J. D. (1994). The roles of time and displace-
ment in the evolution effect in rock friction. Geophys. Res. Lett., 21(18):1987–
1990.

Biegel, R. L., Sammis, C. G., and Dieterich, J. H. (1989). The frictional properties
of a simulated gouge having a fractal particle distribution. Journal of Structural
Geology, 11(7):827–846.

Blanpied, M., Lockner, D., and Byerlee, J. (1991). Fault stability inferred from
granite sliding experiments at hydrothermal conditions. Geophysical Research
Letters, 18(4):609–612.

Blanpied, M. L. (1995). Frictional slip of granite at hydrothermal conditions.
Journal of geophysical research, 100(B7):13045.

Blanpied, M. L., Marone, C., Lockner, D. A., Byerlee, J. D., and King, D. P.
(1998). Quantitative measure of the variation in fault rheology due to fluid-rock
interactions. J. Geophys. Res., 103(B5):9691.

Boettcher, M. S., Hirth, G., and Evans, B. (2007). Olivine friction at the base
of oceanic seismogenic zones. Journal of Geophysical Research: Solid Earth
(1978–2012), 112(B1).

105



106

Boettcher, M. S. and Jordan, T. (2004). Earthquake scaling relations for mid-
ocean ridge transform faults. Journal of Geophysical Research: Solid Earth
(1978–2012), 109(B12).

Bowden, F. P. and Tabor, D. (1950). The friction and lubrication of solids. Oxford:
Clarendon Press.

Brace, W. and Byerlee, J. (1966). Stick-slip as a mechanism for earthquakes.
Science, 153(3739):990–992.

Brown, K. M. and Fialko, Y. (2012). “melt welt” mechanism of extreme weakening
of gabbro at seismic slip rates. Nature, 488(7413):638–641.

Brown, S. R. and Scholz, C. H. (1985a). Broad bandwidth study of the topography
of natural rock surfaces. Journal of geophysical research, 90(B14):12575.

Brown, S. R. and Scholz, C. H. (1985b). Closure of random elastic surfaces in
contact. Journal of geophysical research, 90(B7):5531.

Byerlee, J. and Summers, R. (1976). A note on the effect of fault gouge thickness on
fault stability. In International Journal of Rock Mechanics and Mining Sciences
& Geomechanics Abstracts, volume 13, pages 35–36. Elsevier.

Byerlee, J. D. (1967). Theory of friction based on brittle fracture. Journal of
Applied Physics, 38(7):2928–2934.

Byerlee, J. D. and Brace, W. (1968). Stick slip, stable sliding, and earthquakes—
effect of rock type, pressure, strain rate, and stiffness. Journal of Geophysical
Research, 73(18):6031–6037.

Carpenter, B., Marone, C., and Saffer, D. (2011). Weakness of the San An-
dreas Fault revealed by samples from the active fault zone. Nature Geoscience,
4(4):251–254.

Carter, N., Anderson, D. A., Hansen, F. D., and Kranz, R. L. (1981). Creep
and creep rupture of granitic rocks. Geophysical Monograph 24 , Mechanical
Behavior of Crustal Rocks, 24:61–82.

Cervelli, P., Segall, P., Johnson, K., Lisowski, M., and Miklius, A. (2002). Sudden
aseismic fault slip on the south flank of Kilauea volcano. Nature, 415(6875):1014–
1018.

Chen, W.-P. and Molnar, P. (1983). Focal depths of intracontinental and intraplate
earthquakes and their implications for the thermal and mechanical properties of
the lithosphere. Journal of Geophysical Research: Solid Earth (1978–2012),
88(B5):4183–4214.



107

Chester, F. and Logan, J. (1987a). Composite planar fabric of gouge from the
Punchbowl fault, California. Journal of Structural Geology, 9(5):621–IN6.

Chester, F. and Logan, J. (1987b). Composite planar fabric of gouge from the
punchbowl fault, california. Journal of Structural Geology, 9(5):621–IN6.

Chester, F. M. (1994). Effects of temperature on friction: Constitutive equations
and experiments with quartz gouge. Journal of Geophysical Research: Solid
Earth (1978–2012), 99(B4):7247–7261.

Chester, F. M. (1995). A rheologic model for wet crust applied to strike-slip faults.
J. Geophys. Res., 100(B7):13033–13044.

Collettini, C., Niemeijer, A., Viti, C., and Marone, C. (2009). Fault zone fabric
and fault weakness. Nature, 462(7275):907–910.

Craig, T., Jackson, J., Priestley, K., and McKenzie, D. (2011). Earthquake dis-
tribution patterns in Africa: their relationship to variations in lithospheric and
geological structure, and their rheological implications. Geophysical Journal In-
ternational, 185(1):403–434.

Den Hartog, S., Niemeijer, A., and Spiers, C. (2012). New constraints on megath-
rust slip stability under subduction zone P–T conditions. Earth and Planetary
Science Letters, 353:240–252.

Di Toro, G., Han, R., Hirose, T., De Paola, N., Nielsen, S., Mizoguchi, K., Ferri,
F., Cocco, M., and Shimamoto, T. (2011). Fault lubrication during earthquakes.
Nature, 471(7339):494–498.

Di Toro, G., Hirose, T., Nielsen, S., Pennacchioni, G., and Shimamoto, T. (2006).
Natural and experimental evidence of melt lubrication of faults during earth-
quakes. science, 311(5761):647–649.

Dieterich, J. H. (1972). Time-dependent friction in rocks. Journal of Geophysical
Research, 77(20):3690–3697.

Dieterich, J. H. (1974). Earthquake mechanisms and modeling. Annual Review of
Earth and Planetary Sciences, 2:275.

Dieterich, J. H. (1978). Time-dependent friction and the mechanics of stick-slip.
Pure and applied geophysics, 116(4-5):790–806.

Dieterich, J. H. (1979). Modeling of rock friction 1. experimental results and
constitutive equations. Journal of geophysical research, 84(B5):2161–2168.

Dieterich, J. H. (1981). Constitutive properties of faults with simulated gouge.
Mechanical behavior of crustal rocks: the Handin volume, pages 103–120.



108

Dieterich, J. H. and Conrad, G. (1984). Effect of humidity on time- and velocity-
dependent friction in rocks. Journal of geophysical research, 89(B6):4196–4202.

Dieterich, J. H. and Kilgore, B. D. (1994). Direct observation of frictional con-
tacts: New insights for state-dependent properties. Pure and Applied Geophysics,
143(1-3):283–302.

Dobson, D. P., Meredith, P. G., and Boon, S. A. (2002). Simulation of subduction
zone seismicity by dehydration of serpentine. Science, 298(5597):1407–1410.

Dragert, H., Wang, K., and James, T. S. (2001). A silent slip event on the deeper
Cascadia subduction interface. Science, 292(5521):1525–1528.

Eaton, J., O’neill, M., and Murdock, J. (1970). Aftershocks of the 1966 Parkfield-
Cholame, California, earthquake: A detailed study. Bulletin of the Seismological
Society of America, 60(4):1151–1197.

Emmerson, B., Jackson, J., McKenzie, D., and Priestley, K. (2006). Seismicity,
structure and rheology of the lithosphere in the Lake Baikal region. Geophysical
Journal International, 167(3):1233–1272.

Evans, B. and Goetze, C. (1979). The temperature variation of hardness of olivine
and its implication for polycrystalline yield stress. Journal of Geophysical Re-
search, 84(B10):5505–5524.

Faulkner, D., Mitchell, T., Behnsen, J., Hirose, T., and Shimamoto, T. (2011).
Stuck in the mud? Earthquake nucleation and propagation through accretionary
forearcs. Geophysical Research Letters, 38(18).

Fialko, Y. (2004). Temperature fields generated by the elastodynamic propagation
of shear cracks in the earth. J. Geophys. Res., 109(B1):B01303.

Franck, E. (1983). Thermophysical properties of supercritical fluids with special
consideration of aqueous systems. Fluid Phase Equilibria, 10(2):211–222.

Frye, K. M. and Marone, C. (2002). Effect of humidity on granular friction at
room temperature. Journal of geophysical research, 107(B11):2309.

Goldsby, D. L., Rar, A., Pharr, G. M., and Tullis, T. E. (2004). Nanoindentation
creep of quartz, with implications for rate- and state-variable friction laws rele-
vant to nanoindentation creep of quartz, with implications for rate- and state-
variable friction laws relevant to earthquake mechanics. Journal of materials
research, 19(1):357–365.

Greenwood, J. A. and Williamson, J. B. P. (1966). Contact of nominally flat
surfaces. Proceedings of the Royal Society of London. Series A. Mathematical
and Physical Sciences, 295(1442):300–319.



109

Griffith, A. A. (1921). The phenomena of rupture and flow in solids. Philosophical
Transactions of the Royal Society of London. Series A, Containing Papers of a
Mathematical or Physical Character, 221.

Gu, Y. and Wong, T.-f. (1991). Effects of loading velocity, stiffness, and inertia
on the dynamics of a single degree of freedom spring-slider system. Journal of
Geophysical Research: Solid Earth (1978–2012), 96(B13):21677–21691.

Gu, Y. and Wong, T.-f. (1994). Development of shear localization in simulated
quartz gouge: effect of cumulative slip and gouge particle size. Pure and Applied
Geophysics, 143(1-3):387–423.

Gutscher, M.-A. and Peacock, S. M. (2003). Thermal models of flat subduction
and the rupture zone of great subduction earthquakes. Journal of Geophysical
Research: Solid Earth (1978–2012), 108(B1):ESE–2.

Hacker, B. R., Peacock, S. M., Abers, G. A., and Holloway, S. D. (2003). Subduc-
tion factory 2. Are intermediate-depth earthquakes in subducting slabs linked
to metamorphic dehydration reactions? Journal of Geophysical Research,
108(B1):2030.

He, C., Luo, L., Hao, Q.-M., and Zhou, Y. (2013). Velocity-weakening behavior
of plagioclase and pyroxene gouges and stabilizing effect of small amounts of
quartz under hydrothermal conditions. Journal of Geophysical Research: Solid
Earth, 118(7):3408–3430.

He, C., Wang, Z., and Yao, W. (2007). Frictional sliding of gabbro gouge under
hydrothermal conditions. Tectonophysics, 445(3):353–362.

He, C., Wong, T.-f., and Beeler, N. M. (2003). Scaling of stress drop with recur-
rence interval and loading velocity for laboratory-derived fault strength relations.
Journal of Geophysical Research: Solid Earth (1978–2012), 108(B1).

He, C., Yao, W., Wang, Z., and Zhou, Y. (2006). Strength and stability of frictional
sliding of gabbro gouge at elevated temperatures. Tectonophysics, 427(1):217–
229.

Heslot, F., Baumberger, T., Perrin, B., and Caroli, C. (1994). Creep, Stick-slip,
and dry-friction dynamics: Experiments and a heuristic model. Phys. Rev. E,
49(6):4973–4988.

Hill, D. P., Mowinckel, P., and Peake, L. G. (1975). Earthquakes, active faults, and
geothermal areas in the Imperial Valley, California. Science, 188(4195):1306–
1308.



110

Hirose, H., Hirahara, K., Kimata, F., Fujii, N., and Miyazaki, S. (1999). A slow
thrust slip event following the two 1996 Hyuganada Earthquakes beneath the
Bungo Channel, southwest Japan. Geophysical Research Letters, 26(21):3237–
3240.

Hirose, T. and Shimamoto, T. (2005). Growth of molten zone as a mechanism of
slip weakening of simulated faults in gabbro during frictional melting. Journal
of Geophysical Research: Solid Earth (1978–2012), 110(B5).

Hoskins, E., Jaeger, J., and Rosengren, K. (1968). A medium-scale direct friction
experiment. International Journal of Rock Mechanics and Mining Sciences And
Geomechanics Abstracts, 5(2):143 – 152.

Hyndman, R. and Wang, K. (1993). Thermal constraints on the zone of major
thrust earthquake failure: The Cascadia subduction zone. Journal of Geophysical
Research: Solid Earth (1978–2012), 98(B2):2039–2060.

Ikari, M. J., Saffer, D. M., and Marone, C. (2009). Frictional and hydrologic
properties of clay-rich fault gouge. Journal of Geophysical Research: Solid Earth
(1978–2012), 114(B5).

Ito, Y., Obara, K., Shiomi, K., Sekine, S., and Hirose, H. (2007). Slow Earthquakes
Coincident with Episodic Tremors and Slow Slip Events. Science, 315(5811):503–
506.

Jackson, J. (2002). Strength of the continental lithosphere: time to abandon the
jelly sandwich? GSA today, 12(9):4–9.

Kameyama, M., Yuen, D. A., and Karato, S.-I. (1999). Thermal-mechanical effects
of low-temperature plasticity (the peierls mechanism) on the deformation of a
viscoelastic shear zone. Earth and Planetary Science Letters, 168(1–2):159 –
172.

Kaneko, Y., Lapusta, N., and Ampuero, J.-P. (2008). Spectral element modeling
of spontaneous earthquake rupture on rate and state faults: Effect of velocity-
strengthening friction at shallow depths. Journal of Geophysical Research: Solid
Earth, 113(B9):n/a–n/a. B09317.

Kaproth, B. M. and Marone, C. (2013). Slow earthquakes, preseismic velocity
changes, and the origin of slow frictional stick-slip. Science, 341(6151):1229–
1232.

Karner, S. L. and Marone, C. (2001). Frictional restrengthening in simulated
fault gouge: Effect of shear load perturbations. Journal of geophysical research,
106(B9):19319–19337.



111

Karner, S. L., Marone, C., and Evans, B. (1997). Laboratory study of fault heal-
ing and lithification in simulated fault gouge under hydrothermal conditions.
Tectonophysics, 277(1-3):41 – 55. Earthquake Generation Processes: Environ-
mental Aspects and Physical Modelling.

Kato, N. and Tullis, T. E. (2001). A composite rate-and state-dependent law for
rock friction. Geophysical Research Letters, 28(6):1103–1106.

Kato, N., Yamamoto, K., Yamamoto, H., and Hirasawa, T. (1992). Strain-rate
effect on frictional strength and the slip nucleation process. Tectonophysics,
211(1–4):269 – 282.

Keefner, J., Mackwell, S., Kohlstedt, D., and Heidelbach, F. (2011). Dependence
of dislocation creep of dunite on oxygen fugacity: implications for viscosity vari-
ations in Earth’s mantle. Journal of Geophysical Research: Solid Earth (1978–
2012), 116(B5).

Kimura, G. and Mukai, A. (1991). Underplated units in an accretionary complex:
Melange of the Shimanto Belt of eastern Shikoku, southwest Japan. Tectonics,
10(1):31–50.

King, D. and Marone, C. (2012). Frictional properties of olivine at high tempera-
ture with applications to the strength and dynamics of the oceanic lithosphere.
Journal of Geophysical Research: Solid Earth (1978–2012), 117(B12).

Kirby, S. H. (1983). Rheology of the lithosphere. Rev. Geophys., 21(6):1458–1487.

Kirby, S. H. and Kronenberg, A. K. (1984). Deformation of clinopyroxenite: Evi-
dence for a transition in flow mechanisms and semibrittle behavior. Journal of
geophysical research, 89(B5):3177–3192.

Kodaira, S., Iidaka, T., Kato, A., Park, J.-O., Iwasaki, T., and Kaneda, Y. (2004).
High pore fluid pressure may cause silent slip in the Nankai Trough. Science,
304(5675):1295–1298.

Leloup, P. H., Lacassin, R., Tapponnier, P., Schärer, U., Zhong, D., Liu, X.,
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