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The Frictional Behavior of Lizardite and Antigorite Serpentinites: 
Experiments, Constitutive Models, and Implications for Natural 

Faults 

LINDA A. REINEN, 1'2 JOHN D. WEEKS 1 and TERRY E. TULLIS 1 

Abstract--Laboratory studies of the l'rictional behavior of rocks can provide important informa- 
tion about the strength and sliding stability of natural faults. We have conducted friction experiments on 
antigorite and lizardite serpentinites, rocks common to both continental and oceanic crustal faults. We 
conducted both velocity-step tests and timed-hold tests on bare surfaces and gouge layers of serpentinite 
at room temperature. We find that the coefficient of friction of lizardite serpentinite is quite low 
(0.15 0.35) and could explain the apparent low stresses observed on crustal transform faults, while that 
of antigorite serpentinite is comparable to other crustal rocks (0.50-0.85). The frictional behavior of 
both types of serpentinite is well described by a two-mechanism model combining state-variable-domi- 
nated behavior at high slip velocities and flow-dominated behavior at low velocities. The two-mechanism 
model is supported by data ti'om velocity-step tests and timed-tiold tests. The low velocity behavior of 
serpentinite is strongly rate strengthening and should result in stable fault creep on natural faults 
containing either antigorite or lizardite serpentinite. 
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Introduction 

The  f r ic t ional  behav io r  o f  rocks  in a s l ipping faul t  zone can influence bo th  the 

s t rength  o f  the faul t  and  whether  the faul t  will move  by  aseismic creep or  genera te  

ea r thquakes .  Serpent ine  is c o m m o n  in m a n y  crusta l  faul ts  inc luding par t s  o f  the 

San A n d r e a s  faul t  (AI.LEN~ 1968; IRWIN and  BARNES, 1975; R. JACHENS, pers. 

comm.) ,  shear  zones in per idot i tes  in the Wes te rn  Alps  (E.  H. HOOGERDUIJN 

STRATING, pers.  comm.) ,  and  tec tonica l ly  active regions o f  the oceanic  crust  (e.g.,  

CHRISTENSEN, 1972; CANN et al., 1992; TUCHOLKE et al., 1992). 

Both  cont inen ta l  and  oceanic  t r ans fo rm faul ts  m a y  be anoma lous ly  weak  

relat ive to the su r round ing  crust.  F o r  the San A n d r e a s  fault ,  this has been suggested 

by  bo th  the lack o f  a hea t  flow a n o m a l y  across  the faul t  as well as the near ly  
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perpendicular orientation of the principal compressive stress direction to the trace 
of the transform in many areas. Both lines of evidence may indicate low frictional 
stresses across the fault producing only a small amount of frictional shear heating; 
this allows the transform to slide at high angles relative to the direction of principal 
compression. Weakness of oceanic transform faults is suggested by mechanical 
models for the observed geometries of offset ridge segments (LACHENBRUCH and 
THOMPSON, 1972; FROIDEVAUX, 1973) and the fact that on the Kane Transform, 
the axis of least compressive stress is almost perpendicular to the trace of the 
transform (WILCOCK et al., 1990). The origin of this weakness is unknown, but has 
been attributed to either the presence of mechanically weak material or over-pres- 
surization of pore fluids within the fault zone. 

Petrologic studies of rocks dredged from oceanic transform faults (e.g., AU- 
MENTO and LOUBAT, 1971; BONATTI and HONNOREZ, 1976) reveal a wide variety 
of rock types including serpentinite, basalt, gabbro, and peridotite. Lizardite is the 
most common polymorph of serpentine identified on oceanic transform faults (e.g., 
AUMENTO and LOUBAT, 1971; PRICHARD, 1979; JANECKY and SEYFRIED, 1986). 
Recent experimental results on lizardite serpentinite indicate that its frictional 
strength is significantly less than that of other crustal rocks (REINEN et  al., 
1992d,e). The low frictional strength of lizardite may explain the apparent weakness 
of transform faults. 

Previous researchers have established that measured changes in the frictional 
response of a rock to instantaneous changes in loading velocity can indicate 
whether that rock has the potential for stable or unstable slip (e.g., RICE and 
RUINA, 1983; BLANPIED and TULLIS, 1986; TULLIS, 1988; DIETERICH and LINKER, 
1992). This frictional "velocity dependence" of a rock can be measured in the 
laboratory, and may be used to predict whether a fault will move by aseismic creep 
or will experience earthquakes. The stability of a slipping fault surface is the result 
of interactions between the constitutive properties within the fault zone and the 
elastic loading of the surrounding blocks. If the stiffness of the surrounding material 
is great, only stable sliding would be expected on the fault. However, in compliant 
systems (such as the elastic lithosphere and many experimental apparatuses) 
velocity-weakening behavior can result in unstable, stick-slip events which are 
analogous to earthquakes. 

Empirical constitutive laws have been developed that do a good job of describ- 
ing both the velocity- and time-dependent frictional behavior of rocks observed in 
laboratory studies (e.g., DIETERICH, 1979; 1981; RUINA, 1983). These rate- and 
state-dependent constitutive laws have been applied successfully to experimental 
results on a wide range of crustal materials over a range of pressure, temperature, 
and sliding velocity. Recent studies indicate that a multi-mechanism constitutive 
model is required for serpentinite at room temperature over a range of velocities 
(REINEN et  al., 1992a,c,d), as well as for quartzo-feldspathic rocks under hy- 
drothermal conditions (CHESTER and HIGGS, 1992; BLANPIED et al., 1991). 
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In this paper we summarize experimental and constitutive modeling results on 
the frictional behavior of antigorite and lizardite serpentinites, and we discuss the 
implications for both the strength and sliding stability of natural faults containing 
serpentine. Our experimental results of antigorite and lizardite gouge support the 
two-mechanism constitutive model for serpentinite, which was originally developed 
to model results from velocity-step tests on bare surfaces of antigorite serpentinite. 
We have analyzed stress relaxation data as an additional piece of evidence in our 
understanding of the two-mechanism behavior of serpentine. 

Two-mechanism Constitutive Model 

We model both velocity-step and timed-hold test experimental results using a 
two-mechanism model that reproduces most of the observed behavior by the 
interaction of a state-variable constitutive law (SV) dominating at high velocities, 
and a flow constitutive law (F) dominating at low velocities (see REINEN et al., 
1992a). We will use the terms "state-variable mechanism" or "flow mechanism" to 
refer to the mechanical behavior described by the corresponding constitutive law. 
These names are for convenience and are not intended to describe the unknown 
physical processes responsible for the observed mechanical behavior. 

The state-variable constitutive law describes both the direct and evolution 
effects observed at high velocities in serpentinite following changes in velocity. The 
direct effect, scaled by the constant asv in the state-variable constitutive law, 
describes the initial change in frictional strength in the same sense as the imposed 
velocity step, while the evolution effect describes the subsequent gradual change in 
frictional strength to a new steady-state level. We use a two-state-variable form of 
the Dieterich-Ruina constitutive equations 

. + asv ln(VSV-   ) = + b l l t ~  1 + b z t l J  2 

- - ~  - -  - -  2 d, +In 

in which the coefficient of friction # is dependent on both sliding velocity Vsv and 
the state of the sliding surfaces (represented by state variables qJl; i = 1, 2). The 
state variables are scaled by the magnitudes bi and evolve over characteristic 
distances Dc,; #% is the steady-state friction level at a reference velocity V*v. 
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To describe the behavior which is observed at low velocities, we use a rate- 
strengthening flow constitutive law with no evolution 

# = #F* + aF l n ( v ~ )  (2) 

in which a direct effect is scaled by aF and there is no evolution effect. /~* is the 
coefficient of friction at reference velocity V*. This constitutive law is equivalent to 
the exponential flow law often used to model dislocation glide if strain rate is 
substituted for slip velocity and stress is substituted for/~. 

To combine the two constitutive models, we assume that the two frictional 
mechanisms support the same applied shear load and that the velocity of each 
mechanism can differ both from each other and from the loading velocity. The total 
velocity (slip velocity) is the sum of the two velocities: 

#observed : ]ASV = # F  (3a) 

(3b) V, otal = V s v  + Vr. 

Combining the state-variable and flow constitutive laws yields 

The frictional velocity dependence of the serpentinites is defined as 

ZXp #1 - -  ,u2 (5) 

where #1 and/~2 are the steady-state friction levels for velocities Vj and 1"2. For the 
state-variable constitutive law this equals a s v -  Zb~, and for the flow constitutive 
law, a F. Negative values of A#/A In(V) indicate velocity-weakening behavior which, 
in a compliant system, can lead to unstable sliding; positive values of A#/A ln(V) 
are usually associated with stable sliding. 

Since the steady-state behavior of the state-variable constitutive law for antigor- 
ite serpentinite is rate weakening and the flow constitutive law is rate strengthening 
(REINEN et al., 1992a), equation (4) produces the steady-state curve in Figure la. 
At high velocities, steady state is a combination of both constitutive laws. At low 
velocities, both constitutive laws cannot achieve steady state simultaneously and 
steady state will be represented by only the flow constitutive law (for details, see 
REINEN et al., 1992a). The constant-state lines show the combined behavior for 
constant values of the state variables. At high velocities at which the state-variable 
law dominates, the slope of these lines is asv .  At low velocities equation (2) 
dominates the behavior; this constitutive law has no state variables, causing the 
constant-state lines to merge into the flow mechanism line. 
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Figure 1 
Combined two-mechanism behavior. (a) Rate-weakening state-variable constitutive law combined with 
flow constitutive law. The state-variable mechanism dominates combined behavior at high velocities and 
the flow mechanism dominates at low velocities. The transition to all-flow behavior occurs near 0.1/~m/s 
for steady-state behavior, and over a range of velocities for constant-state behavior. (b) Rate-strengthen- 
ing state-variable constitutive law combined with flow constitutive law. The transitional velocities to all 

flow behavior are nearly the same for both steady-state and constant-state behavior. 

Rate-strengthening state-variable behavior is also possible. If  the state-variable 
law is rate strengthening, equation (4) produces the steady-state curve shown in 
Figure lb. In this case, the two constitutive laws can both achieve steady-state at all 
velocities. As with the rate-weakening case, at high velocities at which the state-vari- 
able law dominates, the slope of the constant state lines is asv; at low velocities the 
constant state lines merge with the flow line and have a slope of  aF. With a 



322 Linda A. Reinen et al. PAGEOPH, 

rate-strengthening state-variable law, the constant-state lines merge into the flow 
line over a smaller velocity range than in the rate-weakening case. We have 
observed two-mechanism behavior for both cases described here: antigorite exhibits 
rate-weakening state-variable behavior, and lizardite exhibits rate-strengthening 
state-variable behavior. 

Experimental Details 

Experimental Materials 

Three different serpentinites were used in this experimental study: GC (primarily 
antigorite), VM2 (primarily antigorite), and T91NI6 (primarily lizardite). The 
serpentine polymorphs were determined using X-ray powder diffraction methods 
described by WHITTAKER and ZUSSMAN (1956), and mineral percentages were 
determined from thin section analysis. 

Dark green serpentinite samples of GC came from a single slab of unknown 
origin composed of approximately 90% antigorite serpentine, 5% magnetite, and 
5% magnesite. The magnesite occurs in veins which were avoided when selecting 
samples for experiments. 

VM2 is an antigorite serpentinite from the Rochester quarry of the Vermont 
Marble Company. The dark green appearance and the X-ray diffraction pattern of 
VM2 are very similar to those of the GC serpentinite, however VM2 has small 
white veins disseminated throughout the sample; these could not be avoided when 
selecting samples for experiments. X-ray analysis indicates that the small white 
veins are composed primarily of magnesite with some serpentine fibers. 

T91NI6 is a lizardite serpentinite collected from a vein in the Joe Pit mine in the 
New Idria serpentinite body, California. The pale green appearance and X-ray 
diffraction pattern of this serpentinite are similar to the lizardite sample ( # 1 9 - N I -  
63) collected from the New Idria serpentinite body described in PAGE and COLE- 
MAN (1967). The sample T91NI6 was not large enough to make intact sample rings, 
and we conducted experiments only on simulated gouge made of this material. 

Experimental Procedure 

The friction experiments in this study were conducted in a computer-interfaced 
rotary direct-shear apparatus (TULLIS and WEEKS, 1986). One advantage to using 
the rotary-shear geometry is the unlimited displacement available, allowing multiple 
tests on one sample without removing the sample from the pressure vessel. This 
allowed us to conduct experiments over a range of normal stresses on individual 
samples, thus eliminating sample variations from our results. In all of our experi- 
ments (listed in Table 1), the normal stress and confining pressure were held constant. 
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Table 1 

List o f  experiments discussed in this paper. Cq is Cheshire quartzite, collected near Middlebury Vermont 

Experiment Sample Gouge aN Totd Relative Date of 
number rings ( ~ 1 mm) (MPa) (mm) dampnesst assembly 

fr71 GC none 25 379 1 11/88 
fr81 GC none 25, 50 60 2 6/89 
fr91 GC none 100, 125 39 2 9/90 
fr93 VM2 none 25, 50, 75 85 2 10/90 
fr98 VM2 none 25, 75 88 1 4/91 
frl0l Cq GC 25 25 2 8/91 
fr104 Cq GC 25 25 1 1/92 
fr 105 Cq GC 25 222 3 I/92 
fr 109 Cq T91NI6 25 48 3 6/92 
fr 114 Cq T91NI6 25 276 3 9/92 
fr l l7  Cq TglNI6 25, 50, 75 103 3 11/92 
fr 127 Cq T91NI6 25, 50, 103 3 7/93 

75, 100, 
125, 150 

t Relative dampnesses are I--assembled in room humidity with no water added to sample surface, 
2--assembled in room humidity with distilled water added to sample surface, and 3--assembled in 

100% humidity in glove bag with distilled water added to sample surface. 

Normal stress was applied as a combination of confining pressure (84%) and axial 
load (16%) and ranged from 25 + 0.8 MPa to 125 + 1.2 MPa. Confining pressure is 
known to within 0.1 MPa; the remainder of the uncertainty is in the axial 
load. Fluctuations in these quantities can be detected with much greater resolu- 
tion than suggested by the absolute accuracy quoted here; normal stress was held 
constant to within about 0.1 MPa over a period of a day. In one unjacketed 
experiment discussed below, normal stress was 25 MPa and was entirely due to axial 
load. The loading velocities in our experiments ranged from 0.001 to 10.0 #m/s held 
to within 0.01%. The lowest velocity approaches typical plate motion rates, 
corresponding to a slip rate of about 32 mm/yr. 

We have conducted velocity-step and time-hold tests in our experiments. Veloc- 
ity-step tests record the change in frictional resistance resulting from a step change 
in loading velocity. The velocity dependence of the serpentinite is determined from 
the change in steady-state friction levels before and after the velocity change, 
normalized by the magnitude of the velocity change (equation (5)). Timed-hold 
tests record the time-dependent strengthening of contacts on the sliding surfaces. In 
these tests, the loading velocity is set to zero for a specific amount of time and then 
reset to the initial value. The transient peak in frictional strength upon reloading is 
a measure of the time-dependent strengthening of contacts on the sliding surface. 
During the time the loading velocity is zero, slip at the surfaces continues and the 
shear stress on the sample relaxes. High-resolution measurement of sample slip is 
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provided by an internal resolver with a resolution of 0.01 ktm at the sample midline 
and a calibrated accuracy of 0.02 #m (WEEKS et al., 1992). This allows us to 
determine sample displacement in addition to measuring the relaxation of stress. 
Sample slip velocity can then be estimated by differencing the slip measurements. 

In most of our experiments, sliding was stable and a steady-state coefficient of 
friction can be measured and used to determine frictional velocity and time de- 
pendence. In other experiments, most notably the gouge experiments on antigorite 
serpentinite at high velocities, displacement in the sample occurred by stick-slip 
motion. Under these conditions steady-state was not achieved, however a pseudo- 
steady-state behavior is observed in which the range of stress drops remains 
constant with time and the range of friction measured during these stress drops can 
be recorded. In this paper, we do not report velocity dependence values from 
portions of experiments which were undergoing stick-slip sliding. We do however 
use stress-relaxation data from hold tests initiating from stick-slip sliding. In 
timed-hold tests, we assume that the state is the same at the initiation of each hold 
test. Once an apparent steady state is achieved, the loading velocity is set to zero 
and the timed hold begins. WEEKS and TULLIS (1992) have shown that by 
artificially increasing the stiffness of the system through servo-control, stable sliding 
can be achieved on samples which are unstable at the natural stiffness of our 
machine. For such servo-control to be successful, the transients in frictional 
resistance that occur with velocity changes must occur slowly enough for the 

control  system to respond; this places a lower limit on De, in a servo-controlled 
system. We attempted to servo-control slip in the serpentine experiments and found 
De, too small to successfully use this method. 

Sample Preparation 

Friction experiments were conducted at room temperature on serpentinite rings 
with bare surfaces as well as on ~ 1 mm layers of powdered serpentinite sandwiched 
between quartzite rings. Two sample geometries have been used for the friction 
experiments in this study (Figure 2). The majority of the bare surface experiments 
were conducted using the jacketed sample geometry shown in Figure 2a; one 
experiment was conducted on bare surfaces of GC serpentinite using the unjacketed 
sample geometry in Figure 2b. All of the powdered serpentinite experiments were 
conducted using the jacketed sample geometry shown in Figure 2a with a layer of 
simulated gouge between the sample rings. 

Both serpentinite and quartzite rings were initially ground fiat on a surface 
grinder, then roughened by hand on a glass plate with 24-grit alumina abrasive. 
Because the serpentinite and quartzite we used are nearly impermeable to gas, a 
1.1 mm hole was drilled through the upper sample rings for the jacketed experi- 
ments in order to vent the sliding surface to the atmosphere in case of jacket 
leakage. In the experiment on VM2 serpentinite, the material in the small white 
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Rotary shear geometry for jacketed experiments 
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veins that intersected the sliding surface was removed by hand-picking the fibers 
under a binocular microscope prior to assembling the experiment. 

We conducted friction experiments on simulated gouge samples of both GC and 
T91NI6 serpentinites. The gouges were prepared by crushing the serpentinites in a 
ball mill and passing the resulting powder through an 88/~m sieve. The simulated 
gouges were then stored in sealed glass jars at room humidity. 

All of thebare-surface experiments were assembled at room humidity and the 
surfaces of the jacketed sample rings were moistened with distilled water prior to 
assembling an experiment. We did not add water to the unjacketed sample. 
Humidity varies greatly with the season and is higher in summer than in winter. 
Early experiments on simulated gouge (prior to January 25, 1992) were assembled 
at room humidity with the surface of one quartzite ring dampened with distilled 
water. Later gouge experiments were assembled in a glove bag at room temperature 
with the relative humidity controlled to nearly 100% by bubbling air through water 
at the intake to the glove bag; the surface of one sample ring was dampened with 
distilled water. 
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Rotary shear geometry for unjacketed bare surface experiment 
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Figure 2 
Schematic cut-away view of the rotary-shear sample geometries used in this study. The outer diameter 
of the sample rings is 54 mm. (a) Sample geometry used for jacketed experiments. The O-rings provide 
a sliding seal, while the Teflon rings distribute the confining pressure along the sides of the sample and 
allow for slip between the O-rings and the sample rings. (b) Unjacketed sample geometry used in the 
experiment with no confining pressure. The inner beveling of the sample rings and outer steel binder 

tings help the sliding rings maintain integrity. 

Results and Interpretations 

Frictional Strength 

The relationship between shear and normal  stresses indicates whether our  

samples are undergoing frictional sliding or plastic yielding. The steady-state shear 

strength o f  bo th  o f  the antigorite serpentinites displays a nearly linear dependence 

on normal  stress (Figure 3). The slopes o f  these lines yield a coefficient o f  friction 
between 0.5 and 0.6, indicating that  antigorite serpentinite is not  a particularly 
weak rock. At  0.01 #m/s  and normal  stresses greater than 100 MPa,  there is an 
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Steady-state shear resistance to sliding as a function of  normal stress for the serpentinites in this study. 

apparent curvature of the yield envelope for GC serpentinite indicating a possible 
change in mechanical behavior from frictional sliding to plastic flow. The steady- 
state shear strength of lizardite serpentinite gouge displays linear dependence on 
normal stress up to 150 MPa normal stress for velocities of 1.0 and 0.032 pm/s 
(Figure 3). The slope of the yield envelope (-,~0.2 to 0.3) of lizardite serpentinite is 
considerably less than that of antigorite serpentinite. The linear form of the 
envelope indicates that the low frictional strength of the lizardite serpentinite is not 
due to plastic flow of serpentinite. For the remainder of the paper, we define the 
coefficient of friction as the ratio of shear to normal stress, rather than the slopes 
of the yield envelopes shown in these figures. 

The coefficient of friction of antigorite serpentinite ranges between 0.5 and 0.85 
in bare-surface experiments conducted with normal stresses between 25 and 
125 MPa, and between 0.5 and 0.75 for gouge experiments conducted at 25 MPa 
normal stress. These values are similar to the value of 0.77 reported by DENGO and 
LOGAN (1981) on bare surfaces of an antigorite serpentinite of composition similar 
to those used in this study. However, we find that the coefficient of friction for 
lizardite serpentinite gouge ranges between 0.15 and 0.35; DENGO and LOGAN 
(1981) reported a value of 0.56 for a serpentinite consisting of 70% serpentine 
(mostly lizardite), 19% oxides, 11% enstatite, and minor amounts of olivine. The 
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higher coefficient of friction reported by Dengo and Logan, relative to the lizardite 
samples in this study, may result from the enstatite and oxides in their sample. 

Effects o f  Water 

The frictional behavior of serpentinite is sensitive to the amount of water 
present in the samples during assembly. Figure 4 shows the effect of varying the 
water content in antigorite serpentinite gouge samples. The terms "dry," "damp," 
and "wet" are relative: the "dry" experiment was assempled at room humidity 
(January) with no water added to the sample, the "damp" experiment was 
assembled at room humidity (August) with distilled water added to one forcing 
block, and the "wet" experiment was assembled in a humid glove bag with distilled 
water added to one forcing block. 

Increasing the relative wetness of an antigorite gouge sample produces two 
effects: it decreases the frictional strength of the sample and it increases the velocity 
at which the transition between velocity strengthening (at low velocities) and velocity 
weakening (at high velocities) occurs. In Figure 4, velocity strengthening is indicated 
by a positive slope to the data, while velocity weakening may be indicated by either 
a negative slope or by stick-slip behavior. The transition velocity is around 0.10 #m/s 
in the "wet" experiment and around 0.032 #m/s in the "damp" experment. The 
"dry" experiment exhibited stick-slip motion over the entire velocity range tested, 

Effect of Water on 
Antigorite Serpentinite Gouge 
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1r :, ,~ , ~ '.. 
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Figure 4 
Effect of water on the frictional strength of antigorite serpentinite gouge. Solid symbols indicate stable 
sliding, and bars indicate the range of stress drops during stick-slip sliding; the lines connecting the 

symbols indicate the sequence of velocities sampled in an experiment. 
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indicating a transition velocity lower than 0.0032 pm/s. In the experiment on bare 
surfaces of unjacketed antigorite, stick-slip sliding observed at low velocities is 
indicative of velocity-weakening behavior. This experiment was assembled at room 
humidity (late November) with no water added to the sample surface. We believe 
that the velocity weakening observed at low velocities is due to the absence of 
excess water on the sliding surfaces, resulting in a transition velocity lower than 
those sampled during the experiment. 

Velocity-step Tests 

Frictional velocity dependence: 
At high velocities, state-variable behavior is apparent in the transient direct 

effect (as a peak in friction following a velocity increase, or as a transient drop in 
friction following a velocity decrease), and the subsequent evolution to the new 
steady-state level (evolution effect; Figure 5). At high velocities, sliding was stable 
in the experiments on bare surfaces of antigorite serpentinite and in the experiments 
on lizardite gouge, and the steady-state friction levels are readily determined. In the 
experiments on gouge layers of antigorite serpentinite, sliding occurred by stick-slip 
motion at high velocities and steady-state was not achieved. The velocity depen- 
dence of the serpentinites reported here was determined from the stable sliding 
portions of the experiments only; we presume that stick-slip indicates velocity 
weakening of unknown magnitude. 

At low velocities, all the serpentinites typically undergo stable sliding and 
display large direct effects with little or no evolution effects. VM2 shows a slight 
evolution effect at low velocities, indicating an incomplete transition to flow 
behavior, possibly caused by contamination of the sliding surface with magnesite. 
The oscillations observed in the VM2 experiments at all velocities are similar to 
those observed by WEEKS and TULLIS (1985) in experiments conducted on 
dolomite, and are another indication of possible contamination of the sliding 
surface by magnesite. 

The steady-state velocity dependence of bare surface antigorite serpentinite is 
summarized in Figures 6a and 6b. At all normal stresses tested, both antigorite 
serpentinites exhibit velocity-strengthening behavior at low velocities, with a transi- 
tion to velocity-weakening behavior at higher velocities. The transition in the GC 
serpentinite occurs between 0.032 to 0.100 #m/s, and it occurs in the VM2 samples 
between 0.010 and 0.032 #m/s. This transition in velocity dependence is similar 
to that found in halite which has been correlated to a change in dominant 
deformation mechanisms (CHESTER and LOGAN, 1990). At the highest velocities 
tested, GC serpentinite continues to exhibit velocity weakening and VM2 serpen- 
tinite displays velocity strengthening. At high velocities, VM2 shows short-term 
velocity weakening with long-term velocity strengthening (Figure 5b). This long- 
term velocity-strengthening behavior is similar to that observed in dolomite marble 
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by WEEKS and TULLIS (1985), indicating that the magnesite in the VM2 serpen- 
tinite may make a significant contribution to the frictional behavior at high 
velocities. In an additional experiment on VM2 serpentinite, the magnesite and 
serpentine fibers were not removed from the small veins intersecting the sliding 
surface (see Sample Preparation above); the velocity dependence of this sample 
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Figure 5 
Frictional response to a step change in loading velocity as a function of displacement for the different 
serpentinites at room temperature and 25 MPa normal stress. In all of  the figures, the displacement 
(horizontal) scale is set such that the change in loading velocity occurs at zero displacement. (a) 
Comparison between high velocity (state variable) and low velocity (flow) behavior of  the different types 
of experiments. The velocity steps shown all involve a step from a higher velocity to a lower velocity. 
Velocities in pm s-~ are: GC bare rock (V~ = h0, V2 = 0.32, V 3 = 0.010, V4 = 0.003); VM2 bare rock 
(V~ = 1,0, V 2 =0.32, V 3 =0.010, V 4 =0.003); GC gouge (V 1 = 1.0, V 2 =0.32, V3 = 0.018 , V4 =0.010);  
T91NI6 gouge (V~ = 1.0, V 2 = 0.32, V 3 = 0.018, V 4 = 0.010). (b) VM2 and T91NI6 gouge showing high 
velocity behavior over long displacements. VM2 responds to a step increase in velocity (V~ = 1.0, 
V 2 = 10.0) with short-term velocity weakening and long-term strengthening with displacement, in 
contrast to observations at lower velocities or the other serpentinites. In contrast to the behavior of  
antigorite, lizardite serpentinite gouge (V~ = 3.2, V 2 = 1.0) shows short-term velocity strengthening and 

long-term velocity weakening (note scale-change). 
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Serpentinite Velocity Dependence 
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Figure 6 
Steady-state velocity dependence at 25 MPa normal stress. Each point is plotted at the geometric mean 
of the velocities before and after a given velocity step. All three serpentinites show a transition from 
velocity strengthening at low velocities to velocity weakening or velocity neutral at high velocities. (a) 
GC bare surfaces. X's in the 25 MPa inset show the results from the unjacketed experiment. For velocity 
dependence at higher normal stresses, see REINEN et  al. (1991). (b) VM2 bare surfaces. (c) GC gouge; 
only stable sliding velocity steps are shown. Triangles (frl01) and circles (frl05) are results from different 
experiments. (d) T91NI6 gouge; only stable sliding velocity steps are shown. Diamonds (frl09), circles 

(frll4) and triangles (frll7) are results from different experiments. 

strongly resembles that of  calcite and dolomite, with the magnitude of the velocity- 
weakening behavior increasing with decreasing velocity (see REINEN, 1993; WEEKS, 
1993). In contrast to experiments on jacketed GC serpentinite with bare surfaces, 
the unjacketed sample of  GC serpentinite was velocity weakening over the range of  

velocities tested. 
The steady-state velocity dependence of antigorite serpentinite gouge is shown in 

Figure 6c. The velocity dependence of  the gouge undergoes a transition between 
0.032 and 0.32 #m/s similar to that observed in the bare surface experiments, from 
velocity strengthening at low velocities to velocity weakening at high velocities. At 
high velocities, few data points are shown due to the occurence of stick-slip sliding 
of the gouge; only immediately following sliding at low velocities did the gouge 
layers undergo stable sliding at these higher velocities. The stick-slip sliding is 
another indication of the velocity-weakening nature of antigorite serpentinite gouge 

at high velocities. 
The velocity dependence of lizardite serpentinite gouge is shown in Figure 6d. 

The transition in velocity dependence between 0.32 and 1.0 #m/s is similar to that 



Vol, 143, t994 Frictional Behavior of  Rocks 333 

observed in antigorite serpentinite experiments. Lizardite serpentinite exhibits the 
two-mechanism behavior previously described for antigorite serpentinite. At high 
velocities, antigorite serpentinite is velocity weakening, both over the short term 
(see Figure 5a) and with continued displacement. In contrast, lizardite serpentinite 
shows short-term velocity strengthening at high velocities, with up to 6000/tm 
displacement required for a complete evolution to velocity weakening or velocity- 
independent friction (Figure 5b). At low velocities, both antigorite and lizardite 
serpentinites are strongly velocity strengthening. 

Velocity-step test simulations: 
The transition in velocity dependence of the serpentinites in this study is an 

indication of two mechanisms accommodating deformation in our experiments. We 
have previously modeled velocity-step data from experiments on bare surfaces of 
antigorite serpentinite using the two-mechanism model (REINEN, 1992a,c). We have 
extended this modeling to include results from experiments conducted on gouge 
layers of antigorite serpentinite and lizardite serpentinite. 

The response of bare surfaces of antigorite serpentinite to a series of step- 
changes in loading velocity is shown in Figure 7. We have modeled this data using 
the two-mechanism constitutive model; the parameters used for this fit are listed in 
Table 2. The simulation matches the observed state-variable behavior well at high 
velocities, with a small direct effect and a much larger evolution effect. At low 
velocities, the simulation matches the observed flow behavior with a very large 

Two-Mechanism Modelling of 
Bare Surface Antigorite Data 

0.80 - I Data Simulation I 
I 

g 
0.78 - c~ 

o.76- 0.32./ ~' 

V 

0.74- 
I l I 

9000 9500 10000 
Displacement (l.tm) 

Figure 7 
Friction versus displacement for a series of  velocity steps in an experiment conducted on bare surfaces 
of  antigorite serpentinite, Dots are experimental data; the line is a simulation using the two-mechanism 

constitutive model. 
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Table 2 

Constitutive parameters used in forward modeling of serpentinite velocity-step data. Subscripts F and SV 
refer to flow mechanism and state-variable mechanism parameters 

Material a e #~ asr" ~V hl De, b2 Dcz 

GC bare 0.0220 0.7450 0 .00150  0 . 6 4 5 3  0.0060 15 .0  0.00900 190.0 
surfaces 

GC 0.0296 0 . 7 8 2 0  0 .00780  0 . 6 3 2 8  0.00340 4.62 0 .0 1 8 0 0  118.79 
gouge 

T91NI6 0 . 0 2 3 0  0.3390 0 .00343  0 . 2 8 3 5  0.00156 14 .0  0 . 0 0 0 6 8  590.0 
gouge 

direct effect and no evolution effect; the rounded transition with displacement 
between the two steady-state levels is caused by machine compliance. At transi- 
tional velocities the fit to the data is not as close; the transition between the 
state-variable and flow mechanism takes place over shorter time (or displacement) 
in the model than in the data. However, the form of the frictional behavior of the 
data and the model is quite similar at these intermediate velocities. 

The response of antigorite serpentinite gouge to a series of step changes in 
loading velocity is shown in Figure 8 along with a simulation using the two-mech- 
anism model. Table 2 contains a list of parameters for this fit. For velocities 
_> 0.10 #m/s, the velocity-weakening nature of the state-variable behavior results in 
stick-slip sliding. During the stick-slip sliding portion of this experiment, an 
evolution effect is still observed (seen in Figure 8 by the increase in friction 
following the velocity step from 0.32 to 0.10 #m/s). With the decrease in loading 
velocity to 0.056 #m/s, a transition in behavior occurs involving an increase in 
frictional strength and a change to stable sliding. Subsequent velocity steps show 
velocity strengthening; for velocities <-0.018 #m/s, no evolution effect is apparent. 
The model is not presently equipped to handle stick-slip sliding, therefore the 
simulation initiates during the rise in stress near 6500 #m displacement. As a result, 
the state-variable model parameters are not constrained by these data. In Figure 8, 
the best forward model is compared with a simulation generated using the parame- 
ters determined for the bare surface data shown in Figure 7, indicating that the 
model parameter aF for the gouge experiment is slightly greater than aF for the bare 
surface experiment (Table 2). At low velocities, the fit between the simulations and 
the data is not as good as for the bare surface experiment. The misfit might be due 
to either a decrease in effective stiffness of the gouge layer relative to the bare 
surfaces or to shearing within the gouge layer. An incorrect choice for effective 
stiffness would result in an incorrect loading slope immediately following a change 
in velocity, which is not observed. Distributed deformation within the gouge layer 
is not accounted for in our model. We assume that slip occurs on a discrete surface, 
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Figure 8 
Friction versus displacement for a series of velocity steps in an experiment conducted on antigorite 
serpentinite gouge. Dots are experimental data, the lines are simulations using the two-mechanism 
constitutive model. The solid line is a simulation from parameters chosen to match these data; the 
dashed line is a simulation using the parameters that fit the velocity steps shown in Figure 7. The 
transition to stable sliding does not coincide with a velocity step; the sample had been sliding for about 
200#m when sliding stabilized. The simulations start during the stress rise that accompanies the 

transition to stable sliding. 

whereas slip may occur throughout the gouge layer. The misfit between the 

experimental data and the simulation at these low velocities is probably a result of  

flow within the gouge layer. This contention is supported by the better fit of  the 

model to low-velocity data from bare surfaces than from gouge layers. 

The response of  a gouge layer of  lizardite serpentinite to a series of  step-changes 

in loading velocity is shown in Figure 9 along with a simulation using the 

two-mechanism constitutive model; the parameters used for this fit are listed in 

Table 2. In this experiment, the velocity dependence of  the state-variable mecha- 

nism is very small with short-term velocity strengthening, resulting in stable sliding 

over the entire range of  velocities tested. The simulation matches the state-variable 

behavior of  the data well at high velocities. While the predicted stress levels match 

the data at low velocities, the experimental data show a much more rounded 
transient response than predicted by the model. As in the antigorite serpentinite 

gouge experiment, the misfit between the experimental data and the simulation at 

these tow "r may result f rom flow within the gouge layer that is not included 
in the model. 
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Figure 9 
Friction versus displacement for a series of velocity steps in an experiment conducted on lizardite 
serpentinite gouge. Dots are experimental data; the line is a simulation using the two-mechanism 

constitutive model. 

Timed-hoM Tests 

We conducted timed-hold tests on gouge layers of both antigorite and lizardite 
serpentinite in order to test whether two mechanisms contribute to the frictional 
time dependence. All of the timed-hold tests in this study were conducted on layers 
of serpentinite gouge, not on bare surfaces. The response of serpentine to hold tests 
does reflect two-mechanism behavior, with the different responses dependent on 
both the initial velocity prior to the hold and upon the length of hold time. 

Two-mechanism behavior in the serpentinite experiments is reflected in the 
response of the serpentinites to reloading following a hold (Figure 10). For holds 
initiated at sliding velocities below the transition velocity (V t . . . .  ~0.1 ktm/s for 
antigorite and ~ 1.0 ~tm/s for lizardite), the behavior of both antigorite and lizardite 

Figure 10 
Examples of timed-hold tests on antigorite and lizardite gouge for both short and long holds. (a) 
Reloading curve of antigorite gouge from a hold initiated from a velocity (0.006/1m/s) below Vtrans, 
illustrating the simple reloading shape of both serpentinites from holds occurring entirely in the 
flow-dominated regime. (b) Lizardite gouge. Load point velocity was 3.16 #m s -1 which is above V t ... .  
for this material. (c) Antigorite (GC) gouge. Load point velocity was 0.316 #m s - l  which is above Vtran ~ 
for this material. Sliding was by stick-slip motion in the antigorite gouge layer, until stick-slip was 

suppressed by the long holds. 
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gouge is the same as one another and is very simple. It consists merely of a gradual 
return climb to the steady-state level (Figure lOa). 

For holds initiated from velocities higher than Vt .... the reloading responses of 
the serpentinites is more complex, with the response of the antigorite gouge 
complicated by stick-slip sliding at high velocities. For this reason, we discuss the 
simpler response of lizardite gouge to holds before discussing antigorite gouge. 
Lizardite gouge exhibits stable sliding at high velocities, and upon reloading after 
short hold times the coefficient of friciton rises over a transient peak followed by a 
return to ]~steady-state (Figure 10b, 103 sec hold). This transient peak is similar to that 
observed for quartzite and granite (e.g., DIETERICH, 1972 and 1979), and is 
evidence of the evolution effect active in the lizardite gouge at high velocities. 
Following longer hold times, there is a local maximum similar to the peak expected 
after a hold, but it is not at the maximum friction level. The small bump on 
reloading after the longer holds on lizardite, while not as high as the steady-state 
stress, presumably represents the time-dependence of the state-variable mechanism. 

For holds on antigorite gouge initiated from velocities higher than Vt ..... 
friction traces upon reloading from a hold show two distinct forms, depending on 
the length of the hold and the history of previous sliding. Sliding at high velocities 
on antigorite gouge occurs by stick slip regardless of previous history, provided that 
sliding continues over a sufficiently long distance. Reloading from short holds 
initiated during stick-slip sliding involves an unusual increase in resistance com- 
posed of stick-slip events in which the envelope of the stick-slip events follows the 
usual peak and steady-state level behavior (first 103 sec hold in Figure 10c). 
Reloading from intermediate-length holds following stick-slip sliding reveals no 
stick slip during the loading and the friction increases to a considerably higher level 
before an eventual stick slip event (3.2 • 104 sec hold in Figure 10c). After even 
longer holds, the behavior is similar except that the friction level reached is even 
higher and sliding is initially stable (105 sec hold in Figure 10c). A subsequent short 
hold initiated after small displacement remained strong during the relaxation and 
was followed by stable sliding. The reload following the short hold climbed back to 
the same high friction level that existed before the hold and continued to slide 
stably (final 103 sec hold in Figure 10c). The two 103 sec holds in Figure 10c 
conducted at different times during this experiment differ significantly and depend 
on previous slip history. 

The change in the form of reloading from timed holds is consistent with the 
two-mechanism model. In our experiments, we set the loading velocity to zero 
during the hold, but the velocity at the sliding surface is not zero due to relaxation 
of the spring between the loadpoint and the surface. If the loading velocity and the 
slip velocity are not equal, the shear stress changes according to: 

~ t  = k ( V o  - V )  (6) 
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in which the change in fricitonal stress with time is proportional to the difference 
between the loading velocity V0 and the sliding velocity V through the spring 
constant k. During the hold portion of the test, V0 is zero, so that d#/dt = - k V .  

During a hold, the sliding velocity approaches zero, allowing us to sample ever- 
decreasing velocities. Holds initiating from velocities less than Vtrans should only 
sample flow-mechanism behavior which lacks a time-dependent term. Consequently 
such hold tests should not exhibit a transient peak in the frictional level upon 
reloading and, indeed, we do not observe a transient peak in our experiments under 
these conditions. Holds initiated at higher velocities start in the state-variable-dom- 
inated regime. During short holds, the serpentinite is in the state-variable-domi- 
nated regime and should display a transient peak frictional level upon reloading, 
indicative of the evolution effect of the state-variable mechanism; this is observed in 
our experiments. During long holds initiated from high velocities, the serpentinite 
begins in the state-variable-dominated regime but eventually moves into the flow- 
dominated regime as the velocity decreases. Reloading from these long holds should 
be influenced by the flow-dominated regime. This is expressed in antigorite by the 
stable sliding following long holds, as well as the metastable high stress and stable 
sliding in subsequent shorter holds (Figure 10c, second 103 sec hold). We presume 
that following long holds, the transient peak in lizardite is caused by the evolution 
effect and that the higher steady-state friction level reflects the flow mechanism, but 
we do not understand this behavior in detail. 

Strengthening during holds: 
The peak friction levels of the antigorite serpentinite gouge for timed holds 

conducted during two experiments and at three loading velocities are shown as a 
function of hold time in Figures 1 la and 1 lb. For a loading velocity of 0.32 l~m/s, 
there are two peak friction levels for any given hold time (Figure 1 la). In the 
antigorite serpentinite experiment frl01, after sufficiently long holds the peak 
friction level saturates and subsequent shorter holds do not revert back to weaker, 
stick-slip sliding as expected; they remain stable and the peak friciton level is almost 
invariant with hold time. In experiment frl05, the peak friction level rises after long 
holds, but may not have reached saturation; a subsequent 102 sec hold does revert 
back to the weaker stick-slip sliding mode. One set of timed holds for experiment 
frl05 followed sliding at much lower velocities (solid diamonds connected by solid 
line) began and remained at the strong and stable peak friction level. Figure 1 l b 
shows peak friction levels for loading velocities of 0.006 and 3.16 Ixm/s. The holds 
at the lower loading velocity remain stable for the range of hold times tested and 
the peak friction levels are single valued; the holds at the higher loading velocity 
achieve an apparent peak friction saturation while continuing to stick slip during 
reloading. 

The peak friction levels of the lizardite serpentinite gouge for timed holds 
conducted during two experiments and at two loading velocities are shown in 
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Serpent in i te  Time Dependence 
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Figure I 1 
Peak friction of serpentinite gouge versus hold time. (a) GC gouge with Viola = 0.32 #m/s, illustrating 
the two-mechanism behavior of antigorite serpentinite. Open symbols indicate holds for which the 
serpentinite was stick-slipping before and after the holds; solid symbols indicate holds for which the 
serpentinite slid stably. Lines connect the data points in the order in which the hold tests were 
performed. Triangles (frl01) are plotted relative to the right axis; diamonds (frl05) relative to the left 
axis. (b) GC gouge with Vload = 3.2 #m/s (circles) and 0.006/,m/s (hour glasses) from experiment frl05. 
(c) T91NI6 gouge with Vload =0.32#m/s. (d) T91NI6 gouge with VloaO =3.2#m/s (> V t .... for 
lizardite). Circles and triangles show two different hold series conducted during one experiment (fr114). 

Figures l l c  and l l d .  Fo r  loading velocities o f  both  0.32 and 3.2 I,m/s, the peak 

friction levels remain essentially invariant  with hold time. 
The double-valued nature o f  the peak friction levels observed in the antigorite 

serpentinite gouge at velocities -> 0 .32 / ,m/s  in Figure 11 reflects the double-valued 

steady-state friction levels for  loading velocities greater than the transit ional veloc- 

ity (Figure la). Because the loading velocity during reloading f rom a hold is much  

higher than the current  slip velocity, reloading takes place a long a constant-state 

line in Figure l a. This brings the trajectory up along the upper  branch o f  the 

steady-state curve. As in velocity-step tests, the transit ion between mechanisms in 
the experimental da ta  is sluggish compared  to model  predictions, allowing a large 
number  o f  hold tests to occur completely on the upper  branch.  I f  the loading 
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velocity is below the transition velocity, all deformation takes place in the flow 
mechanism, and only one possible response is predicted by the model, This is in fact 
what we observe in hold tests at low loading velocity (0.006 #m/s in Figure 1 lb). 

When the same type of test is performed on lizardite, which has a velocity- 
strengthening response in the state-variable field, the results are single-valued over 
the entire range of hold times tested (Figure 11). As seen in Figure lb, when the 
state-variable component has a velocity-strengthening steady-state response, com- 
bined steady-state exists at all velocities. This predicts the single-valued peak 
friction results that are observed in our experiments. 

Behavior during relaxations: 
That two mechanisms accommodate deformation of serpentinite is evident in 

the frictional relaxations during timed-hold tests on both antigorite and lizardite 
serpentinite gouges. When relaxations performed on serpentine are plotted as 
frictional strength versus log of time, the change in mechanism at low velocity is 
seen clearly. The shapes of the relaxations du~ing 10 4.5 sec (8.8 hours) holds in the 
antigorite serpentinite are shown in Figure 12a. In this figure, holds initiating from 
three different loading velocities are shown. For two of these velocities, 0.32 and 
3.2 #m/s, sliding occurred by stick-slip motion prior to the timed holds. The 
relaxations for holds starting at these higher velocities show an initial shallow slope 
followed by a large increase in slope at long times. A similar marked increase in 
slope has been observed for quartz gouge under hydrothermal conditions and has 
been correlated to a change in deformation mechanism by microstructural observa- 
tions (CHESTER and HIGGS, 1992). 

The shapes of the relaxation curves during 1045 sec holds in the lizardite 
serpentinite gouge have been examined in two experiments and two velocities 
(Figure 12b). Prior to the holds, sliding was stable in experiment fr114, whereas 
sliding was unstable in experiment frl09. Where sliding was stable prior to the hold, 
the initial frictional decrease upon initiation of the hold reflects the state-variable 
direct effect, and the subsequent deviation from this initial line (upward concavity) 
reflects strengthening with continued evolution of the state variables (the evolution 
effect). Where sliding was by stick-slip motion prior to the hold, the system was not 
at steady-state and the relaxation does not show a direct and evolution effect at 
short times (compare with Figure 12c). However for both cases in Figure 12b, the 
initial form of the serpentinite relaxations changes to a large increase in slope at 
longer times, indicating the influence of the flow mechanism at lower sliding 
velocities. 

For holds initiated from loading velocities less than Vt ..... only the flow 
mechanism of the two-mechanism model should be sampled. Our experiments show 
that neither antigorite nor lizardite serpentinite gouge display state-variable behavior 
in relaxations starting from velocities less than Vt .... (Figures 11 and 12a). 
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The parameter aF can be directly determined from the low-velocity portions of  
the stress relaxation data. We model the low-velocity relaxations with the flow 
constitutive law (equation (2)) interacting with the spring equation (equation (6)). 
The derivative of  the flow constitutive law with respect to time is 

d# d In V a F dV  
dt aF dt V dt (7) 

During a relaxation, the loadpoint velocity Vo is zero. Setting equation (7) equal to 
equation (6) yields the differential equation 

dV k 
- v 2 ( 8 )  

d t  a F 

with a solution 

V = ar /k  (9) 
fl + t"  

If we assume that Op/dt = 0 (see equation (6)) before the hold, then at the start 
of  the hold (t = 0) V is the sliding velocity (V = Vinit) and 

The solution to equation (8) is then 

aF 

k V i n i t  " 

During the relaxation, 
solution in equation (2) yields 

~u = #* + ae  in - av ln(fl + t). 

( 10a) 

aF/k Vinit 

kVinit "j- t 1 + - -  \ aF J 

V starts at Vinit and decreases with increasing t. Using this 

(11) 

Figure 12 
Examples of frictional relaxations during timed-hold tests. (a) Relaxations during 104.5 sec holds on GC 
serpentinite gouge from three different initial loading velocities. During the holds, the 0.316 and 
3.16 pm/s relaxations exhibited stress drops. Note the large increase in relaxation rate at long times. (b) 
Frictional relaxations during 104.5 sec holds on lizardite serpentinite gouge. Two experiments and two 
loading velocities are shown. Prior to the holds, sliding was unstable in experiment frl09 (top data 
curve) and stable in experiment fr114. (c) Examples of state-variable relaxations from experiments 
conducted on quartzite and granite, illustrating the effects of stable vs. stick-slip sliding prior to a hold. 
The hold on granite bare surfaces initiated from stable sliding and shows an initial decrease in frictional 
strength (reflecting the state-variable direct effect) followed by a deviation from this line caused by 
strengthening due to evolution of the state variables, resulting in a sigmoidal shape similar to that in the 
lizardite experiment. The quartzite gouge experiment was stick-slipping prior to initiation of the hold 
and the deviation from state-variable behavior reflects the fact that the hold initiated from the bottom 

of the stick-slip cycle. 
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For the flow constitutive law, the derivative of # with respect to In(time) is 

d~ d ln(fl + t) 
- a g  ( 1 2 )  

d l n t  d l n t  

At sufficiently long times, kt  >> aF/Vinit and 

d# 
d i n  t = --aF" (13) 

The slope of relaxations on a plot of p versus In(time) will yield the value of aF 
directly at relaxation times much greater than ft. 

It is also possible to fit equation (11) to stress relaxation data as long as sliding 
is controlled by the flow constitutive law. This was accomplished by RUTTER et al. 
(1978) to calculate flow-law parameters for ductile rock deformation from stress 
relaxation experiments. However, they concentrated on a power-law model for flow, 
which does not fit our velocity-step data ( R E I N E N  et  al., 1992a; REINEN, 1993). 

Figure 13a shows an antigorite gouge relaxation initiating from sliding at 
0.006 #m/s, well into the flow constitutive behavior field. The model fit to the data 
is nearly perfect and yields a value of aF of 0.0182. For slip controlled completely 
by the flow mechanism, there is no history dependence such as is introduced by the 
state variables in the state-variable constitutive law. Consequently, it is possible to 
apply our method for determining aF to any part of a data set that is slipping 
sufficiently slowly to be dominated by the flow mechanism. This makes it possible 
to determine aF from relaxations that start at velocities higher than Vt .. . .  using the 
portion of the relaxation that occurs at long times and low velocity. Figure 13b 
shows a determination of ae (0.0236) for a relaxation initiating from sliding at 
1.0 #m s-1 and 125 MPa normal stress on lizardite powder; this velocity was above 
V, .. . .  and consequently the hold starts in the state-variable field. The discrepancy 
between the fit and the data at times less than 5000 seconds reflects the influence of 
the state variable mechanism; these data are excluded from the fit. At longer times, 
the fit is indistinguishable from the data. 

Figure 13 
Illustration of  the methods for determining the parameter a e from relaxation data. Solid lines show fits 
using either equation ( 1 I) (parts a and b) or equation (2) (part c). Dots are data points; in many places 
the dots are so numerous that they are indistinguishable. Heavy dots show data points used for fitting; 
light dots represent data excluded from fits. (a) Determination of  ae by fitting equation (11) to coefficient 
o f  friction versus time, from a hold on GC gouge at 25 MPa normal stress. The relaxation initiated at 
0.006 pm s -  1, well into the flow regime of  this material. (b) Determination of  a F by fitting equation (11) 
to coefficient o f  friction versus time, from a hold on T91NI6 gouge at 125 MPa normal stress. The 
relaxation initiated at 1.0 #m s -~, well into the state-variable regime of  this material. (c) Direct 
determination from fit of  coefficient o f  friction versus ln(V) using the flow law (equation (2)), from the 
same relaxation as in part (b). Sample slip velocity was determined from slip displacement using a 

differencing interval of  0.1 #m. 
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Table 3 

Comparison of  values of  parameter a F determined from velocity steps in the flow regime and from relaxation 
tests initiated in the flow regime (low-V relaxation) or in the state variable regime (high-V relaxation). 
Values of  Vi give the velocity at which relaxations were initiated. All data were determined at 25 MPa 

normal stress, except where noted 

Velocity steps High- V relaxation Low- V relaxation 

Antigorite, bare 0.0157 (no data) (no data) 
0.0186" 
0.0181 
0.0220 

Antigorite, powder 0.0296 0.0403 (V~ = 0.316) 0.0182 (V~ = 0.0056) 
0.0679 (V i = 3.16) 

Lizardite, powder 0.0237 (V~ = 1.0)t 0.0175 (V~ = 0.0316) 
0.0197 (II,. = 0.0316)t 

0.0230 

* 100 MPa normal stress 
]" 125 MPa normal stress 

Because the flow mechanism lacks any hist&y dependence, the strength at all 
times during a relaxation controlled by the flow mechanism reflects the current slip 
velocity. Thus, if the sample slip velocity can be determined, aF can be determined 
directly from the flow law (equation (2)) by a linear fit of/~ versus In(V). Such a 
determination is shown in Figure 13c using velocities determined with our internal 
resolver from the same relaxation shown in Figure 13b. As in Figure 13b, the data 
at early times and higher velocities reflect the influence of the state-variable 
mechanism, but at low velocity the data are well fit by the flow constitutive law and 
yield a value for aF of 0.0236, in excellent agreement with the value determined by 
fitting equation (11) to the stress relaxation. Unfortunately, resolver data were not 
available during the relaxation in Figure 13a, and this method could not be applied 
to that case. 

We have made determinations of aF from both velocity-stepping experiments 
and relaxations and find that the values do not always agree, but do show 
systematic variations. Table 3 presents results for velocity steps on antigorite bare 
surfaces and powder and on lizardite powder done at sufficiently low velocity so 
that the flow mechanism should dominate. In addition, values are shown for 
antigorite and lizardite powder determined from relaxations initiating below Vt .. . .  
( "Low V") and above V t . . . .  ("High V"). Bare surface antigorite values from 
velocity steps agree well with the results from relaxations initiated at low velocity on 
both antigorite and lizardite, all of  which cluster around 0.018, while values from 
velocity steps performed on powders and relaxations initiated at high velocity tend 
to have higher values. The higher values of aF in the gouge experiments may be 
caused by changes in gouge textures as the deformation mechanism changes; this is 
described in the Discussion section later. Relaxations involve less total slip than do 
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velocity-step tests and may, therefore, give values of ar that more nearly reflect the 
intrinsic material behavior. 

Relaxation Simulations 

The loading velocity prior to initiation of a hold affects the shape of the 
relaxation in the two-mechanism constitutive model. In Figure 14a, the simulations 
were generated using the same parameters used to model the bare surface antigorite 
serpentinite experimental velocity-step data in Figure 7. All three simulations in 
Figure 14a show an initial concave-up curvature reflecting the state-variable mech- 
anism, followed by a sharp drop in frictional strength at long times, reflecting 
transition to flow-dominated behavior�9 The slope of these simulations at long times 
is ar. Since 0.32/tm/s is close to the transitional velocity, the relaxation beginning 
at this loading velocity undergoes the transition to flow-dominated behavior at 
shorter times than the relaxations initiating from faster loading velocities. Figure 
14b shows the effect of loading velocity prior to a relaxation for models generated 
with the parameters used to model the lizardite serpentinite gouge velocity-step data 
in Figure 9. For all three starting velocities (Figure 14b), the initial shallow slope 
is followed by a strong decrease in frictional strength with log time. Like the 
simulations in Figure 14a, these three simulations all converge to a single line of 
constant slope. In the two-mechanism constitutive model with rate-strengthening 
state-variable behavior, all lines of constant state undergo the transition to flow- 

Two-Mechanism Model Relaxations 
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Figure 14 
Model simulations illustrating the effect of loading velocity prior to a hold on the form of two-mecha- 
nism relaxations. (a) Rate-weakening state-variable law parameters. The simulations were generated with 
the parameters used to model the antigorite serpentinite experimental velocity-step data in Figure 7. (b) 
Rate-strengthening state-variable law parameters used to model the lizardite serpentinite velocity-step 

data in Figure 9. 
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dominated behavior at nearly the same velocity (see Figure lb). This results 
in convergence of relaxations from different starting velocities, as exhibited by 
the lizardite serpentinite (Figure 12b). In contrast, antigorite serpentinite has 
rate-weakening state-variable behavior and lines of constant state should undergo 
the transition to flow-dominated behavior at very different velocities (see Figure 
la). This would result in relaxation transitions occurring at very different times 
depending on the initial sliding velocity (Figure 14a), as exhibited by the antigorite 
serpentinite (Figure 12a). 

Figure 15a compares a relaxation from an experiment conducted on antigorite 
serpentinite gouge with simulations generated with the two-mechanism constitutive 
model; the relaxations all start from the same initial loading velocity (0.32/~m/s). 
The simulations were generated using the best-fit parameters used to model 
velocity-step data from experiments on both bare surfaces and gouge layers of 
antigorite serpentinite (Figures 7 and 8); the velocity-step data used to determine 
the gouge parameters are from the same experiment as the relaxation data. At short 
times, the experimental data have a shallow slope, most likely resulting from the 
low stresses in the stick-slip cycle in the gouge layer at the beginning of the 
relaxation; the simulations do not account for stick-slip sliding and neither simula- 
tion matches this slope well. At long times, the slopes of the simulations match the 
slope of the experimental data; the simulation from the gouge parameters matches 
the data slope better at long times than does the simulation from bare surface 
parameters. 

Figure 15b compares relaxations from an experiment conducted on lizardite 
serpentinite (loading at 0.32 and 3.2 #m/s) with the simulations in Figure 14b. The 
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to model velocity-step data; simulation parameters are listed in Table 1. (a) GC gouge relaxation. (b) 

T91NI6 gouge relaxations; results from two initial loading velocities are shown. 
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initial shallow slopes of the experimental data are well matched by the simulations, 
and the slope of the experimental data at long times is quite similar to the slope of 
the simulations. The transition in curvature takes more time in the experimental 
relaxations than in the model relaxations. In the simulations, the flow mechanism 
dominates early on as the state-variable mechanism requires continued displace- 
ment to evolve. This is consistent with the velocity-step test modeling results in 
which the experimental data take more time (and/or displacement) to undergo the 
transition between state-variable- to flow-dominated behavior than do the simula- 
tions. We are continuing to work toward understanding and correcting the misfit in 
the model transitional regions. 

Discussion 

Polymorph Effects 

The major differences in frictional behavior between the antigorite and lizardite 
serpentinites in this study are the frictional strength and the high-velocity state-vari- 
able behavior. While bare surfaces and gouge layers of antigorite serpentinite have 
a coefficient of friction comparable to that for quartzo-feldspathic rocks under 
similar conditions, the lizardite serpentinite has a coefficient of friction less than 
half that of the antigorite serpentinite. This difference is probably due to the 
crystalline structures of the two polymorphs. The serpentine minerals are trioctahe- 
dral hydrous phyllosicates based on 1:1 layer structures. The dimensions of the 
magnesium-occupied octahedral sheet are larger than the dimensions of the silicon- 
occupied tetrahedral sheet, resulting in a significant misfit between the sheets 
(WICKS and O'HANLEY, 1988). Each polymorph represents a different solution to 
the misfit problem. In antigorite, the curving layers alternate, forming a corrugated 
morphology with the layers connected by silicon-oxygen bonds at the inflection 
points (Figure 16a); in lizardite, the misfit is accommodated within the planar layer 
producing a platy morphology with the layers connected by hydrogen bonds 
(Figure 16b). We expect the difference in frictional strength results from the 
difference in bond strengths across the serpentine layers, since hydrogen bonds are 
considerably weaker than Si-O bonds. 

The difference in the frictional strengths of lizardite and antigorite serpentine 
polymorphs is presumably due to the differences in bonding strength between 
adjacent planar layers of the serpentine crystalline structures. In classical friction 
theory, the coefficient of friction is envisioned to be equal to the ratio of the shear 
strength to the compressive strength of the area of the contacting surfaces. The real 
area of contact is expected to increase with normal stress for at least two possible 
reasons. If the contacts undergo plastic yielding in compression, then their local 
compressive stress will always be equal to the compressive yield strength, and an 
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Serpentine Polymorph Structures 
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Figure 16 
Schematic representations of the crystal structure of antigorite and lizardite serpentine polymorphs. (a) 
Antigorite structure showing the alternating curved Iayered structure and the Si-O bonds shared by 
tetrahedral layers at the changes in curvature. (b) The flat layered structure of lizardite does not have 

the bridging Si-O bonds of the antigorite structure. 

increase in macroscopic normal stress can only be supported by a corresponding 
increase in contact area (BOWDEN and TABOR, 1964). Alternatively, the compressive 
stresses may be supported elastically, and again the total contact area is expected to 
be proportional to the macroscopic normal stress (GREENWOOD and WILLIAMSON, 
1966). The size of the real contact areas for the two serpentine polymorphs should 
be similar when loaded perpendicular to the basal planes; both plastic yielding and 
elastic distortion involve the same basic building blocks for the two polymorphs, thus 
their compressive strengths should be similar. Presumably, much of the frictional 
shearing in serpentine occurs parallel to the basal planes. The Si-O bonds in the 
antigorite crystalline structure should make the shear strength of the antigorite 
contacts significantly higher than that of the lizardite surface contacts. 

Although antigorite and lizardite have very different frictional strength, in the 
flow-dominated deformational regime they have the same frictional rate depen- 
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dence. This would occur if the frictional characteristics of antigorite result from the 
sum of two contributions, one which gives it considerable strength but with no rate 
dependence, and one (which it shares with lizardite) with less strength and a strong 
rate dependence. The rate dependence that they share could come from the process 
of shearing parallel to the layer by dislocation motion, similar to that which occurs 
in micas (KRONENBERG et  al., 1990) which lack Si-O bonds between adjacent 
layers. Perhaps breaking of the Si-O bonds in the antigorite is not rate-dependent 
because the bonds are spaced far apart in the crystalline structure, and they are 
broken under the applied stress without much thermal or diffusional assistance. In 
any case, flow-dominated frictional deformation in lizardite can be modeled by a 
nonlinear viscous dashpot, and in antigorite by a dashpot and slider block in 
parallel (see e.g., TwIss and MOORES, 1992, Figure 18.6). The rate dependence of 
the flow behavior is controlled by the dashpot (basal plane slip), and the strength 
of the antigorite by the slider (Si-O bonds). The shear strength from both of these 
elements would increase in direct proportion to the normal stress because higher 
normal stress produces larger areas of contact ,for bonding. Note that increasing 
water content causes a reduction in the strength of antigorite gouge at low velocity, 
with no apparent affect on the rate dependence (Figure 4). This is consistent with 
much of the strength coming from Si-O bonds that can become water-weakened 
(GRIGGS, 1967) and with the rate dependence arising from something other than 
the Si-O bonds. 

Differences in a~ Determined from Velocity-step Tests and Relaxation Tests 

We have determined values for ar from both velocity-step tests and from 
relaxation tests. In each type of test, the value of a F appears well constrained, but 
the values differ between the types of tests. In general, relaxations yield a smaller 
value for aF than do velocity-step tests, and relaxations initiating from flow-mecha- 
nism-dominated velocities yield an even smaller value of aF. This is particularly true 
of antigorite gouge. We believe that the smaller a~ determined from relaxations 
starting from flow-dominated velocities probably represents the 'true' value of aF, 
and that the larger aF values determined from other relaxations and velocity-step 
tests include some effects of redistribution of deformation within the gouge layer. 

The frictional response of the serpentinites to sudden changes in loading velocity 
(whether velocity step or beginning of a relaxation) is not fully modeled by the 
two-mechanism constitutive model. The misfit between the model and the data 
might be due to an incorrect method of combining the two constitutive models. 
Such an explanation would result in an equal misfit with bare surface data and with 
gouge data; however the misfit with the gouge data is far greater than with the bare 
surface data. An alternate explanation for this misfit is an effect due to slip 
distribution within the gouge layer, not accounted for in the model. At high 
velocities (state-variable behavior), slip is likely to be confined to discrete planes 
and this "gouge effect" should be minimal, whereas at low velocities, the rate- 
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strengthening flow behavior may lead to more distributed deformation and the 
gouge effect should be more pronounced. A transition from localized to distributed 
slip may involve changes in frictional behavior that evolve over large displacements, 
such as the rounded response to velocity decreases seen in velocity steps on gouge 
(Figures 8 and 9). 

All of our relaxation data come from experiments conducted on layers of 
serpentinite gouge and a "gouge effect" may be important in these tests as it 
appears to be in the velocity-step tests. However, the total slip at low velocity in a 
hold test is very small. If distribution of slip requires large displacements, then the 
relaxation test may be sampling a relatively constant texture, especially at the 
longest times and lowest velocities. For a relaxation initiated in the flow regime, slip 
should already be distributed, and this may explain the smaller values of aF 
determined from these tests. This suggests that a F determined from relaxations 
initiated at low velocity may reflect the "true" material property, while velocity 
steps and relaxations from high velocities may include effects of changing slip 
distributions within the gouge. 

Experiments conducted on bare surfaces of antigorite serpentinite produce little 
gouge (REINEN et al., 1991) and should not be influenced substantially by these 
gouge effects at either high or low velocities. No changes in slip distribution are 
expected and the flow mechanism velocity steps should exhibit only the rounding 
caused by machine compliance, which is accounted for by our numerical model 
(contrast Figure 7, bare surface antigorite, with Figures 8 and 9). Constitutive 
parameter determinations from bare surface experiments should yield similar values 
from any kind of test; unfortunately, all our relaxation tests were performed on layers 
of gouge and additional experiments are required to test this hypothesis. 

Comparison with Other Crustal Rocks and Possible Physical Processes 

Antigorite and lizardite serpentinites exhibit state-variable behavior at high 
experimental loading velocities; this is similar to that which is observed for other 
crustal rocks such as .granite (DmTERICH, 1979, 1981; TULLIS and WEEKS, 1987; 
BIEGEL et al., 1989; BEELER et al., 1992), quartzite (RUINA, 1983; MARONE et al., 
1990; WEEKS et al., 1991; WEEKS and TULLIS, 1992), and gabbro (Cox, 1990). In 
contrast to the behavior of serpentinite, bare surfaces of granite display velocity- 
weakening behavior at room temperature over the range of velocities sampled in 
our experiments. At low experimental loading velocities, serpentinite undergoes a 
transition to velocity-strengthening behavior. Both this transition and the form of 
the frictional response of serpentinite to step changes in loading velocity are 
qualitatively similar to that observed in granite and quartzite under hydrothermal 
conditions (BLANPIED et  al., 1991; CHESTER and HIGGS, 1992). 

Possible physical processes active in friction experiments include brittle pro- 
cesses, localized dislocation flow, and diffusive transfer processes. CHESTER and 



Vol. 143, 1994 Frictional Behavior of Rocks 353 

HIGGS (1992) have verified through microstructural observations that the change in 

velocity dependence in quartzite with increasing temperature is correlated to a 
change in deformation mechanism. At low temperatures, eataclastic deformation 
dominates under dry conditions, and solution-precipitation processes dominate 
under hydrothermal conditions. In our room temperature experiments on ser- 
pentinite, we do not expect solution-precipitation processes to play an active role 
in the deformation; however, other processes may be active. Since temperature 
and time have the same effect on diffusive transfer processes, we expect that 
decreasing velocity in our experiments may activate a second deformational 
mechanism corresponding to increasing temperature in quartzo-feldspathic rocks. 
Decreasing velocity increases the time of contact of asperities on the sliding 
surfaces, allowing more time for deformation to occur. We believe that the most 
likely physical process for the flow mechanism in serpentine is dislocation glide, 
which has been observed in biotite at room temperature by KRONENBERG et al. 

(1990), and may be possible in other sheet silicates under similar conditions. The 
flow law we use is of the same form as that used by KRONENBERG et al. (1990) for 
dislocation glide in biotite (REINEN et al., 1992a). Figure 17 compares the rate 
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Figure 17 
The rate dependence of dislocation glide in biotite compared with the rate dependence of the 
state-variable and flow mechanisms in serpentine. The biotite data are from KRONENBERG et al. (1991). 
For each material, the data and lines were normalized by the experimental data at the highest strain rate 

(or velocity); normalized results were then offset for clarity. 
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dependence of dislocation glide in biotite with the rate dependence of the flow 
mechanism in serpentinite (ae) as determined from velocity-step tests. The similar- 
ity of the slopes of the flow-mechanism lines and the biotite lines suggests that 
dislocation glide is probably responsible for the flow mechanism. These data also 
have implications for the origin of the state-variable mechanism. The strong 
difference between aF and asv indicates that it is unlikely that the process responsi- 
ble for each is dislocation glide. Fracture growth and fracture healing, both of 
which are time-dependent processes, are possible candidates for the state-variable 
constitutive behavior. 

Implications for Natural Faults Containing Serpentine 

The results from our study have important implications for both the strength 
and sliding stability of natural faults containing serpentine. The rate-strengthening 
nature of both serpentinites at low velocities (Figure 6) indicates that the frictional 
strength of the serpentinites decreases with decreasing velocities. While antigorite 
has a coefficient of friction similar to that of other crustal rocks, the coefficient of 
friction of the lizardite serpentinite is significantly lower, indicating that natural 
faults containing lizardite serpentine should have a shear strength less than half that 
expected on other crustal faults. Lizardite is the most common polymorph of 
serpentine identified on oceanic transform faults (e.g., AUMENTO and LOUBAT, 
1971; JANECKY and SEYFRIED, 1986; PRICHARD, 1979), and its presence may 
explain the apparent weakness of these faults. Serpentine is common in the 
Franciscan rocks found along the central section of the San Andreas fault and 
should promote stable fault creep. If these serpentinites contain lizardite, then the 
low frictional strength of lizardite may explain the low stresses observed on the 
central section of the San Andreas fault. With modest temperature increases above 
room temperature, as used in our experiments, the frictional strength of lizardite 
could easily drop below 0.1 (REINEN et al., 1993). This would obviate the need for 
high pore pressures to account for low stresses on the creeping section of the San 
Andreas fault. Low stress on fault sections that only slip seismically might result 
from other mechanisms that operate during dynamic slip. 

In addition, alignment of the sheet-like morphology of antigorite and lizardite 
serpentine polymorphs may reduce the permeability of fault zones containing 
serpentine. This could allow for pore pressures within the fault zone to build up, 
effectively reducing the shear strength of the fault (e.g., BYERLEE, 1990; RICE, 
1992). Aligned serpentine within a fault zone could also promote anisotropic 
permeability with higher values parallel to the fault and lower values across it. Such 
anisotropy would also help reduce the strength of the fault relative to the surround- 
ing crust (RICE, 1992). 

The transition in velocity dependence observed in our experiments indicates a 
transition in stability of sliding of serpentinized faults. At high velocities, the 
velocity 
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weakening behavior of the serpentinites may lead to unstable sliding (analogous to 
earthquakes) on serpentinized faults. The velocity-strengthening behavior observed 
at low velocities only results in stable sliding. Our velocity-step experiments sample 
loading velocities down to 0.001 #m/s, corresponding to a plate motion rate of 
31.5 mm/yr; relaxation tests sample velocities down to 2 x 10 .5 #m/s. Our results 
indicate that if slip on a fault is accommodated by frictional sliding of either 
antigorite or lizardite serpentinite, then only stable fault creep can occur at typical 
rates of plate motion. However, unstable slip may occur if the serpentinized region 
is forced to move at higher rates. This suggests that while serpentinized regions 
cannot be the site of initiation of seismic slip, seismic slip can propagate through a 
serpentinized region from an adjacent section of the fault. 

Our reported values of frictional strength and transition velocities are bounding 
limits given the finite ,Mdth of the deforming region in our experiments. Rate- 
strengthening behavior (as observed in serpentinite experiments at low velocities) 
leads to distributed deformation rather than shear localization. Because of the finite 
width of the deforming layer in our experiments, our reported values of the 
coefficient of friction represent an upper bound for any given relative displacement 
rate between two sliding blocks. In natural faults, the width of the deforming layer 
may be greater than the < 1.0 mm represented in our experiments. Greater widths 
produce lower strain rates within the deforming layer. Lower strain rates for a given 
plate velocity should result in both lower coefficients of friction and a higher 
transition velocity, decreasing the strength and increasing the stable-slip velocity 
range of a serpentinized fault. 

Conclusions 

Laboratory studies of the frictional behavior of rocks can provide important 
information about the strength and sliding stability of natural faults. Two-mecha- 
nism constitutive models are required to describe the frictional behavior of rocks 
under crustal conditions. We have conducted experiments on the frictional behavior 
of serpentinite, a rock common to crustal faults, and we report the results of those 
experiments here. Our major findings described in this paper are: 

1. The frictional behavior of both antigorite serpentinite and lizardite serpen- 
tinite can be modeled by a two-mechanism constitutive law combining state-variable- 
dominated behavior at high velocities and flow-dominated behavior at low velocities. 
Both rate-strengthening and rate-weakening state-variable behavior is observed in 
experimental velocity-step and timed-hold tests, and is described by the model. 

2. The frictional strength of lizardite is very low, while that of antigorite is 
comparable to other crustal rocks. Small increases in temperature could result in a 
coefficient of friction of lizardite below 0.1. This suggests that the presence of 
lizardite serpentinite may account for the apparent weakness of crustal faults. 
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3. The low velocity data for both antigorite and lizardite serpentinites illustrates 
strong rate-strengthening behavior, which should lead to aseismic creep on faults 
containing either serpentinite. 

4. Both velocity-step tests and relaxations during time-hold tests show the 
transition from the state-variable- to flow-dominated behavior with decreasing 
sliding velocity. 

5. The slopes of relaxations at long times provide values of ar (the flow 
behavior rate dependence) which are comparable to those acquired from velocity- 
step tests. 

6. When elevated temperature is introduced as a variable, other rock types may 
also show two mechanism behavior. The analysis presented here for serpentinite at 
room temperature should be helpful in understanding the frictional behavior of 
many rock types. 
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