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similarity strongly supports the idea that 
earthquakes. 

Brace and Byerlee (1) suggested 
stick-slip friction as a possible mecha- 
nism for shallow earthquakes because 
it produces jerky displacements and 

qualitatively explains, in terms of par- 
tial stress drops, the small stress release 
inferred for earthquakes compared with 
inherent rock strengths. We began a 
systematic laboratory study of the dy- 
namic properties of stick-slip in order 
to understand more clearly the stick- 
slip mechanism and to suggest geophys- 
ical measurements that would indicate 
whether earthquake and stick-slip 
mechanisms are similar. Our results 
show that the dynamic behavior of 

stick-slip is nearly identical with that of 
earthquakes and provide a strong argu- 
ment for the stick-slip model of shallow 
earthquakes. 

These measurements were made with 
a new type of friction testing machine 
(2). The sample is a slab 10 by 18 by 
3 cm, with a sliding surface formed by 
a ground cut made diagonally at 30? 
across its major face. The sample is 

placed in a biaxial load frame and 
loaded on two perpendicular edges with 

hydraulic rams, while the other edges 
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stick-slip is the mechanism for shallow 

are allowed to move freely on roller 
bearings in such a way as to allow un- 
constrained slip on the 30? "fault." 
Stresses are maintained uniform to 
within 10 percent along the entire fault 
and normal stresses up to about 1 kb 
are possible. 

Particle velocity was measured di- 

rectly across the fault by using either 

Table 1. Rupture velocities, Vr, for stick-slip 
events at shear and normal stresses ri and r,. 
The shear stress drop is Ar. 
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a differential capacitance displacement 
transducer or a linear variable resistor 
mounted directly on the specimen and 
across the central part of the fault. The 
velocities and general wave forms from 
the two different transducers agree well; 
thus, the transducer output faithfully 
reproduces the actual displacements. A 
typical curve of displacement as a func- 
tion of time for a stick-slip event is 
shown in the lower right corner of Fig. 
1. The displacement source time func- 
tion is roughly a truncated ramp, with 
a gradual beginning and termination. 
The ramp systematically steepens with 
increasing stress drop (and hence total 
stress). The velocities were measured 
by fitting a straight line through the in- 
clined section of the ramp by eye. The 
estimated errors in this procedure are 
about 10 percent. 

The rupture velocity was measured 
by photographing the output of four 
axial piezoelectric transducers (acceler- 
ometers) displayed on an oscilloscope. 
The transducers were spaced evenly at 
3-cm intervals along one side of the 
fault and at 5 mm from the fault edge. 
The passage of the rupture front was 
visible as a large pulse with a relatively 
long period followed by a higher fre- 
quency coda. The propagation time be- 
tween different transducers was mea- 
sured by using the first sharp break in 
the signal and the velocities computed. 
The velocities obtained between differ- 
ent transducers agreed within the as- 
signed experimental error of about + 15 

percent, which was largely based on 
difficulties in choosing the first break. 
Richards (3) suggests that a large ac- 
celeration may occur before the passage 
of the rupture front, thus making its 
identification difficult, but as long as 
the recorded acceleration pulse shapes 
are uniform along the fault the rupture 
velocity will be correctly measured. 

Changes in the acceleration pulse shape 
along the fault were occasionally ob- 
served, but rupture velocities were only 
measured from uniform signals. Our 
observations are that the rupture ac- 
celerates to its terminal velocity very 
rapidly, that is, within about 3 cm. This 
contrasts with a fracture in virgin 
rock, which takes 20 to 30 cm to reach 
its terminal velocity (4). 

Figure 1 and Table 1 present labo- 

ratory measurements of particle velocity 
and rupture velocity as a function of 
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ratory measurements of particle velocity 
and rupture velocity as a function of 
stress and stress drop for stick-slip be- 
tween ground (80-grit wheel) surfaces 
of Westerly granite. The particle veloci- 
ties (one half the velocity of one side 
of the fault with respect to the other) 
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vary from about 2 to 50 cm/sec and 
increase systematically with shear stress 
drops of about 1 to 40 bars. The shear 
stress drop is always about 10 percent 
of the total shear stress. The rupture 
velocities vary from about 2.3 to 4.8 
km/sec. Although the data are limited 
there is a suggestion of increased rup- 
ture velocity with increased stress drop. 

Particle velocities obtained from 
strong-motion instruments located near 
earthquake epicenters range from 10 to 
just over 100 cm/sec (5, 6), in excel- 
lent agreement with our experimental 
results. No direct measurements of 
stress drops resulting from earthquakes 
exist, but theoretical relations (6-8) 
suggest stress drops in the range of a 
few bars to hundreds of bars, again in 
good agreement with the experimental 
data. 

The straight line in Fig. 1 is the rela- 
tion between particle velocity and stress 
drop predicted by Brune (7) and calcu- 
lated by using the elastic constants for 
Westerly granite (9). For comparison, 
we assume here that the effective stress 
(the difference between the static shear 
stress just before stick-slip and the stress 
resisting movement during slip) as re- 
ferred to in the theory is equal to the 
stress drop. The general agreement in 
Fig. 1 is quite good; however, prelimi- 
nary experiments in which we used dif- 
ferent thicknesses of gouge on the fault 
surface indicate that the slope of the 
curve for particle velocity plotted 
against stress drop is a function of the 
conditions on the surface of the fault. 
This presents a further complication 
not considered in Brune's model. Al- 
though our experimental results support 
Brune's model, the agreement may be 
fortuitous since the effective stress is 
equal to the stress drop only in special 
circumstances, that is, for a particular 
value of the seismic radiation efficiency 
[about 5 percent (2)]. The effective 
stress cannot presently be measured, 
hence a direct test of the theory cannot 
be made. Still, the general agreement 
shown in Fig. 1 is encouraging in that 
it suggests that Brune's seismic source 
theory is probably at least not far wrong 
(although he does not consider the 
more complicated case of a propagating 
source). 

At 250 bars confirming pressure, the 
shear velocity, V., is about 3 km/sec 
and the particle velocity, V,,, is about 
5.1 km/sec in Westerly granite (9); 
thus, the rupture velocities, Vr (Table 
1), are subshear to transonic (V, < Vr 
< V,,). Wu et al. (10), using an entirely 
different experimental arrangement, 
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Fig. 1. Particle ve- 
locity as a function 
of stress drop for 
stick-slip events with 
Westerly granite. 
The straight line is 
predicted by Brune's 
theory (7). Inset 
shows a typical dis- 
placement-time func- 
tion for an event. 
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also report subshear to transonic 
rupture velocities for stick-slip in 
Plexiglas. On the basis of model experi- 
ments for materials in tension and 
theoretical studies of crack propagation 
(11), most seismologists have assumed 
that earthquakes propagate at about 
the shear wave velocity or less, although 
Weertman (12) has proposed models 
in which transonic or supersonic rup- 
ture velocities are allowed. There is 
no strong seismic evidence for a shear 
wave velocity limit to rupture pro- 
pagation. Kanamori (13) presented 
data from an earthquake in the Kurile 
Islands in 1963 which were best fit 
by a transonic rupture velocity (4.5 
km/sec); in other studies [for example, 
(5, 6, 14)] velocities of about 2.5 to 
3.5 km/sec have been suggested. The 
S wave velocity in the upper crust 
ranges from about 3.4 to 3.7 km/sec; 
thus, the observed rupture velocities 
are subshear to transonic. However, 
these velocities are somewhat arbitrary 
since Vr is inseparable from the effect 
of fault length. Also, these rupture 
velocities are averages for earthquakes 
with complex wave forms, which 
suggest that the rupture front slowed 
and accelerated. If this occurs, the 
average velocity observed is less than 
the maximum rupture velocity. We 
believe that our experimental data are 
in good agreement with the seismic 
data on rupture velocity. 

It is interesting that Weertman's (12) 
transonic propagation model requires 
that the fault be creeping (that is, 
stably sliding) prior to stick-slip. Our 
measurements (2) show, in fact, that 
the entire fault is creeping prior to 
stick-slip in these experiments, and at 
a rapidly accelerating rate. This implies 
that the entire fault is under stress 
high enough to produce slip. One possi- 
ble way of producing transonic rupture 
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velocities might be the following: After 
failure of some section of the fault 
by crack growth at about Vs, the 
radiated P waves trigger rupture on 
isolated areas ahead of the rupture 
front, but not everywhere, due to small- 
scale inhomogeneities in the stress and 
strength distribution on the fault. Thus, 
the average velocity of the rupture front 
could lie between the S and P wave 
velocities. 

Although the dynamic properties of 
stick-slip propagation in different rock 
types have yet to be measured, the 
initial results for Westerly granite are 
so encouraging that we think stick-slip 
must be considered seriously as the 
mechanism of shallow earthquakes. 
Since stick-slip is readily observable in 
the laboratory, a rapid advance in 
understanding the basis of the earth- 
quake mechanism is possible in the 
near future. 
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The Hydroperoxyl Radical in Atmospheric Chemical Dynamics: 
Reaction with Carbon Monoxide 

Abstract. From measurements of the photochemical rate of production of 
CO16,18 and C0216,16, produced from the low intensity photolysis of mixtures of 
CO, HO0, Ar, and O,18,18, the rate constant for the reaction HO2 + CO -- CO2 + 
OH has been determined at 300?K to be less than or equal to 10-20 cubic centi- 
meter per molecule per second. These measurements indicate that the reaction 
of thermalized HO2 is of negligible importance as a sink mechanism for con- 
verting CO to CO2 in either the troposphere or the stratosphere. 
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The transient species HO2 has long 
been postulated to play an important 
role in atmospheric chemistry (1). Of 
considerable interest has been the re- 
action sequence 1, 2, and 3 

HO, + CO - CO + OH (1) 
OH+ CO-> CO + H (2) 

H + 0 +M - HO2 - M (3) 

where M is a third body. This chain 
sequence would represent a very effi- 
cient mechanism for conversion of CO 
to CO2 in the atmosphere. The possible 
importance of this coupled set of re- 
actions, however, depends on whether 
or not the rates of the above processes 
are greater than those for possible com- 

peting reactions involving the transient 

species H, OH, and HO2. Essential to 
this evaluation, therefore, are the rate 
constants for reactions 1, 2, and 3, as 
well as for possible competing reactions. 
With regard to reactions 2 and 3 and 
several other atmospheric reactions of 
H and OH, the rate constants are rea- 

sonably well known for purposes of 
this evaluation (2). In the case of re- 
action 1 and other competing reactions 

involving the HO2 species, the situation 
is much less satisfactory. In fact, until 

quite recently, the only available rate 
constant for reaction 1 was that pro- 
vided by Baldwin et al. (3), who cal- 
culated the value of kx at temperatures 
in the vicinity of 770?K from measure- 
ments of the rate constant ratio k,/k4. 
Reaction 4 in this system was the dis- 

proportionation reaction 
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More recently Westenberg and de 
Haas (5) have estimated a rate constant 
for reaction 1 at 300?K of approxi- 
mately 1 X 10-12 cm3 molec-1 sec-1, 
12 orders of magnitude greater than 
Baldwin's estimate. Westenberg (6) has 
suggested, therefore, that the coupled 
set of reactions 1, 2, and 3 do, in fact, 
represent an efficient sink for the con- 
version of CO to CO2. Westenberg's 
measurements further imply that the 
efficient conversion of CO to CO2 
could take place even in the absence of 
nitric oxide. Our purpose here is to 
report on recent measurements in our 

laboratory which indicate that reaction 
1 cannot be of significance in defining 
the chemical dynamics of either the 

troposphere or the stratosphere. 
In most of the experiments in this 

study, the production of HO2 was via 
the third order reaction 3. Recent mea- 
surements in our laboratory by the flash 

photolysis-resonance fluorescence tech- 

nique have given the absolute rate 
constant for this reaction at 300?K as 
1.95 X 10-32 cm6 molec-2 sec-1 for 

Table 1. Data for the reaction of HO2 with 
CO. The concentrations of the reactants 
were 20 torr H,O and 1 torr 018,18. The 
total pressure was 200 torr (Ar + CO) and 
the photolysis time approximately 14 minutes 
at an intensity of 3 X 1014 photons cm-2 sec-1. 
The total yield of CO2 was 8 to 14 mtorr. In 
blank experiments the yield of CO2 was about 
0.4 mtorr. The reproducibility of the results 
was ? 15 percent; the results presented here 
are the averages from 25 experiments. 

Co Relative yield 
(torr) CO216,16 CO18'18 

1 100 6.3 
10 100 6.8 
40 100 6.2 

150 100 6.4 
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M = Ar and 5.26 X 10-32 cm6 
molec-2 sec-1 for M = N2 (7). Foner 
and Hudson (8) have also detected the 
HO2 radical mass spectrometrically 
when produced from reaction 3, thus 
demonstrating the production of this 
species in the H-02-M system. In a 
limited number of experiments, we 
generated HO2 via the photolysis of 
H202. In this system, an excess of H202 
over CO ensured that most of the ini- 
tially formed OH reacted with H202 to 
produce HO2; for example 
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Foner and Hudson (8) also obtained 
direct mass spectrometric evidence indi- 
cating the formation of HO2 from the 
photolysis of H202. The mechanism of 
formation was believed to be that of 
reactions 5 and 6. 

The experimental apparatus used in 
this study consisted of a 300-cm3 Pyrex 
photolysis cell equipped with a 1-inch 
Suprasil window (transmitting wave- 
lengths above 1650 A), a Hg resonance 
lamp, and a high-vacuum (10-6 mm) 
submanifold system through which the 
gases H20, CO, 0218s18, and Ar could 
be metered into the photolysis cell. The 
output of the Hg resonance lamp was 
examined on a vacuum ultraviolet 
monochromator and was found to con- 
sist of nearly equal amounts of the two 
lines, 1849 and 2537 A. In these ex- 
periments, no attempt was made to 
block the 2537-A line since neither the 
reactants (H,O, CO, 02, Ar) nor the 
product (CO2) absorbed significantly 
at this wavelength. Blank experiments 
with H,O absent from the photolysis 
mixture indicated that production of 
CO2 from mechanisms involving reac- 
tive species other than OH and HO, 
(9) was always less than 2 percent of 
the total product CO2 observed. Analy- 
sis of the products, CO216'18 and 

CO216,16, was carried out by using a 
mass spectrometer (Consolidated Elec- 

trodynamics Corporation model 21- 
620). All reactants used in these experi- 
ments were research grade and had 
stated purities of 99+ percent. Both the 
CO and the O218,18 were passed slowly 
through a liquid N2 cold trap filled with 
glass beads before being used in photol- 
ysis experiments. In the case of CO, 
traces of iron carbonyl and CO2 were 
removed. For 0218'18 small amounts of 

CO218'8 had to be separated from the 
oxygen. Blank experiments carried out 
at the highest pressures of CO and Ar 
used in the reported experiments 
showed the residual CO2 pressure al- 
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