
California Earthquakes: Why Only Shallow Focus? 

Abstract. Frictional sliding on sawcuts and faults in laboratory samples of 
granite and gabbro is markedly temperature-dependent. At pressures from 1 to 5 
kilobars, stick-slip gave way to stable sliding as temperature was increased from 
200 to 500 degrees Celsius. Increased temperature with depth could thus cause 
the abrupt disappearance of earthquakes noted at shallow depths in California. 

One of the remarkable features of 
the earthquakes in California is that 
they are limited to depths of 10 to 20 
km (1, 2). Is the motion on a fault sys- 
tem as long as the San Andreas there- 
fore also limited to these depths? Such 
a conclusion would seem to be at vari- 
ance with modern theories of plate tec- 
tonics (3), which suggest plate thick- 
nesses of several times this amount. 
Another possibility is that, although 
earthquake motion stops at shallow 
depths, earthquake-free motion similar 
to fault creep (4) continues to consid- 
erably greater depths. But why then is 
there a change in character of the slid- 
ing motion with depth? In other words, 
why do the earthquakes disappear? 
Here we report experiments that sug- 
gest that this effect may be primarily 
due to temperature. 

Recent studies in California in which 
earthquake foci are located with great 
precision (2, 4) strongly support the 
idea that motion is taking place on pre- 
existing faults. Some fracturing of new 
material may well be involved but prob- 
ably on a scale much smaller than the 
area of the fault surface over which 
the stress drop occurs. Frictional sliding 
on fault surfaces may, then, be primar- 
ily responsible for the earthquakes. Sev- 
eral field and laboratory observations 
suggest that the earthquakes result from 
a large-scale form of stick-slip (5). For 
one thing, unstable (stick-slip and earth- 
quake-producing) motion and stable 
(fault creep and stable sliding) motion 
have been found both in the field and 
in laboratory experiments on rocks un- 
der high pressure. For another, the 
same mineralogic controls on stability 
have been noted in field and laboratory. 
For example, minute amounts of ser- 
pentine in a dunite produced stable 
sliding (6); fault creep in California 
seems restricted to areas where the San 
Andreas fault system cuts serpentine- 
bearing rocks of the Franciscan series 
(7). 

How can the disappearance of earth- 
quakes at shallow depths in California 
be explained on the basis of laboratory 
studies? Three possibilities are apparent: 
a mineralogic change with depth, exist- 
ence at depth of certain pore pressure 
conditions known to stabilize sliding in 
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rocks (8), and temperature increase. 
The last is the least understood. Stable 
sliding at high temperature is suggested 
by a few observations of stable faulting 
at high temperature (9) and by some- 
what ambiguous results with powders 
deformed between rotating anvils (10). 

There are relatively few laboratory 
studies of rock fracture at high tem- 
perature and pressure (11) and practi- 
cally none of frictional sliding. The big- 
gest experimental difficulty, particularly 
for sliding, is jacket design. The jacket, 
required in a triaxial experiment to ex- 
clude the gas pressure medium from 
the rock sample, is typically of metal 
foil. The foil ruptures easily at any 
strain discontinuity such as a fault. Foil 
thickness can be increased to prevent 
rupture, of course, but then large, un- 
known, and temperature-dependent con- 
straints are imposed on the rock sam- 
ple. Our procedure was to retain the 
thin foil but to add a sleeve of graphite 
between rock sample and foil (12). The 
sharp offset at the fault is smeared out 
in the soft graphite, and appreciable 
motion on the fault is tolerated before 
the foil ruptures. This simple modifica- 
tion in jacket design enabled us to use 
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Fig. 1. Sliding on sawcuts in granite, at a 
confining pressure of 2.1 kb. Dotted parts 
of the curve at 22? are sudden stress 
drops. Actual displacement along the saw- 
cut during sliding is indicated by the 
1-mm bar line. 1-mm bar line. 

otherwise standard experimental proce- 
dure for high-temperature deformation 
study (13) and thus to obtain the first 
detailed picture of the effects of tem- 
perature on friction of rocks. 

Frictional sliding was studied in tri- 
axial experiments (14) in which the cy- 
lindrical sample contained a fault or 
sawcut. The fault was formed by load- 
ing an initially intact sample to failure; 
the sawcut was made in the sample at 
an angle (30?) close to that of typical 
faults (26? to 32?). 

Of our two types of experiment, with 
sawcut and with fault, presumably the 
latter more nearly resembles actual 
faults. Sawcuts are flat and have a finely 
ground surface; faults have abundant 
gouge and the surface irregularity nor- 
mally associated with actual faults. Un- 
fortunately a "fault" experiment is more 
difficult and the results often more am- 
biguous than a "sawcut" experiment. 
For example, each laboratory fault dif- 
fers in detail, whereas sawcuts are nearly 
identical; as a result, data from faulted 
samples show greater scatter than data 
from sawcuts. For exploratory work, 
results from sawcuts are probably valid. 
Byerlee (15) found for granite only 
minor differences in friction between 
sawcuts and faults once some motion 
had occurred. The results given here 
are both for sawcuts and for faults. 

We studied frictional sliding in 
Westerly granite and San Marcos gabbro 
(16) at pressures to 5 kb, temperatures 
to 525?C, and strain rates from 10-4 to 
10-6 sec-1. The samples were vented 
to the atmosphere through a hollow 
piston, so that pore pressure was pre- 
sumably nearly zero. 

Some results are shown in Fig. 1 for 
sawcuts in granite. Apparently, high 
temperature had a strong stabilizing ef- 
fect on stick-slip; large amplitude stick- 
slip at low temperature (the 22? curve 
in Fig. 1) gave way to stable sliding as 
temperature was increased (the 306? 
curve in Fig. 1). Results at higher 
pressure were similar. No change in 
character of the sliding was evident 
over the 3 mm or so of sliding motion, 
which was the limit imposed by the 
apparatus. Neither the strain rate nor the 
heating procedure appeared to affect 
behavior such as shown in Fig. 1. Sam- 
ples were run at 10-4 to 10-6 sec-l 
strain rate, were heated at pressure for 
1 to 25 hours, with and without vacu- 
um (10-2 torr), and were heated and 
then run at room temperature. 

Results for faults in gabbro are 
shown in Fig. 2; they are also typical 
for granite. The faults were formed in 
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Fig. 2. Sliding on faults in gabbro. Numbers give confining pressure and temperature of experiment. Fault angle to the specimen axis was 300 ? 2?. Dotted sections of the 
curves are sudden stress drops. Actual displacement of the fault during sliding is indi- 
cated by the 1-mm bar line. 

the samples at 0.5- to 1-kb pressure and 
at room temperature. Pressure and 
temperature were then raised to the 
conditions of the friction experiment. 
The marked effect of high temperature 
is again evident, although the transition 
between stick-slip and stable sliding ap- 
pears less sharp than for sawcuts. In 
other words, there appears to be a signi- 
ficant range of temperature over which 
stick-slip was preceded by some stable 
sliding. It is not certain that, even at 
the highest temperature, stick-slip would 
not have occurred had there been ad- 
ditional displacement. 

Results for both sawcuts and faults 
are shown in Fig. 3 in which stick-slip, 
stable sliding, and stick-slip preceded by 
appreciable stable sliding are indicated. 

Several features are evident in Fig. 3. 
First, sliding on granite sawcuts has a 
well-defined field of stability; thus, the 
sliding was stable at high temperature 
and low pressure, and unstable at high 
pressure and low temperature. Second, 
the field boundary for the sawcuts is 
very sharp; within about 100?C, large 
amplitude stick-slip gave way to stable 
sliding. Third, the results for the faults 
in granite, although very limited in 
number, are at least consistent with 
results for the sawcuts; the transition 
from unstable to stable may be more 
gradual for faults than for sawcuts at 
the pressures of these tests. Finally, the 
field boundary may be different for 
gabbro and granite, with stick-slip dis- 
appearing at lower temperature for gab- 
bro. 

At present no physical explanation 
can be offered for this pronounced ef- 
fect of temperature on stick-slip. Our 
understanding of the stick-slip process 
is still rather incomplete. Byerlee's 
studies (17) suggest that brittle fracture 
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plays an important role in the frictional 
behavior of rocks; perhaps an explana- 
tion would be apparent if more were 
known about the effect of temperature 
on brittle fracture of rock-forming 
minerals. A significant observation from 
the present work is that frictional 
strength is lowered by temperature by 
about the same amount as fracture 
strength, relative to room temperature 
values. This suggests that the behavior 
on a small scale is the same in both 
cases. The details of this behavior are 
still obscure. 

Before we apply present results to 
real faults, we need to consider differ- 
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Fig. 3. Occurrence of stick-slip and stable 
sliding as a function of confining pressure 
and temperature. Open figures represent 
experiments in which stick-slip was ob- 
served; closed figures are experiments in 
which only stable sliding was observed 
within the 2- to 3-mm displacement along 
the sawcut or fault. Half-closed figures 
are experiments in which considerable 
stable sliding preceded the stick-slip. 

ences that still exist between the labora- 
tory experiment and the field, other 
than the obvious scale difference. Thick- 
ness of debris on the sliding surface is 
also critical, and it may complicate the 
laboratory and field comparison. For 
example, when debris is absent, as on 
a sawcut in granite, stick-slip at room 
temperature occurs at all pressures 
above a few hundred bars. By contrast, 
stick-slip appears only above 1.5 kb on 
a fault in granite (when perhaps 0.5 mm 
of debris is present) and only above 
about 8 kb in crushed granite (when 
the entire sample consists of debris) 
(18). In addition, our experiments will 
need to be repeated with pore water 
pressure, for natural rocks are presum- 
ably wet. Probably the effective stress 
law will be followed as it is at room 
temperature (18), although additional 
chemical effects may be present because 
of the water weakening observed in 
certain minerals (19). Presumably these 
effects will have a further stabilizing 
influence and will shift the field bound- 
ary of Fig. 3 to the left, to lower tem- 
peratures. Slower strain rates than used 
here also need to be considered; high 
temperature and very slow strain rates 
would be expected to produce some 
welding or sintering, which could lead 
to stick-slip. Further study is needed 
here, as well. Finally, the effects of dis- 
placement will have to be examined 
more fully. To judge from our observa- 
tions with faults in gabbro and granite, 
the nature of the sliding motion changes 
somewhat with displacement (Fig. 2, 
middle curve). Some way of obtaining 
much larger displacements in our labo- 
ratory samples is needed. 

Present results indicate that the dis- 
appearance of earthquakes at shallow 
depth in California could well be due to 
increased temperature. Estimates of 
temperature (20) suggest 300? to 500?C 
at a depth of 15 km. In the absence of 
pore fluids, these values straddle the 
field boundary in Fig. 3; if pore water 
is at hydrostatic pressure, then both fall 
within the field of stable sliding. In 
view of uncertainties in the above tem- 
peratures and the unknown influence of 
factors like strain rate and displacement, 
it is probably unwise to press the com- 
parison between California earthquakes 
and our laboratory experiments further. 
Nonetheless, it is interesting to note that 
temperatures involved in both cases are 
comparable. 

Several interesting consequences of 
our results are apparent, if we assume 
for the moment that the laboratory ex- 
periment does accurately model the 
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rocks along the San Andreas fault. The 
field boundary in Fig. 3 appears to be 
close to the geothermal gradient. This 
proximity suggests that in the natural 
situation the lower limit of earthquakes 
might be quite irregular in depth. Local 
cold spots along the fault might result 
in local pockets of high seismic activity 
along the fault. Such features have been 
described in California (2); it would be 
of great interest to test this suggestion 
by detailed temperature measurements 
in the areas in question. Finally, our 
observations do not support the view 
(3) that earthquakes disappear because 
of a reduction of strength with depth; 
the stress difference to cause sliding 
actually increased, if points are com- 
pared along the geothermal gradient. 
For example, the stress difference to 
cause sliding on the fault in gabbro at 
4 kb and 400?C was about 11 kb, 
nearly 3 times that at 1 kb and 25?C. 
At still higher temperatures, a drop in 
strength seems likely; the level at which 
this strength drop occurs may bear little 
relation to the lower limit of earth- 
quakes. 
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12. The rock sample was a precisely ground 
cylinder 16 mm in diameter and 35 mm long. 
The sawcut, if present, was located midway 
between the ends and made an angle of 30? to 
the cylinder axis. The graphite sleeve was 
1.3 mm thick; the annealed seamless copper 
foil, 0.32 mm thick. An extensive series of 
experiments was conducted at room tempera- 
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ture to determine any possible stabilizing ef- 
fect of the graphite-copper jacket. The results 
revealed that a stabilizing effect on sliding 
existed only below a pressure of 2 kb. It took 
the form of lowering the amplitude of stick- 
slip to nearly zero. The shearing stress to 
cause frictional sliding increased about 10 per- 
cent as compared with an experiment at the 
same pressure, in which a polyurethane jacket 
3 mm thick was used. Because of these 
effects, most experiments here were con- 
ducted at or about 2-kb pressure; at this pres- 
sure results of room-temperature experiments 
in which the copper-graphite jacket was used 
were nearly identical with results from ex- 
periments using polyurethane. In any event, 
stabilizing effects present at room tempera- 
ture would probably not be important at 
high temperature because of the increased 
ductility of the copper. 

13. Our apparatus resembled in a general way 
the one described by Griggs et al. (9, p. 46). 
It was internally heated, with low friction 
O-ring seals. Stiffness of the loading system 
was about 105 kg/cm. Pressure was known 
to 1 percent; temperature to about 10?. Strain 
rate was calculated from the rate of advance 
of the screw-driven piston. 
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Carbon-13 in Black Sea Waters and 

Implications for the Origin of Hydrogen Sulfide 

Abstract. A combination of measurements of carbon-13 and the hydrogen 
sulfide content in Black Sea waters with available data on the total carbon dioxide 
in these waters indicates that the contribution of organic sulfur to the hydrogen 
sulfide lies between 3 and 5 percent and increases with depth. Likely causes for 
the increase are increasing productivity or upward movement of the anoxic zone 
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The amount of dissolved oxygen in 
the Black Sea decreases rapidly with 
depth and reaches zero between 125 
and 250 m; the depth at which the 
amount reaches zero depends mainly 
on the distance from shore (1). There 
is a thin transition zone in which small 
amounts of oxygen and hydrogen sul- 
fide coexist, and at greater depth the 
concentration of hydrogen sulfide in- 
creases, rapidly at first, but begins to 
level off at 1000 m. Comparison of 
variations in the C13/C12 ratio and in 
the concentrations of dissolved oxygen 
and hydrogen sulfide, respectively, re- 
veals strong resemblances. In combina- 
tion with data on the concentrations of 
inorganic carbon and hydrogen sulfide, 
the carbon-13 data allow one to cal- 
culate the relative contributions of re- 
duced seawater sulfate and liberated 
organic sulfur to the? hydrogen sulfide 
content at any depth in the Black Sea. 

During the Black Sea cruise of R.V. 
Atlantis II in the spring of 1969 the 
water column at eight stations (Fig. 1) 
was sampled with Teflon-lined Nansen 
bottles for the determination of C3!/C12 
ratios in the dissolved inorganic carbon 
(Z CO.). The samples were preserved, 
extracted, and analyzed according to 
the procedures described by Deuser and 
Hunt (2), except that oxygen was used 
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for stripping CO2 from the water 
samples. By this process hydrogen sul- 
fide was oxidized to sulfur, and the 
process proved very effective in pro- 
ducing clean CO2 samples for mass 
analysis. The C13/C12 ratios are re- 
ported in the 8-notation where 

hapC(%) ^ _(C '/C1) samp. aC3(%o) - 
(C/C') stand. 1000 

The reference standard is the Pee Dee 
belemnite (PDB) carbonate (3). Re- 
producibility of the entire procedure is 
better than ? 0.1 per mil. 

The results of 8C13 measurements 
made on 81 samples from the eight 
stations are plotted against water depth 
in Fig. 2a. Individual profiles were 
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