
sources. In contrast, an A. rudis individ- 
ual can approach the bait, place a leaf, 
and rapidly depart before it is encoun- 
tered. At a later time, it can return, 
quickly remove the leaf, and thus gain a 
portion of the resource with relatively 
low risk. Aphaenogaster rudis has been 
observed to place a leaf on a bait occu- 
pied by C. ferrugineus and later retrieve 
it when C. ferrugineus was on the oppo- 
site side of the bait. The behavior of A. 
rudis is similar when either C. pennsyl- 
vanicus or F. subservicea is present. 
Thus tool use allows A. rudis to obtain 
more food from such a source than it 
would obtain by drinking and thus in- 
creases its success in competing with 
these species. 

Aphaenogaster rudis is also subordi- 
nate to P. imparis unless the latter is 
greatly outnumbered. However, if A. 
rudis places leaf fragments on a food 
before being excluded, P. imparis may 
eat all the available food but ignore the 
leaves. When P. imparis departs, A. 
rudis may retrieve the leaves. On 12 
occasions, we have seen leaf-covered 
baits taken over by P. imparis. In such 
cases, the P. imparis individuals feed on 
the bait in their usual fashion. Occasion- 
ally, a leaf is knocked off the bait and a 
few individuals then glean some food 
from these pieces. Typically, however, 
the leaves are ignored and left at the bait. 
Presumably A. rudis could retrieve these 
at a later time, although this outcome has 
not been observed. Tool-covered baits 
have also been given to colonies of C. 
pennsylvanicus in the laboratory. Most 
of the food is eaten, but the tools and a 
moderate portion of the food under the 
tools are left and would thus be available 
for A. rudis. 

Tool use appears to be a maximally 
efficient way of utilizing some food 
sources, regardless of dominance rela- 
tionships. This behavior may be particu- 
larly adaptive for genera such as Aph- 
aenogaster which have a relatively small 
gaster in which to carry food (7). 
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On 1 August 1975, at 2020 Greenwich 
mean time, an earthquake of magnitude 
ML = 5.7 (University of California, 
Berkeley), M, =L 6.1 (California Institute 
of Technology, Pasadena), and mh = 5.9 
(USGS National Earthquake Informa- 
tion Service) occurred in the Sierra Ne- 
vada foothills southeast of Oroville, Cali- 
fornia. The earthquake was felt strongly 
in Sacramento and was noticeable in 
Menlo Park, at a distance of 225 km. 
Taken together with the aftershocks, the 
Oroville earthquake is the most signifi- 
cant strain release episode in California 
since the 1971 San Fernando earthquake. 
The main shock epicenter (star in Fig. 1) 
was near the town of Palermo, 7 km 
south of Oroville and 11 km from the 
235 m high Oroville Dam. 

Because of the proximity of the earth- 
quake to the dam and the possibility that 

CHIC 

Fig. 1. Seismographic stations 
used in this study. Closed cir- 
cles are strong-motion seismo- 
graphs. Closed triangles are tele- 
metered short-period seismo- 
graphs installed by the U.S. 
Geological Survey after the 1 
August 1975 earthquake. Open 
triangles are seismographs op- 
erated since 1964 by the Cali- 
fornia Department of Water 
Resources. The approximate 
epicenter of the main shock is 
indicated by a star. Distribu- 
tion of aftershocks (August to 
October 1975) is indicated by 
the dashed line. The Oroville 
Dam is shown by the bar at the 
southwest corner of the reser- 
voir. 

On 1 August 1975, at 2020 Greenwich 
mean time, an earthquake of magnitude 
ML = 5.7 (University of California, 
Berkeley), M, =L 6.1 (California Institute 
of Technology, Pasadena), and mh = 5.9 
(USGS National Earthquake Informa- 
tion Service) occurred in the Sierra Ne- 
vada foothills southeast of Oroville, Cali- 
fornia. The earthquake was felt strongly 
in Sacramento and was noticeable in 
Menlo Park, at a distance of 225 km. 
Taken together with the aftershocks, the 
Oroville earthquake is the most signifi- 
cant strain release episode in California 
since the 1971 San Fernando earthquake. 
The main shock epicenter (star in Fig. 1) 
was near the town of Palermo, 7 km 
south of Oroville and 11 km from the 
235 m high Oroville Dam. 

Because of the proximity of the earth- 
quake to the dam and the possibility that 

CHIC 

Fig. 1. Seismographic stations 
used in this study. Closed cir- 
cles are strong-motion seismo- 
graphs. Closed triangles are tele- 
metered short-period seismo- 
graphs installed by the U.S. 
Geological Survey after the 1 
August 1975 earthquake. Open 
triangles are seismographs op- 
erated since 1964 by the Cali- 
fornia Department of Water 
Resources. The approximate 
epicenter of the main shock is 
indicated by a star. Distribu- 
tion of aftershocks (August to 
October 1975) is indicated by 
the dashed line. The Oroville 
Dam is shown by the bar at the 
southwest corner of the reser- 
voir. 

A 121? 
I 

A 121? 
I 

anonymous reviewers who kindly offered criti- 
cisms of the manuscript, although the con- 
clusions remain our own. We thank S. Mann and 
S. Lilien who assisted in the initial observations, 
and D. R. Smith, U.S. National Museum, who 
kindly identified the ants. 

12 December 1975; revised 27 January 1976 

anonymous reviewers who kindly offered criti- 
cisms of the manuscript, although the con- 
clusions remain our own. We thank S. Mann and 
S. Lilien who assisted in the initial observations, 
and D. R. Smith, U.S. National Museum, who 
kindly identified the ants. 

12 December 1975; revised 27 January 1976 

the seismicity was induced by the 4.3 
billion cubic meter reservoir, the U.S. 
Geological Survey (USGS) began deploy- 
ment of 16 high-gain telemetered seismo- 
graphs in the area on 2 August. The 
network was completed by 11 August 
and was augmented by data from a tripar- 
tite array of local stations, telemetered to 
Menlo Park through a data exchange 
with the California Department of Water 
Resources (CDWR). Ten strong-motion 
accelerographs were installed in the epi- 
central region within 48 hours of the 
occurrence of the main shock. The loca- 
tions of the five instruments installed by 
personnel of the California Institute of 
Technology and the USGS are shown in 
Fig. 1. Five additional instruments were 
installed by the California Division of 
Mines and Geology. One hundred sev- 
enty strong-motion accelerograms of 
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Oroville Earthquakes: Normal Faulting in the 
Sierra Nevada Foothills 

Abstract. Aftershocks of the Oroville, California, earthquake of I August 1975 
define a 16- by 12-kilometer fault plane striking north-south and dipping 60 degrees to 
the west to a depth of 10 kilometers. Focal mechanisms from P-wave first motions 
indicate normalfaulting with the western, Great Valley side downdropped relative to 
the Sierra Nevada block. The northward projection of the fault plane passes beneath 
Oroville Dam and crops out under the reservoir. 
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earthquakes in the magnitude range 
1.8 - M < 5.1 were obtained through 20 
August. Peak ground accelerations of 
0.70, 0.42, 0.22, 0.19, 0.19, 0.10, and 
0.05g were obtained for aftershocks of 
ML = 4.7, 4.3, 4.0, 3.3, 3.2, 2.5, and 1.8, 
respectively, at hypocentral distances of 
5 to 15 km. The peak ground acceleration 
recorded for the main shock at an accel- 

erograph 2 km northwest of Oroville 
Dam was 0.12g. 

This report deals primarily with the 
orientation of the fault plane and mecha- 
nism of faulting from 146 well-located (1) 
aftershocks during the period 5 to 11 
August. These aftershocks (Fig. 2A) de- 
fine an epicentral zone roughly 12 km 
long (north-south) by 7 km wide (east- 
west). Horizontal projections onto verti- 
cal planes were constructed for a number 
of azimuths of view. Assuming the after- 
shocks lie along a single planar surface, 
the plane appears best defined (Fig. 2B) 
looking due north or 5? east of north 
(N 5? E). The dip is approximately 60? to 
the west. The zone of aftershocks has an 
apparent thickness of about 2 km, with 
the upper edge of the hypocentral zone 
more sharply defined than the lower 
edge. 

Composite fault plane solutions (lower 
hemisphere) for six aftershock sub- 
regions are shown in Fig. 2A. Assuming 
the westward dipping plane to be the 

fault plane, all fault plane solutions in- 
dicate normal faulting with the Great 
Valley side downdropped relative to the 
Sierra Nevada block. In detail, the solu- 
tions are different, indicating spatial vari- 
ations in the strike and dip of the fault 
plane or direction of slip or both. Al- 
though the mean plane strikes north- 
south and dips about 60? to the west, 
local deviations as large as 22? in strike 
and 25? in dip occur. These deviations 
are significant, as the nodal planes are 
well constrained (? 5?) by the first mo- 
tion data. Noteworthy in Fig. 2A is com- 
posite 1B of earthquakes at the northwest 
edge of the aftershock zone. A nearly 
vertical fault plane strikes N 20? E and is 
consistent with the abrupt steepening 
of the aftershock zone at depth seen 
in Fig. 2B. Composite III of shallow 
(1.9 - depth < 3.5 km) events near a 

region of observed surface deformation 
(2) in the east-central part of the epicen- 
tral region shows a fault plane striking 
N 22? W and dipping 70? to the west. 

A progressive extension of the after- 
shock region to the north and south dur- 
ing the period 5 to 11 August was noted. 
When considered with foreshock and 
main shock epicenters and earlier after- 
shock locations (3), a pattern of faulting 
is apparent, with rupture beginning at 
depth near the west margin of the after- 
shock zone and propagating upward to 

the east, then extending to the north and 
south. Since 19 August, Oroville after- 
shocks have been located on a real-time 
basis by using an on-line processor in 
Menlo Park. These later locations sug- 
gest a slow, continued northward exten- 
sion of the aftershock zone (indicated by 
dashed outline in Fig. 1) at depth with 
shocks occurring as far north as the dam 
by October. 

The proximity of the earthquake se- 
quence to the Oroville Dam, the largest 
earth-fill dam in the United States, raises 
the obvious and important question of 
whether this earthquake sequence is 

causally related to the dam-reservoir sys- 
tem. Since Carder's observation (4) of 
increased seismicity rates near Boulder 
City, Nevada, temporally associated 
with the construction of Boulder Dam 
and the filling of Lake Mead, numerous 
instances of increased seismicity asso- 
ciated with reservoir filling have been 
reported (5), often in regions highly aseis- 
mic prior to reservoir filling. Damaging 
and locally destructive earthquakes have 
been spatially close and temporally re- 
lated to the filling of large reservoirs, at 
Kremasta, Greece (1966), Lake Kariba, 
Zambia (1963), Koyna, India (1967), and 
Hsinfengkiang Dam, China (1962). The 
situation at Oroville is analogous to these 
case histories in several respects. 

By California standards, the Oroville 
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area had been one of relatively low seis- 
mic activity. Forty earthquakes of magni- 
tude - 3.5 occurred within 100 km of 
Oroville in the years 1940 through 1974. 
None of the epicenters mentioned above 
is within 40 km of Oroville Dam, al- 
though earthquake locations in the Oro- 
ville area were not well determined until 
the installation of a short-period high- 
gain seismograph by CDWR near the 
dam site in 1963. Two additional stations 
were installed north and east of the reser- 
voir in 1964. No significant seismic activi- 
ty was noted in the vicinity of the dam- 
reservoir system (6) until 28 June 1975, 
when a sequence of small (M - 3.5) 
earthquakes occurred. In response to 
this situation, two portable seismographs 
were deployed by CDWR 30 km west 
and southwest of the dam. Seismicity 
continued at a low level until 1 August, 
when several foreshocks of ML - 3 oc- 
curred in 5 hours preceding the main 
shock. The main shock was followed by 
a rather large number of aftershJocks of 
ML > 4, ten in the first 5 days following 
the main shock (7). 

The Oroville earthquake sequence oc- 
curred well after filling of the reservoir 
was initiated in 1967. The reservoir was 
first filled to capacity in 1969. Normal 
seasonal fluctuation in reservoir level 
has been approximately 20 m, but in the 
winter of 1974-75 the level was lowered 
more than 40 m for maintenance pur- 
poses. The reservoir was rapidly refilled 
in the spring, with local earthquake activ- 
ity beginning when the reservoir level 
was near maximum. In a review of 
seismicity associated with reservoir im- 

pounding, Simpson (8) has noted that in 
most instances earthquake activity has 
started soon after impounding, with the 
level of activity increasing as the water 
level increases. Most large shocks have 
occurred at or near the time of highest 
water level and have been associated 
with a long series of foreshocks and after- 
shocks. Large fluctuations in reservoir 
level subsequent to initial filling are 
sometimes accompanied by marked 
changes in seismicity, Extreme cases 
cited are at Contra, Switzerland, where 
the earthquake activity stopped when 
the reservoir was emptied and refilled, 
and at Vouglans, France, where activity 
began after a rapid emptying and filling 

of the reservoir 3 years after initial im- 
poundment. 

The sequence of events at Oroville 
suggests that if the earthquakes are caus- 
ally related to the reservoir, weight-in- 
duced stresses are an unlikely ex- 
planation. In fact, these stresses have 
been shown (9) to oppose the inferred 
fault motion at Oroville, not induce it. 
An alternate explanation is that the in- 
crease in pore fluid pressure reduced the 
effective normal stress, and thereby the 
frictional resistance to fault motion. The 
inadvertent triggering of earthquakes by 
fluid injection at the Rocky Mountain 
Arsenal near Denver, and results of the 
earthquake control experiment con- 
ducted in an oil field at Rangely, Colora- 
do (10), leave little doubt about the im- 
portance of fluid pressure in inducing 
shear failure in highly stressed rocks. 
Direct evidence as to whether fluid pres- 
sure variations induced by reservoir lev- 
el changes have triggered earthquakes at 
Oroville (or elsewhere) is lacking. If 
weight-induced stresses near the Oro- 
ville reservoir are in opposition to tecton- 
ic stresses, this may explain the separa- 
tion of the hypocentral zone from the 
reservoir. The time lag between initial 
reservoir filling and occurrence of the 
earthquakes could reflect the time re- 
quired for a slowly migrating pore fluid 
pressure front to reach a region of high 
tectonic stress. The fault plane inferred 
from aftershock locations projects to the 
surface beneath the reservoir, possibly 
affording direct access of reservoir water 
to the shear zone on which the earth- 
quakes occurred. 

Since pore pressure variations also 
may play an important role in the mecha- 
nism of naturally occurring earthquakes 
(11), the discrimination of reservoir-in- 
duced earthquakes, other than by cir- 
cumstantial spatial and temporal relation- 
ships, may not be possible without direct 
observation of fluid pressures in the 
hypocentral region over a period of 
years. 
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