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INTRODUCTION

On 1 August 1975, an earthquake of
magnitude (M) 5.7 occurred 12 km south
of Lake Oroville (figure 1). The earth-
quake was accompanied by surface fault-
ing which extended for several kilometers
(Akers and McQuilkin, 1975). The
earthquake sequence (M > 3) consisted of
five foreshocks, a main shock, and numer-
ous aftershocks. The sequence included
seven earthquakes of magnitude greater
than 4.6 (Morrison and others, 1976).
Faulting occurred on a northwest trend-
ing zone of the Foothills fault system
(Hart and Rapp, 1975). The aftershocks
defined a zone extending 16 km south
from the dam and dipping 60 degrees west
(Lester and others, 1975). Focal mech-
anisms indicated normal faulting with the
Great Valley side down relative to the Si-
erra Nevada; leveling surveys confirmed
this sense of motion.

SEISMICITY OF THE AREA

The location of Lake Oroville and the
areal distribution of historical earth-
quakes and known faults are shown on
figure 1. Three other earthquakes of M 5.0
to 5.9 have occurred since 1900 on or near
the Foothills fault system within 60 km of
Oroville. The first two occurred in 1909,
60 km east of Oroville (Toppozada and
others, 1978) and the third in 1940, 60 km
north of Oroville (Bolt and Miller, 1975).
Thus, the occurrence of the 1975 M 5.7
earthquake within 70 km of Oroville was
not without precedent.

Two factors suggest that Lake Oroville
(maximum depth 220 m; storage capacity
413 billion m®) contributed to both the
location and timing of the 1975 earth-
quake. The first factor is the proximity of
the earthquake to the lake, and the exten-
sion of the causative fault to the lake as
indicated by geologic, seismologic, and
geodetic data (Department of Water Re-
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Figure 1.

Faults and earthquakes (M > 4.0, intensity > V)within 70 kilometers of Oro-

ville Dam, 1900-1980. The aftershock zone of the M 5.7 earthquake of 1975 1s outlined.

sources, 1979). This provides a possible
avenue for water under pressure as high as
20 bars, resulting from a water depth of
more than 200 meters into the fault zone
(Lahr and others, 1976). The second fac-
tor is the occurrence of the earthquake
following an unprecedented seasonal fluc-
tuation in lake levels. This factor is illus-
trated in figure 2a, which shows lake
levels (in meters above sea level) and
number of earthquakes per month within
40 km of Oroville from 1964 to 1976.
During the winter of 1974-1975, the lake
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was drawn down to its lowest level since
filling to repair the intakes to the power
plant. This unprecedented drawdown and
subsequent refilling was followed by the
earthquake sequence of 1975.

The earthquake occurrence at Oroville,
following the largest seasonal fluctuation
in lake level, is very similar to the M 6.5
earthquake occurrence at Koyna, India,
which also followed the largest seasonal
fluctuation of that lake in 1967. The lake
levels for Koyna reservoir and the month-
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ly number of nearby earthquakes are
shown on figure 2b. At both Oroville and
Koyna the major burst of seismicity did
not occur upon initial filling, but occurred
several years later following an unprece-
dented seasonal refilling in each case (fig-
ures 2a and 2b). The occurrence of the
strongest earthquakes following the larg-
est seasonal refilling, rather than upon ini-
tial filling, has been observed at other
reservoirs, such as at Lake Marathon
(Galanopoulos, 1966; Gupta and Rastogi,
1976) and at Lake Mendocino (Top-
pozada and Cramer, 1978). At Lake
Crowley, California, upon initial filling in
1941, a swarm of M 5.0 to M 6.0 earth-
quakes occurred. When the largest refill-
ing occurred in1978,italsoled to aM 5.8
earthquake which was the largest event
since 1941 (Toppozada, 1979; Cramer
and Toppozada, 1980). Each of these
cases is accepted as being induced in the
most recent classification of induced seis-
micity (Perman and others, 1981). The
occurrence of earthquakes following
record seasonal refilling is consistent with
the model of Withers and Nyland (1978),
wherein partial emptying and refilling of
a reservoir sometime after initial filling
can cause anomalously large stresses.

SEASONAL VARIATIONS
SINCE 1975

Detailed seismographic monitoring
since 1975 has revealed a relation of earth-
quake occurrences within 20 km of Lake
Oroville to the seasonal variations in lake
levels. Seismicity decreases during filling

116

number of nearby earthquakes, 1963-1967.

€30—

Loke Elevation(Meters)

of the lake and increases during draw-
down.

A weekly plot of the lake levels and the
seismic strain released within the 1975
rupture zone by the earthquakes of M >
2.5 is shown on figure 3. In 1975, the M
5.7 earthquake occurred in August during
the summer drawdown following the
large volume refilling that culminated in
June. In 1976, the strongest earthquake
(M 4.1) occurred in July during rapid
summer drawdown, following the spring
peak of seasonal filling. In 1977 there was
no seasonal refilling because of drought,
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and earthquakes continued to occur dur-
ing the unusual drawdown. During the
drought, the strongest earthquakes oc-
curred during the periods of most rapid
drawdown, as in June and July 1976, and
May 1977. Conversely, the periods when
the lake level either increased, as in Feb-
ruary through April 1976, or was stable,
as in February through April 1977, no
strong (M > 3) earthquakes occurred.
After the drought the reservoir filled rap-
idly in January 1978, and the seismicity
(M > 2.5) stopped abruptly. The re-
markable eight-month period of seismic
quiescence starting in November 1977
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Figure 3. Lake Oroville water levels in meters above sea leve!l for 1975-1980. Vertical bars
show the square root of the energy released each week by earthquakes of M > 2.5
occurring within 20 kilometers of the dam.

ended with a M 3.3 earthquake in July
1978, two weeks after the beginning of
summer drawdown. Earthquakes oc-
curred into January 1979, but ceased dur-
ing the refilling from February through
May 1979. Seismicity again increased in
July 1979 within 2 month after the begin-
ning of summer drawdown.

Heavy storms in January and February
1980 resulted in two sharp peaks in the
lake levels representing rapid filling and
rapid drawdown which are unprece-
dented since 1975 (figure 3). An earth-
quake of M 2.7 occurred two weeks after
the January peak, and an earthquake of M
2.6 occurred two weeks after the February
peak. This coincidence is consistent with
the seasonal relation of seismicity to the
variations in lake level, in that both earth-
quakes followed filling peaks of the reser-

voir. Earthquakes occurred in June and

November 1980, following the spring fill-
ing. The only earthquake of M > 2.51in
1981 occurred in June, again following
the spring filling.

The amount of seismic strain released
during the successive seasonal draw-
downs has generally decreased since 1975
(figure 3). This indicates that most of the

seismic strain stored in the rupture zone
of the 1975 earthquake is being gradually
released during the seasonal drawdowns
in reservoir levels.

DISCUSSION OF
OBSERVATIONS

The record indicates that periods of res-
ervoir filling are accompanied by a de-
crease in seismicity (figure 3). This
stability during loading is consistent with
the analysis of the effects of loading and
pore pressure changes (Snow, 1972). Af-
ter filling, water diffuses into subsurface
voids producing a gradual rise in pore
pressure and a corresponding reduction of
the effective stress, which results in de-
creased stability.

Effective stress on a plane is defined as
the normal stress minus the pore pressure.
Thus, increased pore pressure acts to
counter the load effect. and to decrease
the strength. During the rapid summer
drawdown there is a sudden drop in the
surface load and in the stabilizing normal
stress. Earthquake failure occurs during
this rapid drawdown before the reduction
in pore pressure, resuiting from the de-
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creased reservoir depth,can be transmit-
ted to hypocentral distances (1-20 km).
Failure occurs because the rapid draw-
down immediately reduces the normal
stress, whereas the reduction in pore pres-
sure diffuses more slowly in the underly-
ing rocks. The result is excess pore
pressure in the underlying rocks which
diminishes the effective stress or strength.
This is borne out in figure 3 which shows
that seismicity is greatly diminished dur-
ing episodes of reservoir filling, and that
the largest earthquakes are associated
with the most rapid drawdowns in lake
levels.

Thus, not only does the filling of the
lake and the resulting increase in subsur-
face pore pressure influence seismicity,
but also the reservoir drawdown pro-
motes failure by reducing the effective
stress. In this regard, Simpson (1976, p.
146) noted the paradox “that if there is an
indication of an impending increase in the
level of seismicity, one of the obvious
ways of decreasing danger downstream
from the dam—the rapid emptying of the
reservoir-—may in fact increase the dan-
ger by triggering a further increase in the
level of activity.” This scenario is reflect-
ed in figure 3, which shows that the most
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rapid drawdowns in lake levels are accom-
panied by the greatest seismic activity.

The occurrence of the two M > 2.5
earthquakes in 1980 following the two
peaks of rapid filling and rapid drawdown
resulting from severe storms suggests an
extreme sensitivity of the fault zone to
sharp fluctuations in lake level.

SUMMARY AND
CONCLUSIONS

1. The 1975 Oroville earthquake of M
5.7 occurred almost eight years after the
creation of Lake Oroville. This earth-
quake immediately followed the largest
seasonal fluctuation in the lake level to
that date.

2. The largest known reservoir-in-
duced earthquake (M 6.5) at Koyna,
India, did not occur when the reservoir
was first filled, but occurred five and one
half years later. That earthquake also im-
mediately followed the largest seasonal
fluctuation in lake levels to that date.
Similar behavior has been observed in oth-
er cases of reservoir-induced seismicity.

3. Seismic monitoring at Oroville
since 1975 shows that the local seismicity
decreases as the lake fills during winter
and spring, and that the strongest earth-
quakes occur as the lake empties during
summer and fall. This pattern has been
remarkably consistent during the past
seven years, and indicates that the season-
al fluctuations in water depth at Lake
Oroville control the earthquake occur-
rences.

4. The magnitude of the earthquakes
triggered by Lake Oroville during each

seasonal drawdown has generally become
smaller since 1975, suggesting that the
1975 rupture zone is being progressively
relieved of stress. However, stress has not
necessarily been relieved outside the 1975
rupture zone.
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GEOLOGY AND SLOPE STABIL-
ITY IN THE WEST SEBASTOPOL
STUDY AREA, SONOMA COUNTY,
CALIFORNIA (OFR 81-12 SF). By
Trinda L. Bedrossian. 1981. 42 pages, two
maps (scale 1:24,000).

This report was prepared in coopera-
tion with the Sonoma County Planning
Department. Aerial photo interpretation
and field investigation were conducted in
a 32-square mile area approximately 60
miles north of San Francisco and 15 miles
west of Santa Rosa. The area is underlain
by Jurassic and Cretaceous rocks of the
Franciscan Complex and Great Valley se-
quence, and Tertiary rocks of the Wilson
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Grove Formation (formerly Merced For-
mation).

Results of the study may be used for
land use planning and as general back-
ground information for the selection of
areas most suitable for buildings, roads,
and utilities. Specifically, maps identify
geologic hazards and potential geologic
problems that should be studied in detail
prior to development. An interpretation
of relative slope stability is presented, and
engineering properties of most of the rock
units are summarized.

Copies of OFR 81-12 SF may be ob-

tained from the San Francisco District
Office, Information Section. ‘>
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OROVILLE
EARTHQUAKE

This description of sensations felr
very near the seismic epicenter dur-
ing the Oroville carthquake of |
August 1975 was sent 10 us by Dun
Tidwell, Lowry and Associates,
Geotechnical Engineers. of Sacra-
mento. We think it's interesting and
informative—particularly the com-
ment on remaining calm. Also in-
teresting is the roar and the obser-
vation of up-and-down motion of the
ground and the structures....editor

This is a memo 1o record my per-
sonal impressions of the earthquake
and related phenomena near Oroville
on | August 1975,

Friday, 1 August 1975, | was
assigned to batch plant observation at
Mathews Ready Mix Plant on Highway
70, approximately 5 miles southwest
of Oroville. This plant is situated near
the Feather River and dispatches both
ready-mix concrete and sand and
gravel for various construction re-
quirements.

! arrived at the plant at approx-
imately 10:15 A.M. and observed the
first load of concrete dispatched 1o the
Butte Community College. During the
batching operation, | was standing in
the control room and noticed the entire
plant seemed to rock slightly with a
subtle jar. I assumed this 1o be typical
of the plant itself as there are approx-
imately 100 tons of material in bins
directly overhead and the batching
operation necessarily requires shifting
of material, “banging” of gates, and
cycling of water vaives which must
cause the plant to move somewhat. Ap-
parently this shock was 3.5 = Richter
and I was unaware of the earlier 5.0+,

"NOAA Diving Manual: Diving for
Science and Technology™. published by the
Naetional Oceanic and Atmospheric Ad-
Ministration was prepared primarily for the
nzarly 300 divers within the Commerce
Oepartment agency. However, it contains
hasic up-to-date information on the diving
iechnology required to carry out scientific
investigations and other working diver
tasks. It is designed to provide divers with
‘e knowledge needed for safe and efficient
dwving, and for carrying out useful scientific
‘esearch.

_One section of the manual is devoted 10
sstentific diving procedures. and covers a
«1de variety of operations ranging from un-
erwater surveying and photogrammetry 1o

The batchman told mc they had felt
shocks frequently this morning. We
continued 1o feel small “bumps™ and
“shakes™.

At approximately 1:00 P.M., I ob-
served batching operation on Load No.
10 and moved my pickup into the
shade on the west side of the plant. By
this time. there had been much discus-
sion among the people around the
plant as to what one could do during a
severe quake. 1 had made a mental
note that if a severe shock hit, I would
run away from the plant in a direction
lo avoid the numerous high voliage
lines in the area.

At approximately 1:20 P.M., I had
Just sat down in my truck to have
lunch. My first indication was a distant
“roar”, perhaps like the rumble of a
train. The shaking started within a few
seconds and seemed to increase
sharply after a few seconds of
relatively minor movement. At this
time, 1 made the decision to move
away quickly from the plant. The door
of the truck was open so I started run-
ning diagonally away from the plant. |
ran approximately 50 yards and stop-
ped and looked back at the plant. At
this time, the major shaking was still
going on and the entire earth and plant
and auxiliary buildings appeared to be
moving up and down 6" =. The feeling
was one of being on a giant rock
crusher, very severe and very rapid,
perhaps 10 cycles per second. There
was a lot of noise, both from the equip-
ment shaking and the surrounding
stockpiled materials settling and also
a background roar of the quake itself.

1 wouid estimate the major motion
lasted less than 30 seconds. In the
minutes after the quake, | stayed in
one place and could feel the earth

NOAA DIVING MANUAL

biological surveys and sampling, shelifish
Capture, geology, micro-physical
oceanography, and archaeological diving,
and capture techniques, including the use
of anesthetics in obtaining marine speci-
mens.

Sections of the manual deal with basic
diving physics and physiology, diver train-
ing, equipment, breathing media, and pro-
cedures. Special topics include diving
under varied conditions, such as under ice
and in rivers and lakes, air diving and
saturation diving, and marine animals
hazardous to divers.

Prepared by NOAA's Manned Undersea
Science and Technology group, the manual
was extensively reviewed and includes con-
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“quiver” as if resonating. The after
shocks were frequent, every 5 minutes
more or less and were, for the most
part. gentle bumps: however, at least
one was severe enough to cause us to
run out of the control room.

Personally. 1 did not feel sick or
dizzy at any time, although some of the
drivers did. | think this is just an in-
dividual thing—1 did not feel any
“fear™ at anytime; however. I think this
is because [ did not feel threatened—I
was outside and had effectively plan-
ned what 1 was going to do and had a
safe. clear area to run to. For someone
closed up in a building, the feeling
must be oppressive.

They tell you to be calm. For a
quake of this magnitude or greater, I
don’t think it is possible. The noise
and movement compel you to want to
move quickly—in any direction!

Concerning Emergency Services—I
had a radio with me capable of receiv-
ing police and fire frequencies. I
turned this on within 5 minutes of the
event and monitored their response for
some time.

1 also switched around to the AM
stations. The local station was off the
air for 10 to 15 minutes; Sacramento
and National stations broadcasted
very uninformed vague reports of
heavy damage. no communication,
many casualties, etc. In other words,
the radio seemed to sensationalize and
oversiate the facts,

If the quake had caused major
damage, I feel it would have been ev-
ery man for himself for several hours.
My point being, generally people are
not prepared for a major disaster that
could come at any time. ®

tributions by 58 experienced scientific and
operational divers from universities,
Federal and state agencies, and private
organizations throughout the United States.
Much of the information in the manual has
never before been published.

The work is illustrated with diagrams,
sketches, and photographs designed 10 help
the user understand the techniques and
procedures discussed. Warnings regarding
safe diver procedures are highlighted in red
throughout the book.

The NOAA Diving Manual is for sale by
the Superintendent of Documents, U.S.
Government Printing Office, Washington,
D.C. 20402, at a cost of $8.55. The Stock
number is 003-0]17-00283. =
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