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SEISMICITY AND TSUNAM| REPORT
BODEGA HEAD, CAL IFORNIA

The Division of Licensing and Regulation of the Atomic Energy Commis~
sion, Washington, D. C., requested the U, S, Coast and Geodetic Survey to
report on the seismicity and tsunami condition of Bodega Head, California.
This report contains an evaluation of the seismic condition of Bodega Head
as definod by the Pacific Gas and Electric Company in numerous documents
submitted to the AEC.

In addition, comments are made on documents submitted by the U.S. Geologi=

cal Survey as the material pertains to seismic hazards,
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and by Dr. Pierre Saint-Amand who prepared a geologic and seismologic

study of dodega Head under the auspices of the Nq;ibg:n_ﬂali{gggig\égsoci-
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dependently determined earthquake frequency pattern along the San Sndreas

ation to Preserve Bodega Head and Harbor. The Survey also presents an in- 7}

fault, the most probable ground motions measured in acceleration and dis-
placenent for a magnitude 8.2 on this fault near Bodega Head, and finally,
an evaluation of the tsunami hazard at the same location. The Survey is
in a unique position to perform this service because it has either the
original documents or a complete file of historical data for earthquake
soismology, engineering seismology, and tsunamis, and has made studies

in these fields for approximately 30 to 40 years. e

in this report ﬁ:f all other geologic and seismic reports{,submitted to

the ALC relative to the proposed reactor at Bodega Head, frequent reference

is made to geological faults and in particular, the San Andreas fault. This
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is necessary in describing earthquakes because a fauit is the only surface

manifestation of previous earthquake occurrences. Geologists refer to
these faults or earth fractures as active or inactive, depending upon the
recentcy of movements. Active faults are associated with recent earth-
quake activity, such as the earthquake belt around the perimeter of the
Pacific Ocean and across Asia and along the Mediterranean Sea to the
Atlantic Ocean. An example of an inactive or relative inactive belt is
the Appalachian system in eastern North America where there are extensive
fault systems but only minor and infrequent tremors.,

The San Andreas fault,wiich is of principal interest due to the prox=
imi'y (within 1100 feet of the limits of the western zone) to the proposed
8i' of Bodega Head reactor, is considered by geologists and seismologists
to Le an active garthquake source. The fault extends southeasterly from a
point under the ocean about 300 miles from the Oregon coast (approximately
45° north latitude and 130° west longitude) to the lower limits of the
Gulf of California. It intersects the California coastline at Point Arena
and continues in a nearly straight line (southeast) to the vicinity of
Gorman where it curves somewhat eastward. A few miles south of Gorman the
fault curves westward slightly to become parallel to its original direction.
Southward there is some doubt as to whether the observed faults are geologi-
cally extensions of the San Andreas, but the seismicity of southern and Gulf
of California leaves no doubt about its iower extension.

The San Andreas fault, which is a right hand strike slip fault (i.e.,

motion is predominately horizontal) has been associated with two great
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earthquakes in 1857 and 1906, Other faults trending nearly parallel to this

master fault show evidence of right hand displacement. Faults with trends
crudely at right engles to the San Andreas are predominately left hand type.
In California the chief left hand fault is the Garlock which exhibits topo~
graphic evidence of activity without clear indication of displacement in
historic time. The White Wolf fault, associated with the 1952 Kern County
earthquakes, is roughly parallel to the Garlock fault. The evidence indi-
cates principally dip slip displacement on the fault in 1952, but some left
hand strike slip motion was also establ ished.

In southern California there is evidence for accumulated shift of
about 25 miles along the San Andreas fault since mid-Tertiary time. Some
invest igators believe much more horizontal motion has taken place. The
fault is easily~followed between 35° and 400 north latitude. Beyond these
limite it is deflected and complicated by the Mendocino fracture zone to
the north and the Murray fracture zone to the south. Movements measured
along certain areas of this fault by the Coast and Geodetic Survey are
approximately 2 inches_ggf year. The relative motion indicates the west side
of the fault is moving northward and the east side southward. The maximum
horizontal shift observed after the 1906 earthquake was 21 feet at

+ The vertical motion during the same earthquake was no greater than
3 feet. This is typical of the earth motions resulting from Cal ifornia earth-
Quakes, i.e., much greater horizontal than vertical displacements.

Even though California and specifically, the San Andreas fault, are con-

sidered earthquake prone areas, they experience a surprisingly low number of *
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magnitude © and greater earthquakes ccording to Richter,. there have been

two "gre: earthquakes (1807 and 1906) on the fault and approximately

earthquakes from 1800 to 1950 magnitudes 6 to 7.plus within 75 miles

of this fault. Under magnitude 6 earthquakes are quite numerous and

distribution is shown on the earthquake history map of California.
As noted > report submitted by Tocher for earthquakes

near todega Head, 180~ me (¢ ) ated at E;)"')‘Fif,t{;,

l18ted ear ?!]'j,‘uur es.
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In c'der to design and construct earthquake resistant structures it is
necessary to know not only the above mentioned seismicity information about
destructive narthquakes, but also the displacement, velocity and acceler-
ation of ground motions and the response characteristics of structures to
these motions. Since 1933 the Coast and Geodetic Survey has made {;;::\;
measurements of wtrong earthquakes in the Western United States and in

Latin America. All interested parties in this investigation are aware of

s — 4 —

this work and the data collected have been used extenulvely by all. There is
general uniformity in the interpretation of the direct recorded strong motion
data at El Centro, San Francisco and Seattle. However, there is some dis-

e —

gg::igp in the computed results when attempts are made to extrapolate from
magnitude 6-7 earthquakes to magnitude 8.2 (San Francisco, 1906). Computa~
tions are necessary since no magnitude 8 earthquakes have ever been recorded
by strong motion seismographs., It was hoped that such equipment might record
at least one high magnitude earthquake aftershock in Alaska (1964) but to
date, not one has occurred. Such information, if available, would have
been\inyaluable for this report.

u;ing the seismicity and strong motion information available for earth-
quakes along the San Andreas fault and near Bodega Head, it is possible to
define the vibratory motions produced by these earthquakes. The surface
geology of Bodega Head is well defined due to the careful excavation that has
been performed by the applicant and his excellent cooperation with all par-

ties studying the structure. The quartz diorite bedrock, even though frac-

tured and crushed during geologic time, (probably more than 40,000 years ago)
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is acceptable as good foundation rock for reactor support. The faulting

AL /

evidenced in the lower limits of the pit is a matter of some concern; how=

ever, according to geologists who have studied its character there is

il
(

general agreement that it is rot of recent origin.
In determining ground vibrations generated by a magnitude 8.2 earth-

quake on the San Andreas fault in the vicinity of Bodega Head, it is neces~-

——

sary to evaluate (1) the(zzfens; shaking of the ground at the proposed
reactor site caused by seismic waves propagated outward from the fault and
also, from the actual permanent displacement (fling) along the fault of the
site and (2) possible dislocations within the site due to rupture by the
main fault, a branch of the main fault, a minor auxiliary fault, or other
sources such as landslides, etc.

The Modified Mercalli Intensity Scale has frequently been used to define

earthquake motions. At best and only when the intensities are associated

- .

estimating accelerations. Considering a magnitude 8.2 earthquake,(Tocheﬁ

el

with estimated ground wave periods can these scale ratings be used for \) v

and ?éhide estimate intensity VII| on the quartz diorite bedrock at the //
site and an intensity X in the fault zone. They recommend the power plant
structures should be designed to resist an earthquake of MM=Vill, or to
provide a margin of safety MVM-I|X,

Saint-Amand suggests a minimum intensity of MM-IX on Bodega Head for aj-7
similar earthquake; MM-X if significant landslides occurred during the main 7

earthquake; MM-X| if major faulting occurred on Bodega during the main earth

quake. His findings agree well with Richter's table of published relations
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faults "Although the waves begin in the form of a single uni~directional

pulse they are quickly transformed into oscillatory forms by reflections,
refractiops and change of type owing to the layering of the crust and the
var iations of wave speed with depth, Although the vibratory wave amplitude
is small at the fault it increases rapidly with distance from the fault so
that from about 2 miles to 12 miles, it is approximately constant, if the
geology is uniform......”" This explanation does not agree with results
of earthquake effects since the larger intensities are indeed observed for
larger earthquakes. Moreover, as pointed out by Eaton from the very defini-
tion of magnitude and the seismologist's ability to compute magnitudes from
relatively short period body waves, there is good indication that the ampli~
tude of waves radiated from relatively small areas of the fault surface in-
creases approxiggtely ten times between magnitudes 6-7 and 7-S.

The Coast and Geodetic Survey having access to these reports and having
evaluated independently the response spectrum and the intensity versus strong

motion data, recommends %~ 2/3 g at periods from 0.3 sec to 0.7 sec for

/.0
the level 53 et : and &9 g

Relative to the possible dislocations in the site or ad jacent parts of
Bodega Head during a ma jor earthquake, there is a scarcity of data upon which

to quote an accurate probable displacement. In considering the geology of

———

the site, most of the observers (Schlocker, Bonelli, Tocher, etc.) believe

that the sitgfia_ﬂsafg: because of the quartz diorite formation ard the lack

of evidence of recent faulting in the shaft. No major faults were found and "
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earthquakes along this fault that could have pgtentially generated a tsunami.
Moreover, there is a possibility that tha next<6:;;t earthquake of magnitude
greater than 8 along this fault could occur uff-ahore.

Now, it might be in order to digress briefly and say something about

tsunami causes and propagation since nolther thc applicant (PG&E) _nor tho

< m———

consultants ‘have discussed this matter in their documents. For the most part,

tsunamna are generated by submarine earthquakes or earthquakes located close
to coastal areas. The causes of tsunamis are not well establlshed because

only a small percentage of submarine earthquakes generate measurable water

waves., The most common explanatxon\galls forithe displacement of submarine

p 'ocks of the earth's crust. Since it has been observed on land that great

'bpearthquakeo have caused uplifts of 30-50 feet and affected crustal blocks

hundreds of miles long and up to a hundred miles wide, it is easy to con-

ceive of such a crustal movement under the ocean generating a huge water wave.
Slides along the coasts are also throught to be the source of tsunamis.
Tsunamis frequently originate at great oceanic troughs where great

masses of unconsolidated material which, disturbed by an earthquake, may

slide into the depths, displacing a great amount of water. Dr, Benioff,

|

some years ago, suggested a possible correlation between tsunamis and

wd /7 S n

) great sut£393 waveSvW1{K pernoos over a minute. This was remarkably con-
. fa;;;d during the recent Prince William Sound earthquake where waves of a
few feet were generated in the Gulf of Mexico, in other large bodies of
water and in many swimming pools throughout the United States.

It is not surprising that the tsunami peril was not mentioned by PG&E

and others because with the exception of a wave, reported generated by a
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is no record of a destruétivo

tsunami generated along the coast of California. The 1812 wave

local earthquake on December 21, 1812, there
B

reportedly
reached land elevations of 50 feet at Gavnofu, 30-35 foot

i s st it ss—

at Santa Barbara,

and 15 or more feet at Ventura.
‘—_\\ PRI

Inasmuch as historical rocords for locally generated tsunamis are so

sparce, the dimensions of tsunamis that have been established through rela-

tively frequent occurrences in Japan should be considered. |ida has done

considerable work in establishing statistical relationships on the available

Japanese data, using both earthquake magnitude and focal depth. His formu=-

las show a small tsumami will be generated for a shallow earthquake of
magnitude 63-7. He shows disastrous tsunamis generated for shallow

earthquakes with magnitudes of 7 3/4 or greater. The magnitude of 7 3/4

corresponds 10‘3 fault length of 120 km and a ground displacement of 5,4

meters,

Based on lida's formulasl_g_ligfamx classified as destructlvq_!ll} have

a henght of aboutf_Qﬂmg;g;gwgiwgfeater. The earthquake of March 3, 1933, off

the Sanriku coast of Japan had a magnitude of 8,3 and was of shallow focal

depth; the wave rose to heights of 23 meters on the coast. The recent

Alaskan earthquake had a magnitude of B.4; maximum waves of 30-35 feet

were reported at Kodiak and may have been exceeded eISewhere. Local waves

of 15-20 meters were reported for the Chile tsunami of May 1960 (earthquake

magnitude of 8} to 84). These support lida's formula as being reasonable

(even though far from being rigorous evidence) and suggest that his cone

clusions for tHQ

Japanese area may apply approximately in other areas. 8




In confirmation of these facts, it is in order to tabulate some sta-

tistice for a few major tsunamis generated in different geographical areas.

Prince William Sound - March 28, 1964 - 61° N, 147.5° W, Magnitude B.4.

Cordova €5 miles (Stat) 30 feet
Kod i ak 210 35
Seward 85 30
Sitka 495 23
Crescent City 1,620 13
San Francisco 1,890 7

Chilean earthquake - May 22, 1960 - 380 S, 73.5° W, Magnitude 8%.

Talcahuano, Chile 90 miles (Naut) "6k feet

Valparaiso 312

Antofagasta 875

Crescent City 5,529 10.9 feet
Hilo, Hawaii 5,704 35
Kanaisi, Japan 9,150 12.9 feet

Aleutian earthquake - March 9, 1957 - 510 N, 1750 W, Magnitude 8.3.

«Adak, Alaska 80 miles (Naut) 26(?) feet
Unalaska 355 4.5 feet
Kahalui, Hawaii 2,005 1.2
Valparaiso, Chile 7,384 6.7

Kamchatka earthquake - November 4, 1952, 524° N, 15%° E, Magnitude 8%.

Attu, Alaska 460 miles (Naut) 8.0 feet
Adak 893 6.9
Hilo, Hawai i 2,893 1.9
San Francisco 3,465 8.1

Talcahuano, Chile 8,420

Aleutian earthquake -April 1, 1946, 533° N, 163° W, Magnitude 7.4.

Scotch Cap, Alaska 100 miles 80 feet
Hilo, Hawaii 2,280 35 (?)
San Luis Obispo,

California 1,435 8%

Honshu, Japan earthquake - March 2, 1933, 39}° N, 144}0 £, Magnitude 8.9,

Sgoya, Japan 190 miles (Stat) 30 feet .
Tanohata 140 27

Koyator 130 40

Ryori Sirahama 140 63 (Plus)

Hirota Atumari 145 7 -
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Even though little is known about tsunami generation and the propagation
PR e T ‘

of the tsunami in open water where the velocities range up to 500 or 600

miles per hour and the wave lengths may be a hundred miles long, there is

e e e e e
c———

certainly positive evidence that a potentnal exists for a tsunami along the
1ve
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California coast, particularly along the San Andreas fault off the California
coast. In reviewing the wave heights generated by these and other submarine
earthquakes, it would not be unexpected for an earthquake approximately 250

miles from Bodega Head to produce a wave height of 25 feet above mean sea

B s T

' }gx&l. Therefore, the Survey recommencs that adequate protection be provnded
‘}or the proposed Bodega Head reactor site against a potential tsunami having
a wave height of 25 feet above mean sea level.

Before 3ummarizTFE"THE”ESEEEus;;;;“;;‘;:f; report it ia/order to comment

‘b—-——")
on the trendous am0unt of work 1hat has been performed by the PG&E Company,

- m——— —— v st s
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its consultnnts, the scnentnsts and engnneérs of the AEC, eté;, consultants

———ne:

‘gggﬂibg_lgigggaied~publjg, Each one is aware of their great responsibility
in the decisions to be reached in the near future relative to either
licensing or refusing a license for a reactor at Bodega Head, California.
This responsibility is explicitly emphasiced by the statement of the Honorable
Chester Holifield of California ~ '"| feel that one large reactor incident
would cause such great loss of life that it might preclude any further
development in the industrial field if it should occures.."

Neumann states, '"While there can be no quarantee that an earthquake
greater than the 1906 shock will not occur in the Bodega Head area, the
history of earthquakes in active seismic areas leads one to believe that

this is no{ livelys... Theoretical considerations lead one to believe that

~




if certain tectonic processes are underway in the deep crustal rocks of th.
earth in a given region, these processes will be repeated over very long

periods of time.....perhaps many centurios~-bgfggg_ihg_pgijpEnmchnngegg"

e e
=
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Eaton in his report succinetly and profoundly stated "Few places on
earth are exposed to more certain earthquake risk than are those along the
San Andreas fault in northern and southern California. Acceptance of
Bodega Head as a safe reactor site well establishes a precedent that wil]
make it exceedingly difficult to reject any proposed future site on the

grounds of extreme earthquake rjsk."

—._..--.—.—_——-'.-—.—JA-—..—-._—.- - —

The Survey, fully aware of the exhaust ive and comprehensive studies
R o A i e N

made by all participants, believes that the cenclusions reached by its )

e

scientists are adequate and s.7ficiently complete so that the AEC may

o & employ them in rendering a judgment. |

5 CONCLUS IONS

(1) The seismicity study of the San Andreas fault area near the propos
Bodega Head reactor shows the possibility of a magnitude-fﬁfLearthquake abou"
once cvery 100 years. All actions relative to this site should be contingent
upon the occurrence of a large magnitude earthquake during the lifetime of a
reactor.

(2) The characteristics of the ground vibrations tolerable at this site |
i are: acceleration of ground motions -&hz;ggﬂ-g for periods of 0.3 to 0.7
. seconds for which the structure and all of its elements should be designed;
‘o

+2 g for the same period range is the limit for which critical elements will

fail but not release fission material.
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(3) There is a definite potential for a tsunami to affect the Bodega

Head site. It is therefore recommended
e —

constructed that tounamiiwnvo heights of 25 feet above mean sea level will

e oo ™ —_— T it |
not|impair its oporation"nd the safety of the surrounding population

)

/

U. 5. Coast and Geodetic Survey
w.miﬂgton, D. C. 20230

May 18, 1964




