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I. INTRODUCTION 7\ o ming 4 oy

My name is James N. Brune. I am Professor 6
at the University of California at San Diego. My educatiocnal
background includes a Bachelcr of Science degree in Geological
Engineering from the University of Nevada, and a Ph.D. in
Seismology from Coclumbia University. In recent years I have
carried ocut a number of studies relating to seismicity and
tectonics of southern California and northwest Mexico, and to
earthquake source mechanism and strong ground motion, particularly
in southern California and Mexico. I am currently a principal
investigator on contracts and grants funded by the United
States Geological Survey and the National Science Foundation
which pertain to earthquake hazard in southern California and
northwest Mexico (USGS), strong ground motion in northw *

Mexico (NSF), earthquake mechanism and strong motion along
the San Jacinto fault (USGS) and special studies of strong

moticn generated by the Imperial Valley 1979 earthquake (NSF).
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my biography and list of publications is attached hereto and

incorporated herewith.



II. SUMMARY AND CONCLUSIONS

(1) The state of our scientific knowledge is too
limited to allow us to predict with confidence the maximum
magnitude and consequent maximum ground accelerations to
which the San Onofre Nuclear Power Plant may be exposed
during its lifetime. The existing SER and FSAR reports
do not counter these limitations. New and untested methods
are introduced without adequate justification. Undefined
and unscientific terms are used in conclusions. Assumptions
are left unjustified and important data are not adequately
considered. As a consequence of the above limitations, the
adequacy of the design basis earthquake has not been
established by scientific evidence.

(2) A-prcposed design earthquake of magnitude M = 7
is not the maximum which could reasonably occur on the 02D.
Based on the length of the OZD, our present understanding
of the mechanics of esarthquakes, the statistical distribution
of earthquakes with magnitude, and the tectonics and historic
seismicity of the 0ZD_Southern California-Northern Baja
California region, it .s quite possible that an earthquake
of magnitude greater than 7.5 could occur along the 0ZD.

(3) The slip-rate methodology introduced bv the
applicant is not valid for estimating the maximum magnitude
earthquake on the 0ZD. It has not been verified by evidence,
submitted to adequate critical review, nor established from

principles of fault mechanics. The data cited in support of



it can be explained by known staﬁistical properties of
occurrence of earthquakes, and the fact that only a short
history of seismic observations is available.

(4) Methods of estimating maximum magnitude based
on some assumed fraction of rupture along a given fault zone
have not been verified by evidence, submitted to adequate
critical review, nor established fror principles of fault
mechanics. Choice of smaller fractions of rupture length
represent probabilistically more likely events and n.t maximum
events in the sense of true mechanical limitations.

(3) Because the data base of recordings of ground
accelerations of large earthquakes (M v 7 and greater) at
close distances (< 10 km) is very limited, and because our
physical understanding of earthquake source mechanism and
generation of strong ground motion is very limited, we cannot
confidently establish expected values of ground motion for
San Onofre from a major earthquake on the 02ZD. Different
investigators ﬁave obtained significantly different results
from correlations of peak ground acceleration with magnitude
and distance, using essentially the same limited data base.
Present evidence indicates that peak horizontal aud vertical
accelerations could exceed the SONGS design earthquake values.
The probabilities of such exceedances are not known, but
such exceedances have occurred several times in recent

earthquakes.

(6) Numerical modelling procedures have not yet



been de. e¢loped and utilized sufficiently to be relied upon
in predicting ground motion, and have not at present been
able to constrain expected values of ground acceleration
significantly beyond the unreliable constraints arising
from correlation of peak acceleration with magnitude and
distance based on assumed curve shapes.

(7) The Imperial Valley earthquake of October,

1979 (Iv-79), M_ ~ 6.5, had a relatively low intensity

B
compared to other earthquakes such as the Imperial Valley
1940 earthquake and the El Alamo 1956 earthquake. Neverthe.ess,
it recorded peak accelerations and response spectra which
exceeded the Design Base Earthquake for SONGS. Given the
larger magnitude for the design earthquake at SONGS, the
lower attenuation in the source region of the 02ZD, and the
relatively low intensity and moment of IV-79, we may expect
that exceedance of design values of acceleration and
response spectra could occur at SONGS for an M = 7 earthquake
on the 02ZD.

(8) The concept of "magnitude saturation" of
observed values of peak ground accelerations with magnitude,
previously hypothesized by Hanks and Johnson to apply
between M = 5.5 and 6.5, is contradicted in the most recent
studies of Hanks and McGuire, and the validity of its
applicability for larger magnitudes is in doubt and not
supported by data. Therefore, we may expect a ganeral

increase in average peak accelerations with magnitude above
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M= 6,5, but the slope of the curve is not known at present.

(9) The ground motion which might be caused by high
stress drop earthquakes such as occur in Northern Baja
California and in certain regions of Southern California
have nnt been adequately considered in the FSAR and SER.

The 1956 E1 Alamo earthquake (M’ = 6.8) generated a much
greater area of intensity VI than the IV-79 earthquake, and
this suggests that the near source ground accelerations were
also considerably greater. Present understanding suggests
that such high stress drcop events, if they occurred on

the 02D could produce ground accelerations considerably

higher than the design ground acceleration.



III. GENERAL STATUS OF ESTIMATING EARTHQUAKE HAZARD

The state of our scientific knowledge concerning
geology, tectonics, faulting mechanism, and generation of
strong ground motion is too limited to allow us to predict
with confidence ths maximum magnitude and consequent maximum
ground accelerations to which a critical facility such as
the San Onofre Power Plant may be exposed during its life-
time. The historic record of seismicity, our techniques of
geolegic investigation (especially in areas covered by water)
and our understanding of earthquake mechanism, are all too
limited to establish the earthgquake potential of zcnes of
deformation such as the Offshore Zone of Deformation (02ZD)
and the Cristianitos Zone of Deformation (C2D) which may
pose a seismic hazard to the San Onofre Power Plant site.
Furthermore, once the magnitude for a design basis earthquake
is decided upon, the data base for, and unders+<anding of,
the generation of strong ground motion, and in particular our
knowledge of appropriate critical parameters such as fault
dimensions, stress drcop, rupture propagation, seismic wave
attenuation, and seismic inhomogeneities, are to limited
to predict with confidence the probable ground accelerations
to be expected for large earthquakes (Ms near 7 and greater)
very near faulting (distance less than 10 km).

Our lack of knowledge and the need for further research

has been clearly indicatead in the report of the Panel on

.



Earthquake Problems Relating to the Siting of Critical

Facilities of the Naticnal Academy of Sciences:

We do not now have the optimal
information base that is requ.red
to site all critical facilities
to protect the citizens of the
United States from the hazards
posed by earthquakes--surface
faulting, strong shaking, ground
failure and tsunami. As a
consequence, many facilities are
'overdesigned,' undoubtedly, others
are 'underdesigned' to resist
seismic effects.

Without the further research recommended by the panel, we

cannot in general say which is which, and specifically in the

case of San Onofre Nuclear Power Plant, whether or not it is

underdesigned.

As pointed out in their report:

Major gaps exist in our knowledcge
of seismic phenomena, and ncwhere
is this better illustrated than in
attempts to specify the locations,
frequencies and maximum sizes of
future earthquakes that might affect
critical facilities--the guestions
of 'where,' 'how often' and 'how
big.' Seldom can all three of
these guesticns be answered with
anywhere near the confidence we
desire.

In commenting on the specification of maximum earthquakes,

Panel comments:

Such events have been called the
'maximum credible earthquake,'’
'maximum expectable earthguake,'

or, with regard to special facilities,
'safe shutdown earthquake' or
simply the 'design earthgquake.'
None of these terms has been
precisely defined in a usable way,
and whzt is 'credible' or :
'expectable' to one person may

not be to another.

the



Furthermore, the Panel savs:

More often than not, in present
practice, the concept of maximum
credible or maximum expectable
earthquake has some intrinsic
elements of both scientific
probability and acceptable risk.

In the opinion of the Panel, and I agree, this is not a
satisfactory long term state of affairs,

efforts must be made to separate

the evaluation of scientific

likelihood of a potentially

disastrous event from the

assignment of the risk that

society is willing to accept

for a particular critical facility.
These last sentences are particularly important in the present
case because at critical pcints of conclusion both the NRC
Staff and its consultants, and the Applicant and its consultants,
use the term "conservative" or some similar term, without
defining it, and also use the terms guoted earlier by the
NAS Panel as terms not “precisely defined in a usable way."
This leads to uncertainty about the meaning of statements
and in particular, uncertainty as to the level of risk assumed
for society when a particular statement is being made.

Concerning the characterization of ground motions,

the Panel comments:

..sthe statistical base of ground
motion data is extremely l.mited....
At present, these estimates [of

ground motion] are subject to
considerable uncertainties, reflecting
the limited historical data base

and lack of detailed, quantitative
knowledge of the influence of

physical factors on ground motions.
Data are particularly limited for



near field and large magnitude
earthquakes; unfortunately, such
everts pose the greatest hazards
to structures.

The above quotes from the National Academy Pane.
represent a generally accepted evaluation of our lack of
knowledge concerning earthquake hazard. Neither the Applicant
and its consultants, nor the NRC Staff and its consultants
have presented evidence that these conclusions are inappropriate
for considering the seismic hazard at San Onofre (SONGS),
and I believe that they must be taken as a base from which
to judge any claims macde by the Applicants or Staff to have
scientifically established the conservatism and lack of risk
associated with the Design Base Earthquake for SONGS. A
general description of the evidence presented can be characterized
as a compilation of ev;denée and arguments which support the
theory that ground motion corresponding to the design base

earthquake (DBE) are not likely to be exceeded, (at some

unspecified level of pror.. .icvy), while evidence and arguments

to the contrary are . < aately presented. There is no
statement +hat the DL canrct be exceeded. The scientific
evidence is mixed with non-scientific and undefined terms in
such a way as to make the conclusions difficult to evaluate

and of little use in arriving at a true scientific understanding
of the seismic hazard. New and untested methods are presented
with inadequate scientific justification. Much evidence which
seems to me to be almost irrelevant is presented in great

detail whereas critically important simple and true statements
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such as "we do not know" or "we do not understand"” are omitted,
the result being that the truth is clcuded and a misleading
impression of understanding is given. It is clear that,

with the burden of proof to show that the design basis
earthquake ground motion could not be exceeded, the burden
could not be scientifically held, given our present lack of

knowledge.
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IV. ESTIMATING THE MAXIMUM MAGNITUDE EARTHQUAKE ON THE 02D

- The NRC concluded in its Safety Evaluation Report
(SER) :

The present evidence indicates an

extensive, linear zone of defcrmation

at least 240 kilometers long extending

from the Santi Monica mountains to

at least Baja California. We and our

consultants consider this zone of

deformation to be potentially active

and capable of an earthquake whose

magnitude could be commensurate with

the length of the zone.
I assume that "an earthquake whose magnitude is commensurate
with the length cf the zone" means that the magnitude corresponds
to an earthquake with rupture length corresgonding to the
length of the zone, since choice of any lesser rupture length
would be less than the maximum length of rupture nossible on
the zone, and an arbitrary reduction in conservatism for which
no basis is stated. Using the equaticn of Slemmons' (1977)
Table 13 relation for strike slip faults (Curve E), a fault
length of 240 km corresponds to a magnitude of 7.87. If we
add one standard deviation, a magnitude of 8.6 is obtained.
If we assume a shorter lencgth of 200 km for the 02D, as
suggested by Slemmons (SER), we obtain values of 7.76 (mean)
and 8.45 (mean plus one standard deviation). If we assume
a mag:.‘ cude corresponding to one half of the 200 km, we
obtain values of 7.35 and 8.05 resvectively.

A 1967 report to Secretary of Interior Stewart Udall

recarding the Bolsa Island Nuclear Power Plant stat2s, in the

section entitled "Seismological Considerations" that
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In specifying the maximum earthquake
for which public safety must be
assured, a highly conservative apprcach
has been adopted “or two principle
reasons:

(1) The consequences of some types of
serious failure in a nuclear facility
must be guarded against even if the
likelihood is very remote; and
(2) the historic record of earthquake
occurrence is so short that it cannot
encompass the entire spectrum of possible
events.
In view of the mandatoiy conservatism,
we suggest that the maximum earthguake
for which public safety must be agsumed
should be a magnitude 8 shock on the
Newport-Inglewood Fault, or on one of
the parallel offshore faults (Palos
Verdes, San Pedro Faults).
Similarly, other studies have suggested an M = 7.5 and M = 7,25
as the 0ZD design magnitude (USGS Open Filé Report, 81-115,
(1980) ; Woodward-Clyde Consultants LNG Report, (1978)).
There is no physical reason why an earthquake rupture
could not proceed along the whole length of the 0ZD.
No evidence is presented by the Applicant and its consultants
or the NRC Staff and its consultants which suggests that
rupture along the full length of the 02D is not possible.
However, this is clearly less likely than rupture along some
fraction of the total zone, and thus a less conservative
assumption would be that only a fraction of the fault would
rupture, as proposed by the Applicant and its corsultants and
by the NRC Staff and its consultants. The choice of a smaller
fraction (and consequently choice of a smaller magnitude) is

a probabilistic choice with some greater level of risk implied.
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Slip Rate Method for Estimating Maximum Maanitude

The use of the geologic slip rate method proposed by
WCC is not valid for estimating the maximum earthquake that
could occur on the 02D, since there is no known
reason why a fault zone of given length with a low slip rate
cannot have as large an earthquake as a fault 2one of the
same length with a fast slip rate. Of course the probability
of observing such an evert in any given time period (e.g.,
the relatively short histor.c time period over which magnitudes
have been estimated) is lower the lower the slip rate. There-
fore, use of such a method could be considered a probabilistic
method for determining the maximum probable event in a given
time period, and not a deterministic method for estimating
the maximum magnitude which might occur at any time.

Figure 361.38-4 of the Woodward-Clyde Consultants
Response %o NRC Questions shows a "Line Bounding Extremes
of Bracketed Ranges of Data (MEL)." This line
is taken by thé Applicant to represent the bounding curve
which gives an M = 7.0 earthquake for the 02D, taken to have
the same slip rate as NIZD, .5 mm/yr (no justification is given
for assuming the bounding curve is a straight line rather than
a curve). The slcze of the bounding curve is controlled by
only two points at slip rates below 1 mm/yr, and thus is
quite uncertain. As indicated by Slemmons ‘n the SER (p. E=7)

The data base for these figures
is based on a very short historic

record cf earthquake activity;
future earthquake and new data are

-



likely to extend th limits to
some inde‘erminate 1i.er value.

This can be aporeciated by consider.“ion of one point on the
graph, namely, the point for the 1933 Long Beach earthquake.
If the magnitude for that event had been a little over one

unit higher, M_ = 7.5, the slope cf the bounding curve would,

3
of course, have indicated Ms > 7.5 as a maximum magnitude

for a slip rate of 0.5 mm/yr and for the 0ZD. Thus, the

slip rate method bens the guestion since it assumes a priori
that the 1933 Long Beach earthquake is the controlling
earthquake for a slip rate of .5 mm/yr. There is no
justification for this because the historic record is tco
short. The 1956 El1 Alamo earthquake, discussed later, had

2 magnitude of 6.8, yet the slip rate average over the

last several million years is less than for the NIZD. It

can be noted that if we had had only two data points from

the data above a slip rate of .5 mm/yr, we might have inferred

a bounding curve with the opposite slope, i.e., maximum

magnitude increasing with decreasing slip rate, a result

which might be expected from a rock mechanics point of view,

since it is observed in the laboratory that rock strength

along faults increases with time between successive failures
(Scholz, personal communication, 1981).

Anderson (personal communication,l198l1) and Luco
(personal communication, 198l1) have given simple interpretations
of bounding curves, such as the MEL presented by thg Applicant,
in terms of a relationship between maximum magnitude, slip

rate and recurrence time for the largest event. In such an



interpretation, the bounding curve could correspond to a
recurrence time for the maximum earthquake of 2000 or 5000
years. Thus, there are two possible interpretations of such
a bounding curve: either there is some, at present unknown,
mechanism cperating such that no earthquake falls beyond

the curve (as implied by the applicant), or more likely, the
curve represents the result of limited sampling of seismicity
for which the recurrence time for the maximum earthquake is
of the order of 2000 to 5000 years, a reasonable situation

for fault zones such as the 02ZD.

Evidence from Historic Seismicity

From the point of view of the historic seismicity of
the 0ZD, an earthquake with magnitude greater than 7.5 is
credible. Since an earthquake of magnitude 6.3 has alre.dy
occurred on'thé northern section of the CZD (Long Beach, 1933)
and a m&gnitude 6.8 earthquake has occurred on the San Miguel
fault system to the southeast (El Alamo, 1956), and since
it is very unlikely that the largest or near-largest event
in the region would occur in such a short time sample as our
historic record, given the relatively low slip rates, it is

credible that a magnitude unit higher could occur at any time.
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The San Miguel Earthguakes and Maximum Magnitude
Based on the Slip Rate Method

Because of the proximity and the geolongic and tectonic
relationship of the San Miguel earthquakes to the 0ZD, they
should have been given important weight in testing the
slip rate method. The slip rate on the NIZD as given in
Woodward-Clyde Consultants Appendix B is about 3.5 km in the
last seven mill ion years, giving an average slip rate of
.5 mm/yr (Figure B-7). On the other hand, the slip on the
San Miguel fault zone in the last seven million years is
only approximately 250 meters (Gastil, personal communication,
1981; Harvey, 1980) giving a slip rate of about .04 mm/yr.
According to the bounding curve given in the FSAR, Figure
361.38-4, this corresponds to a maximum magnitude of less
than 5.5, totally in disagreement with the magnitudes of
actual earthquakes (M up to 6.8). This further supports
the conclusion that the bounding curve in 361.38-4 is a result
of a sampling limitation, not a physical limitation on the
magnitudes of earthquakes. If we take the value of .04
mm/yr (averaged over the last seven million years) for the
1356 earthquake, we obtain a bounding curve which gives a
magnitude of about 7.5 for the 02D (.5 mm/yr).

The calculated slip rate for the San Miguel fault
depends on the time interval over which the averaging is done.
If the average is taken since Cretaceous, a value less than

0.01 mm/vr is o%tained. On the other hand, if we assume
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the displacement xll occurred in the last one million years,

a rate as high as .25 mm/yr is obtained. The higher

rates would be consistent with the thesis that the 0ZD-San

Miguel linear zone is a highly active incipient fault zone.
Thus, the 1956 San Miguel earthquake is further evidence

that the slip rate methodology is invalid for estimating

the maximum magnitude for the 0ZD. The occurrence of an

M = 6.8 earthquake in this region, on a fault of such low

total displacement, and with such a short historic record,

argues that the maximum earthgquake on the 0ZD could be

considerably larger.

il



Fault Activity and Stress Away from the San Andreas Fault

A number of times the suggestion has been made that
solely because of its distance from the main plate boundary
and from the San Andreas fault, the 0ZD is likely to have a
lower stress or to have a lower slip rate, lower seismic
activity and lower maximum magnitude (SCE Response to FOE
Interrog. 39, 62, 64). Concerning stress, there 1is no
mechanical basis for the assumption that stress decreases
away from the plate boundary and, in fact, there are tectonic
models in which the opposite is true (Lachenbruch, 1981).
The fact that the strength of faults increases with contact
time in laboratory models suggests that faults of lower slip
rate and thus longer intervals between earthgquakes might
hqve higher breaking strengths, higher stress drops and
thus, higher magnitudes (for given fault geometry) than
earthquakes along main fault boundaries. There are other
suggestions that stresses away from plate boundaries are
higher than thdse near plate boundaries (Sbar and Sykes,
i973). The high stress drops and high apparent stresses
found along the San Miguel fault zone (see later section)

are strong evidence that in this region stress is higher away

from the main plate boundary.




Magnitude by Fracticnal Fault Length

Since it is a well-krnown fact that for any given
fault zone larger earthgquakes are less frequent than smaller
earthquakes, it is obvious that the longer the observation
time for a jiven fault zone the larger the maximum recorded
earthquake is likely to be and, consequently, the larger the
ra'. - of the largest observed rupture length to the total
fault zone length i.e., the larger the fractional fault
length of the maximum event. For faults with slower slip
rate, the observing time required to record a rupture with
a given fractional fault lenqgth wil. be corresponaingly longer
than for a fault with faster =livn racte.

The definition of total length of zone is not
straightforward, as pointed out by Slemmons (1977 and SER). For
example, almost 100% of the Imperial fault uroké in 194¢C.
However, we may extend the "fault zone" to which the Imperial
fault belongs to include, to . . north, the San Andreas fault,
and, to the south, the whole set of transform faults in
the Gulf of California, perhaps to the intersection with
the East Pacific rise, and thus make the "fracticnal fault
length"” for the 1940 rupture anywhere between ne.rly 100%
and less than 10%, Slemmons (SER) identifies the Imperiul
fault with the San Jacinto fault zone even though the San
Jacinto fault is not believed to have been part of the main
plate boundary in recent geologic time, while the Imperial

fault has. Furthermore, the Imperial fault is offset from
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a simple linear projection from the San Jacinto fault to

the Cerro Prieto fault. There are, at present, no nbjective

rules for deciding before-hand what the proper length of the

total fault zone is. Decisiors about how to defire the

total length of a zone, and what fracticon of the zone to take
have considerable arbitrariness at present and the method

has not been subjected to sufficiur:c critical review.

In the case of the 02D, the northern terminus is
fairly clearly defined by the transverse ranges, but the
southern end is less certain, as indicated by the various
alternatives considered by Siemmons (SER). Ir fact, the
right-stepping distance required %o connect the Rose Canyon
fault with the Coronado Banks-Agua Blanca system (~15 - 20 km)
is about the same as that required to connect the Imperial
fault with the Cerro Prieto fault, two faults
which Slemmcons (SER) includes in the same San Jacinto to
cerro Prieto zone. Thus, if we accept the Imperial and Cerrc
Prieto faults as part of the same zone for the purpose of
estimating fractional fault lengths, there is no geometrical
reason for not considering the Coronado Banks fault zone as
part of the 02ZD.

For a given throughgoing linear fault zone, such as
the 02D, there is nc known reascn why the rupture could not
proceed along the whole length. Therefore, one might expect,
given a long enough recording time, that each such more or

less continuous straight zone would have increasing observed



fractional ruptures with time, approaching eventucllv some

‘+»ge fraction of the total length. The 1930 I2U strike-slip
cthquake ruptured nearly 100% of its length (Allen, 1975).
Given the short time of historical observations ana the
inherent difficulties in defining total fault zone length,
it appears possible that many relatively straight continuous
active fault zones such as the 02D will eventually generate
ruptures over nearly their whole length. In this context,
the fractional fault leng%h method appears as a probabilistic
method, not a determinsitic one. Since a rupture of the
shole fault length is less likely than rupture cf some fraction
of the length, assuming a rupture of length of some fracticn
of the fault length for a design earthquak: is.simply less
conservative than assuming rupture of the total fault length.
The probability of observing, in a given éime period,
a rupture along a given fraction of a fault zone can be
calculated from the relationship between fault dimensions and
magnitude and'the recurre.ace relationship for arthquakes
cf various magnitudes. Caputo (1973; persounal communication,
1981) has made such a calculation and finds that the
probability of observing one half length is about 4 times
grezter than full length, the probability of observing one
third length about 8 - 10 times greater than full length, and
the probability of observing one quarter length about 15 - 20
times greater than full length. From this consideration, it
is unliks .y, with the present data sample, that we-have

recorded near the maximum rupture length possible on the 0ZD.
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Estimating Magn.tude from Rupture Length

Appendix E, however, he uses the mean curve rather than th
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Synthetic Slip Rate v. Magnitude Curve

Section 361.38(b) in the FSAR is a comparison of the
slip rate and half-length methods for estimating maximum
magnitudes. This is done using a synthetic slip rate vs.
magnitude plot based on two correlations: the magnitude
vS. rupture lencth correlation of Slemmons (1977) and a
correlation >f slip rate vs. length (Fig. 361.38-3) to obtain
a synthetic one-half length line (Figs. 361.38-. 261.38-5,
361-38.6). However, both of these correlations represent
average values, and thus the synthetic slip rats vs. magnitude
plot also represents an average line. If the data of Slemmens
(1977) for strike slip faults is transferred in the same
manner, 50% cf the data will fall to the right of the curve,
indicating that the bounding curve from the slip rate does
not "bound" the data. A more conservative estimate would
include a one standard deviation correction (+.694 magnitude
units) giving a maximum magnitude of about 7.35. A two
standard deviation correction would give a magnitude value
slightly over 8.

Strictly speaking, in order to derive a valid "bounding
curve”, a bounding line should have been drawn for the data
in Fig. 361.38~2, combined with a bounding curve for the
magnitude vs. rupture length data, and transferred o Pig.
361.38-3. This curve would indicate a magnitude of about

8.5 for a 3lip rate of .5 mm/yr.
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Japanese Earthquakes

In FSAR Question 361.46b it is stated that "The
differences in mechanics c- faulting between Southern
California and Japan has led the Appli~ants to remove the
Tanna fault from the data base together with eliminating
all Japanese faults from consideration.”

Removing the Japanese data from consideration has
a serious effect on the conclusions concerning the slip
rate method. Since the Japanese data represent most of the
data at slow slip rates, the data base is weakened in
precisely the range where it is most uncertain and where the
data is most important to the conclusions concerning the
maximum earthquake limit (MEL). Since much of the Japanese
data exceeds the present proposed MEL, its climination has
shifted the MEL curve to lower magnitude values for slow
s.ip rates.

Considgring the claims made for the slip rate method
by the Applicants and the NRC Staff, it is important to
thoroughly justify such dismissal of data. There is no
established reason why Japanese strike slip earthquake
mechanics should be any different than California strike
slip earthquake mechanics.

Differences between Japanese earthquakes ard
Southern California earthquakes mentioned in the F3AR
include:

Most strike-slip faults on land :
in Japan began in the early

18-



Quaternary (about one million years
ago) and have continued to move in
the same direction with an average
rate of a few millimeters per year
(Matsuda and Okada, 1968). The total
displacements are not greater than 12
kilometers. This small amount of
displacement and youthfulness of the
origin of their recent movement are
characteristic of Japanese active
faults and are in contrast with the
history of such major faul%s as the
San Andreas fault in Califecrnia or
the Alpine Fault in New Zealand
(Matsuda, 1967). FSAR Question 361.46 b-2

Recurrence intervals of earthquakes on
a given fault are long, and lie in the
range of several hundred to a thousand
years (Matsuda, 1967). FSAR Question

361.46 b=-2

Japanese strike slip earthquakes differ
from all other strike slip earthquakes
in many ways. The most conspicuous
differences are the large displacement
relative to rupture length, the shortness
of rupture. length and overall fault
length, the fact that commonly the
entire mapped length of the fault breaks
in one earthquake and that conjugate
pairs of faults often rupture at the
same time. FSAP Question 361.46 b-2

There is a trend of apparently low slip
rates for some strike slip faults in
Japan that produce large earthquakes.
FSAR Question 361.50.

To the extent that strike slip faults
in Japan and California fall into
almost mutually exclusive groups when
these fault properties are compared,
the Applicants conclude that faulting
of the kind that occurs in Japan cannot
occur in California. Accordingly, it
is inappropriate to include faults in
Japan in an analyses c¢f fault behavior
of strike slip faults in California.
FSAR Question 361.50.



Apparently, the Japanese data are disregarded because
they commonly violate the thesis that is being tested. The
data set for Japan is probably the best in the world, in
terms of thoroughness and length of historic record. This,
in part, may be the reason for its appearing anomalous to
the Applicants. It seems to me premature to disregard the
Japanese data until some mechanism is established justifying
this, or until better data are obtained cutsice Japan. It
may be noted, that many of the characteristics of Japanese
earthquakes which are used to justify disregarding them are
precisely those characteristics attributed by the Applicant
to the 0ZD, e.g., youthful origin, low slip-rates, small
total displacements and long recurrence intervals on a
given fault. Thus the Japanese data should not be disregarded
in considering the seismic hazard fkqm'the 0ZD. Similar
comments apply to data from Chinese earthquakes, which are
dismissed. There are examples of Chinese earthguakes of
large magnitude occurring on fault zones which have remained
gquiescent for periods much longer than the period of

observation available for the 0ZD (Allen, 1975).
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V. PEAK GROUND ACCELERATIONS

The Data Base for Estimaiing Peak 3round Accelerations

The data base for predicting peak accelerations very
near (< 10 km) from large earthquakes (M.7 and greater) is
very limited, and thus any such predictions are open to
large uncertainties. We will need about ten well-recorded
earthquakes of magnitude near 7 and greater before we can
be confident of such predictions. Present data do not
preclude occasional peak horizontal accelerations of higher
than 1 g at a distance of 8 km.

A similar conclusion (regarding possible peak horizontal
acceler.tion) results from consideration of our physical
understanding of earthquakes and generation of strong ground
motion. Ve lack the necessary understanding of critical
aspects of the rupture mechanism, e.g. level and variation
of stress drop, complexity of rupture, focussing of energy
by rupture propagation, and attenuation. Simple theories
relating to peak acceleration to stress drop indicate
accelerations higher than lg are possible for stress drops
of 100 bars, a value reasonable for eartnquakes of magnitude
7.0. However, localized stress drops of higher than 500
bars have been inferred in some studies, thus, since peak
ezxc~leration is linearly related to stress drop in these
simple models, near snurce accelerations of higher than
5g might occur. It is not known at the present time,,

because of the lack of data, how adequate our present simple
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models are for estimating ground accelerations, and it is
not known what the probabilities of high stress concentra-
tions are, nor how large a volume can experience large stress
drops, and, thus, how far very high accelerations could ex*end
away from the source of the concentrated stress drop.
Because of the uncertainties described above, it is
not possible to establish with confidence the probabilities
of high peak horizontal accelerations at a distance of 8 km
from an M = 7 earthquake. Recent ex:rapclations of existing
data obtain quite different results (TERA Report Campbell,
1980; NRC SER; USGS 81-365, Joyner, 2t al., 1981). The
differences in the estimates stem from small differences
in choices of data base and in assumptions in the regressicn
analyses. At present, it is not possible to establish with
confidence which data and which assumptions are most appro-
priate and thus, the probabilities of high accelerations
remains uncertain. From the results of the USGS Open File
Report 81-365 correlation, the probability, for an M = 7
earthjuake at 8 km, of accelerations over lg is 11%, and
for accelerations over 2g, 1%. These values are higher
than for the other correlations but do not appear to be
unreasonable, based on our present und2rstanding of the
data and of earthquake source mechanism. However, they
must remain quite uncertain because of the limited data

base.



Possibility of high stress drop

For other fault parameters constant, accelerations
and velocities are proportional to stress drop. The average
stress drop for large earthquakes is about 30 bars (Kanamori
and Anderson, 1975) with a range up to about 100 bars.

Althcugh most small earthquakes have stress drdps of
less than 100 bars, there is evidence from spectrum studies
that in some circumstances stress drops can be as high as a
kilobar, with consequen“ higher nearly source accelerations
and velccities. Trifunac (1972 a and b) found stress drops of
about 500 bars and 350 bars for aftershocks of the San Fernando
and El Centro earthquakes, respectively. A stress drop of
+600 bars was inferred by Hartzell and Brune (1977) for one
earthquake in Brawley earthquake swarm of January 14 - 31, 1975.
Fletcher et al., (1978) found a stress drop of over 400 bars
for the Oroville, California ear:hquake of August 6, 1975.
Hartzell et al., (1978) inferred a stress drop of over 1 kbar
for the Acapulco, Mexico earthquake of October 6, 1974. The
larger earthquakes in a recent Victoria, Baja California swarm
apparently had stress drops of over 500 bars. Other examples
of studies which found high stress drops include House and

Boatwright (1980), 890 “ars and 650 bars; and McGarr (1981

over 2 kbar for asperity stress drop).

The stress drop along a major fault during a .iarge
earthquake is probably quite variable, and thus even though
the average stress drop is usually less than 100 bars, locally
the stress drop could be considerably higher. Hanks (1374)
inferred a stress drop of 350 - 1400 bars near the hypocenter

of the 1978 San Fernando earthguake. Aki (1978) inferred a
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local stress drop of 370 bars and associated near source
accelerations of 1.5g for the 1857 California earthquake
(based on variations of observed fault slip and a barrier
theory of faulting). Trifunac (1972a) inferred a stress
drop of about 350 bars for the southeast part of the
rupture in the 1940 Imperial Valley earthgquake. It is
not known how large the areas of high stress drop along a
fault can be, but it is possible that they could extend
over more than a 10 km radius, thusfr leading to anomalously
large accelerations and velocities at the surface and out
to 10 km from the fault. Although our understanding of
earthquake stress drop is not fully developad, and there
are uncertainties in the above:.results, they collectively
suggest that in some cases stress drops of a few hundred
bars or more may occur over fault volumes of at least a
few km dimension.

Whether or not large stress drops can extend to shallow
A~pths (less than a few km) is not known. The study of Aki
(1978) implied large stress drops extending to near the
surface. Hartzell, et al. (1978) interpreted the strong
motion record of the Acapulco earthquake of October 6, 1974
to be due to an earthquake with a stress drop of over 1 kbar
at 2 depth of only about 1 km. The Norma 163 model of

Heaton and Helmberger ( 1979) for the San Fernando earthquake



has two fault segments one at a depth of about 13 km

with a relatively steep dip and a second at depths less
than 5 km with a shallower dip. His contours of displace-
ment on the shallower segment of the fault imply high
stress drops at 2-3 km depth. Thus, there are indications
that in some cases stress drops greater than a few hundred
bars may extend to near the surface.

I conclude that large stress drops over relatively
large volumes near the surface could cause anomalously high
accelerations and velocities in some instances (greater than
2g accelerations and greater than 200 cm/sec velocities).
The probabilities of occurrence for high stress drops is

not known.

Effect of focrssing of energy by rupture propagation

(Directivity)

Focussing of energy in the direction of source propa-
gation is a phenomenon that has been known and observed in
nature for many years. In seismology, the effect has been
termed directivity and has been observed for many earthquakes
(Bakun, et «!.. 1978), and most recently in the Livermore
earthquake (Boore ¢t al., 1980), the Santa Barbara earthcquake
(CDMG, Special Report 144, 1979; Miller and Felszeghy (1978);

and the Coyote Lake earthquake (Archuleta, 1979).
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For wavelengths shorter than fault dimensions, the effect

can lead to amplitudes in the direction of rupture several
times higher than in directions away from (or near normal

to) the direction of the rupture. The effect has been
verified in physical models of spontaneous rupture (Archuleta
and Brune, 1975) and in numerical similations (Boore, 1977;
Archuleta and Frazier, 1979) as well as in numerical modelling
of TERA-DELTA (page 6~1 , Supp. 1 ).

The concept of focussing or directivity is important
in strong motion seismology not only because of the fact
that it can lead to anomalously high ground velocity and
accelqration in the focussed direction, but also because
it can introduce a large range of scatter in the data close
to faults, thus making it particularly difficult to estimate
the true mean and standard deviation of peak velocities and
accelerations from a limited sample of data. It may cause
the distribution of »-uk accelerations to deviate signifi-
cantly from a lognormal distribution.

Although, as mentioned above, effects of directivity
have been observed for several recent earthquakes, there is
no case of a well instrumented large earthquake (Ms near 7)
where such effects are clearly evident (directivity effects
are not obvious in acceleration data from the recent IV-79
earthquake, possibly because the source was not an approximate

uniform rupture). Thus, the possibility remains that if
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special circumstances leading to strong directivity for a
large earthquake were to o~cur, horizontal accelerations
could be considerably higher than any recorded to date.

The probabilities of such occurrences are not known.

Arguments against high velocities and accelerations

I have discussed above, a number of points which
suggest that near large earthquakes accelerations higher
than 1lg and velocities higher than 100 cm/sec may be common,
and accelerations as high as 2g and velocities as high as

. 200 cm/sec are possible. I would now like to discuss some

of the arguments which have been cited against the possibility
of such high velocit;es and accelerations.

i The fact that the data base is so small can be egually
well used to argue that the above conclusion, that high
velocities and accelerations will be occasionally expected,

is not proven (burden of proof reversed), especially since

no accelerations as high as 29 nor velocities as high as

200 cm/sec have yet been recorded. Also, a number of physical
phenomenon might limit the velocities and accelerations
observed, e.g. scattering, inhomogeneities in the rocks,
incoherency in the fault rupture, low Q and high non-linear

attenuation. Non-linear attenuaticn at high strains associa-

ted with high acceleration might be especi:lly effective in
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limiting accelerations in certain types of soil such as
exists in the Imperial Valley. The fact that average
stress drops (averaged over the fault plane) are commonly
about 30 bars, and thus less than necessary for generating
large accelerations and velocities, suggests that in most
cases such large velocities and accelerations would not be
expected (probabilistic argument). Also, perhaps many of
the recently observed high values of acceleration ard
velocities have been unduly affected by speciél conditions
which would not apply to San Onofre.

Building damage observed rear large earthquakes has
usually not been AS great as engineers would have expected
for such large accelerations and velocities. This observa-
tion suggests that such large accelerations and velocities
are rare, if we accept these earlier expected correlations
of building damage and acceleration. However, estimation
of ground acceleration from building damage is a very un-
cert;in procedure. Conversely, however, this line of
reasoning, along with the low intensities associated with the
accelerations recorded for IV-79, suggest that higher
intensities, a.q., intensity IX, may be associated with

higher accelerations than previously thought.

Finally, it can be reasonably argued that the very
high values of accelerations and velocities require such

a coincidence of deviations of variables away from their



average values as to be very unlikely for any given earth-
quake (prcbabalistic argqument). For example, the highest
accelerations are expected when a series of factors combine
to lead to high accelerations (e.g. starinn azimuth and
rupture propagation so as to maximize directivity focussing,
anomalously high stress drop, relatively low attenuation
and scattering, and anomalous surface amplification).

In my opinion, the above arguments do not outweigh
the contrary arguments and evidence. They are especially
weak if the burden of proof is assumed to lie with the
contention that high velocities and accelerations are not
possible.

Expectations for the near future

It is evident that our understancing of the nature of
strong ground motion near large earthquakes is still in an
uncertain stage. Deployment of large numbers of accelero-
graphs near active faults began only a few years ago and
the data base is as yet very limited. Each new large earth-
quake recorded usually has surprises. We may expect marked
changes in our ideas once strong motion from several iarge
earthquakes has been observed on a number of instruments in
the near field. Also, our ability to do theoretical and
numerical modelling is advancing rapidly and may lead to
important insights in the near future.

Conclusion regarding the data base for gr .. nd motion

Based on our present limited data base for near source
(¢ 10 km) ground motion for large earthquakes (M R 7), and

based on our present limited understanding of the seismic
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wave generation and transmission, the design base horizontal

ground acceleration of .67g could be exceeded by an M = 7
earthquake on the 0ZD. Under reascnable assumptions, maximum
accelerations at a distance of 8 km could exceed lg.

Although there are factors operating which might make
large acceleratiqns and velocitcies less probable, such limiting
factors are not established by our present data base and
theoretical understanding. A near certain conclusion is
that if the burden of proof is assumed “o lie with the thesis
that very close (< 10 km) to large earthquakes (M ~ 7 and
greater) accelerations of greater than .67g are not common,

then the thesis has not been proven.



Yumerical Modelling

Numerical modelling provides a method of extrapolating
beyond our present data base to magnitudes and distances not
represented in the data. This can be useful in understanding
the possibilities and probabilities of high ground accelera-
tion. However, to do tais would require variation of the
input parameters over ranges based on outside information.
Since by itself the ground acceleration data at close dis*:ices
and large magnitudes is so limited that different investigators
can come up with quite different extrapolations beyond the
dzta base, as described above, it is clear that, given the
flexibility of assigning input parameters in the numerical
modelling, it is also possible for different investicators
using numerical modelling to obtain different conclusions
about whether or not the 0.67g DBE for Saﬁ Onofre is
"conservative". 'The modelling studies of TERA-DELTA purport
to show that the .67g DBE horizontal ground acceleration
for San Onofre is "conservative" and to provide supnort
for this counclusion beyond that provided by "empirical”
study of the data base. I disagree with that conclusion
because the study does not demonstrate that the parameters
introduced into the numerical modelling are "conservative"
and have been varied over reasonable ranges. Rather, the

study shows that the parameters can be cheo-=n in such a

- 38-



way that the resultant accelerations and response spectra
fall below the val.es for the DBE (at the appropriate
distance and magnitude) and at the same time fit reasonably
well limited data from other distances and for ot'er
magnitudes. It is not surprising that such a "solution”
(i.e. selection of parameters) can be found, given the
number of modelling parameters introduced, their uncer-
tainties, and the lack of controlling data in the distance
and magnitude range of interest. Unfortunately, such a
result does not help very much since we already knew that
a set of assumptions could be made, in extrapolating from
the existing limited data base such that the DBE acceleration of
.67g would be above the extrapolations.

However, the real value of numerigal modelling is
not taken advantage of in this approach. I believe that
the proper approach is to assume a range of various input
parameters, the range determined by information other than
the strong motion data itself. Thus, parameters which are
introduced for which there is little knowledge about their
true values, would resul. in large variations in the
result, but effort would he put into limiting their range
using outside information. Given our present uncertainties
in many of the parameters, it is obvious that many of the
computer runs would show results over the .67g DBE vilue.

This, by itself, would not necessarily mean that tha DBE
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acceleration was not adequate or conservative. However,
we would be in a position to judge betier the likelihood
of these exceedences. Unfortunately, such calculations
are sc expensive that few organizations have the funds

to carry them out. Given the fact that such a variation

in parameters has not been carried out, I have to agree
with Drs. Trifunac and Luco, in taeir testimony before

the NRC Appeal Board hearings on the Diablo Canyon Nuclear
Power Plant (October, 1980) that use of such calculations

in the licensing process is premature., In the present
case, with the present stage of development, the calcula-
tions presented by TERA-DELTA do nut add a significant
further constraint on expe~ied values feor ground motion

over that available from statistical extrapolations from

the d;ta.base itself

‘ With these introductory remarks about the philosophy
of numerical modelling, I would like to address the uncer-
tainties of some of the parameters in the TERA-DELTA study.
First, the values for standard deviations in the TERA-DELTA
model dc not represent the kind of standard deviations
expected from real data where stress drops, rupture complexity
and rupture propagation, as well as relationship of the
rupture vo local geclcgic irregularities, varies from earth-
quake to earthcuake. 1n the re.l world, standard deviations

of peak acceleration are considerably greater than the values



given in the TERA-DELTA study, which correspond to varying
only certain randomness parameters in a controlled way.
Second, the effects of uncertain values of the atten-
uation parameter Q have not been adequately investigated.
NRC Reviewer Luco (by report to the Nuclear Regulatory
Commission, August, 1980) suggested they should be about
a factor of 2 higher., I believe this is a reasonable
factor for the uncertainty of Q. Low Q values assumed
in the TERA-DELTA model may have excessively attenuated
high frequency energy and thus reduced peak accelerations
(as well as indirectly and artifically reduced the effects

of focussing in the modelling).

Third, because of the assumed slip function in the
TERA-DELTA model, it is difficult to infer what the e€ffective
value for dynamic stress drop is. A dynamic source study
comparison by Swanger et al., 14981), indicates
that it is only about 50 bars (see actached fiture). (There
i3 no established basis for the assumption, made in the
TERA-DELTA modeling, that the peak slip velocity parameter
is constant for all esarthquakes.) I feel that the average
effective stress values should be varied by at least a factor
of two and, in addition, the possibility of localized stress
drops of up to 500 bars should be considered. The parameter
studies by TERA-DELTA have shown that in the frequency range
2 to 10 Hz, the response spectra are essentially linear with

with respect to dvnamic stress drop. Thus, to take into
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account these higher stress droos, we should multiply the
spectra in this frequency range by a lactor of about two.
Local zones of high stress drop would increase the spectra

even more.

Fourth, the TERA-DELTA model does not adequately
predict the accelerations actually observed in the Imperial
Valley 1979 eart'.quake at stations a few kilometers from
the fault, being approximately a factor of two t00 low
(Luco, 1980). This indicates that the dynamic stress drop
or some other parameter should be changed to increase the
Peak acceleration by alout a factor of two in order to fit
the Imperial Valley earthquake. Further increases would
need to be made to go from the IV structure to the SONGS
Structure and to extend the results to the higher magnitude
appropriate for the 02ZD.

In conclusion, the results of the computer modelling
presented by TERA-DELTA indicate the feasibility and importance
of doing a parameter study of expected strong motion at
SONGS but, by themselves, do not constitute such a study,
but rather, a limited range of calculations in which important
parameters have been assigned values not established as
conservative. If these parameters had been assigned more
conservative values (based on our present uncertainties)

the DBE spectra would have been substantially exceeded.



Requirements for an adequate modelling study

An important aspect of estimating earthquake hazard

with the present limited data base is the use of computer

modelling of fault rupture to simulate strong motion, with-
ocut which we cannot make full use of the data. Modelling
can provide improved understanding of the strong motion,
especially the effects of focussing by rupture propagation
and localized concentrations of high stress drop. Modelling
can eventually significantly reduce uncertainties and rcovide
a range of realistic models of ground motion reccords from
which to predict expected ground motion which might cccur
at SONGS from a rupture on the 02D. To estimate the effects
of uncertainties in the parameters for the SONGS modelling,
reasonable variations in‘'model parameters should be carried
out to indicate ccnclusions for a range éf degrees of
conservatism,

The numerical modelling should include effects of
rupture on all faults considered capable. In particular,
the orientations and locations of fault ruptures should
be varied to take into account possible erffects of focusiing,
i.e. whether fault rupture could proceed toward the plant,
thus focussing energy in that direction. A conservative
approach in this case would be to choose fault orientations

as close to the direction toward the plant as zllowed by

the data.
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A distance of about 5 miles or 8 km with an uncertainty
of the order of one kilometer has been cited by the Applicant
and Staff as the distance to be considered for the design
earthquake. However, at the time this decision was made,
detailed seismic sounding information did not exist between
the 0ZD and SONGS. A recent study by Greene and Kennedy
(1980) shows a zone of deformation, called the Cristianitos
Zone of Deformation (CZD) lying closer to SONGS at a distance
of about 1500' offshore (2% miles or 4 km). Since northwest
of the zone is a "data void", it is reasonable that the zone
may continue parallel to the coast and simply be a closer
strand of the 0ZD (rather than a branch of the Cristianitos
fault from onshore). Both Greene and Kennedy (personal
communication 1981) have indicated that this is a reasonable
interpretation of the existing data. If this possibility
is establishad as credible, modelling shculd include
calculations with rupture on this z ane. It is also important
to consider the effect of possible rupture on any other splay
or branch faults considered capable. In particular, calculaton
should be made for a rupture proceeding northwestward along
the 02D and continuing onto the C2D towards SONGS. Focussing
and directivity effects of such a rupture might lead to peak
accelerations at SONGS considerably greater than the DBE.

A reasonable initial conservative model for an earth-
quake on the 0ZD would be a model with a more or less uniform

stress drop of 100 bars (over the entire fault rupture), and
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superimposed local stress drops of about 500 bars for local

Stress concentrations of about 5 km in radius, located

at several points along the main fault branch and on
splay or branch faults which are judged capable. Refined
estimates for these values could be made when the initial
results of the modelling are obtained.

A possible criticism of this proposed variation in
input parameters for numer.cal mc delling is that we already
know from existing sensitivity studies and the large uncer-
tainties (due to lack of controlling data) in input para-
meters, that such calculations will in some cases yield
accelerations higher than the DBE, and thus, we do not
need to spend the money. Nevertheless, {t is clear that
more sensitivity studies (in essence the same as variation
in parameter studies) are needed before the full value

of numerical modelling is realized.



Lessons from the Imperial Valley 1979 Earthquake

The Imperial Valley 1979 (IV-79) earthquake is the
first we)l-recorded (in terms of near source strung motion)
earthquake with M. between 6 and 7. Accelerograms were
recorded at sites along the fault trace, at sites in both
directions from the epicenter, and on a cross array of
stations near the northern end of the fault. Because it is
unique in terms of instrumental coverage, there is a
natural tendency to assume it is the "typical" earthquake for
its magnitude, and use it as a basis for estimating strong
ground motion for other magnitudes and other geologic settings.
However, because the data base is so limited, we cannot
confidently assume the IV-79 earthquake is "typical" or
"not tyoical." We will need several more well-recorded

earthquakes before we establish with certianty how "typical"
.it is. Furthermore, it will probably be at least a couple
of years before the mechanism of the IV-79 earthquake is
analyzed and understcod well enough to clearly appreciate
its implications for strong motion.

Horizontal accelerations near or above the San Onofre
DBE value of .67 g were recorded at several stations: .72 g
at Station 942, .81 g at Station 5054, .64 g at Station 958
and .61 g at Station 955 (Data taken from Table 2 ¢° Joyner
et al., 1987,. Thus, the IV-79 earthquake data suggest that
near source v~lues of horizontal acceleration above .67 g
may be quite common for earthquakes of this magnitude. There

is no reason to expect that such high values could not occur



at San Onofre from a similar earthquake on the 0ZD. In fact,
the TERA-DELTA modelling results indicate that for the same
earthquake mechanism, the accelerations at San Onofre would
be about 1.8 times higher, primarily because of lower
attenuation in the SONGS structure as compared to the IV

structure (Final Report, Fig. 4-13, attached).
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Magnitudes for the IV-79 event

The value of M, based on the seismic moment, for
IV-79 is 6.5 as given by Kanamori and Regen (198l1). The
seismic moment is 6 x 1026 dyne-cm, considerably
smaller than est.mates for the 1940 Imperial Valley earthquake.
(More recent resu'ts using IDA long periocd data give a moment
value of 7 x 1025 dyne-cm (Kanamori, sonal communication,
1981)). Following Slemmons (1977), the average fault length
and displacement inferred by Kanamori and Regen, 35 km and
57 cm, respectively, correspond to M = 6.44 using the equations
relating LD2 to M (Curve F, Table 15). The average offset
of about 1/2 meter, confirmed by geodetic observations (Snay,
1981), corresponds to M ~ 8.4 (Curve E, Table 1ll1). Thus,
we can see that the combination of average displacement and
fault length correspon. appro&imitely to an M = 6,5 event,
in agreement with the Kanamori and Regen value for Mv'

The "s value reported in the USGS EDR, 6.9, is 0.4
units higher than M, However, this Mg value is unreliable
and biased upward because of the heavy weighting of European
stations (10 out of 13 stations used) at a narrow azimuth along
a path where the attenuation is relatively low. If the
European data are together taken as one determination of Ms
(= 6,9) and averaged with the three other values, an Mg of
6.{5 is obtained. The IV-79 magnitude is further increased

by about .2 units, because the EDR uses the Prague Formula

rather than the Gutenberg-Richter formula, which was used
for the determination of Mg for IV-1940 (Kanamrori, personal

communication, 198l1). Direct comparison of amplitudes
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recorded at DeBilt and Stuttgart indicates that the IV-40
earthquake was lacrger in magnitude by .6 units (DeBilt)

to .4 units (Stuttgart). Thus, this data confirms that

the IV-40 event was about 1/2 magnitude unit higher than

the IV-79 event. Considering the poor sampling resultiag

in the EDR M, value of 6.9, a value of M, and M_ cf 6.5

for IV-79 seems more reliable and consistent with the observea
displacement data, especially in relationship to the IV=-40
eartiiquake with Mg and n = 7.1, There is no doubt that

the displacement was much less for IV-79 than IV-40, and the
corresponding Ms should also be less.

The local magnitude, M. for IV=79 reported by
Pasadena, is 6.6. Calculations bssed on synthetic Wood-
Anderson seismograph responses from strong motion records
give ML v 6.3 from Mexico stations (Brune et al., 1981)
and Mo 6.2 from United States stations (Kanamori and
Regen, 198l1). The local magnitude for the IV-40 event
ranges in magnitude from 6.3 to 6.5 (Kanamori and Regen,
1981). Kanamori and Regen note that, since for the 1940
event only staticns north of the border were available,
there may be strong effects of rupture propagation. Since
the 1940 event is believed to have ruptured to the southeast
(Trifunac and Brune, 1970), away from the stations used to
determine ML' and away from the El Centro strong motion
station, its true local magnitude may have been considerably
higher (because of defocussing of energy in the direction

of the U.S. stations).



Estimates of the maximum Modified Mercalli intensities
in the near field of the IV-79 earthquake are less thaa
corrusponding intensities for the 1940 earthquake, about IX
vs. VII (Reagor et al., 198l1). This is, in part, because
of the longer duration of shaking for the 1940 event (in
turn associated with the longer fault length and greater
fault slip). However, since there is a general correaltion
of peak acceleration with irtensity, it is probable that pezk
accelerations in the 1940 event, particularly to the soutehast
nearer the large displacements and in the directior of rupture

propagation, were considerably higher in 1940 than in 1979,



_._BOrrlego Mt l, I I E
Imperial Valley ey, O 128
(lsrrsn Ljﬂﬂg\\\\fﬁ'rli l li&l\ lF}GNCLﬂ:O
Beach O} ,'|' . Guatemala
('i‘\ Imperial Valley
(1940)

San Fernando

O 6 [ 8 S

Ft'g. 4

KANAMORT & REGAN




Peak horizontal accelerations for IV-79

There are a range of ways of considering the peak
acceleration data from the IV-79 earthquake. On the one
hand, one might make the reasonable assumption that the
high acceleration at Bonds Corner (.81 g) was the result
of breaking of a local high stress drop asperity at some
point along the fault, or the result of directivity due to
rupture propagation (Hartzell, personal communication), Or
some other at present not understood effect, and take
this observation as the most conservative point from which
to extrapolate a maximal design acceleration for SONGS.
Assuming an M_ for IV=79 of 6.5 (Kanamori and Regen, 1981)
and a Design Base M for San Onofre of 7.0, along with the
peak acceleration vs. magnitude dependence of about . 3M
given in USGS Open Fiie Report 81-365 (and Hanks and
McGuire, 1981) yields a peak acceleration of about 1.1 g.
If a further correction for the lower attenuation at the
SONGS site is compared to the attenuation in the Imperial
Valley is made, ~ 1.8, (TERA-DELTA, Final Report, Fig. 4-13),
a peak acceleration at SONGS of v 2 g is obtained. This
sort of extremal analysis indicates, as do many other
consideration, that accelerations over 1 g and up to 2 g
are possible. Of course, for a hypothesized M = 7 on the
0zD, such high accelerations are less likely than lower values,
and hence if we are willing to be less conservative, we can

reduce these values in a number of more or less arbitrary ways:

-



(1) We can assume that a "saturation" effect
reduces the increase in acceleration between M = 6.5 and
7.5 to an average of only ~ .15 @, or even none at all
(least conservative assumption).

(?) We can assume that the increase in peak
acceleration between SONGS and IV-79 due to different
attenuation (Q) is overestimated in the TERA-DELTA studies
and reduce the correction to a factor of about 1.3 rather
than 1.8 (FSAR Question 361.55 assumes a factor of 1.3 =-
1.35), or even to 1.

(3) We can assume that for socme as yet unestablished
reason, the Bonds Corner record is unreliable and ignore it.
For example, we might take .61 g at Station #4 seven km
from the fault, as the basis for extrapolation:

(4) We may take average accelerations recorded at
various stations close to the fauit extending arbitrary
distances along the fault awuy from the zone of maximum surface
displacement, e.g., averages extending to the northern end
of the Brawley fault and to the southern end of the Imperial
fault, or some lesser or greater distance. This implies
probabilistic considerations based on the fact that it is
less likely that SONGS would happen to be situated at the
"worse" location than at some more "average" location. The
"average" can be reduced arbitrarily by extending the

average to include stations farther and farther from Bonds

Corner.
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(5) We may consider probabilistic distribution and
estimate the mean and one standard deviation in various ways,
and assume that a mean plus one standard deviation value is
sufficiently conservative.

The above considerations ailow us a wide range of
estimates of less conservative values for a DBE based on
the IV-79 data, ranging from a value for peak acceleration
anywhere between over 1 g and less than .5 g. However,
these estimates cannot be rigorously justified from solely
scientific considerations, there is some uncertain risk

implied in the various assumptions made tc ootain a given

number .
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Correlations of Peak Horizontal Acceleraticn with Magnitude

and Distance

The most recent USGS correlation of peak horizontal
acceleration and velocity from strong motion records, in-
cluding records from the 1979 Imperial Valley, California
earthquake, are given in USGS Open File Report 81-365
(Joyner, et al.,1981). This correlation is based on moment
magnitude, MMO, which is closely related to Mg. Prior
studies made correlations with M, (Joyner, et al., 1981;

USGS Open File Report 80-~115), and still earlier a correlation

was given without the IV-79 data (Circular 795, Boore, ¢t al.,

1978). In all cases, the data base is very limited, especially
for large earthquakes at close distances, and the results must

be "treated with caution".

The data base and understanding of ground motion is
not sufficient to place much confidence in these correlations,
or other such correlations based on our present data set.
Reasonable assumptions in choice, weighting and elimination
of data, in choice ¢. curve shapes to fit to the data, and
in ways of grouping the data can lead to quite different
results. Thus, as might be expected, different persons can
obtain significantly different estimations of the peak
acceleration for an Mg = 7.0 event at 10 km. For example,
TERA - Technical Report 80=1 (Campbell, 1980) obtained
different results than USGS 81-365. Similarly, the WCC
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"Empirical Approach" results referred to in the SER

give still different resulte,

The value from the TERA report for the 50% value
(mean) for M = 7,0 at 10 km is considerably less than the
corresponding USGS values. The exact reasons for this are
uncertzin at present (Boore, personal communication, 1981),
Note that one effect of the IV-79 data has been in part
to lower the mean and one standard deviation curves for
M = 6.5 (USGS Circular 795 vs. USGS 81-365 results). Among
other things, this could be a result of the unusually high
attenuation in the sediments of the Imperial Valley.

Data base and standard deviation

Because the IV-79 2arthquake is the only earthquake
of magnitude gerater than 6 for which there are such a
large number of stati. 's within 10 km of the rupture surface,
there is a tendency to rely heavily upon its data. However,
we have no basis for saying it is typical or that its accelera-
tions are typical. In particular, there is no basis for
assuming that the standard deviations estimated on the basis
of our present data set represents the standard deviation
of a population of different earthquakes of magnitude near
7.0 at distances near 10 km. At close distances we may
find the standard deviation for a population of data from

numerous earthquakes with differcnt stress drop and rupture



characteristics, to be considerably greater than the

standard deviation of multiple observations of a single
earthquake, or o. our present data set for only a few
earthquakes, especially when most of the data is at

larger distances. This could be particularly true if

large earthquakes are characterized by a complex rupture
process with large, high stress drop asperi ies, as many
recent studies suggest. For this reason, I feel that the
actual standard deviations could end up considerably greater

than present estimates

Magnitude "saturation"

Magnitude saturation is citen based cn the assumption
that the slip, stress drop, and energy release on a parti-
cular section of the fault near a site, assumed to control
the strong motion, will not change with magnitude, i.e.
that larger magnitudes will be associated only with longer
rupture lengths and that the additional energy release
from distant parts of the fault will not significantly
change the strong motion near the site. However, it is
well known that the amount of displacement on a fault
increases with fault length, and magnitude, up to magnitudes
greater than 7.5. For example, Slemmons' (1977) compilation

of North American dat: indicates maximum surface fault slip
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of .66 m for an M = 6.5 earthwuake, 1.7l m for an M = 7.0

earthquake, and 5.74 m for an M = 7.5 earthquake (Table 11,
Curve E). Scholz (1981) (attached) has cast this result
in terms of stress drop and fault slip as a function of

fault length and moment (for strike slip earthquakes;

~ 10 bars for a moment of 2 x 1025

for a moment of 4 x 1027 dyne-cm). (See Scholz, Figure l.)

dyne-cm, and ~ 100 bars

This data suggests that the amount of energy released on a
given section of a fault (e.g., + 20 km from a given point)
may have a clear increase with magnitude. Thus, the amount
of seismic energy a structure such as San Onofre would be
expnsed to would increase with magnitude. Hdowever, the rate
at which peak acceleration would increase with magnitude
depends on the details and coherence of the pattern of energy
release,

As Scholz (1981) has pointed ou*, the dependence of
high frequency energy release per unit fault length w.th
increasing fault length (and magnitude) depends on the
mechanism causing the increase in fault displacement with
fault length (and magnitude) and this is not understood at
present. Thus, one cannot confidently assume that "magnitude
saturation” of peak ground acceleraticn will occur at some
magnituc2 below 7.5, although it could begin to be effective
at M= 6,5 0or M= 7,0, It is even possible, given the
uncertainty about the mechanism responsible for the large

increase in average slip between M = 6.5 and M = 7.5,

-



that the peak accelerations could increase somewhat faster
with increasing magnitude between 6.5 and 7.5 than between
§.5 and 6.5, i.e., even faster than the Hanks and McGuire

(1981) and Joyner ¢t al., (1981) results.

Extrapolations based on the Recent Hanks and McGuire

Results

A recent Hanks and McGuire (1981) study has superseded
the previous Hanks and Johnson (1976) study, often cited in
discussions of magnitude saturation. Hanks and McGuire (1981)
studied more than 300 horizontal components of ground accelera-
tion from recent earthquakes and obtained the following
result for the increase in average peak acceleration with

magnitude: log a ~0.30M for 4 = M =M s 6.5, "remarkably

max L
close to that recently determined empirically by Joyner, et al.,

(1981) for 5.0 = M = 7.7, their coefficient on M (moment
magnitude) being 0,28 + 0,04." Thus, based on their data,
in the magnitude range 5.5 to 6.5 there is no longer any
indication uf "saturation.”

The Hanks and McGuire curve for peak acceleration at
R= 10 km (distance to fasult ~ 6.8 km) is significantly
higher *han the USGS 81-365 curve (but has approximately
the same dependence on magnitude in the range 5.5 - §.5).
These results are based on a reasonable physical model for

peak and RMS accelerations and thus may not be subject to

quite the same arbitrariness in choosing curve shapes as the
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the other correlations. The mean value for M = 6,5 at

R= 10 km (distance ~ 6.8 km) is .50 g. If we assume a
standard deviation factor of 1.5, a value for a mean plus
one standard deviation horizontal acceleration for M = 6.5
is .75 g. Concerning extrapolations tc higher magnitudes,
Hanks and McGuire state that

On the other handk, Soas need

not increase by much above

~ 1/2 g for M > 6.5 at close

distances, a2nd we expect it will

not, the linear increase in

log - above M = 6.5 assumed

in the empirical relations

of Donovan (1973) and Joyner

et al., (198l) not withstanding.
In a recent personal communication, Hanks has explained that
this was not meant to be a precise statement, and could include
increases ranging between, on the one extreme, a continuous
linear increase at the same slope as between 5.5 and 6.5
giving accelerations of about 0.9 g at M = 7,5 and R = 10,
to on the other extreme, a corner and flattening at 1/2 g.
Thus, to correct for an M = 7,0 event we could, on the one
hand, assume the same slope on the acceleration versus
magnitude curve between M = 7.0 and 6.0 as between M = 5.5
and 6.5, which would yield a mean acceleration of about .72 g
and a mean plus one standard deviation acceleration of 1.06 g
at M = 7,0, or on the other hand, we could assume complete
flattening of the curve or complete "saturation” at M = 6.5
giving the same value at M = 7.0 as at 6.5 (.50 g). Assuming

such complete saturation is not r.asonable and would be he

least conservative extreme. A more reasonable assumpticn is
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is that the curve has a decreasing slope between M = 6.5

and M = 7 giving a value of about .6 g for the mean acceleration
a..d a value of .90 g for the mean plus one standard deviation
acceleration, For an M = 7.5 event, the expected acceleratious
would be still higher., Thus, the recent Hanks and McGuire
results suggest peak horizontal accelerations could be
considerab.’ above the values quoted in the SER and also above
the design base acceleration of 0.67 g for SONGS. The guestion
of magnitude saturation cannot be solved by debate over the
present data set, but must await accumulation of more data.

The fact that the magnitude saturation originally hypothesized

by Hanks and Johnson (1976) for 5.5 < M £ 6.5 has turned out

to be incorrect suggests that we should not, witl.out further
verification, assume it applies between 6.5 = M S 7.5,
Note that if the design magnitude is increased from 7.0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>