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Introduction

The Safe Shutdown Earthguake (SSE) is defined as "that
earthgquake which is based upon an evaluation of the maximum
earthquake potential considering the regional and local
geology and seismology and specific characteristics of local
subsurface material" (NRC Rules and Regulations, Paret 100,
Appendix A, Section IIIc).

There are two methods which have been proposed for the
estimation of the SSE:

(1) The "Deterministic" Method: In this case, the

largest earthquake in the historical record in
the tectonic province containing the site is
taken to be the SSE. Some additional conserva=-
tism may be included by making the SSE larger
than the largest historical earthquake, though
this has to be based on geological evidence. 1In
the Eastern U.S. the lack of detailed correlation
between seismicity and geological structure makes
it very difficult to estimate the validity and
amount of this additional conservatism.

(ii) The "Probabilistic"” Method: Here the historical
record is taken as only a sample of the long term
seismicity of the tectonic province, and an attempt
is made to extrapolate this relatively short record

to longer time intervals. In this case, the con-

cept of the "maximum earthguake peotential" used in




the definition of the SSE has to be modified, and
the SSE must be defined as that earthguake which
will occur in the tectonic province containing the
site with some fixed acceptable level of annual
risk or probability. This acceptable level of
risk is nct defined in the NRC Rules and Regula-
tions.
The Nuclear legulatory Commissicn has ruled (Order CLI-80-
33, 25 September 1980) that the second approach is not incon-
sistent with Appendix A, given our present understanding of
earthguake science. In what follows, we explore the applica-
tion of this apprcach to the Seabrook site.

The Historical Record

In New England the historical record cof earthgquake
occurrence is approximately 300 years long. The only catalog
of seismic events in this area that has been published in
the scientific literature is that by Smith (1962, 1966).

The earlier parts of this record are not very reliable.
Instrumental records, again of variable quality, are avail-
able since the 1920's, but only in the last few vears has a
proper seismic network been installed. This network has
detected .elatively few events since it was created, and can
contribute little to the assessment of se ‘smic risk in the
area.

We are, therefore, forced to work with the historical
data set, in spite of irs inadeguacies. Now we have to ask

two impourtant questions: Supposing that we thoroughly




understood the long term seismic charact
area, how well can we predict the seismic activity during

the next 50 yvears (the anticipated lifetime of the Seabrock
plant)}? And, is the 300 year historical reccrd really
representative of the long term seismic characteristics?

Both ¢of these gquestions are difficult to answer. The
first is moat easily disposed of, since if we cannot use the
past to predict the future, we have to give up any attempt
to estimate seismic risk. We assume at this point that a
thorough characterization of the seismicity in the past is
:vdeed a reascnable basis con which to compute future seismic
risk.

The second qu *ion cannot be disposed of so easily,
and lies at the hear:t of all controversy concerning the
estimation of seismic risk. How can we use the histcorical
record to make the most reascnable estimate of the long temrm
seismic characteristics? In order to tackle this gquestion,
it is convenient to consider the spatial distribution of
earthquakes separately from the distribution in time and

size. These two aspects are discussed in the following
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relatad *~ ~eglogical structure and tectonics is inescapable,

but it is not at all clear that large .‘rovinces can be defined
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within which the seismo-tectonic characteristics are in any

sense uniform. Attempts to define such provincesasually lead

to a wide rance of interpretatiors (see, for example, McGuire

1977 1979). These difficulties certainly

-

and Tera Corp. £tudy,

agply in the case of New England.

Figure 1 shows a map of the enicenters of earthguakes

listed in the Smith (1962, 1966) catalog. Marked clusters

0of events near the Seabrook site orcur in Southern New
Hampshire and in Northeastern Massachusetts. In previous

studies (Chinnery and Rodgers 1973, Attached as Exhibit 1, ard
Chinnexry 1979, Attached as Exhibit 2), these two clusters have
zone (or tectonic province),

been included in one seismic

and this is indicated by the
In what follows, we use

seismic zone as the tectonic

broken line in Figure 1.
this Boston-New Hampshire

province appropriate to the

Seabrook site, recognizing that only weak arguments can be
made for any choice of tectonic province in this region.

(Tera Corp. Study, McGuir.: 1979) The present choice is at

least a reasonable one for the historical local seismicity,

since the population density has been highest in this parti-

cular arsa. Instrumental epicentars for 1975-79 (see

Figure 2) are roughly consistent with this choice; the

ciuster of epicenters in Southern New Hampshire can still be

seen, but recent seismicity near Cape Ann, Massachusetts,

has been low (in apparent zontradiction to the historical

neither the historical record nor the

record). Certainly,

racord lead %0 anv good arzuments for isolating



MAGMITUDE

INTENSSY

I+ s
n -
i
X =
-7
TT—
- — &
=z
E
= ‘E 3
= S
r—ré ,
g *

@ EMCENTAZ (Useerrtamiiss € £20)
O IMCENTAL [Uncertainking » 2200
OIFIVE EPICINTRES

g SCIS40GALP= STATION

Fig. 1 Esicanters in Naw England from the cataleg dy Smith (1862,
Tre =raken lina indicates the EBoston-liew Hampshire selsmic zons (freo
Chinnery 5752}

s L ———————— —— - —— . —

-




o8E

eOE

0P

ol b

1N?

otV

oIV

olV

0V

B AVUBLL 450LY QLU= E=SAN DS GO RIR0ILYid iR S b ds poyrag
ugaiceayaoN Y3 Jo L11010s oS ‘AL CON uratIng wolyy GLOL Laquadog-GLoL
42q0100Q poyaad ayy Buranp sdojuavida pautwaajap Atiejuaumaqsug  tg Ay g

DAY 1[0
Juaay a1dugsge
NIV

2L bl 0L .0l 08

-




the Seabrook site from seismicity in Southern New Hampshire

the difficulty in se.
assessment of the seismic risk at the Ssabrook site can be

based on a number of different assumpticons. In my view, the

most reasonable and most conservative assumption is that the

seismicity of the Boston~-New !l.ampshire zone is a valid basis
for estimating the risk at the Seabrook site.

Freguencv-Intensity Relationships

The characterization of the seismicity of a province in
terms of the rates of occurrence of earthgquakes of different
sizes is usually accomplished using frequency-magnitude or
frequency~intensity relationships. In the present case we

c

w

use the latter, si

=
i |

only intensities are gquoted in the Smith
catalog. In addition, we use cumulative freguency-intensity
counts, i.e., we count the number of earthquakes larger th
or equal to a given intensity value during a given pvericd.

The extraction of frequency-intensity data from a catalog
such as Smith's must be carried out with care, since the

completeness of the catalog at lower intensities is likely to

time. We use the approach described in Chinnery and Rodgers
1373 (Exhibit 1) here.

Having extracted and plotted the data for the Boston-lNew

Hampshire seismic zone, we have tliree important question to
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ata be represented by a linear frequency-
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intensity relationship?

ship?

(iii) is there some upper bound to the intensity of earth-

-

zuakes that can be expected in this seismic zone?
Let us consider each of these in turn.

l. Linearity of <eguency-Intensity Data

Frequency~-intensity data for the Boston-New Hampshire zone

are shown in Figure 3 (taken from Chinnery 1279) (Exhibit 2).
Clearly, the data are sparse. For the period 1800~1939 only
six data points are obtained (for intensitles II tO VII) and
it seems likely that those for intensities II and III are un-
reliable due to incocmpleteness (even though these points are
based on the very recent period 1928-1939). The remaining
four data points actually lie in a relatively good straight
line, but the slope of this line (abo.t 0.50) is, as we shall

see below, unusvally low, and would lead to high estimates for

sha rate 0f occcurrence nf large earthguakes. A more reasonable

-

interpretation is that the number of intensity VII events {3)
during this period was unusually high, and that the intensity
IV data set may be incomplete.

I¢ these comments are valid, perhaps only the intensity
y and VI data points are at all reliable, and we can not make

anvy eonclusions from the data t.uemselves about the lineai ity

of the fraguencv-ircensity relationship. 1In this case, we
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n my view, the current situation can be summarized as
follows: The vast major.tv of seismolcgists have acgcepted

the linearity of freguency~-magnitude data as a workin

W

hypothesis. (See, for example, Evernden 1970, Veneziano 1975,

ences cited in those papers). It is, however,

o
o3
fu
or
.m
3
W
"
Ww
ry

still a hypothesis, with no clearly developed theoretical
basis. And there are a few instances where non-linearities
are apparent in the data. These have led to several publica-
tions proposing non-linear relationships, though in my view
these can generally be attributed to poor or inadeguate
data.

The linearity of frequency-intensity data has been dis-
cussed much less. Several investigators have proposed
linear relaticnships between intensity and magnitude, (See,
for example, Veneziano 19735) and, if these are valid, a

uency-magnitude relationship implies a linear
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freguency~-icstznsity relationship. 0f what scienti
yre thare is, the wvast bulk assumes that fregquency-intensity
relationships are linear {(see, for example, references
gquoted in Chinnery 1979) (Exhibit 2).

One pcint should be made here. Intensity (i.e., maximum
epicentral intensity) is a very different scale from magni-

3 3 el 3 1% 3 by 4 i ahi
de, and :he observed linearity in the relationship between

the two at commonly observed intensitiss has no scund theoret-

Cer*ainly for very large sarthguakes thers must
3 b 9 - 4




scale, Note, however, that all scales bacome unreliable for
large events (roughly M>7), due to saturation and other
affects.

In summary, the apparent linearity of much frequency-
intensity data must be treated as an empirical cobservation.
Its wide acceptance by seismologists suggests that it is
useful as a working nvoothesis.

2. Slope of Frequency-Intensity Data

If we accept that in any given region we can expect a
linear frequency-intensity relationship, the next guestiocon
must be: Dces the slope of this relationship vary signifi-
cantly from region to region?

The only study that has addressed this point is Chinnery
1979 (Exhibit 2). 1In that paper it was shown that there
seems to be a remarkable uniformity in the slcpes determined
from various areas of the Eastern U.S. Values of this slope
were typically found to lie in the rang2 0.54 to 0.60, and

in fact, all the available data are consistent with a slope

This is an important point for areas such as the Boston-

Nlew Hampshire seismic zone, where some of the data point




data points, to give an estimate of long term seismicity.
The Question remains: How far may we continue this extrapo-
lation? 1Is there an upper limit to the size of earthguakes
that can occur in an area like the Boston-New Hampshire
zone? If so, what is this limit? I have examined this

guestion in scme detail (see Chinnery 1979b, Attached as

Exhibit 3). My conclusion is that we do not kncw the answer

CD

to these gquestions at the present time. One aspect of the
problem is worth mentioning here. All s:ismologists (including
the author) agree that earthguake size (however measured)
cannot increase indefinitely. Physical constraints arising
from the earthquake scurce mechanism will set a limit to
hoth scirce dimensions and strain release. On a global
scale. this upper bound is at a rather high level, somewhat
above the largest known earthguakes. On a regicnal level,
much less is kxnown, and there is considerable disagreement
tetween the (guess-) estimates of different seismcliogists.

In a recent tudy (Tera Corp. Study 1979),

of the Eastern U.S. made estinmates the

b | - - - - - - - -~ | 3 .
largest 2picantral intensity =hat might be axpected in the
~~ . -4 ”~ b}
Cape Ann, ‘'assachusetts region. These are listed in Table

1, and i.lustrate the disagreement clearly. There is little

point in averaging opinions such as these, Notice, however,
- - = .- TN - - s
that 5 of the 10 experts admit the possibility that the
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Estimation of Seismic Risk at the Seabrook Site

In the above sections we have laid out our basis for
the evaluation of seismic risk at the Seabrook site. ToO
summarize: We have selected a "tectonic province" contain
ing the site, which extends from Southern New Hampshire to
Northeastern Massachusetts. Following Appendix A (section

"
Y

ara. a.l.ii), we assume that the largest earthquakes

o

that can occur in this province will occur at the site.

Frequency-int=nsity data are extracted from Smith's (1962,
1966) catalog using only data after the year 1800. Through
these data we will fit a linear frequency-intensity rela-
tionship, with a slope of about 0.57, and use this as a
basis for extrapolating to obtai =+ measure of long term
seismicity. Extrapolation of the line is considered valid
out £o0 an intersity of about X.

The result of applying these procedures is shown in
Figure 4. The data points are the same as shown in Figure
3. The solid line has a slope of 0.57. broken lines
ir2.cate slopes of 0.50 and 0.68; these would appear to be
very wide bounds, based on other data from the Eastern U.S.

(Chinnerv 1979, Exhibit 2). The 1955 Cape Ann earthquake

1/ discussed in Chinnery 1979 (Exhibit 2). The empirical
observation was there presented that data from three
ar=2as of the Eastern U.S. are consistent with a uniform
fraguency-intensity slope of about 0.57, and that the
data contained no evidence for the presence o of a limit
to eartnguake size in these areas. This is an eapirical
INsarvaticn an i3 indaserndans 5% she geologigal charazce
cariatics 9f tha Tared aceas.
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The open rectangle shows how this earthquake would plot on

the present diagram. Clearly, that event is consistent with

"

our extrapolation from later data.

o

The current Seabrook SSE of VIII is found zo occur with

-2.5%

an annual risk of abcut 10 (this corresponds to a

return period of abcut 300 years). An annual risk of 10-3
(return period of 1000 years) ccrresponds to an intensity
IX, and an annual risk of J.-J"4 corresponds to an intensity
of at least X.

The problem that remains s to define the acceptable
cevel of risk which will define the choice of the SSE.
Thoush numbers in the range 10-3 to 1(3—4 per year have been
menticned in the past, I am not aware of any formal definition

of this risk, which clearly involves many societal, economic

ana political factors.

gpnclusicn

»

Bl

This case study of the application of the "probabilis-
" method brings out all the main features of the method.
Most important, it indicates that the definition of the Safe
Shutdown Earthquake must be accompanied by a definition of

s +he occurrence of the ground
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tion corresponding to this size of earthquake.
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An updated resume is attached as Exhibit 4.
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Earthquake Statistics in Southern New England

-
Michael A. Chinnery and Donald A. Rogers

Department of Ccological Sciences, Brown University
Providence, R.I. 02912

ABSTRACT: New England has the longest recorded history of earthquake
activity in the United States. Because cf the high populaction den-
sity and hecause the historical data are likely to be more complete
{i; the Southern New “ngland, we have examined the statistics of the
earthquake data and then constructed recurrenre relations in an at-
tempt (o cstimate the mean return periocd as a function of earth-
quake size.

INTRCDUCTION

New England has the longest recorded history of earthquake activity
in the United States. Several catalogs of earthquakes ia this ar~a have
been compiled, the most comprehensive of which appears to be due to Saith
(1362, 1968) and covers the period from 1534 to 1959, Saich's data are
used throughout this report. No attempt to include information after 1959
has been made, in order to preserve the apparent homogeneity of Smicth's
data set.

It seems very likely that several analyses of these data have been
made in the past. However, if this s so, the results of the studies are
not generally available in the scientific litarature. Instead, it is
common to find, in reports by imsurance companies, site investigators, city
planners, etc., vague statements concerning the low level of seismicity in
this area, the infrequent occurrence of damaging earthquakes, and even the
maxisum size of earthquake that may be expected.

In view of the high population demsity in Southern New England, it
ises not seem advisable %o base major planning decisions on statements
such as these. Instead, we must examine the historical record in consider-
able desail. These data are far from perfect, but they are essentiallv
all that we have. The level of seismicity is low emough that little
information can be deduced {rom instrumental secords, which are ounly avail-
able afcer about 1925. In addition, the historical data suggest that the
seismicity observed in the last century. may be unusually low.

The purpose of this paper, then, is to examine Smith's earthquake
catalog in detail. We shall concentrate on the Southern New England region,
because of the nhigh populaticn density, and because the historical data are
likely to be more complete in this area. Ve shall exaaine the statistics
of the earthquake data, construct rerurrence relationms, and attempt %o
estimate the mean return period as a function of earthquake size. We shall
study both the area as a whole, and also several smaller subareas where
auch of the historical activity has been concentrated.

THE DATA

Figure 1 shows Smith's (1966) map of epicenters in the New England
area, for the period 1514-1959. This msp is a portiom of Saich's much
larger dlagram covering Eastern Canada and the Northeastern United States.
Ia all, Smith lists 729 earthquakes in the Northeastern Uniced States.

-
Now at California Division of Mines and Ceology, Sacramento, Calif. 95814
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Fig. 1. Earthquake epicenters in the New England
area, 1534-1959 (after Smith, 1966).

We have chosen to select a portion of the New England area fcr study.
This portion, which we term "Southern New England,” is shown in Fig, 2.
Included are the states of Massachusetts, Coanecticut, Rhode Island, and
the southern parts of New llampshire and Maine. The ocean area East to
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v 44° N

- 72\, 71; 7°5w

Fig. 2. The area that we have chosen to define as "Southern
New England” for the purposes of this study.

£9.5° West has =een added to these, so that a number of poorly determined
epicenters off the coast of Massachusetts may be included {n the statistics.
New England (Jefined above) is more distanc than 50 miles from a major cen=-
ter of population (100,000 inhabitants or more). In some average sense,
therefore, a random epicenter in this area is likely to be within 25 miles
of a large population center. This {s of some importance in attempting to
estimate 2arthquake risk in the area as a whole.

Much of the seismic activity in this rezion (see Fig. 1) is con-

4

i
centrated into three zones, which asre labelled in Fig. 2 as A, B, and C.
A includes the area around 8cston, B refars o the southern part of New
Hampshire, and C Zenotes the ragion of Connecticut around Harzford. The
division detween zones A and 3 is rather arbitrary, and the statiscics of
these zones are analyzed, both separately and together, later in this
geport.
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In all, Smith lists 35 epicenters in Southern XNew Enpland. Of

these 3% (283) lie in area A, 96 (27%) lie in area B, and 55 (163} lie

in area C. The three active zones, therefore account for 70% of the
data for the whole arca.

There are three principal errors in this type of information.
These arc uncertainties in epicenter locations, problems i{n the Jetermina-
tion in intensity, and incompleteness of the data set.

The uncertainties in most of the epicenter locations shown in Fig. 1
are quite large. The historical data will clearly be strongly influenced
by the population distribuytion. Note, however, that the larger earth-
quakes, whose effects extended cver a large area, are likelv to have less
accurate epicenters than small ones. More recent instrurental determina-
tions of epicenters are also subject to error, though o° a different kind,
The seismic travel time curve in New England is not wel. known., This is
in parc due to the heterogeneity of the geology, and i{n part due to the
poor spatial distribution of epicenters in relation to abservatories in
the area. Even the large New Hampshire eartchquakes of 1340 (M = 5.8)
.annot be located to better than =20 km. It is doubtful whether any of
the epicenters on Fig. 1 are sny =ore accurate than this, and most are
much less accurate.

The determination of the intensity of an earthquake from historical
eyewitness accounts is notoriocusly difficult. Estimates are subject to
population distribution, the personal feelings of the obscrver, and the
interpretation of the cataloger. The influence of these factors is mived.
Observers are likely fo overcstimate the intensity of an earthquake shock.
However, the cataleoger has clearly tried to take this into account in his
assignoent of incensities. In - 'dition, if the population densicy was
sparse, it is quite possible that no report was received from the nighest
intensity zone close to the epicenter. In view of this, it does not ap-
pear realistic to assume that the historical reports are grossly exagger-
ated. In some instances they may result in underestimates of the earth-
quake intensity.

The worst problem of historical earthquake data is, of course, its
completeness, There is no doubt thaw the data becomes more incomplete
as one goes further into the past (at a given incensity) and to smaller
intensities (at a given time). On thie other hand, we need the longest:
time period and the largest range cf intensities possible in order to
arrive at zeaningful statistics, Because of this, some subjectivity is
nevessary in selecting the portions of the data tc be analyzed.

It seems likely that data regarding earthquakes that cecurred
before 1700 are unreliable. We have not tried "o use these data. How-
ever, there is a high probabilicy that all of the large earthquakes
since then have hHeen recorded. Similarly, it {3 only in the recent past
that we may expect a fairly complete record of small events., Therefore,
in order to try o exclude this type of deficiency from the data, we have
chosen to analyze three subsets of each data set. These subsets, showing
*he rize interval studied at each intensity, are listed in Table 1. By
comigring the results for the three subsets, we will, hopefully, obtain
some [~ -~rmation about the completeness of the datz set as a whole.

INTENSITIES AND MACNITUDES

Intensities zentioned in this report refer to the Modified Mercallt
Scale of 1931 (see, for example, Smith, 1961). Magnitudes, where quoted,
are local magnitudes. Ililstorical evewitness accounts lead to estimates
of the intensity of the earthgquake at the observing site. Magnitudes c¢an
only be determined reliably from inscrumental reccrds. Because of the
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Table 1. Subdivision af data into subDscis.
antcnstty Subset 1 | Subset 2 | Subset 3
(—_;x 1700-1959 { 1800-1959 I 1260-19%9
| vt 1700-1959 | 1800-1959% | 1860-19%9 |
| vt 1700-1959 | 1800-1359 | 1360-17%9 |
| w1 1300-1959 | 1800-1939 1360-1959 |
| v 1860-1959 | 18380-1959 i 1860-1359
| v 1°00-1959 | 1900-1939 | 1900-19%9

11 1928-19%9 | 1928-1959 | 1918-19%%
[_ 1t 1928-1959 1928-1359 l 1928-1959 |
=

aature of the historical data, ve shall use

It appears in general 2o e possible to
to the local magnitude ¥ by a linear algedbraic ex-

sentral intensity 1
iehter (1956) determined the follawing rela-

pressiocn. Gutenberg and ®

tion for Southern California:

Mw ]« %

The aumber of earthquakes in the

are <nown is saall.

the Cutenberg-Richter relation.
in Fig. 3 leads to the relation:

Mes1.2+0861.

1 and 2 is negligible.

The linear relation between
may soavert ingrrusental magnitud
Juakes In Smith's catalog are lis
portant, it enables .s £o compare our.local statist
stucies, which are usually quoted in

Figure J shows tha

1t will be convenient at this

damaging e2arthquake.
tensity, the onset of
central incensity im the range VI1I to IX.
cefine a damaging earthquake as one with an e
VIi14/+ or greater.
sarthquake of inteasity VII is like

On the basis of
sonsiderable destructive abi

This i{s a very con
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ehe Modified Mercalli Scale of ine-

4f it occurs in a heavily sopulated area.

An inzeasitw of VIII
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tme case of this much publicized event.

In addition to
the areal extent of the
well defined guantity, since it
geology. Lirnehan (1970) has given

lity occurs at an epi-
we have therefore chosen 2
picentral intensity of

servative choice, since even an

damage, particularly

Li% Lorresponds to a magnitude cf about 5.5.
e effacts of an earthguake of this size may be
n Fermando eartaquaxe in Califernia.

uad were observed in

the size of an earthquake, we Dust also consider

region subject to damage.
depends so much on the superficial

This is much less

an earthquake inteasity attenuation

Consider~
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Fig. 3. The relationship between magnitude and inteasity
for 15 earthquakes in Nertheastern United States
and Eastern Canada.

scale which suggusts that intensity VIII will extend Jut to a radius of
about 15 miles frem an epiceatral intensity of ViIti/é, This is also a
conservative estimate, and the radius may easily be doubled in regions

of unfavoravle geolopy. In view of this, and the high population deasicy
of the area under consideration, it seems unlikely that an intensity

vi11l/2 earthouake could occur in Southern New Ingland without causing
considerable damage and loss of life.

Certaianly, any earthquake with intensity greater than this can be
relied upon to cause great damage. For this reason, we shall also pay
some attention to the possible future occurrence of earthquakes of in=
tensity 1X aand X.
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FREQUENCY=-INTENSITY RELATIONS

1t has been clearly demonstrated in many parts of the world that
there is a linear relationship between earthquake frequency and earth-
quake zagnitude (see, for example, Evernden, 1370) of the followiang form:

log NC = a - bM, (3)

where N is the number of earthquakes occurring within a region in a given
time peficd with & magnitude greater than or equal to M. a and b are con-
stants; a depends on the size of the area chosen and the length af the time
period concerned, and is an overall measure of the seismicity of the area.
> usually lies in the range 0.5 - 2.0, and appears to be related to the
nature of the tectonic activity causing the earthquakes. Logarichms, un-~
less ot rwise stated, are to base 10.

1€ a linear relation exists between magnitude and intensity, as ve
have discussed earlier, then clearly we may write

log N, = ¢~ dl, (4)

where, now, N. is the number of earthquakes occurring within a rvegico in a
given time interval with an intensity greater than ot equal to I. ¢ and d
are constants.

The Relation &4 is a very useful one. It enadles us to use the dacta
for smaller earthquakes, which are plentiful, to determine the frequency
of cccurrence of large earthquakes. In the later sections of this repor?t
we shall attempt to determine the constants ¢ and d from the data in
Smith's catalog.

in considering the statistics of the earthquakes, {nstead of using
the quantity N., it is mcre convenient to define the "mean recurrence
cime’ (MRT). IRT is simply the average time between earihiquakes with a
given intensity I or greater, and is equal to 1/N. time pericds, We shall
Se particularly concerned with the determination of MRT for damaging earth-
quakes.

Before we proceed, however, we must “zonsider the range of valldicy
of Eq. 4. Where complete data has been obtained, the {requency-magnituce
relation (Eq. 1) has been shown to be valid over a remarkable range of
sagnitude (from greater than 8 down to less thanm 0). There is scme theo=
retical reason to suspect that there is a limit to the possible size of
earthquakes. (f this limit exists, iz Iis not well known, and may bde of the
order of magnitude 9. Such thecretical limils are well beyond the sizes
of the earshquakes that we shall consider in tn's report.

We must next examine whether there is any evidence that there is an
upper limit to the sizes of earthquakes to be expected in the New England
area. There seems o be some confusion on this point. In facc, there is
no basis for suggesting that such an upper limit exists, and as ve shall
see, analysis of the historical data supprrts this statezent, The largest
earthquaxes that have been recorded in Scuthern New England are listed in
Table 2. At least one, and probably two earthquakes of intensity IX (mag=-
aitude about 7) have been racorded in the past 400 years. This length of
recard ls far too short to conclude that an event with intemsity X (or
greater) has not occurred in the past, or will not cceur in the future.
The (harleston, South Carolina, earthquake of 1886 had an intensity X, and
sccurred in an area that is somewhat less seismically active than YNew
England.
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Table 2. Large carthquakes in Southern New England.

Date | Locatiecn Intensity
; 1568 f Rhode Islang Vil
| 15T t Rhode !sland Vi1
! 1584 Rhode lsland viI
1592 ! Rhode Island VIl
July 11, 1638 I Off Cape Ann, Mass. Viii
November 3, 1777 Near Nowbury, ass. 1
ilunc 14, 1744 ‘ 0ff Cape Ann, Mass, vItl
November 18, 1735 | "about 200 miles" EZast X
| of Cape Ann, Mass.
May 16 or 18, 1791 | Near Moodus, Conn. viI:
October 5, 1817 | Northeastern Mass. Vit
December 20, 1940 Qssipee Lake, N.H. Vil
December 24, 1940 | Ossipee Lake, N.H. Vit

We must therefor: admit the probability that large earthquakes
will occur in Scuthern New ZIngland, if at iafragquent {ntervals, until
some new information arises t:at dismisses this possidbilitv. It should
be added that the absence of a very large earthgquake in the recorded
history sf Southern New England is not a reason {or complacency. It is
conceivadcle that a long time has elapsed since the last large earthquake
in this area. If this were the case, the probability of one occurring
in the near future could de quite high.

RECURRENCE RELATIONS: SOUTHERN HEW ENCLAND

We consider first the wheole Southern New England region (defined
in Fig. 1). Saich (1962, 1966) lists 353 events in this avea during the
period 1534-1959, after all obvious aftershocas are removed from the data.
The distribution of these earthquakes in intensity and time is showm in

Table 3. 'here the intensity of an event is listed as being between two
levels (e.g., IV-V), cone half event has bcen included into each lavel.

Table 3. Earthquake data for Scuthern New England.

-

! Intensitv | Before 1700- | 1800~ 1860- | 1900~ 1928-
I i 1700 1799 | 1859 1 1899 : 1927 1939
l { !
i Ix | S 2 - - - -

VIl ; 1 2 - - l - -

Vil | 4 - 1 - - 2

Vi * 1 2 3 1/2 1 1-1/2
| v | 2 8 s 8-1/2 | 9 6-1/2
| v | 5 16 24 13 § R 21

43 3 4 | 2 15 &0 23 14 16-1/2
! i | 3 3 - 28 s 32-1/2

It {8 czlear from Table 3 that the data from before 1700 are very
incomplete. At the lower intensity levels this incoapleteness con-
tinues until late in the historical record. For this reascn, we have
disregarded portions of the data, and have analyzed the remainder in
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Fig. &. Frequency-intensity ploc for 135 events ia Southera
New Fngland. N is the cumulative aumber of events

(with intensity I or greater) per century.

the three subsets descrided earlier (Table 1). Note, however, chat all
earthquakes with intensity VIII ar IX cccurred before 180¢. These large

avents will therefore caly appear in subset 1 of the data.

Fruauency~-intensity plots for the three subsets of the axta have

been constructed. As may Le axpected, the large events in the 17ul's
make subset . very noalinear. We sonclude that subset 1 is uareliable.
Subsets 2 and 3 are almost identical, and we therefore have chosen to use
subset 2 (which contains more events) as our most reliable iata set. The
frequency-intensity praph for this subset is showm in Fig. 4. The ordi-
nate is the logarithm (to base 10) of the cumulative number of events

with intensity [ or greater, per century.

The points in Fig. 4 define a fairly limear relation. The low points
at intensities 1T and 1II are to be expected, since it is vircually im-
possible to obtain 3 complete record of these small esvents, even in the
vecent past. The remaining points are comsistent with 3 slope that lies
within the range of 0.54=0.60. For this reasocn, and because of the resulcs
givea in the next seccion of this paper, our sest estizate of the slope of
the frequency-intensicy relation is 0.37 (:9.03). The data then determine
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the fellowing recurrence relation:
Log Nc ® 4,30 (+0.15) - 0.57 (#0.03) 1, (3
converting this into a frequency-magnitude relation; using Eq. 2, we obtain:
Log NC ® 5.45 (#0.20) - 0.95 (+0.05) M. (6)

The "bevalue" in the range 0.% - 1.0 {s very reasonable for an area
such as New England. b5 values lvisg in the range 0.8 - 1.0 are found in
20SL parts of the world (Evernden, 1370)., Isacks and Oliver (1964) found
a 5 value of 0.9 in their study of small €arcthquares recorded instrumencal-
iy in New Jersey,

The errors quoted in Eqs. 5 and & are based only on the fit of a
linear relationship to the data points. They do not include contributions
from errors in the data peoints themseives, which are extremely hard to
estimate.

RECURRENCE RELATIONS: 3)STON-NEW HAMPSHIRE REGION

Areas A and 3 combined (see Tiz. 1) irclude the 3oston vicinicy,
Northeascern Massachusetts and :.e *ssocia 4 offshore region, and the
Southern half of New Hampshire. Smith lists 194 events in this active
zone, which therefore accounts for just about 50F of the total activity
in Sourlecn New England. The distribution of these events in tize and
intensity {s shown in Table 4.

Table «. Earthquake data for 3oston-Southern New Hampshire
regicn (areas A and 3 combined).

L 4
Iatensity | Sefore | 170C- | 1800- | :360- | 1900- | 1928-
1700 1799 1959 | 1899 1927 1359

1¥ - 2 . - - -
ViTe 1 1 - - - -
VIl B - 1 - - 2
VI 1 : . 1/2 1 -
v 2 6 2 4 7 1
o 4 5 12 7-1/2 3 8-1,?
111 2 15 16 12 5 13-1/2
It [ 3 3 . 21 3 16 ]l

Frequency-intensity plots for these various subsets of these data
show very similar features to those found in the previgus section for :the
whole of Southern New fngland. Inclusion of the e y data (subset 1)
leads o a verv nonlinear ploc. Subset J shows sume scatter due to an
insufficient number of events. Subset 2 again gives the most reliable
data set, and the resulting plot is shown in Fig. §.

Linear relationships ficted o the data again have slopes "a the
range 0.54 o 0.6¢0. This {s an imporrtant poiane, for two reascns,
Firstly, it subscanciates the slope devermined for the Scuthern Yew
England region as a whole. Secondly, and =ore imporzantly, it strongly
Suggests tnat the slope (or b-value) is roughly constant throughout the
area under study, within the resclution of the present data.

As before, then, we assume a slope of 0.57 (:p,ﬂ}) for the fre-
quency-intensity plot. This leads tc the following ricurrence relacion:
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Fig. 5. Frequency-intensity plot for 65 events in areas A and 3
(see Fig. 2), which include the Boston vicinity and
Southern Jew Hampshire. N. is the cumulative number of
events (with intensity I or greater) ser century.

-
Log N_ © 4.00 (20.15) - 0.57 (#0.03) I. N
And, using £q. 2, ve find
Log Nc = 5.15 (#0.20) - 0.95 (30.05) M. (8)

RECURRENCY RELATIONS: AREAS A, 8, C

Subdivision of the Boston-New Hampshire region into the individual
subareas A and D starts tc point our scee of the inadeguacies of the his-
torical data set. Superficlally, Smith's catalogue includes %3-1/2
events in area A, and 95-1/2 events in area 5. One is tempted tc ascride
one-half of the activity in the Boston-New Hampshire region to area A, and
ecne~half to area 8.

llowever, tabulation of the events in these two areas as functions of
time and intensity shows up some marked differences. Table 5 shows this




.-~

100 EARTHQUAKE NOTES

Table 5. Earthquake data for 3oston vicinlity (area A).

| | Belore | 1700- | 18.0- | 1860 | 1900- | 1928
] IRty 17 1799 | 18%% | 1897 1927 1959
i

X - 2 « | e - -
viII 1 1 ! . - - -
Vi1 - - 1 - - -
1 2 2 - - -
v 2 5 1 1-1/2 5 a2
v 4 5 3 1 5 3-1/2
111 2 13 1 4 3 5 1-1/2
11 3 3 l - s 3 3

Table 5. CZarthquake data for Scuthern New Hampshire (area 3),

o l ) ! ‘
- .y | BSefore | 1700 | 1800- | 1360- | 190g- | 1928-
(raeemaisY b yr00 | ares | 1sss | 1899 | 1927 | 1989
% 4 - - - - - -
’ vIIZ - - § = - - -
| vz - - - - - 2
| vi - - - 1/2 -
v - 1 1 2-1/2 2 /2
| ™ - 1 3 - . 5
{ 11 - 3 12 3 1 12
| u - - . 16 - 13

tabulation for arca A, and Table & shows the same for ares B. Area A ap-
pears to have had a relacively high sctivity in the 1700's, which has since
been steadily decreasing. On the other hand, area 3 appears 2o show a low
in activity in the 1700's, which has bSaen incressiag since thea.

The realicy of this difference is, of course, questionable, It {s
likely chat the New Hampshire data have Seen heavily influenced by the
effects of population disetriduticn, and that the earlier parts of chis
data set are very incomplete. This raises an interesting gquestion. It is
clear that cosbining the data from areas A and B leads to an estizate Jfor
the seismic activity that has been relatively unifarm since cthe 1700's
(see Table 4). Is this apparent uniformity real? It is worth while men-
ticning the followiang possibilities:

(%) The area A sita =ay be fairly reliadble, while area B may be very
incomplete. Addirion of the "missing” New Hampsnire events will bias all
©: our recurrence relations ‘n the direction of increased seismic activicy.
If this !s the case, we have a strong indication that the seismic activicy
during the past 100 years or so has been unusually low. This 2ay Se the
result of the statistical fluctuation, or some umknown physical process.

(1) The early high activity in area A may be the result of exagger-
ated intensity estimatas for some of the events in the 1700's. If this is
%0, it 13 possible that the activity of the two areas has Seen relatively
unifora throughout the historical pericd.
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There is uo way to distinguish hetween these possibilicties using the
present Jata. ilowever, the second possidility will clearly lead to the
most conservative ostimates for the setsmic activity., Direet canstructiom
of frequency~intensity plots leads to incounclusive resulcs bSecause af the
small number of useable evunts. We therefore roturn to our first inclina-
tion, ard .ssume that the seismic sceivity of the Doston-New llampshire
reglon is evenly divided between areas A and 3. This leads to the follow=
ing estimates for the recurrence relations in areas A and 8.

Log N_ = 3.70 (20.13) « 0.57 (0.00) I, )]
Log N_ ® 4.85 (20,20 = 0.35 (20.08) M. (10)

Clear.y, the gquoted errors are not a true reflection of the possible in-
accuracies in these relations, which may be :zonsiderable. They may, how=
ever, give a4 mcre reliable estimate for the lover limit of seisalc activicy
in the two areas.

Helatively {ew events have teen recorded in the Hartfard, Connecti-~
cut, vicinity, denoted as ivea C. Saith lists a total of 55 evencs in
this aree, of which only 0 fall in subset .. This number is quite in-
adequate for any statistical treatment.

we may, however, gef a rough idea of the activity ia chis region
by assuming that the slope of the frequency-intensity is imewn (0.37
0.03), and that the record of events with intensity IV is ccomplete during
the period 1900-1959.

This is sufficient to determine the {2llowing recurrence relations
for area C:

Log ¥, = 3.35 (20.20) - 0.57 (20.00) I, (12)
Log N_ ® 4,50 (+0.25) = 0.95 (+0.05) M. (12

MEAN RECURRENCE TIMES

From the recurrence relations listed in Egs. 5 through 12, it is
easy %2 calculite zhe mean recurrence times, These are listod for a
variety of iatensities in Tadble 7. It should be noted that these were
deterained {rom the cumulative event fragquencies., Thus the f{irst entry
in Table 7 states that the mean interval between earthguakes with ine

tensity VIII or preater, in Southern New Englagd is about 180 years.

Table 7. Mean recurrence times (in years)

Istensity Ll ee | Teuinemm Bew 4 s N ostoe irea A { Aren ) Ares o
e U ] Jev sampenice . Sietoe e faeeshice  carciard l
vt S8 | 180 (@) | e aen | 08 (22000 | 700 (22000 [ 1800 (v |
TNt/ | 0. 30000 B0 (oAD 30 |0 () | 1600 (2000 | 3008 (si0®) |
| 18 Rl Bt v i W (2631 | 10 (w1000 | ooy (stamer |
| 1 | rara | e (SN} S0 (20009 | 0N (300) | 1EINS (2S0RR) | 12000 (ead00)

It is interesting to :ompare these zean recurrence times with the
times since the last large earthquakes in the area (Table 2). The lasc
earthquake lisved with incemsity VIII occurred in 1791, just 130 years
age. Clearly, regardless of the method used to calculate future proba=
bilizies, another earthquake of this size may be expected in.che near

A e s e - - - » —
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future. The subject of the determinration of earthquake r: sk from these
data will Se taken u) in a later paper.

It is worth ershasizing that the mean recurrence times and recur-
rence relations were calculif:d without using the large events (I > VILI)
in Tadle 2. They are therefore independent of any errors in the intensitly
estimates for these larye events.

CONCLUSIONS

The principal conclusions of this study may he summarized as
follews:

1. The data in the Smith catalogs are consistent with a "He
value” of 0.35 (+0.05), applicable hoth to the Southern New England area
as a whole, and also to saaller regions within this area.

2. Recurrence relatinns for the whole area and for certain sub-
areas are listed in Eqs. 3 through 12.

1, Southern New Engiand is likely to experiance an earthquake
with intensity VIII or greater ia the fairly near future. The mean re-
ecurrence time for events of this size 1s astout 190 years, while cthe last
event of this size cccurred just 130 years ago.

4. Of the total activity of Southern New Eagland, approxizately
one half {s concentrated in the Boston-Southern New Hampshire region
(aveas A and B {n Fig. 2). The remainder is scatrerad throughout
Southern Yew England, with a ainor concentraticn in central Conmnectizut,

5. There is no evidence to suggest that there {8 any upper limit
to the size of the earthiguakes that may be expected within this ares.
Earchquakes of the severity af the Charleston, South Carolina, eartrquake
of 1886 (zagnitude about 7.5, intensity about ¥) probably occur in
Southern New England with a mean recurrence time of several thousand of
years. There is no historica! evidence to suggest when the last event
of this size occurred,

6, Most of the large earthquakes in this area occurred during the
18th century. It is not clear 1f that century was unusually active, or
1f the last 200 vears has Deen cnusually quiet. All of the statistical
conclusions in this repert have been based on the data after the ycar
1800, and therefore do not in:zlude this earlier high acciviey. it is
therefore possible that we have underestimated the activity of the
area. A
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A COMPARISON OF THE SEISMICITY OF THREE REGIONS OF THE
EASTERN US:*

By MIcHAEL A. CHINNERY

ABSTRACT "

Frequency-intensity data from the Southeastern U.S., Central Mississippi
Vailey, and Southern New England are compared. They are all quite parailet to
are anciher and consistant with a siope of about 0.57. There is no evidence for
the existence of upper bounds o maximum epicentral intensity in these data
sets. Linear sxtrapoiation of the frequency-intensity data to intensities of X leads
10 expected probabiiities for the occurrence of large earthquakes. The largest
everts which have occurred in these three regions are consistent with these
procabilities.

INTRODUCTION

Recently tnere have been rather detailed analyses of the seismicity of three
sections of the Central and Eastern U S, Bollinger (19731 has descnbed an extensive
set of data ror the Southeastern U.S., which includes the seismically active znnes of
Varviand, Virgimua, West Virgima, North and South Caroiina, Georgia, Alabama,
and Tennessee, for the period 1734 to 1970. Nuttl: (1974) has Listed the known events
in the central Mississippi Valley seismic region for the period 1833 to 1972, And
Chinnery and Rodgers (1973) have analyzed the data of Smith (1962, 1966) for the
Southern New England region for the peniod 1534 te 1959 The purpose of this paer
is to compare these three studies, and to brning out the similanties between them.

The discussion of seismic risk inevitably involves plotting frequency-intensity (i.e.,
maximum epicentras intensity) diagrams. [n what follows we use this type of plot,
since magnitude data are not available for all three regions. This raises a difficult
point, since within each of these regions, the seismic activity is not uniform. The
selection of the baundaries of the area to be studied is much akin to the problem of
the definition of a tectonic province (which 1s required, for example, by the Nuclear
Regulatory Commussion Rules and Regulations, Part 100, Appendix A).

For the moment, we shall make the following assumptions: First, we assume that
all subregions within a given region have a linear frequency-intensity relation of the
form

log N, = a, = bl

where N, is the cumulative number of events in the :th subregion with intensities
greater than or equal to [, and a, is a parameter describing the level of seismic
actwity of the ith subregion. We assume that the siope b is common to all subregions.
Second. we assume that the maximum possible intensity in each subregion, if one
exists which is lower than the nominal maximum of XII, is larger than the largest
event recorded within that subregion during the period of the earthquake record.
These assumptions sound very drastic, yet they are really implicit whenever we
plot a frequency-magnitude or frequency-intensity curve. Furthermore, at least in

* The views and conclusions contained in this document are those of the contractor and should not be
nterpreted as necessariy representing the official policies, either expressed or impled. of the United
States Government

57




758 MICHAEL A. CHINNERY

principle, they are testable. It 18 easy to plot frequency-intensity diagrams for
portions of a region 2nd examine both the linearity of the results and the constancy
of the slope b in practice, of course, scatter in the data often makes such a test
inconclusive. However, a substantial breakdown of any of the above assumptions
should be apparent in the data for the region as a whole, either by the appearance
of nonlineanty in the frequency-intensity statstics, or by vanations in estimates of
b using different data sets. As we examune and compare the seismicity of the three
areas under consideration, we shall look for information related to these assump-
rions.

Perhaps the most important question which we shail address is as follows: Each
© . -ese *: 4 Nas 'ad one moderately large earthquake in its recorded history (the
1755 Cape Anne, 411-1812 New Madnd, and 1886 Charleston events). Are these
large events consiste. t with the record of umailer earthquakes that have occurred
more recenti,” . arly, this question has a direct bearing on the very fundamental
problem of how to extrapolate from a short record of seismucity to the occurrence of
low probability events, which 1s particularly important in the assesament of the
potential sersmuc hazard o cnitical structures such as nuclear power plants.

We shall disregard questiors of the lack of stationanty of the earthquake process
in these three areas, in spite of their potential imnortance (Shakal sna Toksez,
1977). It 1s very difficult to document this nonstationarity within time penods of 100
to 130 years, because of the smail number of events concerne.l.

THE Dara

Southeastern U S. Bollinger (1973) describes the seismicity of four seismic rones
i the Southeastern U S, for the penod 1754 to 1970 (see Figure 1). In this study we
shall restrict ourselves to the two southernmost zones, the Southemm Appalachian
seismuc zone and the South Carolina-Georgia seismic zone. The combined area of
these two zones is given by Bollinger to be 307,000 km®. Since we would like to
exclude the 1886 Charieston earthquake from consideration, we have analyzed
events du=ing the period 190 to 1969. Even this period is probabiy too long for the
adequate recording of intensity [II events, so these have been accumulated for the
period 1950 to 1969 only. Total events listed by Bollinger (1973) are shown in Table
1.

These data are easily converted into a cumulative frequency-intensity plot, and
this is shown in Figure 2. The usual interpretation of such a diagram is to fit the
data points with a straight lin®, recognizing that the data at the lower intensities is
likely to be incomplete. Such a fit is shown a= the solid line in Figure 2. This line
corresponds to the equation

log N. = 231 - 0461 (h

The slope of this line is low compared to other similar regions, as ve shall see " elow.
The occurrence of three intensity VIII events during this 70-vear period seems high,
and in fact one of them has been shown to be an explosion (G. A. Bollinger, personail
communication). Certainly a line such as the dashed line in Figure 2, which has the
equation

log N. = 2.88 - 0.55] (2)

cannot be ruled out. The siope of 0.35 in this equation is verv close to the slope 0.56
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= 0.U8 found by Bollinger (1973 for the whole Southeastern U.S. For the moment,
we will retain both equations (1) and (2) as possible interpretations of the data
Central Mississippr Vallev. Nuttli (1974) has given a list of events in the central
Mississippi Valley for the period 1833 to 1972, The epicenters of these events are
shown in Figure 3. The total area of this zone is given by Nuttli to be 250,000 km",
Since he lsts few events before 1840, we have restricted ourselves to the period 1340

to 1969 Table Z lists the events dunng this period as a function of intensity. As

TABLE 1|
EVENTS IN SOUTHERN APPALACHIAN AND SOUTH
CAROLINA-GEORCIA SEISMIC ZoNEs

ety e No o R
1 1930- 1 969 10
v TN 49
v LW Ry an
Vi TS 17
VIl LR | e 3
¢s
| SOUTH CARCLINA -GEORGA |
. b AND ‘
* | SOUTH APPALACHAN |
; \ SEISMIC ICNES !
o 1900 - 1969 |
\ :
. i
|
% |
w “9o% |
”» i
x |
S i
Z" 10 «
2 |
P, |
3 l
-
. l
{
LogN.*2 31 -0 461 !
]
«2 Db L.ogv:'zea-ossx \ ‘
1 ) —
Iz = = = I
INTENSTTY

Fi6. 2. Cumulative Tequency-intensity plot for the data :n Table | Two possible straight line
Aterpretations are shown

before. smaller events are only counted for the more recent portion of this time
penod. Since many events are listed with intensities intermediate between two
values (such as [II to IV), where this occurs one-half event has been accumulated
into each value. This accounts for the fractional events listed in Table 2.

Figure 4 shows a cumulative frequency-intensity plot for the data in Table 2. A
reasonabie lineanty s obtained, corresponding to the equation

log N. = 2.77 -« 0.55] (3)
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Southern New England The seismicity of Southern New England has been
{iscussed by Chinnery and Rodgers (1973}, using data of Smith (19562, 1966) for the
period 1534 to 1959. The region defined as Southern New England is shown by the
solid line in Figure 3. which also shows the epicenters in Smith's listing. Following
Chinnery and Rodgers (1973), we note that many of the listed epicenters are
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Fio. 3. Epicentars in the central Mississippi Vailey region. for the penod 1333 to (972, Reproduced,
with permission, from Nuttli (1974) -

TABLE 2
EvENTS (N CENTRAL MIssissiPet VALLEY

nreowt v et No ol Feena
i 1900 | w8 225
441 1900 | 9 £
v AT0- (w9 1433
V 1870< 1999 830
v Adi)-mY 35
T L 105
B ) S Y )
| w4 (Y

lustered in a region extending from Boston through central New Hampshire We
have outlined this area in Figure 5, and refer to it as the Boston-New Hampshire
.eismic zone. The areas of the two zones in Figure 5 are approximately 100,000 km’
' Southern New England) and 27.000 km® (Boston-New Hampshire zone). Since we
wish to exclude the 1755 Cape Anne earthquake from the data set, events have been
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accumulated in both the Southern New England region and the Boston-New
Hampshuire zone for the peniod 1800 to 1959. These are listed in Tables 3 and 4,
respectively. As before, small events are only accumulated for the most recent
portion of the record

The cumulative frequency-intensity plot for Southern New England is shown in
Figure 5. The straight line through the data has the form

Log N. = 2.36 - 0.59f (4)

In spite of the rather low numbers of events, this line is a reascnabie fit to the data
In the case of the Boston-New Hampshire zone. however, the number of events

1 c -—

-
) MSSISSIP aUEY |
1840 - 1969 |
N |
CET g
. ]
{
|
o !
{
3 |
< ,
> \
z “~28k=
< |
s |
" |
2 |
g -0 {
i |
!
|
-,= )
i
r
-2~
|
e —

)
v}

4 Cumulative frequency-intensity piot for the data in Tabie 2

decomes low enough that it becomes difficult to formulate a linear fit with any
certainty. A straight line through the upper four data points has a shallow slope
about 0.501, which is significantly different from the other areas studied. and which
leads to high estimates of risk for large events. We prefer to interpret these data
with a line such as the one shown, which has the equation

log V.= 2.15 - 0.397 (5)
With this interpretation, the number of inteasity VII earthquakes 1s anomalously

nigh, due either to poor data or a statistical fluctuation. At leas: equation (5 should
1#aa 1o reasonabiy conservatve estimates for risk at high intensity levels
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ComMPARISON OF FREQUENCY-INTENSITY DATA

he :.-o.-w_mm ;-intensity data shown in Figures 2, 4. 6, and 7 are shown together
'.{u'e R this case we have omitted rhe individual interpretation using fitted
straight lines, md show the data alone. This emphasizes the very similar characte:
f rhe four recurrence curves. There is some scatter, but each of the curves is

-
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consistent with a slope somewhere in the range 0.55 to 0.60, and we show a siope of
0.57 which seems to be a reasonable average.

In view of the rather inferior quality of rauch historical intensity data, it is
surprising how consistent the slopes of cumulative frequency-intensity data appear

TABLE 13
EVENTS IN SOUTHERN NEW ENGLAND
Inrenewsr Merwm New of Fuenta
141 19281953 RS
441 19281959 %5
v | 9001959 430
v 18601959 240
vl 1800~ 1959 8.9
Vil 1800~ 1959 30
TABLE 4
EvenTs (v Roston-New HaMpsk.RE ZoNE
(Ot enmd Deren No o Evena
4 19281958 160
i |28 1959 135
v 1900- 1559 175
v 15601959 120
1% | 1800- 1959 35
vil 100 1959 30
£ -
-
SOUTHERN NEW INCLAND |
1800 - 1959 ;
0= :
: |
Ob= |
‘ Logh.» 236 -0 991 |
’ ! |
- i
» | |
; g ¥ ‘
80 i
2 |
2 !
- -l Q- ’
|
cishe |
|
|
20 !
] A " = = 3 - E
3 = F3 = )
INTENSITY

F16. 5 Cumulaiive frequency-intensity plot for the data in Table 3

to be. Both Connell and Merz (1975) and Veneziano (1975) have surveved a rumber
of estimates of this slope. and many of these are consistent with the pres:nt data.
The mean of the 11 estimates quoted by Veneziano is 0.53, Lut his lisc contains
some low vaiues which are probably not realistic. Of particuiar in erest are the
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values 039 for the whole U.S. (Connell and Merz, 1975) and 0.54 for California
(Algermissen 1969i. A recent estimate for the area around the Ramapo fault in
New York and New Jersev 15 055 = 002 (Aggarwal and Svkes 1978

[t 1s interesting to compare a slope of 0.57 with the value that one would predict
from known magnitude-intensity relationships. A selection of these relationships
have been given by Venezano (1973), in the form

M=a +a.l - 8)

Values of the constant a; have been estimated as 067 (Gutenberg and Richter,
1956), 0.69 (Algermussen, 1969, and 0.60 (Chinnery and Rodgers, 1973, Howell,

R
BOSTON = NEW HAMPSHIRE
2 1800 - 1959
Q- a |
Loch-Z 19~ 0391
“08 -
% <
-
-
x
-
PS -1 0 -
zU
2
g
J 4
-] 8-
20
.
! 1 1 i ]
b 4 = = = x

INTENSITY
Fic. 7. Cumulative frequency-intensity piot for the data in Table 4

1973). The latter estimates of 0.50 were obtained from data in the Eastern U S, and

mav be the best estimates for our present purposes.
There is an abdunance of frequency-magn. ude data, which is usually represented

by the form

log N.=a - bM (7

where the slope » often lies between 0.9 and 1.0 (see, for example, Chinnery and
North, 19751 Combuning this expression with equation (8i. with a. = 050, would
jead to a slop= of the frecuency-intensity relation between 0.54 and 0.560. Clearly the




| ——— ——

hb

Fic

™

MICHAEL

e e

x
5 \
I Py
Y
2
4
8 p

A. CHINNERY

WSSISSPe vay Lk
SOUTHEASTESN L 5
SOUTHERN NEw SNGLAND

BOSTON = NEW =AMPSms

z =

8. Companson of ths frequency

= = b4
NTENSITY

-intensity data from Figures 2, 4, and 7

W

Log N /YEAR/ W00 am?

— -

WISSISSPO VALLEY
SOUTHCASTERN U §
SOUTHERN NEW INGLAND

SCSTON = NEW =~AMPSHRE

-

e same data used 10 Figure 3, but

- ——

NTENSITY

normaiwzed for the areas of the vanous zones



.-

SEISMICITY COMPARISON—THREE REGIONS OF THE EASTERN U.S, 767

0.57 vaiue shown in Figure 8 is emuinently reasonable and consistent with other
information,

The similanty between the four sets of data shown in Figure 5 can be further
emphasized by normalizing for the areas of the seismic . zions. After this normali-
zation, Figure 9, the recurrence curves are found to lie almost on top of one another
‘we have chosen to normalize to 1,007 km’, but this choice is completely arbitrary).
Tae apparent similarity in seismic activity per unit area is entirely fortuitous. and
is simply due to the particular regions chosen for each study. The true levels of
acuvity in the three regions differ markedly (see, for example, the return periods
calculated in Table 5). However, one is tempted to note that the activity per unit
area in the Boston-New Hampshire zone 's slightly larger than that in the South-
eastern U.S. Is there really any good resson why an event the size of the Charleston
earthquake could not occur in the B. ‘ ton-New Hampshire zone?

It is interesting o search th:se data sets for evidence that there may be an upper
bound intensity in some of these areas. Cornell and Merz (1975), for example, have
proposed a frequency-intensity curve for a site in the Boston area that curves
downward and becomes vertical .parallel to the ordinate axis) close to intensity VII.
Since this calculation is for a single site, it ‘s crucially dependent on our ability to
predict the location of large events near Boston. Certainly, if large events could
occur anywhere within the Boston-New Hampshire zone, the present data show no
indications of an upper bound. Given our present knowledge concerning the mech-
anisms of large events in regions like the Boston-New Hainpshure zone, it does not
seem reasonable to propose such an upper bound.

RANDOMNESS OF . WE CATALLGS

Before attempting to calculate the risk of large events in the three areas under
consideration, we should briefly address the nature of the statistical model to be
used. It i3 usval to assume tha: atalogs such as these are random, ie. described by
the simpie Poissonian distribution.

This problem has received ample treatment in the literature (see. for example,
Lomnitz, 1966). In some cases the Poisson distribution has been shown to be a gond
description for large events, Epstein and Lomnitz (1966), and Gardner and Knopoff
(1974) have shown that the Southern California catalog, with aftershocks carefully
removed, is Poissonian. Other studies have indicated depaftures frorn Poisson
statistics (e.g., Aki. 1956; Knopoff, 1964: Shlien and Toksoz, 1970). However, these
departures are small, and may be disregarded for our present purposes.

One graphic method of demonstrating the approximately Poissonian character of
a sequence of earthquakes is to plot the interoccurrence times (Lomnitz, 1966). [n
a purely Poisson process, the probability P that an interval of time T will contain at
least one event 1s qiven by

PiDwl=e™h (8)
Here T is the mean return period for events in the sample.

If the time between events in the sample is the varable ¢, then the frequency
distribution of ¢ is given by

Ffta-il_—e"""\ (9
a9

TR TR e - ——

-
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It is easy to show that the observed interoccurrence times are quite closely
represented by equation (9). Figure 10 shows a plot of these interoccurrence times
for the central Mississippi Valley catalog for events with intensity greater than or
equal to V duning the period 1900 to 1972, Clearly, the exponential distribution 1s a
good description of the data. The anomalously large number of events at small
interoccurrence times can be attributed primarily to the presence of aftershocks in
the catalog A similar plot for Southern New England data is shown in Figure 11,
Data from the Southeastern U.S. were not available u: a form that would permit a
sinuilar plot to be made, but this is probably not necessary. On the basis of Figures
10 and 11, we feel justified in using the Poisson model, and in particular equation
(8), to calculate probabilities.

In passing, Figures 10 and 11 make another point. It is easy to use the quantity
mean return period of earthquakes in a sequence as if it has a deterministic meaning.
These figures are a reminder th-: the mean return peniod is en..cely a statistical

e
1 WISSISSIPPY VALLEY

28— 84 TVENTS WiTH [ 2 X

| 19CQ - 1977 }
RETURN PERMOD Ty* 037 YEARS ;

FREQUENCY

1 e o o
0 , ? 3 . s .
« INTEROCCURRENCE TIME ( yeors)

F1G. 10 Interoccurrence times using Nuttli's (1974) data for the central Missisoppt Valley. The
exponential curve would be expected for a Powss. 5 distnbution.

quantity, and that its only real meaning is as one of the parameters describing the
probability distribution that corresponds to the catalog under consideration.

THE PROBABILITY OF LARGE EVENTS

With the above model it is now possible to address the question posed in the
iniroduction. In each of the three areas under consideration a large earthquake
occurred shortly before the periods of data that we have analyzed. Are these large
earthquakes consistent with the later record of smaller events?

Our procedure is simple. We rake the linear relations fitted to the frequency-
intensity data, extrapolate them ‘o larger intensities, and make estimates of the
mean return periods of these larger intensities. We then use equation (8) to estimate
the probabiity that at least one of these larger events will occur in any 200-yvear
period, and specifically relate this to *he 200-year period ending at the present time
(a 300-year penod was chosen for New England, since the largest event occurred in
the 1700's).
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Without any question the larges: earthquakes during the past 200 vears in the
central Mississippi Valley were the 1811 to 1812 New Madnd events. Nuttli (1973)
Lists the maximum observed intensity during this sequence as X to NI, at New
Madnd. Missourt, Gupta and Nuttli (1976) have recently revised this upward to XI
to XII Some question perhaps remains as to the validit of this value as a true
epicentral intensity, since some amplification by the alluvium in the area might be
expected. Table 5 lists the probabuity of an event of intensity X or greater during
a 200-vear period as being about one-third. The New Madnd events were therefore
reasonably consistent with the data for 1840 to 1969, If it could be shown that these
were the largest events in the last 300 years in this area (which is not unlikely), or
that the true epicentral intensity was somewhat less than X, it would be easy to
increase the calculated probzbuity to 50 per cent or more.

The record of earthquakes for Southern New England s about 300 years long
(Smuth, 1962, 1966). Dunng the period 1800 to 1959, Smith lists 3 events with
intensity VI, and there are none any larger. Table 5 shows that there is a respectably
high probability (about 73 per cent) that an earthquake of intensity VIII wall occur
somewhere in Southern New England in a 300-vear period. The probability of such
an event in the Boston-New Hampshire zone is about 50 per cent. The epicentral
1atensity of the 1755 Cape Anne sarthquake is not well defined. Smith (1962) lists
this event as intensity IX, which is probably somewhat high. The Earthquake
Fhstory of the United States INOAA puthication #1-1, 1973) lists this event as
intensity VIII. Other unpuolished studies hive dduced intersities close to VII
‘Whichever is correct. it cannot be said that this event s inconsistent with the
subsequent seismic record

An equally important result for the Southermn New England regicn is that the
probioility of intensity IX and X events occurring within a2 300-year period is quite
low. The absance of these events in the historical record is therefore again consistent
with the 1800 to 1959 data. Notice. 100, that the return period for intensity VIII is
229 years. which 18 consiatent with the absence of such an event during the penod
1800 to 1959

ConcLusioN

We can make several conclygions from this study

1. The four ‘requency-intensity plits that we have considered show a remarkabie
uniformity. All show a _ronounced lineanity, and have slopes which are consistent
with a value of about 0.57. This, in turn, corresponds to a magnitude A-value in the
range 0.9 to 1.0. This uniformity. and the fact that 0.57 is very close to slopes
observed in other areas of both Eastern and Western U S, suggests that frequency-
intensity data can usefully be applied in seismic rnisk analysis In areas where data
are poor or sparse, it would appear possible to combine data from as little as one
intensity value with the apparently universal siope of about 0.57 to construct a local
frequency-intensity relationship. Such a procedure may be more reliable than some
of those in current use,

2. The unrformity of the shape of the frequency-intensity relation over regions
rang@ing from the Boston-New Hampshire zone and the Ramapo fault zone ( Aggarwal
and Svkes, 1978) 0 the whole of the continental U.S. suggests that the problem of
nonuniformity of seismicity within a region 13 no impediment to the use of frequency-
intensity statistics. The assumprions outlined in the introduction to this paper seem
to be useful working hypotheses.
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J. The question of the existence of upper bounds to maximum earthquake
intensity (less rhan the scale maximum of XII) remains unanswered. There is no
reason within the data themselves to suggest that the three large events that we
have considered are the largest that could occur in these regions. Similarly, there
ire no statistical arguments that a very large event could not occur in other areas
(such as Southern New England outside of the Boston-New Hampshire zone) that
have not recorded such an event. A rational, conservative approach to the estimation
of the seismic nsk at a site would :nclude the possibility of events with intensity X
r more anywhere in the Eastern US. This topic will be discussed more fully
elsewhere

4. The validity of Linear extrapolation of the frequency-intensity data has been
tested by predicting the probability of occurrence of large earthquakes in the
hus. neal record, and companng this probability with the known occurrence of large
eer(hquases in each of the three areas. The Charleston and Cape Anne earthquakes
are both consistent with more ~~cent data from small events (calculated probabilities
of these events are 50 per cent ore more). The New Madnd sequence is only slightly
anomalous. The chance that such an event would occur duning the past 200 vears is
about 30 per cent, but the chance that it would occur 1n a 300-year record aporoaches
30 percent. The ., it appears that liniear extrapolation of frequency-intensity data to
intensities of [X and X 1s a valid procedure in these areas
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Abgtracse

This report describes research sarried out under NRC Contracs NEC-
04=TT=019 during the periocd 1 Janusry 1977 %o 31 December 1577. A
detailed study of available scientific literature concerning the estimation
of maximum possible earthquakxes shows that all available methods are
empirical and lack & scund pnysiczal hasis. Ividence that even the
empirical zethods are valiid is very weak, primarily because of the shors
ilength of the earthquake reccord In most areas. An attempt £0 use gleodal
earthquake catalogs %c examine the regicnal variation ¢f maximum possible
esrthquakes is unsuccessful. It is demonstrated that gsaturaticn of the
magnitude scale and biases introduced by instrumental 21ipping cubine
to make 2, values for large earthguakes very unreliable, and to obscure

the presence Cr absence of maximum possitle eartzhquakes. A progress

repcr: on a study of Yew England crust and upper mantle strucsture is

included.
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ort descrives research carried ocut under NRC Contract NRC-

B R

QbsTT=019 during the pericd 1 January, 1577 %0 31 December, 1977. The

major effort during this pericd cconsisted of two studies aimed at evalusting

the possibility of estizating the zaxizum possible earthquake that might
be expected within a given region.

The first study ccnsisted of a reviev and assessment of available
scientific literature on this topie. Since much of the research in this
area has bteen carried cut ian the Scviet Union, this review provides a
reasonably comprerensive se: of references, 2:4 ¢ discussion cf the
varicus approaches which have tean 4ried.

-

The seccond study was an atteapt 0 lcck for evidence of upper

¥

bounds to earthquake size within glcbal body wave magnitude catalogs,
and ia particular in “he ISC catalog. This study soon turned into an

attempt to understand the sources of bias in the magnitudes listed in
this catalog, since until these are understcod it is impossible %o
search for maximum possible events. It transpires that these biases,
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together with saturation o
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¢ catalogs essentially

ot

useless for this type of s

udy.

A third area of research, into the crust and upper mantle structure
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MAYTIANT DAS ~rravTe . . - ~ra
MACHOM POS q S: CURRENT STATUS

there is a limit or "upper
of earthgquakes for a variety of reascns. First,
earthquake size i{s usually intended %o be a measure cf energy release.
However, energy usually varies strongly with size. For example, the
standard relation between magnitude M and energy E (in ergs) is

log E=a, + DM (1.1)

Bath (1966) reviews several estizates for the constants a_ and b, and

shows that ba appears to lie in the range 1.4 to 2.C. Since the number
N of earthguakes is usually described by the relation

lcg N = a - bM (1.2)
where b is about 1 {see, for example, Richter 1958), the :ctal seismic

energy release is dominated by the largest events. We s:all have reason

to question both equations 1.1 and 1.2 later in this report, dut the

econclusicn appears to remain vaiid. Aralysis of the energy budget of
the earth regquires knowledge of the rate of occurrence and energy release
in the largest events that ocqur.

-

Second, Brune (1968) nas shown how the relative slip of tectenic
plates can be estimated ¢ -m earthquake <ize, and showed that the %total
slip is deminated by the largest events that occcur. The fundamental .
auestiorn of how much tectonic motisn is released in seismic slip (Davies

. and Brune, 1371) can only be answered clearly once we understand these
large events.

And, thirdly, the estimaticn of maximum earthquake size is impor-
tant in the estimation of seismic risk. The possibility that large

in an area can lead to a seisamic
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nazard that is unacceptable for certain critical facilities such as

nuclear power plants. The NRC Rules and Regulations, Part 100, Appendix
A, set out the seismic safety standards for these structures, anu define
the Zafe Zhutdown Zarthguake %o be based on an evaluation of the "maximum

5

eartihguake potential” of an area (Hofmana, 1974). The purpose of the
present study is %o assess our ability to cst;mate this gquantisy.

We can usefully divide the overall problem intc tvo parts. Firse,
what 1s tne evidence that ¢arthquakes considered as a global phencmenon
have a maxinmum ncssible size? And second, how does this maximum possitle
size vary from region to region? The first question ought <o be auch
simpler ©c ansver than the second, and it is legizel %o examine it

first. However, as ve shall see, it is difficult to give convincing

ansvers to elther of these questions.
1.2 Definisions

There are two important definitions that we must explore before we
continue. The first is the definition of "maxiaum", and the second is
the definition of "size",

The term "maximum" is not, unfgrtunately, always used with the sane
meaning. Tne definition is the obviocus cne, which refers to the largest
pcssible event that can occur given the physical conditions of the
source area. A second definition, scmetimes used, includes the concept
of procadbility. A certain probability level may be sccepted as being
"negligidvle”, accoraing to engineering design standards or other arguments,
ke defined as one which will ceccur with this
uring the projected lifetime of & structure.
These <wo definitions are very different, and it is essential that

-early distinguished from one ancther. We shall use the terminclcgy
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fur *he "rue"” maximum possible magnistude (E for the maximum
P

possible energy, etc), and M for the magnitude that occurs with
, which defines the accepted probability of "negligibility".
As we shall see in the next section, very different methods must b2 used
in the estimaticn of M and MP £

max max
The definition of earthquake "size" is even more difficult. There

are a large number of quantities which attempt to measure this size. A

partial list includes:

{ \

\:n.b.;

b) Surface wave magnitude (Ms)

a) Body wave magnitude

¢) 100 second period magnitude

d) seismic moment (Mo)

e) radiated seismic energy

£) elastic potential energy release

g) wuaximm epicentral intemsity (I)

h) maximum epicentral acceleration

1) local magnitude (M )
The basic problems here are not only to decide which of these measures
of size are the most appropriate for a given situation, but to recognize
that the relaticnships between these measures are in general poorly
understocd and in some cases demonstrably very non-linear. In parti-
cular, scme cf these gquantities have dbuilt-i.. upper bounds which can
obscure the search for a fundamental upper limit to earthquake size. We
shall examine this problem in more detail in section 2.

An additional complication, which arises in the litsrature very

erm magnitude is so often used without proper
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definition. All practical measures of magnitude are restricted to some
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these facicrs that the term magnitude alone is almost meaningless,

sarticwlarly when the characteristics of large earthquake: are soncerned.
quite often, in reference %o the local seismicity of area, “he term

zagnitude refers to local magnitude M. 0Of all measures of magnisude

-

this is one of the hardest to quantify. It was introduced sriginally by
chter, and designed for local shocks in Califorrmia. Its definition is
very arbditrary, and refers o the lrgarithm of the maxizmum recoried
trace amplitude of a specific instrument (Wood-Anderscn seismograph, at
specific distance (100 im). 3ecause the instriment will recorid a wide
range cf frequencies in the short period band, and because there is no

seismic phase identification, the significance of the zaximum *race

amplizude is not clear. For small earthquakes, the maximum trace amplitude

b

will often refer to body wave arrivals © short iistances. For large

earthquakes, the maximum trace amplitude will usually be associated with
. >

fundamental mode or higher acde (L‘ phase) surface waves.

The principal usefulness of M. is, of course, thet it is a measure
—

ion in the near field at 2 range of fregquencies trat are
relevant %o engineering ccnsiderations. Improvements in the estimation
may lead %o a4 mere consistent scale,

< 2 be - - ¥ < - N < < 2 < 1 LS
Ut 2ts relation tec far field magnitude determinations is still unclear.

- % - - 4 % Te - 3 - - %
ihe number of papers in the literature that attempt o get tc the
% - T - -~ AP ) $ § - & *3 - ¥ {nt %
heart of the proolem of the estimation of the maxinmum possible earth-

«

. % 4 - R -~ £ < - - 3 :
jJuage is gquite small., The majority of these are the work of scientists



roblexm have been propesed (see, for

argumen's that attempt to limit the upper size of earthquakes on the
tasis of physical principles, including fault gecmetry and slip, sud the
ength of zarth materials. Cenerally speaking, these argumentis make a

convincing case in favor ¢f a global upper bound, but give little indication

a
& )
w
2 )
i
!
18]
b
m
H
e
9
ot
oy
W
b
w
i
(2]
O
14
i
g
"
e
5
O
w
0
=
| 9
w
3
L
b
g
o
e
.E
®
ur
ot
w
ot
'
w
o
b
O
w
-

v
-
o
2y
“»
i}
-
8}
ot
Y
w
s ]
(8]
O
',
% )
3
W
o]
@
. ]
)
q‘
*
&)
b
ot
i
™
w
g.
PR
w
o
“
8
[* N
®
.‘l
(=]
™
e
o
<
*
o
o
o
8

of axeremes. These two analytical techniques generally lead to similar
% both turn out to he severely limited by the definitions of
magnitude used. A third approach, which seems very logical yet which
1acks any convincing physical basis, attempts to reiate the size of the
zaxizmum possible earthquake 0 the level of seismic activity in a regiom.
It would be very nice if such a relationship were to exist, but there is
=0 clear evidence that it doces. More recen® approaches have tended to
focus on information from non-seismic zources, such as geclogical and
orphological data. Some of these approaches are statistical, using
sattern reccanition technigues. Others are mcre deterministic, and

ra

attempt tc link long term geclogical fault mcvenment to short tera earthguake

In virtually all of these avproaches sne problem predominates. The
wesnrd of eartihcuaskes is relatively short in most parts of the world.

Tatz before sbous 19C0 are generally jualitative and hard to interpret.
Adeguate seismic networks have only lLeen available since the early

there are still problems in




3 £ < - 4 - % Pog. y b E -
defining the size of large earthguakes. It therefore becomes very

1t e - - - < < | - o - < - - 3 e 1
cult to establish empirical data for maximum possible earthquakes

.l«

‘d‘

- i e < -1 3 % . -

in specifiic TegIiOnNSg, since Tnhnese .argest events =ay nave return res tod

-~ 9 A8A Years or Rore Wismaiis saa At s.--. - . & OB : 1rd woaia T Y.
s 1000 years or more. wWithout these empirical estimates, it is virstually

¢ £33 v ) atiAdder ~P o7 ” 3 .
impossible to examine the validity of many Dpropoésed approaches.
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There seems to e universal argreement that any zeasure of s
an earthquake zust have an upper bound. This argument is often intuitive,
but it can de refined tc some extent. Certainly eguations 1.l and 1.2
cannot both be valid for iandefinitely large M, since this would imply an
finite release of seismic energy per unit time (Newmark and Rosenblueth,
1571). Bowever, both 2f these equations are pcoerly defined st large
sagnitudes, so the argument is not too helpful.
ntuiticn is cften carried into the discussion of regional upper
bounds. Yewmark and Rosenblueth [1971) remark that earthquakes with
M > 9 in the continents and M > 7 under the deep oceans are unlikely,

though they admit there is no real basis for these estimates. In fact

i? M is surface wave magnitude Ms, we shall see that M prcbably does not
exceed adout 3.6 anywhere, but this i3 an artifsct of the aagnitude
scale and not a true upper bound (sectiscz 2.3). Earthquakes of Hs > 7
have been cbserved s-veral times con the mid-ocean ridges, where th
activity is low.

Scmetimes intuition is guantified by the use ¢f Bayesian statistics

- - - 1 - 5 - .
Connell and Merz {(197s, 1975) propose an upper bound to eartbguaze
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have low upper bounds to earthquake size (see section 1.A).

It is possible to go scmewhat beyond intuition. Tsuboi (1956) has
proposed an upper bound to earthquake energy. He first relates earthquake
energy tc the volume V the strained region arouni-:he sowrce, then
assumes that the strain is uniform throughout this volume, and then uses
field evidence for the maximum strain which the earth's crust can withstand .

-y

(about 10" ). Thenm, if V is limited by the thickness of the crust, an
upper bound to energy of about S x loeh ergs is obtained. It is hard to
assess the validity of the assumptions used in obtaining this result.

A very similar apprcach has been given by Shebalin (1370), though
it is less convincing. He quotes linear relations between earthquake
magnitude and both mean length of focus and vertical extent of focus,
from an earlier paper (Shebalin, 1971). He then uses limitations on
both length and depth tc set am upper bound to magni‘ude. The validity
of his starting relations is very much open to question.

Similar procedures have been cutlized by Hofimann (1974), who describdes
how magnitude fault-length relationsaips (e.g. Bonrilla and and Buchanan,
1970) may be used %o assign maximum magnitudes. Obviously this ¢ype of
approach presupposes that we can clearly define the location and length
of all active faults in an area, that breakage beyond the present fault
length is impossible, and that the magnitude-fault length relation is
single valued (this is equivalent to propesing that all earthquakes have
the same stress drop). Each of these assumptions is difficult to Justify.

Shenkova and Karnik (1974) rrise the possibility that the rate of

strain accumulation may set

-

linits on the maximum energy released in an



earthguake, They indicate, for exanmnle,

earthquake will be specified. This arpr
reccrd of earthquakes already 2 a.ns at

These studies are typical of those

argunents. The strength of rock, under

not well known. However, we know even less about th

: F e e pal i
size of the zone of slip, and it is this

the usefulness of physical arguments.

_ LA e Y )
probably the 1960 Chile earshguake, whi

perhaps 2CC m wide on a shallcw dizping fault plane

various
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less unless the
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2 upper and lower bounds
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ne maximum possible

least one maximum possible

ttempting %o
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use thysical
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variable which

probably

hysical conditions, is

imitations on the

limits

The largest xnown fault area is
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Cipar, 1974). There do not seem %5 be any con
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CC = long

and

(Xanamori and

incing arguments why

fault breaks could not be larger than this on occasion

entire Aleutian arc system break at once, for example?

The =ffect of strength of rock is related %o

basic problem can then be formulated as

defined oy .

vhere u is the rigidity, L is the lengt

- e =2 A A Y e
L€ STr'2sS8 argd 20 <an de written
O~
e
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~
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wvhere 0 + 2 geometrical Jactor wilill

long strixe slip faults) %o 0.75 (for
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(1.3)
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So we may genz2rally write
A - =
M_ - 2La0 (1.5)
e

I? stress drops are roughly the same (abcut 50 vars) for all earthquakes,
as has been suggested (Kanszmori and Anderscn, 1975), then limitations to
seismic mcment MO depend caly on limitations t¢ the dimensions of the
fault area.

However, guestions about the constancy of 40 remain. Scme studies

appear %o indicate local stress drops as high as several kilobars (Archame
beau, 1378). In the easterz US, the occurrence cf moderate sized earthguakes

“he lower

stress drops.

require rath

crust with 20 surface expression of mcovement would appear

5 =

fauls dimensions and correspondingly large

sm

T> take an example, if a fault area 20 x 20 im wvere

possible in an area of stress concentration in the Eastern US, with a

stress drop of one zilobar, equaticn 1.5 gives a seismic zoment cf cover
28

10°7 dyne-cm (equivalent %o an xs of sver 7.5, see Figure 4). This is

probably larger than any earthquakes sc far observed in this area.

We conclude, then, that while physical arguments support the ides
+hat there zust be an upper bound %o earthquake size, and suggest that

there may de
caanct yet co

sizes of zhes

Lo - -

ments

:
<

<
Ar 0

a substantisl regicmal variaticon of this upper bound, we

nstrain the appropriate parameters enocugk %o estimate the

e upper bounds
ics

tarthcuake Statis

A variety of authors heve attempted %O use the st tistical char-
asteristics of the eartihguake record %o estizate maxizum possiule earth
suakes. It is not at all clear that existing earthquake catalols are
gcod encugh for this type of study. Certainly, ia the example (iscussed
in detail .= section 2 of Luis repers, it is clear that problem; of



aturation of the magnitude scale and individual station detectis

There are twec possible approacnes %o the analysis of earthguake

. "
v AREATIIE * e - AP yyemen
ely cbscure the presence or absence of upper bounds.

- Y < - < - T 3 .y - - - - 4 o s
2atalogs. [he lirst involves the use of the frequency-magnitude curve,

discussed extensively in section 2. The other is based on

Suztel's (1358) Thecry of Extremes. OGumbel described three asymptoti

. ST Py o T - . o ks : o &
iZstributicons which may be used to model zhe distriduticn of largest

occurring in a sequence of equal time periods through the earthquake

The Type I asymptotic dissributicn of le—zest values gserresponds

iinear frequency-maganitude relation, with no upper dound. The Type

symptotic distritution includes the case whare large evenss are less

frequent thean would be expected on the basis of smaller events, i.e. &

ear frequency-magnitude curve. The Type III asymptotic distridution

pecifically includes an upper bound. Algebraic details can de found,

-}

cr example, in Yegulalp and Kuo (1974).

=5 : " ..
Applications of the Type I distribution generally accomplish no

-

n the use of linear frequercy magnitude statistics, ard no upper
included. Papers using this distribution include Epstein and
962, GCayskiy and Yatck (1965), Milne and Davenport (1968),
(19€8), Xarnik and Hubnerova (1368, 1970), Yegulalp and ¥
Shenkova end Karnik (1974) and Shakal anéd Toksoz (1977). Though

. i W —— $ way S 4 2 Y
parpers mention Jaximum magnisude earthquakes, it is clear

y the magnitude which has a
xed pericd) theat ig less than
S

- q b’ - nee . p’ e ™) - -
udies that attempt tO use the Type III asymptotic distribution

B

ei-shan and Lin




1973}, and Tsgulalp end Xuo (1974). The first of these studies dces
not lefine the magnitude used, while the" second is based on Gutenberg

f a - N - . -
s (1954) data. They can both be shown to be formally egquivalent

to tryiag %o fit the frequency-magnitude curve with a truncated distribution
(Cosentinc et al., 1976, 1977). We note that Xnopoff and Kagan (1977)

have argued that frequency-magnitude statistics are to de preferred over
exsremal statistics since the first uses all of the available data.

To anticipate section 2, there is no doubt that saturation of the
M scale begins in the range 7-7.5. It is interesting to note that zost

of the estimates of M from these studies are greater than Ms = T.5,

and the vas%t majority are greater than W = 8,0. As long as saturaticn

results can ve unambiguously interpreted as indicating the presence of
upper bcund with regional variations.

1.6 Use of %he lLevel of Seismic Activity

—

Pernaps the most persistent attempts %0 study the nature of earth-
quake upper btounds have been made in the USSR by Riznichenko and his co=-
workers, beginning with Riznichenko (1362, 136Las, 196Lb). Many associated
references ars listed by Riznichenko ;sd Bagdasarcova (1975).

Riznichenko's basic postulate is that there is a clear cut upper

bouni to the snergzy released in an earthquake. Setting the total energy

2 5 %l , : =
release £ = 10° joules, he discusses the problem in terms of E and
Iﬂax' Ee uses an implied relaticnship btetween energy and the ocoserved .
quantitv, maganitude, ¢f the form
- f= -
log T = a + bM \++0)

The particuic: values of a and © used are not guoted {and are still cpen

to gquesticn), and the particular definiticn of magnitude M is nct given.
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He rescognized from the beginning that it was difficult or impossibie

to determine X directly from the cbzerved earthquake catalog of an
28X
2 3 > - Fp— ~ *1 -~ el 2% & { a3
area. He has therefore focussed on the possitility of esteblishing s
w.’a--’.—sn:a "e"d'p." - o wA +ha Tavat A we-?sa-‘c a ".'f"' A < - “hne
- - - wsiDiiaw o~ ~ eSS A sah wibe eaw’ee wve IS0 - - .-! -k
frequency-energy relation
- " - <l ¢ - b Y =
icg No = A » viK =« K | L1
I >

LA {8 therefore the activity at the refarence energy level Kof. He has

discussed the form of the relationship ALK ) in several papers (Rizai-

chenko 136%a, Bzaichenko and Zagdasarcva 137 and others). Briefly, his

arguzent is to relate the energy X cf an earthquake to a volume radius R

3 ~ mag 4n*i0
= 3,315 10 Js to average the activity

B

- S sai s . gy
r .entiral asla nie oQtalneq -

-
-

setain A, and then determine an

4§
w
(28
e
j )
ot
O

Q

b= ]

-~
-

e

A over a cireular reg
empiriczal relatiocn between A and £ . For Central Asia he determined

)

(Riznichenks and Bagdasarova, 1376

log X = 2,84 + 0.22 fxm-ls) (1.8)

- - - o
log A = 2,84 + 0.39 {X___=15) 1.9)

‘2<E<1026ergs.

These eguations are intended <o be valid for 15<Ke¢l9, or 10
The form of these egquaticons was derived very artificial (Rizni-
chenks, 15€ka). X was simply cnosen as the largest event for a given

sften using a shors %ime sample), and X determined for the

- 3 vod A4 e &2 3 - a - % srl & imz %
linear relation was fitted to the .argest ¥ velues (Riznichenke end
- - - L 4 1 i < -l b ]
Zaknarsva, 1971). In 1964 the constants estimated in eqguation 1.8 were

-~ e i A AA % 2 3 R S . : * - &3
2.50 and 0.20, so there has heen liztle change in the rslation ia the

" - L e - < - ) -~ -~ {
subsequens 12 years. The differencs in the slope found for Japan (0.39
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Obviocusly, the protlem in this apprcach is that Kmax needs to be
determined in scme regicns before the general law can be established.
We must allow, however, the possibility that successive applization of
the equaticn in variocus regions (e.g. Gorbunova, 196%: Druays and Stepanenko,
1972) may izprove the constants oty an iterative or "boot-strapping”
methed. The logical basis for the exprec:-’-= 1.8 is not established.
Whether or not it works in practice is less clear. The authors compare

31 large earthquakes in Japan with the predictions of equation 1.9.

Twenty-one are found to be in agreement, 10 are found to be larger than
the predicted K:ax‘ though the authors note that uncertainties in many
of the epicenters make it hard tc make a firm conclusion from this
result.

The situatior is far from satisfactory. The existence of a relation
between Kmax and A is not proven, and appears to be more c¢f a hope than
a scientific fact.

We should note, in passing, that if the maximum value is defined
using a probability P (3: ), then there is a very clear relation between
the maxinum value and the rate of seismic activity. This has Yeen
described, in a most obscure way, ty Housner (197C). His argument may

be restated as fcllows: Let us assume a2 linear unbounded fregquency-

pmagnitude law of the form

area, during s unit tize period (per year, say!. Suppose that N_is

the number of events/year that can be considered negligible for risk



Then log ¥ =a-D Mo 1.11)
For two different regions, with different a and b values, we have

log N = alblﬁiax(;f = azsziax{Q)
50,
R B e e
Moy (2) = S;”‘m (1) » X (1.12)

T

It is reasonable tu set b, b 1, and thea

P P )
M (2)=M (1) + (a, =-a,)
max max 2 1
or < >
b= ] - [o)
M:&xfB) - MP (1) * log - 3 1.13)
= max X

where N is the number of events with magnitude O, which may be taken as
an indication of the level of activity. In a simple example, if area 2
has a seismicity of one-hundredth of area 1, thea the M:nx value for
area 2 will be two units smallzr than the Minx for area l.

The reason that Housner's (1970) argument is obscure is that he
tries %o associate the above with a true Mmax value, as shown in Figure
1. Clearly the analysis really refer; to0 cur unbounded frequency-
magnitude law,

In summary, existing literature scmetimes attempts to postulate a
relationship between seismic activity and the upper bound to earthquake
size, but success in establishing the nature and even the validity of

-

this relationship has been essentially non-existent.

Recognizing the fundamental difficulties involved in trying to

relate the size of maximum possible earthquakes to the level of seismic

TR R - —_— . ——_ " S——— e ]
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attempts to include a variet of
rzation.
have

compared and correlated the

seismic activity, the gradient of

(suzgested by Tsuboi, 1940, and Berg et al.,
ical movements determined by geocdeti

The three estimates were combined together

1.0 for the seismic data,
The results are nc more convincing
This paper is notable,

of references.

frequency-energy data are not

X » and urge the inclusion of

nax

the rate of energy accumulation"”

they give little indication how these

together.

In view of the interest of several Russian gecophysicists in pattern
recognition problems {see, for exazple, Gelfand et al., 1976), it is not

3 L
that attempts have tean

determination of M . This topic is

pplicaticn to the Carpathian

m
|
e
W
o |
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Reysner (15T6). The general iiea is
stservacle faatures that appear <o be
values. 7The Teatures selected includ

nide to

velecanisn, presence

3
o to the

apply these methods

addressed by Bune et al.

region is described by Boriscv and

to look for those combinations of
indicative of the observed I
max
2 such itexms as rates of recent

0?2 fracturass and fracture

intersections, seismic activity, gravity ancmaly etc. The data analysis
Pollews 4he usual procedures, lizst of the fsatures chosen were found to
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tantial number of

-

the authors used "estimates made by expert

subjective element into the analysis

that it must be regarded as meaningless.
1.3 Other Studies
™0 recent studies should be me ned, the first for completeness

zaximum

predict the
which <he authcr bases his

and the paper

Smith (1976), on the other hand,

to cb%ain a mean rate

years or

ship for the area is linear, and can
1975; Smith's argument
upper bound moment that is consistent

seismic

of slii

ionger.

sed a csaplex mcdel which purports not

frequency-pagnitude relation, but to

e ]

~ -
RaTL

and moment. The assumptions on

analysis appear to be completely unreasonabl

is meaningless.

has preoposed using geological data

®or a fault zone over the past 10's of

Then, if the fraguency-mcment relation-

te defined (see Chinzery and North,

- L
here is .ess rigorous), thea there must be an

th cbserved 3lip (Brune, 1369).

(

‘mith uses geologicsl data of Hamilston (1975) to obtain these upper

Seuni moments (which he converts back to upper bound magnitudes).
This approach is one of the most resscnable that we have seen, but
sreblams 2%ill remain. There are considerable difficulties in the

— A 4 L P .
ijefinition of the frequency-monent relationship for a limited zone.
& s 4 - - - 3 % 3 < AaryY
Even if this can be est ted, however, there must still be difficulties
2 ] $ 3 3 = -
in the interpretation of geological slip data. §Slip on the San Andreas
—— ——— o ——_— e - e — - ~ A — ] AR a— W . - ——




19

fault system has clearly been distributed over a rather wide zone on a

his slip for a period of tire, and then it could be tranasferred
aults. To put this ancther way, Smith's (1976)
apprcach requires that the earthquake prccess be stationary over the

pericd of the geclogical data on each fault considered. This is a

4

cne as a whcle, and may be

@
ey
g
ot
[

questicnable assumpticn for th
1id for individual faults within the systea. And, of course, there
appears to be no way tO apply Smith's methcd to regions such as the

Zastern US, where geological iaformation on fault slip is available.

1.9 Discussicn and Conclusions

The basic problem in attempting to determine the maximum possible
eartaquake in s region can be stated quite simply. If the earthquake
record for the region has a length T years, then evidence is available
that bears on the earthquakes that have mean return periods of up to T
years, or a2 probability of occurrence down to 1/T per year. This evidence
is not necessarily Zoccd evidence, for the largest earthquakes in the
sample.

The cccurrence of large sarthguakes arpears to be described gquite

1 3 Dadza P £ g s by { 3T -
well by a Poisscn distridution (Zpstein and Lomnitz, 1966; Lomnitz,

T - . L] -
1966). The probability that at least cne event with an annual probability
of 1/T will occur within a pericd of ¢ years is

—. % )
= A
s R L e @ (10-“)
- fT ey < - 21 A TN o o
& ift =7, the srobability is 63%, This suggests that in more than
ird of all regicns studied there is likely to be an apparent




20

C phrase thls znother way, & 100 year reccord of earthquakes will

, s Ay a3 ] 3 : {ad Y A% 3 a.s ) 1
only give reliable informaticn (at the 50% lavel) for those eartihguaxes
with 2 mean return pericd of about &40 years or less, or an sanual pro-

or more. In practice, of course, the length of the
earzhquate reccrd is often considerably less than 100 years, and tais

applies %5 most of the regions of the USSR studied in the gquoted literature,
and to California and other active zones. Clearly, tken, a 100 year

record of seismicity is only adequate for the determination of maximum
possible earthguakes if the mean return pericds of these earthquakes are
significantly less than 50 years. This impiies that the maximum possidle
earthquake must have cccurred seversl times during the period cf cbservation.

In all of %the literature that has been surveyed, there is no case

«

of a specific region where a maximm possible earthquake ca: be clearly
defined. Even when all regions are ccnsidered together in 3 gicbal

earthquake record, the apparent upper dound to surface wave magnitude Ms

can easily be accounted for on the basis of saturation of the magnitude

scale (Chinnery and Norzh, 1975). Perhaps the most useful contridution

tc this area that coculd be made at the present time would be the clear
- »
and unambigucus dJdamonstration of the existence of an upper bound to

earthquake size in just one region, anywhere cn the globe.
is necessary to add, here, that we have not attempted to define
the term "region”. This is a thorny topic (see, for example, Hadley and

- 1074 ohdalm o < - L
Tevine, 1974 which has bheen emphasized by the term "tectonic province

d o : 3 { " < - P N 4 A
which appears in the NRC Rules and Regulaticas, Part 100, Appendix A.

w

epicenters for the earthquakes in 2 seismic zone it is always possibl

to select a region that contains nc large evenis. The validity of suck

- . ——— . - - i P — W - g o -~ - ~
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It appears, then, that existing seismic data are unable to throw
any 1ight on the questions of the existence and size of maximum possidle
arthquakes. In spite of the ieez seated belief of many seismologists
and earthquake engineers that uprer bounds must exist, the only reasonakble
apprcach, given our current state of knowledge, is to assume that these
upper ounds are at rather high levels in all—areas.
We rre therefcore forced in%tc the classic method of simple extra-
polatican of linear fregquency-magnitude ¢r frequency-intensity relation-
ships. This raises an additicnal problem which deserves discussicn.

In the context of the evaluation of the seismic risk to critical

«
(®)

struct .es such as nuclear power rtlants, we would like to establish a
way t0 determine the size of the earthguake that occurs with some fixed
risk prodability within a given regicn. Following McGuire (1976) and
others, we zay usefully set this fixed probability .t lO-L per year. If
the earthquake prcocess is stationary over long periocds of time, such an
earthquake will have a mean return pericd of 10,000 years. If the
process is non-statiocnary, this statement is meaningless. However, in
practicc we have very little alternative but to assume that the avail-

able recori of earthquakes is representative of the rates of cccurrence

The problem of stationarity is not easily set aside. Evidence from

R & -
i g yees e

wsemasaaTo g Rl

ing



that large earthquakess may be associated with

-

ome long term average level of seismicity which is very differeant from
she recent short reccord of smaller events. It is important that research

of earthquake processes in various tectonic eaviron-
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more information on the nature of the strain and stress fields in seismic
zones. Second, we need to improve our understanding of the ultimate
strength of crustal materials in a vareity of tectonic settings. It
seems likely that the true upper dound is ccntrolled by the size of the
region of accumilating stress, and the ability of the crustal rock to
withstand that stress. Thirdly, the information from geoclcgical and
gecmorphclogical data on long term fault slip, where surface faulting is
visible, must place some constraints cn the largest possible earthquakes
(Smith, 1976). This apprcach needs further development, though the

questisn of staticnarity may limit its usefulness.
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A l0g1lcal place t0 seekx for informaticn on the existence of upper

bounds o earthquake size, and the variation of these upper bounds with
tectonic region, is within earthquake catalogs. There are basically two
Kinds of cataiogs, those compiled for a limited region using data from a
local network, and those compiled for the whole world using a glodal
networx of stations. We have chosen to begin this study by analyzing
the global earthquake catalog, since this seems most likely to contain
evidencs for regionmal variations, if they exist.

In order to be useful for this study, a global catalog must have
two important characteristics. First, it zust be complete, particularly
for large earthquakes, and preferably for medium-sized events as well.
Second, it must use a clearly defined measure of earthquake magnitude
which is uniformly applied to all events. As we shall see, this surns
cut to be a much more restrictive condition than it appears to bde at
first sight. i

Several global catalogs are available. These including events
since the early 1500's include Gutenbe.g and Richter (1954), Duda (1567)

nd Fothe (1363). Unfortunately, the global iistribution of seismic

staticns was very poor until 1260, and these satalsgs all suffer from 2

Vel

higk degrees of nca-homogeneity. With the establishment of the Werld
LR -~ -~ - @ - - . -
wile Standard Seismograph Network (WWSBH) in the early 1960's, a much

more homogenecus data set became available. Data from this network,
together with a variety of data from other stations were analyzed by two
1d Geodetic Survey, and its successors

iR - P R B A
Survey and the U.3. Geolsgical Survey, have produc-4



issued on the average abouis O =onsihs after . wvenl gecurred. The
: ¥ - dad - . N - P 1 1
International Seismolcgical Center -a; chwoeen %0 collect all the

- - - - - cenmd et

available data, including zhe PCE bullesiz, and luuue & TmOre comprehensive

\
Teat =i,y letermination ef Zpicenters)

catalog. Typical delays :n the publizatiszz of the ISC catalog ranged
from two to three vears. 3cth the FDE ani 130 catalcg began consistent

routine bulletin productisa at the begiczing of 1964, and since then
have maintained the producticn of very wnifera catalogs.

Both catalcgs, since 196L, have reccrded a body wave magnitude :::.b
for essentially all even-:. This magnitule i3 baged on the maximum peak

to peak amplitude in the Iirst {ov seconis of the P-wave arrival con

short period instruments operating in a rather narrow frequency dend
centered at abous 1 hz). Surface wave nagnitudes M_ (st a period of
abous 20 seconds) were re:orded very irregularly, and only in the last
year or two have attempts Seen mnie tO Dessure Ms on a routine basis.

The requirement that the ;atalog be complete forces us to focus on the

v s

.- -

body <are magnitude = sr reascns which are outlined in the next
sections, this is not desirable, but taere is little that can be done

acout i+, Astempts tc ralate M o ™, have shown a large scatter (see,

In the sec=icns the- 7o low we shall oncentrate on the ISC catalcg

availadle in detail cn magnetic tape
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earthguake freguency and earthquake magnitude. The other utilizes

M yony M * Qs \ b’ o = i = r -~ . - Yo s K - %
Cumbels (1958) theory of extremes, and is concernzd caly with the largest
event within a given time period. Thougii these two approaches appear to

; similar results when spplied to the
same 3data set (see, for example, Chinnery and Rodgers, 1973, and Shakal

and Tokxsoz, 1977). Because of this, and because the freguency-magnitude

Knopof? and Kagan (1977) nave specifically shown that extremal statistics

or this reason, ve shall use the
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earthquakes in California cbeyei a fregquency-magnitude relation of the

log N, = a_ =~ bM (2.1)

where N, is the number of earthguakes with magnitudes in a small range

-
centered on M, and R and b are zonstants. This form of the equation is
necessarily discrete (u.s constant 2, depends on the sizs of the magnitude

% x

intervals in which the earthgiakes are acounulated). In many cases, it
is more conveniasnt to use the cumulative form:
log N = a8 = bM (2.2)

where, now, X is the number <f events with magnitude M and greater.

This equaticn may be regarisd as being continuous, and i3 more amenable

Termd = T s - -~ arr =l - - < - > | 2 12 -
to snalysis., I% is easy 32 show =hat if equation 2.1 is valid, then
.e . - ~ - Y . | - 3 A 3 - 3 srom Y4y 1 & b
eguetion 2.2 is 8lso linear anid 2as the sape sicpe or b-value. Values

. - 1Y ee e % - - /
nstant b typically lie glose to 1.0,

- . 1 i - -~ < < - 143
Unforsunately, there is nc sound theoretical basis for a linear
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linear frequency-magnitude law

- M Magnitude

"y

ig 2: 1Ideal effect of an upper bound to
earthquake magnitude, using cumulative

frequency-maznitude statistics.
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using observatiocnal data, the universality of a linear relation is not

clear. Many of the reascns for this will be discussed in the sections

In an ideal world, the presence of an upper bound tc earthquake
magnitude will reveal itself by a departure from linearity at the upper
igure 2 shows an idealised representation of this non-linearity.
Un®3rtunately, there are two other effects that can alsc lead to a curve
dimilar %o Figure 2. First, any measure of magnitude based onka limited
spectral band has a built-in saturation property. This is discussed in

the pext section. And second, seismic instruments frequently have a

’J
bk
e
«t
"
'o¥
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.amic range, and the magnificaticn is often set to record

B

medium sized earthgquakes. In this case, large earthquakes will cause

the instrument to g0 off-scale, and a nmeasure of megnitude is impossible.
As a result, there may be a purely instrumental upper-bound to measureable
magnitude for a given instrument. The effect of this on network determina-

tions of event magnitude is discussed in later sections.

2.3 Saturation of the Magnitude Scale

Several authors [Chinnery and Nortl, 1975; Kanamori and Anderson,
1975, etc) have recently pointed out that because of the shape of the
spectrum of the radiation emitted by an earthquake source, any measurement

of magnitude based on a limited spectral band of frequency must saturate.

or examp ed at about 20 seconds periocd. When
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the source is large enocugh that fracture propagation lasts for longer

than 20 seconds, the amplitude of the 20 second radiation will not

change with increasing size, though its duration in general will.

"

An example of this effect was discussed by Chianery and North

[
0
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igure 3 shows the cumulative frequency magnitude curve for
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rge events listed in the classi: study of Qutenberg and Richter (195L4).

It appears that the listed magnisuies are very close to present day My

-ais diagra= has cften been u:s2d as a basis for discussing the
existence of an upper bound ¢ earthquake magnitude (see, for example,
J» It is, however, pcssibtle %0 interpret this curve in

H .e 18
Housner, 1357

n of recent data relati

Py 2 L = . - : 9 3
another vay. Figure L shows a ccmpilasi

Q

O

swface wave magnitud Ms the seismic moment Mo. The highest tw¢

C Chile and 1964 Alaska earthguakes. Scth

(s 3N

points correspend to the 19
have Deen extensively studied and seem reasonably reliable. The observa-
tional data clearly indicate s sasuration of the 1 scale which seems %o
begin at about Mst”.f, and be complete at about M =8.5. The solid line
in Figure 4 is a rough form of the w -M relation.

At this point we can legitizately ask if the fall-off in Figure 3

b’ - i e BT -t Ty -~
can be wholly atiributed

ot
O

this saturaticn. We can say this much: if
the data in Figure 3 are translated intc a frequency-moment graph, the

7/

result is “ery linear (see

(0 |

(L]

i 2
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e
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Xanamori and Anderscn (1275 nave argued that the frequeacy-mczent

19

saculd B 14 ma i ~ -.o-wé" 'R \ a avrml e
gTatn Saculc De Llinear, ath & :--, ol V.0j,y &5 a&ld thjuaxes nave

the same stiress drcp. It therefcre seems reascnable %o postulate that

=

this Is the case, and %0 conclude zhat the Gutenberg and Richter resuls

P - 2 - < - - -4
points that arise Trom this stuly. First,
- L . - - e - -

n¢ diract evidence for sn upper bound %o
seismic mcment, though McGarr (1572, has argued on geometrical grounds

% e . Tt - . - . e
that sycr an upper odcund must exist fairly near the highest =cment 3data
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‘econd, the importance of magnitude saturaticn is demonstrated.

8

When we come tc examine glsbal catalogs using the 1 hz mb scale, we must
expect saturation %o occur at lower magnitudes. This will clearly make
the problem of trying to estimate regional variaticns in maximum earthe-

quakes very difficult.

2.4 The ISC Catalog

An incremental f{requeccy magnitude plot of data in the ISC catalog
for the period 1966-70 is shown in the lefthand portion of Figure 6.
Although ISC data are available for a longer pericd, we have chosen to
limit ourselves %o this S-year span iz order, as we shall see, to compare
the overall catalog with certain special staticns that were only operating
during this time.

The resulting plot is typical of all t‘reqv.xem:::,r—m.b data currently
availasble (e.g. Brazee and 3S+over, 1969, Srazee, 1369). There is no
clear linear portion to the graph, and this has led scme asuthors to
propose a non-linear relation (e.2. Shlien and Toksoz, 1970; Merz and
Cornell, 1973; Stewars, 19T74). It is therefore very difficult to determine
a unigue b-value, though typical attempts tc do this lead %o nigh values
of up %0 1.5 or more (see Figure 6). At low =agnitudes mazy events are
not repcrted, and the plot curves downwards. At the high end, of particular
interest to us, the graph appears to steepen, and end near nbté.S or

£.6. No events larger than 5.6 appear in the catalog during this tize

It seems reasonable to ask if these catalog characteristics are in

w
[ =

any way the result of the stations used in the analysis. As many as 500
or more stations feed data in %o the ISC, many of them very irregularly.

Tc examine this juestion, we selected a subset of 28 stations which

operated continucously shrouzhout 1966-70, and which repor: ragularly 40
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the ISC. The stations used are listed in Taltle 1. llagnitudes were
reccmputed as the average of thaose reported by the 28 statisns, and a
requirenent “hat 2% lesst 3 2 <as stations must have reported the event

was superimpcsed. The resulting freguency-maghitude graph is shown in

(1377) toc the 28 station netwsriz., The results are shown as cpen circles,

The 23 station network shows very similar characteristics %o the
ca%alcg as a whole, n particular, the general curvature ¢f the graph
and the fall-ocff at high magnitudes are preserved. This i3 convenient
since it allows us to study <he 23 station neswork instead of the vhole
catalog.

There are reascns to suspect that biases may be introduced into the
zetwork magnitudes by the process of averaging the reported station
zagnitudes., This problem will e discussed in more detail in later
sections of this report. It suggests, howvever, that it may be worthwhile

-

locking at the frequency-m. characteristics of the events report oy

individual stations.

Figure 7 shows plits of zhe events reported by Kevo, Finland, for
15%6-70. On the left are sounts 32 log A/T values (A is the observed

— 3 - A 2 ‘0‘
T is the cbserved dominant pericd),

- - » - - - - . -
waich are indevendent cof source _ceoation. Zhe valuss ars convertad into
+ b’ 2 < S . %3 * 34 F
staticn ;. %y the aphlication o0 2 standard amplitude distance correcticn.
-

4 «h - < = e iy - . =i . s3 -
the righthand de >f Figiure shows events in this iistance range.
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Similar data fo % Moresdy, lew Julnea, are showm inx Figure 8.
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Aldbugquergue, .M,

Broken Hill, Zambi

Blue Mtns., Oregon

Eensberg, Cermany

Bulavayc, Rhodesia

Canberra, Australia

Chileza, Malawi

College, Alaska

Copennagen, Denmark

Eureka, Nevais

Kevo, Finland

Czechoslovaxia

Kajlaani, Finland
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Fig., 6: Frequency magnitude data for the ISC catalog, for all listed events (left), and for a
selected network of 28 stations (right). The 28 station network is listed in Tabie 1.
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\
We have compiled similar plots for o1l of the staticns iz the 28
ststicn network. A wvile variety of behavio. is seen. If attempts are

\

made =

O

it the frequency-m\ plots with a straight line, slopes are
found to lie anywhere within the range 0.9 to 1.5. Figures 7 and 8 show
clearly th 1if$erencesn:hn: are observed, i

There are two possible interpresaticns of these data. If the
differences in b-value are real, this cculd indicate an important regional
variation in seismicity characteristics (clearly PMG and KEV sample
different porticns of global seismicity). The second alternative is
that station reporting characteristics vary consideradbly, and the data
are not good enough tc define a true b-value.

Perhaps the acst surprising result is obtained vhen frequency-
station a, plots are made for the U.S. VELA observatories. These are
BMC (3lue Mountains, Oregon), UBO (Uinta Basia, Utah), TFO (Tcnto Forest,
Arizona) and WMC (Wichita Mountains, Oklahcma). The four plots are
superizposed in Figure 5. Each staticn has been adjusted horizontally
according %o the station biases of North (1377), and small vertical
adjustments have been made to improve coincidence, recognizing that
there are small differences in the seismicity sampled by each station.
Again, only events in the distance range 30° to 9C° are included.

Remarkadbly, these data are all consistent with a seismicity curve
that is linear, with a slope of about 0.9, up to zbts.s, and then the
curve bends downwards and approaches <he ver+<ical in the range mb=7.0
to 7.5. This relation, indicated as a solid line on Figure 9, is remarkadbly
similar to the Gutenberg-Richter Ms curve (Figure 3) in shape. However,
it differs dramatically from those cbserved by normal stations. Notice,

for example, that these Observatories record many events in the range

- -

R =22.7T 10 7.2, vhereas none are lissed in she I3C catalog.
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There are a number of important iifferences between the VELA arrays
and the average analcg seiamic station. The cperators of the VELA
arrays were highly trained specialists, who made an unusual attempt %o
measure magnitudes carefully and consistently. More important, each of
the arrays was equipped with a low gaiz channel, which gave the arrays a
much larger dynamic range than the average staticon. These points strongly
suggest that the VELA data may be more reliable than regular station
reports. An additional suggestion that this is the case is obtained

from the large Aperture Seismic Array (LASA) ia Billings, Montana.

"5y

igure 10 shows data from this array for a completely different time
pericd (1971). The seismicity curve shown in Figure 9 is an excellent
£it to this data set (in Figure 10 this seismicity curve has been adjusted
verticallr far a dest fit),

In ov.ier to investigzate this problem in more detail, it would
clearly be advantageous tc limit the geographical region within which
the events are located. In this case we may expect a well defined
seismicity curve, and we can test the ability of various networks to
detect this curve, This is done in the next secticn.

2.5 Zvents in the Aleutian-Xuriles Region

The analysis of the previous section was repeated for events in the
Aleutian-Xurile Island area (defined by longitudes 135°E ¢o 1L0°W, and
latitudes 30°-50°), The important seismicity of this area lies withia
the 30° to 90° range of stations in both Eurcpe and the U.S.

Figure 11 shows the total ISC data base for this area for 1966-70.
The frequency-magnitude data do not disagree strongly with the seismicicy

curve shown, which is that shown in Figure 5 adjusted vertically for a

best £it. Upon closer examination, it transpires that the catalog for
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this srea 1s heavily biased by

1y

perts {rom the VELA observatories,
particularly for low and moderate ev;n:s.

Tre situation is clarified in Figure 12, which shows the ta for a
twen:yefive station network (this is the sazme network as that listed in
Tadble I, with the VELA sites 3MO, TFO and UBC removed). As before,
three station detecticn is required befors an event is included. lNow
the shagre cf the network curve is clearly very different from the seismicity
arve of Figure 3. In fact, it is very iiffisul. to locate the seismicity
positicn by vertical movement,

Cn the other hand, data from the VELA arrays for this area show
excellent agreement with the glcbal selsmicity curve, as shown in Figure
3. DNotice again that the VELA arrays record nany events with magnisudes
tetween 6.5 and 7.0, while the 25 station network shows none (Figure
12). It is not possible tc atsridute this effect to the geographical
location of the staticns used, since there are 6 North American stations
included in the 25 station network.

We can accentuate the problem further Cy considering only stations
in Eurcpe. TFigure 1. showe the same iata Zor a 10 station Eurcpean
netwoia, which Is listed inm Tabls 2. The 2ddition of the biases of
North (1377) dc not change the disagreement in shape with the VELA
stations, but they 2o reduce many of the network zmegnitudes. This
results from tihe generally posisive Sias of Zurcpeen stations (Table 2°.

If the rostulated seismicity curve (Figures 9 and 13) is real,
there are :lzarly zroblems with the magnitudes reported by the individual
staticns In the networx. As an sxample, Figure 15 shows the observations

of Aleutian-Xurile events by staticn KEV [Xeve, Finland), which wvas

iizcussed earllier Figurs 7)., ZIither the reported magnitudes are subject
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For the resscas discussed in the next section, the jatter explszation
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2.6 Interzretation

A: this point we wre faced with twe possi®ilities. Either the C.S.
VELA arrays nd perkagzs LASA, tos) rave & poorly calilruted lov galn
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channel, which leads %2c the systematic overestimation ¢ toe amgnituces

of large events, or the zagnitudes cf these large events is systematically

o0

underestizmated by the glotal network of analog seismi: staticas. We
have beer unable %0 find any independent evidence for the first of <hese
alserzatives, and it 2ust be considered unlikely. 2t 13 possidle,
hovever, 3 suggest an explaration for the second 2f these alternatives,
based cn the dymamic range of typical analog stations, and the process
of averaging which is used %o obtain a network =zagnitude,

Any seismic staticn can be described bty a detestisn prodabilicy
curve. The gensral form of this curve, and the parazsters necessary o
or our present purycses, since we

define iz, are shown in Tigure 18,

are exaziniag an earthguake catalog, we 2houll regard this as the curve
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of the operazor. This is an additional compliceticn whien is hard o
model; thougn it may be one of the most izportant effects in determinin
the dymamic ranze for amplitude reporsing

Amplitudes are generally measured wih a rule =n the seiszograz,
which ig traced by a beam of light cn ph::;grap aic pager. The smallest
amplitude measuratle depends on the line thickness, which is typically
about 1 mm. One would expect amplitudes 2f & few millimeters tc te
easily measurable. With larger events, hcwever, problems arise. Moss
cperators record the amplitude, zero %o peak, of the first swing of the
trace. When this intersects she edge of the paper, most operators will
net report an amplitude. Alsc, when the srace amplisude beccomes more
than a few cm, the ability of an cperater to locate the tip of the peak
(or trough) will depend on the jualisy ~»f the photographic recoridin
which is usually quite variable. And very large events, even if trey 4o
not go cff-scale, are usually difficult to measure.

On purely geometrical groundr, cne would expect the dymamic range
of amplitude reporting %o be between 2 and 3 orders of magnitude (i.e.
between 2 and 3 e units). As we shall see, nowever, it seems o Se
between 1 and 2 orders of magnitude in practice, and "complete” reccrdings
of amplitudes (the flat part of the detection probability curve) is

usually limited ¢o less than 1 order of magnitude {scmetimes much less).

Where the 3tatisn probabilisy curve will sét 5n =n adso.: =t
scale will depend on the station magnification and “he station Biaz B
{the latter are seldom more than a few tenths of a magnitude unit: see

Table 1).
The station detection probability curve has then to be considared

in the 1igat of scastering processss in the earth. These are 2llus~wasasd



igure 17. DBecause ol scattering, an even: of magnisude m will lead
%0 a distriduticn of observed magnitudes at a network of staticsns. This
distributicn is often roughly normal with standard deviation about 0.1
=, units (Ven Seggern, 1573), and i<s zmean 'in the absence 2f station
bias) will de an estimate of m. However, vhen the-magnitude cf the

event apprcaches either the derection threshold or the 2lipping thresheld
of the stations, the distributioc. teccmes skeved.

Effects near the detection threshold have been discussed by Ringdahl
(1976) and by Christoffersson et al (1975). Those staticns vhere scatter-
ing produces a lov amplitude will not repor:, vhereas those vhere a
large amplitude occurs will repcort. This leads to a ret poesitive dias
when the staticn reperts are averaged to produce a network magnitude.
Methods can be devised for including the fact that some staticns 4id not
repcrs an even: (the maximum likelihscd metshcd) but these methcds are
cumbersome, and require a detailed znowledge of the detection prodabilicy
curves. 1% dces not appear possible to apply them %t0 a data set such as

An equivalent bias arises at th :fi;pi:g threshold of stations,
although this has not been discussed iz the literature. It is, of
course, reversed in sign. When a large event occcurs, those stations
where scattering produces a large amplitude will usually not repore,
vhile those stations that receive a low amplitude will report. The
result is 2 negative bias to the network zmagnitudes reported for largs
events. This negative bias will be zuite substantisl, up
magnitude unit, and can adegquately account for the difference tetween

-

i . I g L sl
the VEIA se.smicity curve and the IST catalog selsmicity curve.
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We can illustrate owr argument by using da%a from a single station.
igure 18 snows the data for ZUR (Zureka, Nevada). The left hand portion
of this figure shows a ccnventicnal interpretation of the reporting
characteristics of this station. An arbitrary straight line is fitted
tc the data, and detecticn and clipping threshclds (indicated by arrovs)
are determined at mb-h.ﬁ and 6.3 respectively. In the right hand portion
of the figure, the VELA seisnicity curve i3 used (ZUR is quite close %o
the cbservatory BO). In this incverpretation the staticn fails to
report many events for 2, greater than 5.5. The thresnolds are now 4.3
and £.1, and "complete” reporting is limited %o the range 4.7 to 5.5. A
similar interpretation for staton XEV using Figure 15 sugges: that this
station carries cut "complete" reporting over an even smaller range,
perfaps as little as 0.3 2 units (2vom 5.2 tc 5.%5).

A different representation of the same phencmencn for station ZUR
+8 shown in Figure 19. Here, for each interval of 0.1 2, units of UBO
reported magnitudes, we have averaged the difference in reperted magnitude
betveen EUR and UBQ for events in the ISC catalog during the period
1566-70. The theoretical interpresaticn of such a data set has been
discussed in detail by Chinnery and lacoss (1976). If the detection
probability curve for IUR were horizontal (Figure 1€) then this plot
should be horizontal %¢o. The presence of a detection threshold shows
as proncunced positive biases as low magnitudes. There is a hint of a
fla: portion of 1™~ curve in the vicinity of 5.0-5.5, and then the data
centinue beccming more negative, This must de interpreted as being due
to a clipping threshold. In general terms, Figure 19 is entirely consise

tent with the right hand preferred interpretation of Figure 18.
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he recent establishment of the northeastern seismic array has

-

allowed us to construct a prelimipary model of the crust and upper
mantle structure beneath New Englani. TSecause the array has only been
in full operation for approximately 2 years, the dataset is limited, and
we have analyzed the data using a variety of techaiques including:
5 8 observations of relative J3 residuals

2. a time term analysis usin ?1 arrivals

3 three-dimensional modeling using teleseismic P-waves

-, analvsis of array diagrams

%o refraction studies

Preliminary results indicate a crustal thickening under central New
Hampshire coupled with a slight crustal thickening westward towards the
North American craten. Ther: is also scme suggestion of a regicn of
relatively low velocity in the upper mantle beneath centrsl New Hampshire
and southern Maine.

Methods of Analvsis and Results

The relative arrival times of teleseismic P waves were read from
enlarged copies of 16 mm develocorder film. In general, the first few
cycles exhibit coherence across the array so relative arrival zeasurements

were *taken frcm a prominent peak or trough early in the signal. This

: 3 - Y " ~ { 2 : -~ .
way, arrival times could be measwred to 0.1 sec. Elevation corrections

* 3 3 - -3 . - - . 3 1 - 4 o
were applied %o the data by assuming s vertical phase veloecity of £.0

im/sec and dividing this into the station elevations.
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fc.ot2 ol these Inilrusive complexes is deep-seated (Chapman, 197€), and

T+ 4o wa F o R - e Ve &.m b | & o e i -
it 13 possib.le that this anomaly is related to the formation of these

S time term analysis using P arrivals indicates that the variations
in average station residuals may be due %tc variations im crustal +thizkness
and/or veloeity. This is in contrast tc the observed azimuthal distribu-
tion of residuals for each statiocn which is probably due %c deeper

effects. It was assumed that the distribution of average residuals is
caused by crustal thickness variations, and the data were inverted to
find a crustal thickness map of New England., The resulting map suggests
a crustal thickening beneath central New Hampshire, with nore normal
thicknesses in Massachusetts and Maine. The contours of the map parallel
the ncrtheasterly trend of the Appalachians.

The variaticns in crustal thickness observed across the network are
also suppoerted by analysis of array diagrams. These are stereographic
projecticns of slcocwness and azimuth anomalies cbserved frcm a plane wave
it tc the wavefront traversing the network. These studies indicate a

-
Moho which dips 2° or less to the norzhwest. This is not surprising
because it is expected that the crust would thicken from the continental
margin towards the Yorth American craton.

In addition t0 the above mentioned studies, an aversge crustal
velocity mocel has been compiled for eastern Massachusetts and southern

ining results from timed quarry blasts with the

s

time term analysis. The model is currently being used in earthguake

$ ™M 4 % -
location programs at M.I.7. and is as follows:
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Geophysics Laboratory, Department of Physics,
University of Toronto, Canada 1953-62

Computation Center Fellowship 1539
Canadian Kodak Fellowship 1960

Imperial Oil Fellowship 1960

National Research Council Feliowship 1380

M.A. Thesis: "The Application of Dislocation Theory to Geodynamics™
(Advisor: J. A. Steketee)

Ph.D. Thesis: "The Dynamics of the Strike-Slip Fault”
(Advisor: F. S. Grant)

-

A.V.Co M. 1945 Vicroria College of Music

B. A. 1957 éambridge University
M. A, 1959 University of Toronto
M. A, 1961 Cambridge University
Ph.D. 1962 University of Toronto
M. A. (ad eundem) 1967 Brown University

Sc. D. 1977 Cambridge University



EMPLOYMENT

Trainee Engineer (computer construction and development)
Plessey Company, Ilford, Essex, England

Geophysicist (seismic exploration and interpretation)
Seismograph Service (Englana) Ltd, Keston, XKent

Research Assistant (operate mass spectrometer)
Dept. of Physics, University of Toronto, Canada

Geophysicist (field party leader; seismic, magnetic, and
electromagnetic expioration)
Huntec Ltd, Toronto, Canada

Lecturer (part-time)
Dept. of Physics, University of Toronto, Canada

Instructor II
Dept. of Geophysics, University of British Columbia

Assistant Professor
Dept. of Geophysics, University of British Columkia

Research Associate ;
Dept. of Earth and Planetary Sciences, \M.IL. T.

Associate Professor
Dept. of Geological Sciences, Brown University
Providence, Rhode Island

Professor
Dept. of Geological Sciences, Brown University

Senior Research Associatz
Dept. of Ezi*h and Planetary Sciences, M.I.T.

Group Leader

Applied Seismology Group, Lincoln Laboratory, M.L T.

Cambridge, Massachusetts

1954 (summer)

1957-38

1958 (summer)

1939 (summer)

1961-62

1962-63

1963-65

1965-66

1966-71

1971-73

1973-present

1973-present



CONSULTANT TO

Huntec Ltd, Toronto . 1958-63
Arthur D. Little, Inc, Cambridge, Massachus:>tts 1966-73
Earth Sciences Research, Ine, Cambridge, Mass. 1969-73
Lincoln Laboratory, M.L T. 1971-73
National Aeronautics and Space Administration = 1976-present

(Lincoln Laboratory does not allow its emplovees to consult for industry)

FIELD WORK

Seismic exploration, Milford Haven, England 1957

Electromagnetic, resistivity, magnetic and seismic
exploration in Alaska, Northwest Territories,

and Alberta 1959
Cravity survey, British Columbia 1960
Shallow seismic exploration, Northern Juebec 1961
Cravity survey, Northern Ontario , 1962
Shallow seismic exploration, British Columbia 1954

COURSES TAUGCHT

Applied Geophysics (physics undergraduates)
Applied Geophysics (geclogy undergraduates)
Elasticity Theory graduate)

Dislocation Theorv (graduate)

Introduction to Gecpitysics (undergraduate/graduate)
Introduction to Seismology (graduate)

Earthquakes (introductory undergraduate)

Planetary Physics (undergraduate)

Data Analysis (graduate)

Tectonophysics (graduate)

plus various seminars and portions of courses



PROF ESSIONAL SOCIETIES AND OFFICES HELD

American Ceophysical Union
Secretary, Tectonophysics Secticn, 1968-70
Program Chairman, Tectonophysics Section, 1969 Annual Meeting
Program Chairman, Tectonophysics Section, 1970 Annual Meeting
Associate Editor, Journal of Geophysical Research, 1969-72
Associate Editor, Ceophysical Research Letters, 1974-76
Member, Committee on Education and Human Resources, 1979-present
Secretary, Seismology Section, 1980-present

Seismological Society of America
Nominations Committee, 1974

Seismological Society of America (Eastern Section)
Resolutions Committee, 157
Chairman, Executive Committee, 1973-73

Member, Executive Commitree, 1975-77

*Society of Exploration Gecphysicists
Membership Committee, 1963-63

*Roval Astronomical Society of Canada

Secretary, Vancouver Center, 1563

President, Vancouver Center, 1964
American Association for the Adva.cement of Science
*Society of the Sigma Xi

Member, 1966-73

Treasurer, Brown University Chapter, 1968-72

Royal Astroncmical Society
Feliow, 1973-present

presently inactive



COMMITTEES AND MISCELLANEOUS ACTIVITIES

Resident Faculty Advisor, Acadia Residence, University of British Columbia, 1962-64
Member, Gravity Sub-committee, National Reseurch Council of Canada, 1964-65
Associate Resident Fellow, Mead House, Brown University, 1967-69

Member, Dining Services Committee, Brown L'niversir;', 1969-71

Member, Graduate Council, Brown University, 1969-71

Chairman, University Lectureziups Committee, Brown University, 1971-73

Department of Geological Scienc=s, Brown University; committee memberships
during the period 1966-73:
Foreign language committee (chairman)
Geology Club (chairman)
Craduate examinations committee (chairman)
Lecture series (chairman)
Geophysics committee (chairman)
Undergraduate program committee (member)
Craduate admissions and awards committee (chairman)

Testified refore the Advisory Committee on Reactor Safeguards, Nuclear Regulatory
Commission, concerning seismic risk at the Seabrock nuclear power plant
site, 1974

App. 2red as exper: witness at the licensing hearings for the Seabrook nuclear power
plant, 1973

Member, Panel on Seismograph Networks, Commitree on Seismology, National
Academy of Sciences, 1973-77

Participant, Conference on earthquake prediction on the global scale, U.S.
Geological Survey, Denver, 1976

Chairman, Advisory Committee on Earth Dynamics, N.A.S. A,,1976-77

Meeting Chairman, Summer workshop on the application of space techniques to
geodynamics, N.A.S. A., Denver, 1977

Member, Working Group on Upgrading WIWSSN Stations, National Academy of
Sciences, 1977

Gave special invited lecture on the application of space techniques to geodynamics,
International Association of Seismology and Physics of the Earth's Interior,
Durham, England, 1977

Member, Panel on Storage of Digital Seismic Data, Committee on Seismoloyy,
National Academy of Sciences, 1977-78
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