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EXECUTIVE SUMMARY

A supplemental seismic probabilistic study of the Yankee Atomic
Electric Company site, Rowe, Massachusetts, was initiated in September 1981 by
Dr. C. A. Cornell, Dr. D. Veneziano, and Yankee Atomic Electric Company. The

study had four prircipal objectives:

1. To develop input for the Yankee Seismic Probabilistic Risk
Assessment (SPRA), including a quantitative statement of

uncertainty;

To explain the differences between previous seismic probabilistic
estimates by TERA Corporation and Lawrence Livermore Labs (Report

NUREG/CR-1582), NRC, and Yankee (Report YAEC-1263);

To expand the seismic probabilistic assessment in the
Yankee report (YAEC-1263) with the following:
(a) 1independent (historically based) seismic probabil

analysis,

improved attenuation models, and

additional sensitivity analyses;

To incorporate potential soil amplification effects

probabilistic seismic spectra for the Yankee site.

This report confirms and supplements Yankee's previous report,

YAEC-1263. Furthermore, it represents more comprehensive and up-t

J L L

analysis of eastern United States seismicity than previously studied

Corporation (TERA) and Lawrence Livermore National Labs (LLNL). This

{ncorporates a far more complete and rigorous treatment of uncertainty

the two previous studies. Furthermore, it also presents a new seismic
probabilistic calculation procedure based on expansion and improvement of the

pseudo~historical method of NUREG/CR-1582. This new historically

procedure i{s called the "Full Historic” method.




This study considers many alternative hypotheses as Lo earthquake

source zonations, magnitude distributions, attenuation models, and catalogs.

They are used, first, to display sensitivity of the results to suc
differences. Then the alternative hypotheses are grouped into 1350 distinct
sets and the current methods of seismic probabilistic assessment are applied
to each set resulting in 1350 seismic probabilistic estimates. Augmented b
396 historically based alternative hypotheses sets, the total of 1746
hypotheses sets is subjected to a “fully Bavesian” analysis in order t
formally quantify and display the uncertainty in the seismic estimates.

are referred to as tl "In rated Seismic Results”. They are displaye

Figure 1.

Manv nf the alternative hvpotheses used in the “Integrated

Results” are, however, demonstrably conservative leading to upwar
1

seismic probabilistic estimates. Therefore, we have also produce

»
1

"Best~Est imate” ; « bining only the best-estimate seismic hy

recommended by sto vsical Research, Inc.

new seismic probabilistic anal
jata than the formal
e results

new histor

But ,
s they
resul at least
are mo dependable.
on the analytic hypotheses. Figure
resul » Yankee's "Best-Estimate” analyti
"
excellent in the 10 ° range, confirming the
results at higher probability levels.
{cipated above, the "Integrated Seismic Results”

more con tive v jes, as is indicated by the median curve, alsc

Figure 3.




In addition, Figure 3 shows several seismic probabilistic curves from
NUREG/CR-1582 including (1) a curve based cn the "Pseudo-Historic” method
prepared by TERA from Appendix C of NUREG/CR-1582, (2) the TERA syntuesis

results from Appendix C of NUREG/CR-1582, and (3) the curve associated with

the NRC proposed 10-3 spectra.

As shown on Figure 3, the TERA "Pseudo-Historic” curve lies above our
historic estimates. This difference can be traced to TERA's use of a
now-obsolete earthquake catalog and an inconsistent procedure for conversion
of epicentral intensities to magnitudes. For these and other reasons, the

TERA synthesis curves are still higher.

Note that the seismic probabilistic curve resulting from the NRC's 4
P g
1980 proposed spectra disagrees markedly with all the other curves
This disagreement results from the following deficiencies:
Incorrect, out-of-date earthquake catalog.
Out-of-date source zonation and anchoring bias.

Improper attenuation regression analysis.

Partial, occasionally incorrect and incomplete treatment

uncertainty (e.g., background sources).

mean values, which are not

pd probability d.stributions.
Catalog completeness factors inappropriate to New England.
v

Incomplete treatment of alternative hypotheses.

In contrast, the Yankee historic and analytic results are much more

reliable because our analyses included the following:

Complete and rigorous treatment of uncertainty.




Incorporation of many alternative hypotheses.

Up-to-date earthquake catalogs.

Source zonation based on site-specific studies without bias.
Up~to-date attenuation modeling for ground motion prediction.
Confirmation of results by two independent methods.

Agreement of results with actual historical record.

This study (Appendix K) also describes a methodology for incorporating
potential soil am fication effects into the determination of the
probabilistic selsmic spectra for the Yankee site. The results of this study

show that even in the amplified region, the Yankee Composite Spectrum is
-3

substantially higher (% about 35%) than the explicitly soil amplified 10

spectrum.
Based on this study, we concluded the following:

l. The 0.lg Yankee Composite Spectrum (YAEC-1263) is a co

estimate of the 10 annual seismic probablility for the Yankee
site.

The median best-estimate of the annual 10 peak ground
acceleration is 0.07g. The median best-estimate the annual

4
10 peak ground acceleration is 0.15g.

-3

. el |
The median estimates of the annual 10 and 10

damped) spectral velocity are 4 in/sec and 10 In

-3
The median integrated estimate of the annual 10 peak ground

acceleration is 0.08g. The 16th and 84th percentile confidence

limits on this acceleration are 0.05g to 0.13 respectively.
4 g, I

As stated, the composite spectrum adequately incorporates the

effect of local soil amplification.




Finally, specific consideration of recent (January 1982) events in New

Brunswick and New Hampshire has shown that they have little or no influence

upon these results and conclusions.




1.0 INTRODUCTION AND SUMMARY

Objectlve:

A study cf the seismic probability at the Rowe site was initiated by

Yankee Atomic in September, 1981, with three main objectives:

To develop input for the plant's seismic probabilistic risk
assessment (SPRA), including a quantitative statement of

uucertainty;

To explain the differences between previous seismic probabilistic
estimates by TERA Corporation and Lawrence Livermore National Labs,
(NUREG/CR-1582) [1], NRC, and Yankee (YAEC-1263) [2];
To improve and supplement the previous Yankee report [2] with:
(a) 1independent (historically based) seismic probabiiistic

analysis methed,

(b) improved attenuation models, and

(c) fonal sensitivity analyses.
To accomplish these three cbjectives we have analyzed a more exh:

set of hypothesis about eastern United

States seismicity than was done
previous studies [1 and 2]. We have also applied quantitative uncertainty
statements to these hypotheses and processed these uncertainties in a far more
comnlete and rigorous manner than in either previous study. Furthermore, we
have developed a new probabilistic estimation procedure, the "Full Histori

r

method, based on that used in NUREG/CR-1582, Appendix 5, but expanded to

r

i{nclude quantitative uncertainty analysis.

Summary of Numerical Results

The quantitative results of this and previous studies are summarized

1

for convenience in Figures &4 through 8 and in Table 1. The net "Integrated




results of this study are shown in Figure 4 as the median seismic

probabilistic curve (denoted M) together with an "uncertainty band” defined by

the 0.16 and 0.84 fractile hazard curves. The "Integrated” results are
obtained from weighting and pooling the results of two independent analyses
methods: the now-conventional "zonation” method (used in [1] and [2]) and the
"Full Historic” method (used supplementally in [1] and further developed
here). The median curves from each of these two analyses methods are denoted
MZ (for median-zonation method) and MH (median-historic method) in Figure

In fact, the zonation method results shown are conservative because they
{nclude zonation and magnitude recurrence-law hypotheses which we believe

be demonstrably conservative (Appendices B, C, and D). These hypotheses
{ntroduce a conservative upward bias in the zonation method results (e.g.,

curve MZ) and hence, the "Integrated” results (curve M).

By removing these conservative hypotheses, we developed unbiased
seismic probabilistic curves. These are developed by using only what we
believe to be the unbiased best values of the zonation and recurrence
hypotheses. Using these parameter values, we obtain results from simple
applications of the zonation method that are close to results from the

"

independent "Full Historic” method. Details are shown in Figures 6 through &
and Tables 4 through 6. The results of these "unbiased” zonation analyses are
1 ] 1

displayed as curve UZ in Figure 1 and as shown, they compare well with curve
MH.
This study's sults are also compared with those of
on Figures 4 through 8 The TERA synthesis results from NUI
shown as curve TS in Fig The NUREG/CR-1582 “psuedo-hi

"y
A

H in Figure 4.

results are the curve labeled The reasons for differe
between these curve d 1ssed below. On Figure 4, the curve labeled

reflects the NRC position of June 1981 [3]. A comparison between results

this study and the previous Yankee study [2] is displayed in Figure 5. The
NUREG/CR-1582 "pseudo-historic”™ method (TH) curve is compared with histoci
method results from 36 possible combinations of historical seismicity

and attenuation laws in Figures 6 through 8. Finally, Table 1 sum

the numerical results from Figures 4 through 8 for selected values of

annual frequency of exceedance.




Seismic PRA

The input required for a modern seismic probabilistic risk assessment
(SPRA) is a "full Bayesian™ seismic probabilistic analysis. Such an analysis
{ncludes a full quantitative statement of the uncertainty in the annual
frequency of exceeding ground acceleration level, A, as a function of A. The
curve M together with the [0.16, 0.84] uncertainty band shown in Figure 1 are
one example of a form of presentation of the results of such an analysis.
Such a study requires explicit consideration of a set of contending hypotheses
about each critical input parameter or assumption in a gseismic hazard analysis
(be it by the zonation or the historic method). Weights on the hypotheses
produce weights (probabilities) on the results which are pooled statistically
for presentation as in Figure 4 or for use in SPRA analyse*. Such full
Bayesian studies have been completed for recent published SPRA's (e.g., Cyster
Creek [4]) and Zion [5]). The analysis here is similar in concept, but far

more detailed and thorough in its execution.

For clarity, it should be explained that neither of the previous
seismic analyses [1,2] of the Yankee site has been of this "full Bayesian”
kind. For most ourposes it is sufficient simply to show the effects of
variation of the seismic input parameters by conventional sensitivity
analyses. The reader/reviewer can then make his own implicit or explicit
evaluation of the influence of input uncertainty on the conclusions. This
strategy was used for the Ya .kee site in YAEC-1263 [2], and it has been used
in virtually all past seismic hazard analyses for the NRC. The major

o~

exception has been NUREG CR-1582 in which a second method, "mean Bayesian”

’

was also employed. This method considers various hypotheses, assigns them

weights, and averages the results, producing a singie, mean hazard curve.

Compared to the full Bayesian method of this report, which is more
comprehensive and costly, the mean method fails to express quantitatively
uncertainty bands about the mean. Therefore, it is not only less informative,
{t 1s insufficient for modern SPRA's. In fact, the mean method was only
partially employed in NUREG/CR-1582, e.g., it was used for (within expert)

uncertainty in particular seismicity parameters, but not for example, for

* Actually SPRA computations rzquire an alternate presentation of the results,
Appendix H.




uncertainty in the attenuation model. The latter was treated only by

sensitivity analysis.

Zonation Versus Historic Analysis Methods

As mentioned above, this study employs both the zonation and the
historic methods of se!smic hazard analysis. The former, more common method
(that associated with li. K. McLiire's program [6]) requires that the input be
in terms of hypothesized homogenecus zones of pr.ential future seismic
activity and in terms of analytical models of earthquake recurrence laws.
These "smooth” hypotheses permit the user to include professional information
(such as tectonic structure and universally applicable functional forms of
recurrence laws) in order to avoid the potential problems associated with
estimating rare events from small historical, statistical data sets. In
contrast, the historic method uses simply the regional earthquake catalog of
dates, locations, and sizes of past events. (Note that both methods require
the use of attenuation models.) A non-parametric model similar to that used
in NUREG/CR-1582, and a parametric model similar to that developed by Milne
and Davenport [7] are used in the historic method.

Summary of Explanations of Differences Among Various Current and Past Analyses

The differences between the results of this study and the results of

the various analyses in NUREG/CR-1582 can be explained as followse:

A. Historic Method Results:

The TH (TERA-Historic) curve of NUREG/CR-1582 {s much higher than
the curves obtained here using the same historic method (Figures 6,

7, 8) for two primary reasons:

(1) 1In NUREG/CR-1582, all the results are based on a single
catalog, referred to here as the TERA catalog. For the
northeast United States, the source of TERA catalog is an
unpubiished preliminary catalog compiled by E. F. Chiburis,
referred to here as Chiburis' old catalog. That catalog has

been significantly revised prior to recent publication as a



(2)

NUREG document [8]; the published version we ¢hall refer to as
Chiburis' new catalog. One reason the TERA-Historic hazard

results are too high is because higher epicentral intensities
vere assigned to a few historical events in Chiburis' old
catalog, most critically to the 1732 Montreal event. Several
recently publi-h-* . .~<ies [8,9], including Chiburis' new
catalog, have concluded that the actual epicentral intensity
of the 1732 Montreal event and other events was less than
reported in the Chiburis' old catalog. Examples of other
revisions to the Chiburis' old catalog are given in Table 2.
The effect of using two more accurate catalogs can be inferred
by comparing the 12 historic curves in Figures 6 and 7 with
the analogous curves in Figure 8. (The accurate catalogs are
referred to here as "Weston Geophysical” and as simply
"Chiburis”, the latter reflecting the Chiburis' new published
catalog.) Catalogs are discussed in detail in Appendix C.

A second more important source of overestimation of risk in
the TERA-Historic (TH) curve is the procedure used in
NUREG/CR-1582 to convert epicentral intensity Io and local
magnitude HL to body-wave magnitude my . See Appendices A

and C for details. The effect is demonstrated by comparing in
Figure & the curve TH and the heavy solid curve, which is our
result for the _ame catalog and attenuation law used in

NUREG/CR-1582, but with proper intensity-magnitude conversion.

Zonation Method Results:

Several elements jointly explain why in Figure 4 the TS
(TERA-Synthesis) and NS (NRC-Synthesis) curves are much higicr than

our MZ (Median-Zonation) curve. These elements are:

(D

Zonation. The Yankee site hazard results are very sensitive

to this parameter. Important differences can be described as:

(a) the relatively large credibility given in NUREG/CR-1582
to the Piedmont zone; and to a lesser degree to the

Boston-Ottawa zone; and

-10-



C.

(b) the improper procedure for inclusion of a Background
zone. (See Appendix B).

(2) Recurrence Relationships. pifferences in these relationships

are due to mainly the catalogs. As discussed above, this
study usec updated and more reliable estimates of historical
{ntensities, and therefore, of the a, b, and my parameters,

see Appendix C and D. It is also due to the catalog
completeness periods. More careful analysis of the earthquake

data and of the demography of New England supports
completeness periods longer than the ali-eastern United States
values given in NUREG/CR-1582, see Appendix D.

(3) Attenuation. The NS curve in NUREG/CR-1582 is based upon an
attenuation model ("Ossipee”) that produces very high site
effects both in the near-field and at intermediate distances.
Several objectione to the validity of thi. model have been
raised by Yankee (see Appendix E). Furthermore, the “"Ossipee”
model has been superceded by a more recent model by its author
(letter to LLNL, dated May 29, 1980). This new "0Ossipee”

model results in significantly lower ground motion [10].

Zonation vs. Historic Results in This Study:

Differences between the zonation and the two sets of historic
results obtained in this study (curves MZ and MH in Figure 4) can
alsc be reconciled. They are due primarily to inclusion in the
zonation method of sets of conservative hypotheses used by others.
These hypotheses are about source configuration, b values, and L
values. If this conservatism is removed by using unbiased
best-estimates of zonation, a, b and L values as supplied by
Weston Geophysical Corporation, then the three methods produce very
similar results. This is illustrated in Tables 4, 5, and 6 and in
the detailed discussion in the final section. This also means that

our "synthesis”, curve M, gives conservative estimates of seismic

-1l-



probability (e.g., it overstates the actual likelihood of

experiencing a seismic event ).

Because the methods used, zonation and historic, are substantially
independent and procedurally different, their agreement in terms of numerical
results reinforces our confidence in the conclusions of this study. These

methods include consideration of:

(1) A wide variety of representations of regional seismicity.
This includes five very different source geometries in the
zonation method, as well as zonat {on-free models in the

historic procedures;
(2) Uncertainty in the recurrence parameters a, b and 'l in the
zonation method and three distribution shape parameters in the

historic method are treated as random variables;

(3) Different procedures of statistical estimation including

non-parametric and parametric in the historical analysis;

(4) A wide range of attenuation models including empirical and

theoretical, intensity-based and magnitude-based;
(5) Three different catalogs of historical earthquakes.

Furthermore, all of these items are treated by explicit uncertainty

quantification to generate the confidence bands.
We summarize our numerical conclusions as follows:

1. The median unbiased best-estimate of the 10‘-3 annual probability

of exceedance peak ground acceleration is 0.06g.

2. The median unbiased best-estimate of the 10-'6 annual probability

of exceedance peak ground acceleration is 0.13g.

-12-



3.

be

5.

Inclusion of hypotheses that reflect others opinions about certain
key parameters increases the median values of conclusions 1 and 2
by about 15%.

The median unbiased best-estimates of the annual 10.3 and 10-6
(1 hertz, 5% damped) spectral velocity are 4 in/sec and 10 in/sec,
respectively.

Lastly, specific consideration of recent (January 1982) events in
New Brunswick and New Hampshire (Appendix J) has shown that they
have little or no influence upon the results and conclusions of

this study.

-] 3=



2.0 ZONATION METHOD

The McGuire computer program [6] used in this study to calculate
seismic hazard is based on the conventional probabilistic model of

seismicity.

This program reliss upon the following assumptions:

Homogeneous earthquake sources zones are assumed to exist in the
region. Each source generates earthquakes at random times, at

random geographical locations, and with random magnitudes.

The effect at the site of an earthquake of given magnitude my and
epicentral distance R i{s a random function of LS and R. Such a

function is often called the "attenuation model”.

Seismic hazard at the site, e.g., the mean annual rate at which a
peak acceleration value A is exceeded, is obtained by adding the
mean exceedance-rate contributions from all the sources. The
probabiiity of exceeding A during a given time interval is then

calculated under the assumption of Poisson events in time.

Input to the program includes:

1.

2.

3.

The configuration of the homogeneous sources (“"zonation”).

A magnitude-recurrence relationship for each source, usually in the
form of a truncated exponential function. Parameters of this
function are: the mean rate of earthquake occurrence, a, the

logarithmic slope, b, and the magnitude upperbound, m, .
An attenuation model, typically of the form

R+ b, InR + E (1)

InA = b, + Db 3 4

Bl w il
in which the b's are coefficients of the mean attenuation function,

R is 4/ 'nce in kilometers, and E is a zero-mean “"error term” with

a truncated normal distribution defined by dispersion parameter

0lna’



Because of uncertainty in many of the ‘nmput variables, such as

zonation, recurrence and attenuation parameters, a single use of McGuire's
program cannot fully characterize the uncertainty in the seismic hazard at a
site. Several strategies are available to determine the impact of input
parameter uncertainty on the seismic hazard results of the McGuire program.
By far, the most popular strategy has been the sensitivity study. This
{nvolves assigning incremental values for certain input parameters and
rerunning the program to determine the change in the hazard results. It is
not necessarily implied “hat the value of this i{ncrement reflects the degree
of uncertainty in the parameter. The experienced reader can usually judge
that for himself. The sensitivity study only shows the influence on the
results per given parameter increment. The reader must then make his own
judgment as to how to use all these results. This procedure has been used in

virtually all past seismic hazard studies.

Another approach to quantifying uncertainty is to assign weights
("degrees of belief”™ or "subjective probabilities”) to various possible values
of the parameters. The McGuire program is then run for all possible
combinat ions of parameter values. The results of each run are weighted by the
product of the individual, independent parameter value weights. This produces
a weighted average of the hazard at each acceleration value. This can be
called the full Bayesian method. More formally, it produces what can be
called the "predictive distribution of A", the annual maximum acceleration.

This method was used in part in NUREG/CR-1582 for some input parameters but

not all.

The full Bayesian method has advantages, especially in cases involving
economically-based Aecisions. It does not yield more than a single hazard
curve, and that curve is the mean curve. It is currently recognized [11] that
median curves are preferred in the case of the strongly skewed distributions

(on hazard values) that we face.

Quantitative statements of uncertainty are commonly required by
decision makers and regulators who have begun to ask analysts for more
explicit representations of their confidence in the low probability
estimates. Also, seismic PRA studies require that the results of the seismic

hazard analysis be integrated with plant “fragility” curves which are



themselves subject to uncertainty. Thus, the PRA analysts require that the
net uncertainty in their result be evaluated and this requires full, explicit

presentation of the uncertainty in the hazard curves.

All these demands require a "full Bayesian” analysis of the
uncertainty. In this procedure, each hypothesis (i.e., each possible
combination of parameter values) has its own weight and each has an associated
seismic hazard curve. Each curve is “correct” with that probability or weight.

In this study of the Yankee site, 1350 different hypotheses were
considered. Because of the d1fficulty of displaying such a large number of
hazard curves, the results have been statistically analyzed to produce
“fractile hazard curves”. The concept {s 1llustrated in Figure 9 in terms of
the 0.16, 0.50, and 0.84 fractiles. Notice (in Figure 9) that identical
fractile hazard cu-ves are obtained by using either the distribution of H
(hazard) given A (acceleration) or the distribution of A given H. For
exarple, if one reads a typical curve with 84% probability ("confidence”), the
frequency of occurrence of this event (e.g., A g 0.1g) 1is less than or equal
to 1 x 10.3 per year, or with 84% probability the acceleration which is

exceeded with frequency 1 x 10_3 per year is less than or equal to 0.1g.

For some purposes, such as for sensitivity studies or for seismic PRA
studies, it is desirable to group the many hazard curves or to display th.a in

alternative ways to be described below.

The 1350 hypotheses have been generated from all possibla combinations
of several alternative zonations, recurrence law parameters, attenuat ion model
coefficients, and attenuation error-term distributions. Graphically, one may
visualize the various hypotheses as the end branches of a combination tree, as
shown in Figure 10. The figure also explains how the probability of each
hypothesis is calculated. First, probabilities adding to one are assigned to
each parameter of the tree. That is, the probabilities of the different
zonations add to one, those of the different attenuation models add to one,
etc. These probabilities are assessed on the basis of information irn the
literature and expert opinion as é.scussed in Appendices B, C, D, and E.
Second, the probability of each hypothesis is obtained as the product of the
probabilities of the various components that define that hypothesis. This



procedure guarantees that the sum of the probabilities of the hypotheses add

to one.

Description of Alternative Hypotheses

1. Zonation

Five different configurations of the earthquake source zones for the
Yankee site have been considered. These configurations and their

probabilities are:

(1) Bostcn-Ottawa/Piedmont as described in NUREG/CR-1582 for
Expert 3. Probability, P1 = 0,22;

(2) Weston Geophysical Corporation (WGC) zones as described in
Reference 2. Probability, Pz = 0.31;

(3) A combination of the Pledmont zone at the site and south of the
site with WGC zones to the north. Probability, P3 = 0.31;

(4) A combination of WGC zones at the site and south of the site with

the Boston-Ottawa zone to the north. Probability, Pa = 0.08;

(5) Same as (3) except the WGC source that includes the site extends
further to the south. Probability, P5 = 0.08.

The basic zonation alternatives are (1) and (2). Alternatives (3), (4)
and (5) are obtained through various combinations of zones in (1) and (2).
Appendix B contains maps of the five zonations and a detailed review of the
relevant literature. Appendix B provides more information on the zonation and

probabilities.

2. Seismicity Parameters, a, b and m,

Uncertainty on the upperbound magnitude o,y and on the
Gutenberg-Richter slope parameter b, and activity rate =, is included in this

study. It would be unrealistic and unconservative to treat the m, or b

-} J=



values as independent variables from source to source.

Whereas it is

conservative to assume perfect spatial dependence (e.g., that is if =, is

high for one source, then L3 is necessarily high for all the other
sources). To reduce computational effort we have based our analysis on the

latter conservative assumption by considering the following cases:

ror m,

(1)

(2)

(3)

For a,

(1)

(2)

(3)

For b,

(1)

(2)

Historical maximum in each source zone plus 0.5 my unit.

Probability, Pl = 0.8;

Historical maximum in each source zone plus 1.0 LY unit.

Probability, P2 = 0.15;

Historical maximum in each source zone plus 1.25 L unit.

Probability, P3 = 0.05.

is taken equal tom, = 7.

As calculated by WGC for
Pl - 0.60;

WGC calculated "a" times
P2 = 0,30;

WGC calculated "a” times

P3 = 0.10.

As calculated by WGC for
Pl = 2/3;

0.9 for all source zones.

If this value exceeds m, = 7,30, it

30.

each source zone.

1.5 for each source zone.

2.0 for each source zone.

each source zone.

Probability,

Probability,

Probability,

Probability,

Probability,

Pz = 1/3.



In short, for each parameter we have added what we believe to be conservative
alternatives to the WGC estimates. In particular, the hypothesis that b = 0.9
for all sources without modification of the activity rates produces
significantly larger hazard values at the site. Appendices A and D support
the WGC estimates of the seismicity parameters a and b. The probabilities

assigned to these alternatives are also discussed in Appendix D.

Also, the lower bound magnitude, LA is 3.5 LS for all zones in all
cases. A minor variation in the McGuire [6] computer code allows for
analytical integration over each source area by way of McGuire's subroutine

"Risk 1".

3. Attenuation Models

We have considered five alternative sets of attenuation coefficients in
Equation 1 and for each set, three different distributions of the attenuation
error term, E. The coefficients, which are given in Appendix E, correspond to
the following models:

(1) Nuttli and Herrmann [12]

(2) Bollinger 1 [13]

(3) Bollinger 2 [13]

(4) WGC (Modified) [14]

(5) Gupta-Nuttli [1]

The most recently reported of the sequence of “theoretical” models
developed by Nuttli and Herrmann has been adopted because its authors favor it
over its predecessors. In particular, {t therefore replaces the so-called
“Nutt1i Theoretical™ model used in YAEC-1263 (2).
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Two versions of Bollinger [13] have been considered. As expla

i

Appendix A, the original attenuation, which is in terms of epicentral

by

can be converted to body-wave magnitude m, by replacing 1

intensity,

the inverse of mbfloﬁ. the expected value of m_ given I This
: b 0

operation, with




(3) Ce " 0.9, truncation at + 70'2 (l’3 = 0.1)
The indicated probability assignments are discussed in Appendix E.

Analysis of the Results

The 1350 hazard curves Hi(A) ({f = 1,444,1350), produced by the
McGuire program under the conditions of input previously identified, have been
statistically analyzed as illustrated in Figure 9. Denote by P1 the
probability of the ith hypotheses and by Ai(u) the site acceleration that is
exceeded with annual probability H under that hypothesis. The pairs
[A (H), P ] ({ = 1,42.,1350) define the probability distribution of A(H)
for given H. For example, the cumulative distribution function of A(H),
pA(H)' is given by

Fa(uy(a) = P[A(H) C a] = Z Py (3)
hypotheses i for
which Ay(H) < a

Figure 11 shows a few such functions for selected values of the annual
exceedance frequency (H = 0.(C2, 0.01, 0.003, 0.001, 0.0002, 0.0001). One can
easily use Figure 11 and the technique demonstrated in Figure 9 to obtain
various fractile hazard curves: one obtains from Figure 11 the accelerations
that correspond to a given value of PA(H)' say 0.84, and plots these
accelerations against the annual exceedance frequency. These operations are
given in Figures 11 and 12 for the fractiles 0.16, 0.50 and 0.84. The
0.50-fractile (median) curve in Figure 12 is also reproduced in Figure 4, as

curve MZ.

Additional analyses have been performed on 450 hazard curves associated
with the base case activity rate, to identify parameters to which the results
are particularly sensitive, and to explain the difference between the present
hazard estimates and those obtained in previous studies. To facilitate these
studies we have chosen to represent each curve in terms of just two
acceleration values, called A10-3 and AIO'“' the values that are exceeded with
annual probability 10 e and 10 4. respectively. It is possible in this way
to represent each hazard curve by just one point on the (A10_4, A10-3) plane

making it easy to compare a large number of different curves. The cloud of all
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450 points is shown in Figure 13. The fact that AIO‘“ and A10-3 appear to be
highly “correlated” indicates that the various hazard curves differ in
location but not significantly in slope, when plotted on logarithmic paper.

Sensitivity of hazard to different input parameters can be evaluated by
making several “"cloud plots™ of the type in Figure 13, each limited, however,
to an exclusive subset of points, for example, by making five plots with
points separated according to the five zonation alternatives. Twenty-one such
sensitivity plots are presented in Appendix F, each associated with one
parameter value: one plot for each zonation (all other parameters varied),
one for each median attenuation model, one for each distribution of the
attenuation error, and one for each ™, a and b alternative. From these

plots it {s concluded that:

1. Zonation is a critical parameter, with alternatives (1), (3) and

(4) giving higher hazard than alternatives (2) and (5).

2. Results are much less sensitive to the median attenuation
function. The five attenuations are nearly equivalent in

terms of A with attenuation model (3) giving somewhat lower

10-4°
estimates of A10_3.

3. The distribution of the attenuation error has mixed effects on the
results: for annual exceedance probabilities between 10.2 and
10—& (the range of primary fn.erest here), distributions with
higherc;t values produce larger accelerations. For smaller
exceedance probabilities., the tail of the distribution becomes
increasingly important and the above trend is reversed due to the

truncation effect.

4. When the b values are changed from the WGC estimates to 0.9 for all
the sources (without simultaneously changing the occurrence rates),
the values of Alo-4 and Alo-3 increase significantly. Results are

also sensitive to the choice of W,
In summary, zonation, b, and '1 values are the most critical

components of fnput. Next comes the distribution of the attenuation error and

last the coefficients of the median attenuation model.
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3.0 HISTORIC METHODS

“Historic"” methods of seismic hazard estimation are an alternative to
the traditional zonation methods. The "Historic” methods derive directly from
the actual historical record of seismic events without the need to assign
zonation or seismic input parameters. The problem with the traditional
zonation method is making unassailable definitions of source zones in the
eastern United States. This problem {s well known and is illustrated by the
variety of zonation alternatives as discussed in Section 2 and Appendix B. 1In
addition, there are further questions as to the precise values of parameters
such as a, b, and 'l' in the zonation models. All these concerns are
reflected in the variety of hypotheses, the spread in the assigned weights and

in the subsequent multitude of runs required.

“Historic" methods of seismic hazard estimation have been used by
investigators such as Lomnitz [15], Milne and Davenport [7], and others in the
past. The "Historic™ methods still require attenuation laws, but they have
the benefit of avoiding explicit estimation of source zones and a, b, and
™ parameters. Application of "Historic" methods gives a largely

independent assessment of the seismic hazard at a site.

TERA in NUREG/CR-1582, Volume 4, Appendix C, has developed and applied
the most advanced of these methods to date. It is referred to as the
“Psuedo-Historical” method. Each historical earthquake in a catalog is
attenuated to the site and the average rate /\(A) at which site acceleration A

is exceeded is calculated as:

Aay = ra ()

N(A) is the (expected) number of events during the past T years that
have produced site acceleration in excess of A. Appendix H provides a
complete discussion of the historic methodology. The calculation of N(A) can
{nclude attenuation errors (uncertzinty on the peak acceleration experienced
at the site during each historical earthquake) and also catalog

incompleteness. The TERA method is still not entirely satisfactory, howewar.
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The main problems with the TERA “pPseudo-Historical™ procedure are:

(1) It produces estimates of hazard without quantifying estimation

uncertainty; and

(2) Hazard estimates are found to be unduly oversensitive to the
maximum historical acceleration at the site in the range of

accelerations of engineering interest.

We have used a similar procedure, but we have also developed an
alternative historic method of hazard analysis that overcomes the above stated
limitations of the TERA methodology. Our “Full Historic"” procedure quantifies
est imation uncertainty and it provides more stable estimates of seismic
hazard. Appendix H provides a complete explanation o” each method. These
benefits are achieved by fitting a very general but smooth distribution to the
upper tail of peak ground acceleration at the site, and by considering the
parameters of this distribution as uncertain quancities due to the limited
amount of historical data. This version of the historic method also accounts
for attenuation law errors and catalog incompleteness. The “Full Historic”

method's main steps are illustrated in Figure l4.

One might call the original TERA “Psuedo-Historic” methed
"non-parametric” and our new "Full Historic” method "parametric”. This is to
reflect the different non-parametric and parametric statistical procedures

used in the estimation of)\(A).

Not all the input information needed by the historic method {ie
precisely known. In particular, there are several possible attenuatinn models
and different earthquake catalogs are available. In the num;ri:al
calculations, we have used three catalogs: WGC, Chiburis' new catalog, and
NUREG/CR-1582 (see Appendix C). We havz also used four different attenunation
models, each with three alternative combinations of error variance and
truncation. The atteauaticn models and the distributions of the attenuation
error are the same as those used with the zonation method (Section 2) except
that here the attenuation funciions are in terms of epicentral intensity 10.

and therefore, only one Bollinger model needs to be concidered.
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For each catalog and attenuation model, the parametric "Full Historic”
sethod characterizes hazard through the distribution of acceleration that is
exceeded with any given annual probability H (Figure 15.a). For convenience
of computation, each such distribution has been discretized, as shown in
Pigure 15.b. Eleven discretization points have been used so that, for any
given catalog and attenuation model, the program generates eleven hazard

curves, each with a non-zero probability of being correct.

The total number of curves obtained by the parametric method is,
therefore, 396 (36 catalog-attenuation combinations and 11 curves for each
combination). Probabilities have been assigned as follows (see Appendices
noted):

Catalogs (Appendix C)

(1) WGC

Attenuat ion Models (Appendix

Herrmann

(4) Gupta-Nuttli

P

Attenuation Error Parameters (Appendix E)

no truncation

truncation at

= 0.9, truncation at




As discussed above, the probability of each of the 36 combinations
(calculated as the product of the associated Pi'o) has been further
partitioned into eleven parameter-uncertainty-based probabilities, yielding
probability assignments to the {ndividual 396 hazard curves. Finally, these
396 curves have been statistically analyzed as before, in order to generate
fractile hazard functions. The distributions of the acceleration values that
are exceeded with annual probabilities H = 0.01, 0.003, 0.001, 0.0002 are
shown in Figure 16. The 0.16, 0.50 (median), and 0.84 fractile hazard
functions are plotted in Figure 17. The median curve is also reproduced in

Figure 4, as curve MH.

In addition to the above calculations with the parametric method, we
have estimated hazard through the (original) nca-parametric historical
procedure used in NUREG/CR-1582. Because it produces only a single
("best-estimate”) curve, this method yields only 36 curves in total, one for
each of the catalog-attenuation combinations. Results are shown in Figures 6,

7, and 8, grouped in 3 sets of 12 curves, according to the earthquake catalog.
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4.0 COMPARISON AND SYNTHESIS OF RESULTS

The estimates of hazard at the Yankee site obtained by the parametric
and non-parametric historic methods are typically lower than those from the
zonation method. The main reason for the difference is the conservatism of
the zonation analysis; specifically, the inclusion of conservative zonations
which allow far away earthquake sources to "migrate” close to the site, as
vell as conservative assumptions about the recurrence slope b (e:g8.. the
hypothesis that b = 0.9 for all sources without coupled reduction of the
recurrence rate) and o, (upper bound magnitudes as large as 7.30). Results
from the historical and zonation analysis are in much closer agreement if in
the zonation analysis one uses the zonation, a and b values, and upper bound
magnitudes as determined by Weston on the basis of detailed mapping of New

England seismicity and of careful interpretation and analysis of the data.

A comparison of this type is made in Tables 4, 5, and 6 in terms of the
acceleration values A .-2, A, -3, and A, .-4, the values that are exceeded at
10 10 10 2 -3
y 10

In all cases, the attenuation error has been assumed to have normal

the Yankee site with annual probability 10° , and 10-6, respectively.
distribution '1th(7t'°-7- truncated at :}3& (most likely case).

For each attenuation model, the tables give estimates of A10'2' A10-3, and
A10_4 from the zonation method and the two historic methods. Because the

parametric historic procedure yields results in the form of probability
distributions of AH for given exceedance probability H, Tables 4, 5 and 6
summarize the distributions through the median and the 0.16 and 0.84 fractile
values. Results from the historic methods further depend on the earthquake
catalog; the Weston catalog and Chiburis's new catalog are used in the
tables. At the 10“3 level (Table 5) the three procedures are in excellent
agreement, with a “consensus value” of about 0.06. At the 10“2 level (Table
4), the zonatior method produces values of acceleration that are about 30%
lower than those of the historic method. Considering only the higher
estimates, one would conclude that A10'2 {s about 0.03g. The opposite is true
for H = 10'“ (Table 6). In this case, the zonation results are higher by

about 3C%¥. If one again considers only the higher estimates (zonation method



and historic method with Gupta-Nuttli's attentuation) then one concludes that
4 is about 0.13g.

A10"
The agreement between the historic methods and the zonat ion method
using the WGC parameters for source zones, a's, b's, and Il'. is

"end-result” confirmation of the latter values.

Further insight into the historic method, and therefore into the
results generally, can be gained by looking at geographical maps of seismic

hazard. We have used the non-parametric procedure with Gupta-Nuttli's

attenuation, G * 0.6 and no truncation, to produce such maps over a region
of 400 x 400 km, centered at Rowe. Results are displayed in Figures 18, 19,
and 20 as contour lines of the acceleration that !s exceeded annually with

probability H = 10-2, 10-3. and 10-6. respectively. Ome may notice that:

1. At all sites only the historical event with largest (expected) site
acceleration is important at the 10-4 probability leve.
(Figure 20). (This is a veakness of the non-parametric method, of
course.) For most sites, such an event i{s one of the earthquakes

of intensity greater than VI recorded in the region and marked as

solid circles in the figures. At the other extreme (10-2

probability level, Figure 18), lower-intensity events and their

frequencies become most important.

2. There is a change with probability, H, of the relative hazard at
different sites which is explained by the fact that historical
events in New England do not conform well to an e ponential
recurrence model with the same b value everywhere. In comparison,
the zonation method would produce acceleration maps which vary more
smoothly both in space and with H. Spatial smoothing is more
pronounced for smalier values of H. Therefore, for any given
probability, H, conservatism of one method with respect to the
other depends on site location. At Rowe, the historical method is

found to give higher accelerations than the zonation method (with
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3 and smaller

WGC source map, b and m, values) for HWO
accelerations for H<10 ° (see Tables 4, 5, and 6). However,

there are regions within 200 km from Rowe where the opposite is
true because for these regions, the zonation method allow: physica’

earthquake sources to migrate away from the site.

3. There is a large region near the Rowe site (with long extensions in
the west and northeast directions and a smaller extension in the
southeast direction), in which acceleration is consistently low for
all H values. This consistency, which is due to the low level of
activity with respect to both large and small earthquakes, adds
credibility to those zonation models (e.g., the WGC source areas)
that do not consider the site either as part of the Piedmont region

or as very close co a hypothetical Boston-Ottawa region.

4. All previous historic analyses have considered the epicentral
location of historical earthquakes as deterministically known. In
order to conservatively bound the hazard effect of epicentral
location uncertainty, we have produced maps of the type on Figures
18 to 20 after moving all historical earthquakes 25 km closer to
each site, i.e., by calculating epicentral distance as the nominal
epicentral distance minus 25 km for each earthquake and for each
site. At sites near regions of high seismicity, the effect of
epicentral-location uncertainty is small. At sites such as Rowe,
accelerations A“ are increased by about 30X for all H values;

again, these increases are conservative upper bounds.

In order to produce a single composite, historic and zonation based,
estimate of hazard at Rowe, the probabilities of the 396 parametric-historic
curves were weighted by 1/3 and the probabilities of the 1350 zonation curves
by 2/3. The zonation method has effectively replaced in practice the early
versicns of the historic method; therefore it is clearly preferred by the many
users and developers of hazard analysis. The newly developed parametric
historic method should, however, bring renewed interest to historic procedures
because it overcomes many of their previously perceived weaknesses. Hence,
the 2 to 1 relative weighting of the two sets of results. Because the

zonation results include some very conservative input alternatives, we believe



these weights are biased toward higher hazard estimates. The entire set of
1746 curves was then subjected to statistical analysis to obtain 0.16, 0.50,
and 0.84 fractile hazard functions (0.16, M, and 0.84 curves in Figures 4 and
S and first 3 rows of Table 1). Notice the increase-of-variance effect
(broadening of the uncertainty band) of pooling together results from the two
methods. These three curves summarize as succinctly as is possible the

numerical results of the present study.

Several other studies have previously produced hazard estimates at the
Rowe site using different assumptions and methods of analysis. Comparisons
are made in Figures 4 and 5 and in Table 1. More important than mere
numerical comparison is the explanation of the differences among the various
results, which are sometimes veery pronounced. The very extensive calculations
in this study have permitted us to evaluate the effects on calculated hazard
of alternative procedures, assumptions, and parameter values, and to explain
such differences. (For a detailed comparison see Introduction and the

Appendicies cited there.)

In summary, the main qualitative conclusions of this study are:

1. We have found that {f the input to the zonation method is obtained
by detailed mapping of seismicity and by statistical analysis of
the historical data from each source rather than by
over-generalized zones and parameter values then zonation based
results are in good agreement with those of the historic methods
(see Tables 4, 5, 6).

2. The difference between results obtained here and those presented in
NUREG/CR-1582 using the same (non-parametric) histOric method is
due to conservative estimation in the NUREG/CR-1582 catalog of the
intensity of a few historical earthquakes and to an inconsistency
i{n the conversion from epicentral intensity and local magnitude to

body-wave magnitude (Figures 6, 7, B)s



The difference between zonat ion method results obtained here and in
NUREG/CR-1582 is explained primarily by the conservative zonations
used in NUREG/CR-1582 and to a lesser degree by differences in

catalog and magnitude conversion mentioned in point (2).

After removal of inaccuracies, inconsistencies, and obvious sources
of conservatism, all methods of analysis (zonation, parametric
historic, non-parametric historic) lead to comparable accelerati

-4 -3
s 2 3 “ \
values for the range of annual protability 10 to 10 .

In consideration of all results from the zonation and historical
procedures, the numerical conclusions of this study are that, with some
|

of conservatism (due to assumptions about zonation, a and b values, an

values),

The acceleration that is exceeded with an annual frequency

g s : -
of 10 has a median value equal to 0.08g and

probability (or "c nfidence") range equal to [C
The median value and a

14¢
LiN

exceedance probabi

respectively.
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ANNUAL PROBABILITY OF EXCEEDANCE
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Annual Probability of Exceedance, H (log-scale)

0.84 fractile curve

0.16
0.16
0.16
0.50 fractile curve
0.16 fractile curve
Peak Ground Acceleration, A (log=-scale)
Fig. 9. Il1lustration of fractile hazard curves
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TABLE 1

Accelerations (Fractions of g) That szre Excexded With Annual
Probabilities 1072, 1073, and 10”%. Comparison of This Study

With Earlier Results

ANNUAL EXCEEDANCE PROBABILITY

CURVE ANALYS1S 10~2 10-3
THIS M Median value from 1746 analyses 0.03 0.08
STUDY
0.16 0.16 fractile from 1746 analyses 0.02 0.05
0.84 0.84 fractile from 1746 analyses 0.05 0.13
vz Unbiased estimate (see Section 4) 0.03 0.06
MZ Median value from 1350 analyses 0.04 0.11
using zonation method
MH Median value from 396 analyses 0.03 0.05
using historic method
NHpin Range of estimates from J6 runs 0.02 0.03
using NUREG/CR-1582 historic
method
L], S 0.05
TERA TS Synthesis from zonation method 0.06 0.14
TH Historic method 0.05 0.10
NRC NS Synthesis (*)  0.199
(4 Aug.,
1980)
PREVIOUS Y, Weston zonation 0.03 0.08
YANKEE Weston attenuation *

(Cg = 0.85, no truncation)

Yy Weston zonation 0.02 0.07
R }“'JA"’Y‘ ‘f't"l|ff'1A

Qg = 0.95, no truncation)

Y3 Weston zonation 0.02 0.06
Nuttli theoretical attenuation
th = 0.57, no truncation)

(*) For an annual exceedance probability of 0.5 x 10“3, NS = 0.11

(**) For an annual exceedance probability of 2.5 x IO—Q, NS = 0.31]

104

0.16

0.08

0.25

0.26

0.19




TABLE 2

Exanples of Intensity Re-Evaluations From Chiburis*

Event From To
1727 Nov 17 MA Cape Ann IX VIII
1732 Sep 16 PQ Montreal IX VIIL
1755 Nov 18 MA Cape Ann IX VIII
1791 May 16 CT Moodus-E. Haddam VIII VI
1857 Dec 23 ME Lewiston VII VI
1860 Oct 17 PQ Riviere Quelle IX VIII
1869 Oct 22 NB Ba» cof Fundy VIII VI

% The above are a few examples of the changes made by Chiburis in his new
catalog relative to his old catalog, the latter was used in NUREG/CR-1582.

=55~



TABLE 3

Different Procedures of Estimating Seismic Hazard at the Rowe Site

REFERENCE
METHOD

NUREG/CR-1582/TERA

YRIGINAL YANKEE

Non-Parametric
Historic

THIS

STUDY

Parametric
Historic

Zonation




ZONATION
CATALOG (*) (WGC ZONATION, HISTORIC HISTORIC PARAMETRIC
ATTENUATION (HISTORIC a, b AND m, NON- [0.16, 0.84)
MODEL METHODS ONLY) VALUES) PARAMETRIC MEDIAN PROBABILITY INTERVAL

Herrmann ) 0.03 (0.025, 0.030]
C 0.03 [0.026, 0.031)

Bollinger(**) 0.02 [0.020, 0.025]
0.02 (0.021, 0.026]

WGC [0.026, 0.031]
(0.028, 0.032]

Gupta/ [0.033, 0.041)
Nuttli [0.038, 0.045)

AVERAGE ALL
ATTENUATIONS AND
CATALOGS

(*) W = WGC Catalog, C = Chiburis 1981 Catalog.

(**) For zonation method, result shown is average of Bollinger 1 and Bollinger 2.

Comparison of acceleration values (g's) that are exceeded at Rowe with annual
probability 10"2, The values from the zonation method correspond to the WGC source
map, b, and m) values. In all cases, the attenuation error has truncated normal

distribution with Gg = 0.7 and truncaticn at i)G’E.




ZONATION
CATALOG (*) (WGC ZONATION, HISTORIC HISTORIC PARAMETRIC
ATTENUATION (HISTORIC b AND m) NON- {0.16, 0.84]
MODEL METHODS ONLY) VALUES) PARAMETRIC MEDIAN PROBABILITY INTERVAL

Herrmann i ) 06 0.05 0.05 [0.046, 0.056]
). 05 [0.046, 0.056]

llinger(**) 0.04 (0.037, 0.046]

0.04 [{0.040, 0.050]

0 .0Ff (0.051, 0.066)
). 06 [(0.052, 0.063]

0.08 (0.071, 0.091]

supta

Jjuttli = ).08 )7 0.088]

AVERAGE ALL
ATTENUATIONS AND
CATALOGS

WGC Catalog, C = Chiburlis 1981 Catalog.

zonat ion method, result shown {s average of Bollinger 1 and Bollinger 2.

of acceleration values (g's) that are exceeded at Rowe with annual probability
jes from the zoration method orrespend to the WGC source map and b, and m)

.11 cases, the attenuation error has truncated normal distribution with(Qgg = 0.7




TABLE 6

ZONATTON
CATALOG (*) (WGC ZONATION, HISTORIC HISTORIC PARAMETRIC

ATTENUATION (HISTORIC b AND m; NON- [0.16, 0.84]
MODEL METHODS ONLY) VALUES) PARAMETRIC MEDIAN PROBABILITY INTERVAL

Herrmann J 0.14 0.10 0.08 [0.073, 0.101]
b 0.10 0.08 [(0.072, 0.099]

Bollinger(**) 0.07 0.07 (0.060, 0.081]
0.08 0.07 [0.064, 0.092]

0.10 0.09 (0.085, 0.118]
0.10 0.09 (0.083, 0.110]

Gupta/ N.13 0.13 [0.120, 0.170]
Nuttli > 0.13 0.13 [0.118, 0.155])

AVERAGE ALL
ATTENUATIONS AND
CATALOGS

(*) W = WGC Catalog, C = vi.'burils 1981 Catalog.
(**) For zonation method, result shown is average of Bollinger 1 and Bollinger 2.
Comparison of acceleration values (g's) that are exceeded at Rowe with annual probablility

104, The values from the zonat fon method correspond to WGC zonation, b, and m; values. In
all cases, the attenuation error has truncated normal distribution withGg = 0.7 and

truncation ai ii(fﬁ.




APPENDIX A

INTENSITY-MAGNITUDE CONVERSION OF HISTORICAL DATA
AND ATTENUATION FUNCTIONS

In order to use the zonation method (e.g., the McGuire program), one
must specify a recurrence law and an attenuation model. Such a law and model

must be stated in terms .f the same measure of earthquake “size”, typically
Io or m, .
Suppose that analysis is in terms of body-wave magnitude, m, . This
vas the case in the NUREG/CR-1582 study and is the case here for the zonation
approach. Because catalogs do not uniformly report the value of LI and some
of the attenuation models (e«.g., Gupta-Nuttli and Bollinger) were originally
developed in terms of Xo‘ conversion from Io to m, of some of the data
and possibly of the attenuation is needed. Questions arise, such as: What
conversion formulas should be used? Should conversion be the same for the
data and the attenuation? Should uncertainty on the recurrence parameters and
on the attenuation be increased because of conversion errors? In answering
these questions, we shall first restrict analysis to the ideal case when the

catalog reports either 10 or m, for each earthquake, but later we shall

extend considerations to the case when other information is available (e.g.,

felt area) or other size measures are reported, such as local magnitude m

which ¢s given for some earthquakes in the NUREG catalog. These questions are
also examined in Appendix Dl. Four ideal situations are distinguished which
are obtained as combinations of:

"Important Data™ for Recurrence Law

l. In terms cf I,
In terms of m, .

Attenua}}panqnctxpn

l« In terms of Io’




2. In terms of 'b'

By "important data”, ve mean size information on the earthquakes that
more significantly influence hazard at the site, hence primarily on
large-sized earthquakes. In the case of New England, such important data is

mostly in terms of Io.

The notation Io(lb) and nb(lo) is used here for the conditional

expectation (regression) of Io given my and of oy given Io' Hence,

A
I () = '”ol'b]
(Al)

8,1 = Emy )

A -
The inverse relationships are denoted by Iol(nb) and le(xo).
respectively. For example, 1if Qb(lo) = 0.5 Io 4+ 1.75, then
Q;l(lo) - 2 L 3.5. Notice that in general, -b(lo) ¢ I;l(ub) because
of differences between the regressions in Equation Al. (The problem is

analogous to the nagni:ude-versuo-rupture-length conversion issue.)

1. Important Data in Terms of I
20

1.1 Attenuation in Terms of 1
—0

In the limiting case when all the data is in teras of Io.
transforma*icu may be avoided. However, identical results are
obtained by transforming data and attenuation using the same
monotonic function, f(lo). For example (but not necessarily),
f(lo) - ab(lo). There is no increase of uncertainty either in
the recurrence or in the attenuation law as a result of this

transiocmation.

If only the "unimportant” data is in terms of My then one is close

to the limiting case and one can therefore:

A-2



Convert data on I by calculating Q (1)
o b o

A ~
(eege, B (1) = 0.5 I + 1.75).

Convert the attenuation function by replacing Io with

a-1
L (Io)( 2m, 3.5).
No increase of uncertainty results from this operation.

Attenuation in Terms OfAEb

In this case, the data { Io should be converted to @y using the
conditional expectation b(IO). The actual body-wave magnitude

of the historical events is uncertain, namely due to conversion
errors. Thie uncertainty should be accounted for when fitting the
magnitude-recurrence model, resulting in increased uncertainty on the

recurrence parameters.

Important Data in Terms of m

Attenuation in Terms of 1
e

The attenuation model is converted to ®, by replacing Io with

’
Io(mb). The attenuation error variance is increased to reflect

conversion uncertainty (uncertainty on the error term in

A
IO = Io(mb) +T7). The "unimportant”™ data in IO can be

. ; A ;
converted bv using the other regression, mh(I e Conversion

») 0
uncertainty may have some effect on uncertainty of the recurrence
parameters. However, this effect should be small due to the "small

{mportance” of the data that is being converted.

This case can be treated in the same way as 2.1, except that
conversion has a smaller effect on the uncertainty of the recurrence

parameters.




The above conditions are clearly {deal, but they provide guidance for
devising conversion procedures in more realistic cases, such as thos2 of the
NRC/LLL/TERA analysis and of the present analysis. These cases are coneidered

next.

Present Analysis

] Catalog: Completed Weston (see Appendix C). Data in this catalog is

in mixed form (I and LS ), with the "important data” for Rowe
mainly in terms of I . On many earthquakes, however additional
information is availuble on isoseismals and felt area to improve
(reduce the uncertainty in) the LS estimate.

o Attenuation. Four models have been used:
1. Weston, in terms of nb;
2. Herrmann, theoretical, in terms of lb;
3. Gupta-Nuttli, in terms of Io;

4. Bollinger, in terms of Io.

Ideal cases 1.1 and 1.2 are relevant here. For the first two
attenuation models, which are in terms of By catalog data on I was

converted to B, using Nuttli-Herrmann 's expression for m (I )s
B(1) =051 +1.75 (A2)
ﬂbo . ° . 4

Whenever additional information (felt area, {soseismals) was available, the

improveld Ty ectinate was nsed.

For the last two attenuations, data on Io has been converted as
before and the attenuations have been converted by replacing Io with
A-I(I ), where

e’ i



A-1
a 27 °
®, (Io) m. 3.5

It is i{mportant to recall (Case 1-1) that for itensity-based attenuations,
hazard results are insensitive to the form of the conversion formula in

Equat ion A2 (and its inverse in Equation Al).

In the case of Bollinger's model, an additional analysis was made, ¥

the attenuation function converted to m, by replacing 10 with the
.

-
regression Xo(mh), vhere Io(nb) has been calculated from data (see¢

YAEC-1263) to be

- '1‘ ot s AN
Iu(mh) LIS 0.1

NRC LLE/{{RA Analysis

NUREG Catalog - This catalog (see Appendix C) is in mixed form, with

earthquake intensity measured in terms of 1. , m, and .“ll. The
O .

{mpor.ant data is mainly in I .

0

Attenuation:

Again, ideal cases 1.1 and i.2 apply, except that now the catalog uses
three different intensity measures. For some major earthquakes, the values of
HL {n the cataloz were obtained from data originally in Io by using the
relationship

mp(I,) = !f;m;lli,,]
In NUREG/CR-1582, all data was converted to m, by using:
whenever mh was available;

whenever was availabdle (and m
" ' b

0.5 1 + 1.75, when only 1_ was available.
o o




The conversion o, L wvas justified on the basis that L is a

reasonable expected value for (IbllL)- However, the three formulas

El-h IO] = 0.5 Io + 1.75 (Equation Abc)
E(my{l,) -'§ I, +1 (Equation AS) (A7)
E[lb nL] = o (Equation A6b)

can be proven to be contradictory. The consequence of such mathematical
{ncompatibility would have been small if conversion to m had been made
wherever possible from I° ({.e., using Equation Abc) as opposed to ny
(Equation A6b). An example is the 1732 Montreal earthquake. In the NUREG

catalog, this event is reported to have had epicentra. intensity 1 = IX;

hence, the catalog listed m = (%)(9) 41=7., It is incorrect in this cace
to estimate m, as m, = m = 7 as was done in NUREG/CR-1582. Because

data is originally in Io' the appropriate expected value of L is
E[nb Io = 9] = (0.5)(9) + 1.75 = 6.25 (A8)

In his revised catalog, Chiburis (1981) concurs with WGC in estimating the
epicentral intensity of this earthquake as VIII. 1In this case, the expected

body-wave magnitude is further reduced to 5.75.

Conservatism of the catalog and of the conversion procedure compound in

the NUREG analysis to produce high hazard estimates, from both the historir

and the zonation methods.




APPENDIX B

SEISMICITY AND ZONATION OF NORTHEASTERN UNITED STATES

In the zonation method of hazard analysis, one must specify zones which

are assumed by the program to be internally homogeneous with respect to

gseismicity. In particular, within each zone it is assumed that the mean

activiry rate a (per square kilometer, say) is the same everywhere. The value

of a, of course, may vary from zone to zone.

ﬁgighigste{E_ELQL_Sngglgitv

Taken as a whole, the northeastern states clearly do not display

homogeneous seismicity; Figures Bl and B2, showing historic and recent

{nstrumental activity respectively, display definite spatial variation in the

mean activity rate. Furthermore, comparison of the two figures demonstrates

the strong stability of those relative activity rates, implying that historic

rates will provide the most reliable available estimate of activity over the

next twenty years of interest. The data also suggest strongly zones of

relatively homogeneous seismicitye.

The most recent publisheu detailed scientific study of this region is

(1t appe. red after even the second-round

by Yang and Aggarwal (1).

guestionnaire by TERA.) They have considered both the seismicity (historic

and instrumental) and the available geological and tectonic evidence. They

state, "Seismic activity {n the Northeast is relatively stationary in space:

those areas that have had little or no seismicity historically are relatively
aseismic today.” They also state that there is no evidence support ing the

so~called Boston-Ottawa zone. The two authors also explicitly draw attent fon

to the "relatively aseismic”™ regions of central New York, Vermont and western

Massachusetts.

Within this background information, we review next the various

hypothesized sets of zones considered in this study.

R-]
!

kU




Zonat fion

Five different configurations of earthquake zones ("sources” ) relevant

to the Yankee site have been constructed with the aim of covering all the

possibilities with significant likeiihood of being correct. These

configurations are:

A. "Boston-Ottawa/Piedmont”™, as described by Expert

NUREG/CR~1582; Figure B3;

B. "“WGC", as proposed by the project seismological consultants,

Geophysical Corporation; Figure B4;

"Piedmont /WGC", a combination of the NUREG/CR-1582

;UrJ;')l\t,H 3

Piedmont zone at and south of the site, plus the WGC zones

north; Figure B5;

D. ‘Boston=-0ttawa/WC combination of the Boston-Ottawa zone

north and the WGC zones at and to the south of the site;

E. "Modified Piedmont”, similar to C except that the WGC zone tha
he site extends low he northern NRC~-Ple

Figure B7.

By several
| I By others (D

Several approaches were used to assign relative weights to

these
configurations. The first is based on published apparent preferences
various knowledgeable

persons without significant {nterpretation by thes




writers. For this case, we consider 9 of the 10 NUREG/CR-1582 experts*

plus four others not {ncluded there: Yang and Aggarwal (Y&A) (1), Algermissen
and Perkins (A&P) and, Hadley and Devine (H&D) (Figures B8 and BY as
{nterpreted by McGuire in Reference (2)), and Hamilton (H) (3). The latter
three cases represent USGCS experts who were excluded from the NUREG/CR-1582
study for institutional reasons. It can be stated that three of the NUREG
experts preferred Configuration A (namely Nos. 3, 7, and 9); two of the NUREC
experts preferred Configuration B (Nos. 4 and 8) as do, apparently, Y&A and H;
four experts (Nos. 10, 11, 12 and 13) preferred a configuration similar to C;
Configuration D coincides with A&P; and Configuration E with H&D. (In some
cases, the five configurations do not conicide precisely with those preferred
by the individuals cited, but effectively so in terms of the implied Yankee
site hazard; that is, in terms primarily of the implied "host zone", the zone
which contains the site.) Note, {ncidentally, that none of the additional
references cited (experts "Y&A", “H", “A&P", "H&D") supports the Piedmont as
the host zone for Yankee. One possible set of weights is simply proportional
to the number of cited preferences or 3/13, 4/13, 4/13, 1/13 and 1/13 to A, B,
C, D and E, respectively (or 0.22, 0.31, 0.31, 0.08 and 0.08).

A number of factors do not, however, favor this simple weighting scheme
in our opinion and lead to a second weighting approach. First, we believe
that, despite its history, there has never been important professional
just {fication for the Boston-Ottawa zone and that thought ful studies of the
region now discredit it. Several NUREG/CR-1582 experts who "self-ranked”
themselves highly in the northeast gave very low "credibility” to this zone.
Certainly it does not appear to have the uniform activity rate required by the
assumpt ions in the method. We, therefore, believe it does not merit a weight
of more than 10X ({.e., the total weight of Configurations A and D should be
0.10).

Second, but most {mportantly, we believe that a fundamental error in
expert opinion assessment was committed in NUREG/CR-157?. 1In the literature

of that fleld, it is called "anchoring” (4). Rather than give the experts

* The tenth, No. 5, prefers a hoaogeneous zone over the entire Northeast. We
did not consider this case to have sufficient weight to deserve an additional
set of analyses; it is contained, in terms of results, within the variations
of configurations treated.

B-3
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blank maps, or even maps with historic seismicity and/or with tectonic

structure, the NUREG/CR-1582 team gave the experts two "base maps"” (Figures e

Bl10 and Bll) that showed proposed configurations of zones, and were then -

{nstructed to “feel free” to change them. The effect, predictable by Tversky i
| [8] and others, is obvious upon inspection of the results. It is not likely '
that without the influence of these base maps, four experts (Nos. 7, 9, 10 and :
£ 12) would develop exact duplicates of the base maps in the Northeast. Nor is
» {t credible that without this biasing effect, all six of the experts who keep

a Piedmont-like zone (Nos. 3, 7, 9, 10, 12 and 13) would give it precisely the é,

same northern boundary. The base-map anchoring has clearly introduced a 2

o systematic error in the NUREG/CR-1582, rendering the conclusions less
dependable than claimed. For this reason, we believe the weight attributed to

Configurations A and C should be substantially reduced.

i Furthermore, two of the experts who supported these configurations made

i®

no changes whatsoever to the base maps in the Northeast, yet they changed

:tantially the central United States portions of the base maps. We believe

sflects the fact that some experts, although knowledgeable about other

A
a

P e: simply did not have the time available to study the northeast Unite

s

€:rates and to draw their own independent opinions from the facts. Note that
- these experts typically "self-ranked” themselves with low scores in this

region. Less obvious are experts who have never before had to draw such maps

for seismic hazard analysis prmoses, particularly in the Northeast, and who
e therefore leaned heavily on the bose maps. In contrast to others who have

studied the area and who have strong opinions (as evidenced, for example, by

o positive changes to the base maps), we do not believe equal weight should be

- assigned such experts. Also, it is unlikely that any of the experts have

given anywhere near as much attention to the specific region around the site
as the project's consultants. Their analysis is, by design, thorough and

site-specific.

a
0

To summarize the net effects of the issues raised in the last tw Ca
paragraphs (the anchoring and the relative levels of information about the
Northeast in general and the near-site region in particular), we chose simply
to ignore expert Nos. 7, 9, 10 and 12 in the counting process. We use this b

r only as a tool to modify the relative weights, not to reflect directly upon

these individuals. -




As a final element in this second weighting approach, we have received
{nformal information suggesting that the next version of the seismi hazard
map by Algermissen and Perkins will reflect more Configuration E than D.

Therefore, we shift that weight accordingly.

The net counts are now 1, 4, 2, 0 and 2, for Configurations A, B,

and E, respectively, yielding weights 0.11, 0.45, 0.22, 0 and $3.22. These

”» M0
2 1€

numbers approximately satisfy the 0.10 constraint on the Boston-Ottawa

(1.e., 0.11 + O 0.10).

Finally, we consider a third approach to weighting based direc
our own interpretation of all the evidence. In terms of the effect on
hazard results, the main configuration issue is whether or not one accej
hypothesis that there is a quieter seismic zone in western Massachusett
perhaps beyond). We believe (a) that the historical seismicity strong
supports this hypothesis, especially for short-term (20-year) estimate

hat lacking important tectonic evidence to the contrary (e.g.,

active faults), this seismicity pattern is the primary source of

zone configuration evidence; (c) that the opinion of the seismologists

have st d the specific site region very carefully deserves the

attention (see References 5, 6 and 7); ( finally that, today, gi

recent literature (e.g., Yang and Aggarwal (1)), all available scientifi

] to study and decide upon this one 1issue
NUREG/CR-1582 experts (even, perhaps, expert Nos. 3
se maps but did not show a quieter western Massa

zone) would like the many others ¢ | -)b)\’t‘, choose Iin favi

juieter zone. In particular, in t« we see no object

evidence and much contrary opinion with respect to the

(

Configuration A, and with respect to extending the Pie
jsetts with the New Hampshire/Massachusetts line
Therefore, in our best judgment, we would assign a

’
{nterpretations. 1In conclusion, in our best judgment, we assi

and 0.3 to Configurations B and E (this division of the ).9 total
aind weights 0.05 to Configurations A and

not critical to results)

to D.




Looking across the three weight-assigning procedures, we see a
weight assigned to B, D and E (configurations with a quieter western
|

Masssachusetts) of 0.47, 0.67 and 0.9. In terms of its effects on the hazar

results (see Appendix F for sensitivity studies, Figures Fl to F3), casual

t he

{nspection reveals that the lower this weight, the higher the hazard at

Yankee site. Therefore, the first set of weights is the most conservative.
Although this is not necessarily a benefit, it is also perhaps the most
"objectively derived”, i.e., with least interpretation by us. The resul

reported in this study* have been based on the first set of weight, ({1.e.,

4].7"

22, 0.31, 0.31, 0.08 on Configurations A, B,
respectively), but we feel that this assignment is too cC«
reasons explained above. As mentioned in the main body, tl
for the higher-than-historical hazard produced by the medi

1
results
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probability. No such analysis has been made by any of the
experts. If, on the other hand, the background is not ¢ sotential
earthquake source, then why was {t treated as an additional source

with consequent distortion of the experts' opinions?

Even assuming that a background source {s physically possible, why
should its geometry be determined as the union of all experts'
zonations? More important, what is the mathematical basis for

calculating its glggpbilitz PB as PB e (1 - Ci), where the

C1 are the "credibilities” of the various zonation alternatives?
What are these credibilities in the first place? How should one
operate on them (no mathematical theory of credibility exists)?

Are credibilities being interpreted in the same way by different

experts?

Even if one accepts the notion that a background source may exist
and that its probability can be determined as some function of the

eredibilities of Cl' there is a mathemat{cal 1ncon<‘qteﬁcv in the

vay credibilities are ‘handled in NUREG/CR-1582 Specifically, one

cannot call probabilities the ratios P1 - ciiij Cj (as was

done for the zonations explicitly i¢ tified by the experts) and at

the same time calculate PB as7Ti(l - C ) In fact, PB and
1 - l. P1 (uith the consequence

the P, must satisfy PB = {

i

that P = 0 becauqni: P1 = 1) ¢r at most PB -1 -
P E: P - - PO in which (1 = Po) i{s the probability

[hdx none of the zonation alternatives explicitly identified

expert is correct. No expert has been asked about P _.

In summary, the "background source”, as defined and treated in
NUREG/CR-1582, is a mathematica. concept without physical basis. It is
treated inconsistently with the other sources, with parameters (geometry,
seismicity, probability) determined by heuristic formulas not related to
direct expert opinion. The background problem is one further systemat ic error
{n NUREG/CR-1582, reducing the effectiveness of the conclusion that the ten

{independent experts' results are represented in the study.
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Figure Bl. Epicentral map of the northeastern United States
and adjacent southeastern Canada for the period
1534-1977 (Chiburis and Ahner, 1979).
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APPENDIX C

HISTORICAL EARTHQUAKE CATALOGS FOR THE NORTHEASTERN UNITED STATES

The importance of the choice of catalogs cannot be stated better than
was done in NJREG/CR-1582 (Vol. 1, pg. 1-1), "It is essential for any credible
seismic hazard analysis to base the study on an accurate and current seismic
data base. This is, of course, the case with any seismic hazard analysis, but
it is particularly true for probabilistic analysis where earthquakes of all
sizes contribute to the hazard.” We believe no. '+ rhat the catalog used to
establish the results in NUREG/CR-1582 is in error and out-of-date, but also
that its interpretation and use by TERA/LLNL was flawed.

In this study, three catalogs have been evaluated and their impact on

the seismic hazard results calculated (as described, for example, in Table
C-1). The three catalogs are denoted:

1. Chiburis' 0ld Catalog (Reference 1)

2. Chiburis' New Catalog (Reference 2)

3. The Weston Geophysical Catalog (Reference 3)

The catalog used has a direct impact on the historic method, of
course. In the zonation method, it determines the mean activity rate, a, and
the log-slope, b, of the frequency law (the effect of these different catalogs
on the a and b values is examined in Appendix D1). In addition, its larger

events influence the choice of the upperbound-magnitude m

1

1. Chiburis' 0ld Catalog

This single catalog, unpublished and later significantly revised by its
author, was the basis of the NUREG/CR-1582. It was sent by TERA to the
experts as part of the evidence and it was used by TERA to estimate "a" values
and, where unspecified by the expert, the "b" values. Especially for experts

less familiar with the details of larger northeastern states' events, it must



have had a major impact, too, on the upper-bou.’' -+gnitudes they selected.
Therefore, contrary to the other factors (such as zonation, upper-bound
magnitudes and seismicity parameters, for which several alternatives were
considered), the catalog had a systematic biasing effect upon the results of
the NUREG/CR-1582 study. Such systematic effects were, of course, precisely
what that study intended to avoid (see, e.g., NUREG/CR-1582, vol. 1,

ppe. A-3,4).

Preparation of Chiburis' catalogs was supported by the U.S. Nuclear
Regulatory Comm.ssion as part of the New England Seismotectonic study at
Boston College's Weston Observatory. The original version ("Chiburis' 0ld
Catalog”), furnished to TERA for its use, is said now to have been premature;
it was reportedly denied publication because of numerous inaccuracies and lack
of documentation. These problems have since been resolved in Chiburis' New
Catalog; substantial revisions include those cited above in the main body
(Table 2).

The version of Chiburis' old catalog supplied to the ten experts
includes magnitude values assigned to many older pre-instrumental events; the
assignments are clearly Lhe result of applying the Gutenberg-Richter
conversion (nL =1+ 2/3 Io). or a conversion developed by Chiburis
(mL = 1 + 0.6 Io). Curiously, the catalog's author has stated that he did
not make these conversions himself. (Indeed, magnitudes are not reported for
any pre-instrumental events in his newer catalog.) Although their source is
unclear, TERA has stated to Yankee that whenever an intensity and a magnitude
appeared in the catalog, they used the latter, assuming it to be "more
accurate”. (Indeed, pre-instrumental magnitudes estimated by felt-area or
intensity fall-off methods are better measures of event size, but the

magnitude values in Chiburis' old catalog were not determined this way.)

The joint effect of these two problems (inaccurate intensity
assignments and Gutenberg-Richter magnitude conversion) on the NUREG/CR-1582
results can be best {llustrated by an example, the 1732 Montreal earthquake.
First, in Chiburis' old catalog, the event was assigned an epicentral
intensity of IX and a magnitude of 7.0 (from the Gutenberg-Richter
conversion). As mentioned, in such a case, TERA used the magnitude value. To

predict acceleration at the site given a magnitude they used (e.g., in their

Cc-2



historic analysis), the Gupta-Nuttli (intensity-based) attenuation law
modified by substituting for Io the Nuttli-Herrmann conversion,

m, = 1.75 + .5 Io. But this is clearly a contradiction; as discussed in
Appendix A, the proper analysis in such a case requires use of the same
intensity magnitude conversion in both the catalog and the attenuation law.
The Nuttli-Herrman conversion applied to the epicentral intensity of IX would

have ylelded a magnitude 6.25. The use of two different conversions in

NUREG/CR-1582 causes an incorrect doubling of the acceleration predicted.

Secondly, Chiburis' new catalog (and the Weston Geophysical Catalog) have
confirmed that the 1732 Montreal event had an epicentral intensity of VIII
rather than IX. This value converts via Nuttli-Herrmann to magnitude 5.75.

The combined effect of th_too-ht&b I and the inconsistent conversion to

magnitude 1s a tripling of the site-predicted peak ground acceleration.

The total effect of Chiburis' old catalog on NUREG/CR-1582 results
cannot be isolated easily. In the study reported here (Chapter 3, Table 4,
for example), its effect on the historic method is investigated, but it must
be emphasized that our historic studies were based on intensities (except when
the attenuation law required coaversion), thereby avoiding the major problem
of inconsistent magnitude conversion found in NUREG/CR-1582. The simplist
comparison is between (a) the curve marked TH (TERA-Historic); and (b) the

heavy curves (Gupta-Nuttli attenuation) in Figure 8 (Chiburis' new catalog).

Clearly, the combined effect on acceleration is very important, e.g., a factor

-3
o&_iﬁqggulfﬁ at 10 ", The effects of the catalog on the zonation results

are, of course, even more difficult to isolate.

It can be assumed, however, that both the incorrect Io assignments
and the Gutenberg-Richter converted magnitudes probably increased "a" values,

certainly decreased "b" values, probably increased m, values, and certainly

1
combined incorrectly with intensity-based attenuation model (such as the

Gupta=Nuttli Model and the "Ossipee” Model) {mportant to NUREG/CR-1582 and

especially to NRC synthesis results. All these factors lead to the

overest i.'“:ff,‘,_“_” ,O.f hnz_ard S+




Chiburis' old catalog had a pervasive, systematic effect on all the
experts' results in NUREG/CR-1582 difficult te quantify precisely, but
certainly leading to over-conservative hazard estimates, to reduced confidence
in the conclusions, and to a major nullifying of the credibility purportedly
created by ueing many “"independent experts”.

Because of the weak status of this catalog, especially relative to its
successor, Chiburis' new catalog, we gave Chiburis' old catalog only nominal

weighi (P = 0.10) in our own historic method results.

2. Chiburis' New Catalog (2), NUREG/CR-2309

The Chiburis (2) catalog, published as NUREG/CR-2309, is a more
complete, accurate and corrected catalog of earthquakes that have occurred in
the northeastern United States and in southeastern Canada between the years
1534 and 1977. The primary differences between Chiburis' old and Chiburis'
new catalogs are:

1. Many of the historically large events have been re-evaluated (see
Table 2 of the text); and

2. No magnitudes are associated with the pre-instrumental events.

The upgrading, clearing and clarification of the Chiburis (2) catalog
makes it more suitable at this time for use in seisnic hazard analysis. A
weight of 0.30 is assumed for this catalog in the historic seismic hazard
analysis. Furthermore, the strong agreement between this and the Weston
Geophysical catalog implies that {f {t were used to estimate "a" and "b"
values for source zones, the results would not differ significantly (sze
Appendix D).

3. Weston Geophysical Corporation (WGC) Catalog

The WGC catalog (3) i{s a current catalog of earthquakes that have
occurred in the eastern United States and southeastern Canada. It is the

result of {ntegrating all available historical information and recent



instrume- Sal seisuicity data. Some of the cross-referenced sources used to

compile the catalog are:

1.
2
3.
4.
5.
6.
7.
8.

Earthquake History of the United States [4)
United States Earthquakes [5]

Smith [6)

LaMont-Doherty [7]

Nuttli Catalog [8]

Weston Observatory [5)

Earth Physics Branch in Canada [10]
Preliminary Determinations of Epicenters [1l1]

In addition, WGC has conducted its own direct studies of newspaper and

other accounts of historical earthquakes. Many o. the large historical events

have, in addition, been assigned magnitudes based on felt-area and/or

intensity fall-off methods.

Because of the extensive effort by WGC to update and re-evaluate their

catalog, a weight of 0.60 is assumed for use in the historic seismic hazard

analysis.

Indeed, the more recently published catalog by Chiburis (2) does

not find major disagreement with the WGC catalog.
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APPENDIX D

ESTIMATION OF SEISMICITY PARAMETERS AND COMPLETENESS OF
FARTHQUAKE CATALGGS IN NEW ENGLAND

This appendix addresses seismicity parameters a, b, and m The

subappendix Dl prepared by Weston Geophysical presents a thorou;h explanation
of the methodology used to determine the seismicity parameters used in
YAEC-1263. The methodology facters in not only known demographic information
&8 a basis for completeness of large historical events, but also known
completeness factors for smaller instrumental events recorded by the New
England Seismic Network. It also presents empirical intensity~to-magnitude
relationships that are appropriate for the northeast. Seismicity parameters
and completeness factors vaed by Yankee were discussed by D. Bernreuter in his

review of YAEC-~1263. A detailed response by Weston Geophysical Corporation to

his criticism i{s also found in the attached subappendix Dl.

The results of this unusually detailed development of a and b values
support the values used by Yankee in YAEC-1263. The thoroughness of this
approach, including as it does, comparison of different catalogs, recent
historical data, various magnitude-intensity relationships, and review of
recurrence est imates by both time period and magnitude has prompted relatively
highk weights on calculated estimates of a and b. These weights are 0.6 and
0.67, respectively. (Note that the risk analysis results here are, in fact,
based on Weston's previously estimated a and b values. This more detailed
study became available only very recently but {t effectively supports or shows
to be conservative the previous values, in particular vis-a-vis the

alternative hypothesized values.)

In the light of all this information there seems to be little support
for the cruder, undiffereuctiated b value of 0.9, even though it is supported
by several of the NUREG-1582 experts; it may not be as reasonable an
assumption in New England as it is considered to be elsewhere in the eastern
U.S. Also, the higher a value hypotheses, included here to reflect Dr.
Bernreuter's expressed concerns [1]) do not appear to be likely values given
the differences {n thoroughness in the approach to completeness factors

adopted by Weston versus that by NUREG/CR-1582.




Selection of upper bound magnitude hypotheses wefght 1s anchored largely
on the rather widespread adoption and professional practices of the maximum
historical magnitude plus 0.5 units. This is based largely on similarity to
other seismotectonic settings (see the NUREG/CR-1582 expert opinion
statements). Elementary statistical estimation series suggest, however, a
decay likelihood away from the maximum historical values. The element of
potential sur:i ise (i{.e., events much larger, even one and more magnitude

units, than the maximum historical event in the relatively near future) is

accounted for by the alternative hypotheses with their not small total weight

(0.2).
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