UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20556

December 17, 1982
Docket No., 50-133

MEMORANDUM FOR: The Atomic Safety and Licensing Board
for Humboldt Bay Boiling Water Reactor

FROM: Gus C. Lainas, Assistant Director
for Operating Reactors, DL

SUBJECT: U.5.G.S. OPEN FILE REPORT ON PROBABILISIIC ESTIMATES OF
MAXIMUM ACCELERATION AND VELOCITY IN ROCK IN THE U.S.
(BOARD NOTIFICATION NO, 82-123)

We have recently received a reprint of an Open File Report 82-1033 entitled,
“Probabilistic Estimates of Maximum Acceleration and Velocity in Rock in

the Contiguous United States" by S. T. Algermissen et al, of the U, S,
Geological Survey (USGS) (attached). Open file reports are vehicles for
providing rapid dissemination information and, as such, do not represent
official positions of USGS., However, the NRC staff believes that this
report may be of interest to the Indian Point Board since il has sonc
relevant information to seismological aspects of the Indian Pcint
Probabilistic Risk Assessment (PRA) study. The report is beinq sent in

the other Boards for information.

The report consists of several sections. An iniroduction describing new
information used since the publication of similar studies in 1976, fo!lowed
by a discussion of the theory used in developing the probabilistic ground
motion mens. Following the theory section, they discuss the earthquake
model, magnitude distribution of earthquakes, the different seismic source
zones in the contiquous U.S.A., and the different attenuation mndels used

in the analy<is, The last section provides & conclusion on what has been
learned so ‘ar and what will be needed in the future.

The main contrizution of this report is the six maps v horizontal velocity
and acceleration in rock with 90 percent probabilities of not being exceeded
in 10, 50 and 250 years for all parts of the contiguons United States.

These probahilities are n%uivalent to annual probabiiities of 1,1 X 10'2,
2,1 X 1077, and 4,2 X 107", respectively.
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We are pro.iding this review of seismic hazard levels in the U.S. as general
hackground information. The acceleration levels in this study are arrived

at in a different (that is, solely probabilistic) manner than those developed
for individual nuclear power plant sites. We will be examining this study
more fully in the NRC funded Lawrence Livermore National Laboratory program
ertitled, "Seismic Hazard Characterization of the Eastern U.S." We will
infarm the appropriate boards regarding any significant changes in the staff's
position as a result of the evaluation.
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l. Map of horizontal acceleration (expressed as percent of gravity) inm rock

with 90-percent probability of not being exceeded in 10 years.

2. Map of horizamtal acceleration (expressed as percent of gravity) in rock
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3. Map of horizontal acceleration (expressed as precent of gravity) inm rock

with 90-percent probability of not being exceeded in 250 years.

Map of horizontal velocity expressed in centimeters per second) in rock
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with 90-percent probability .f not being exceeded in 10 years.

5. Map of horizontal velocity (expressed in centimeters per second) in rock

with 90-percent probability of not being exceeded in 50 years.

6. Map of horizontal velocity (expressed in centimeters per second) in rock

with 90-percent probability of not being exceeded in 250 years.



ABSTRACT

Maximum horizontal accelerations and velocities caused by earthquakes are
mapped for exposure times of 10, 50 and 250 years at the 90-percent
probability level of nonexceedance for the contiguous United States. In many
areas these new maps differ significantly from the 1976 probabilistic
acceleration map by Algermissen and Perkins because of the increase in detail,
resulting from greater emphasis on the geologic basis for seismic source
zones. This new emphasis is possible because of extensive data recently
acquired on Holocene and Quaternary faulting in the western United States and
new interpretations of genlogic structures cortrolling the seismicity patternm
in the central and eastern United States.

Earthquakes are modeled in source zones as fault ruptures (for large
shocks), as a combination of fault ruptures and point sources, and as point
sources (for small shocks). The importance of fault modeling techniques 1is
djemonstrated by examples in the Mississippi Valley. The effect of parameter
variability, particularly in the central and eastern United States is
discussed. The seismic source zones used in the development of the maps are
msore clearly defined and are generally smaller than the seismic source zones
used in the Algermissen and Perkins (1976) probabilistic acceleration map. As
4 result, many areas of high seismic hazard are wmore clearly defined on these
maps than in the 1976 map, although in large areas of the country well defined
geologic control for the seismic source zones is still lacking. The six
probabilistic ground motion maps presented are multi-purpose maps useful in
yuilding code applications, land use planning, insurance analysis and disaster
mitigation planning. As fault slip and related geological data become
wvailable, the further refinement of probabilistic ground motion maps through
‘he use of time dependent models for earthquake occurrence will become

feasible.



INTRODUCTION

The use of probabilistic ground motion maps to represent seismic hazard
has evolved from experierce with a number of other map representations and
from a recognition of their drawbacks. Historical seisamicity maps are factual"
and can serve to warn that earthquakes occur more widely than people usually
recognize. However, their focus is on epicenters, and hence the maps lack two
vital characteristics: (1) focus on hazardous ground motion, and (2)
generalization to likely future areas of seismicity. Historic maximum
intensity maps provide the focus on ground motion, but also lack
generalization. Algermissen's 1969 generalization of historic maximum
intensity achieved widespread acceptance as a hazard map, and slightly altered
sersions of it still remain in two important building codes. Shortly after
the publication of this map, it was recognized that such a map o;erscates the
hazard in thuse regions where earthquakes occur with greatly reduced frequency
‘ompared to the active areas of the country. The Algeraissen and Perkins
(1976) map introduced probability into the ground-motion description--the map
jepicted ground motions having the same probability of exceedance everywhere
{n the U.S. (annual exceedance probability of 1/500). Thus, the 1976 zap

responded to some criticism of earlier maps, but was perceived to have three

ew shortcomings: (1) lack of sufficient geological information in the
sneralization of the seismic history, (2) a focus on only one level of
srobahility, and (3) description of seismic hazard in teras of only one

ground-motion parameter, acceleration. The maps presented here are designed

{pally to answer these three shortcomings, aud to lmprove our

understanding of earthquake hazard in the United States.

ro



Since the introduction of a probabilistic acceleration hazard map of the
contiguous United States in 1976 (Algermissen and Perkins, 1972, 1976),
advances in the understanding of many of the parameters in probabilistic
hazard mapping have been significant. New information has become available to
the extent that a revision of the 1976 probabilistic map provides important
advances in the mapping of ground motion in the United States. Extensive
mapping of Holocene and Quaternary faults, interpretations of the size of
earthquakes represented by such faults, and recurrence estimates of large
earthquakes based on such faults, have become available, particularly in
California, Nevada and Utah. New geological and seismological research
programs in the Mississippi Valley, New England, and the Charleston, South
Carolina, area largely initiated since the publication of the 1976
probabilistic ground motion map have provid;d important new data and
seismotectonic concepts.

Earthquake catalogs have substantially improved during c;e past five
years through review and revision of regional and national earthquake
catalogs. Examples of improved catalogs that we have made use of are the Utah
Catalog by Arabasz and others (1979), the new catalog of the midwest by Nuttli
ind Herrmann (1978) and the USGS state seismicity maps and catalogs that have

wow been published for 27 states by Stover and others (1979-1981).

Considerable advances have also been made in the technique used in the

pmputation of probabilistic hazard maps. The computer programs used in
hazard analysis have been couwpletely rewritten since 1976 (Bender, 1982,
ender and Perkins, 1982) and a number of support programs for the assembly of

various kxinds of data, analysis of completeness of seismological data and

tting routliaes have been completed. Despite improvements in the data base

L



and computational techniques since 1976, a number of the parameters in hazard
analysis remain troublesome. These will be discussed as appropriate later in
the text.

The decision was made to develop maps of acceleration and velocity for
three exposure times: 10, 50 and 250 years. These maps provide significantly
more information for the evaluation of ground motion for engineering purposes
in the United States than can be obtained from the single, 50-year exposuré
time, acceleration map published in 1976. The velocity maps provide a useful
additional measure of ground motion. The three exposure time maps indicate,
for any point, the nature of the change in ground moticn for various exposure
times of interest. The additional maps together with the refinement of the
parameters used in the development of the maps should provide appreciably

improved ground motion estimates for building codes and for the design of

structures in general.

CONCEPT OF HAZARD MAPPING

The concept of hazard mapping used here is to assume that earthquakes are
exponentially distributed with regard to magnitude and randomly distributed
with regard to time. The exponential magnitude distributior is an assuaption
based on empirical observation., The distribution of earthquakes in time is
issumed to be Poissonian. The assumption of a Poisson process for earthquakes
in time {s consistent with historical earthquake occurrence insofar as it
affects the probabilistic hazard calculation., Large shocks(clcs»ly
approximate a Poisson process, while small shocks may depart significantly
from a Poisson process. The ground motions associated with small earthquakes

ire of only marginal interest in engineering applications and consequently the



Poisson assumption serves as a useful and simple model (Cornell, 1968).
Spatially, the seismicity 1s modeled by grouping it intoc discrete areas termed
seismic source zones. The most general requirements for a selsamic source zone
1s as follows: (1) it have seismicity, and (2) it be a reasonable
seismotectonic or seismogenic structure or zone. If a seismogenic structure
or zone cannot be identified, the seismic source zone is based on historical
selsmicity. A seismotectonic structure or zone is taken here to mean a
specific geologic feature or group of features that are known to be associated
with the 2 surrence of earthquakes. A seismogenic structure or zone is
defined as a geologic feature or group of features throughout which the style
of deformation and tectonic setting are similiar and a relationship between
this deformation and historic earthquake activity can be inferred.
. The concept of probabilistic hazard mapping cutlined abov; will be
{iscussed in detail in the sections that follow.
'’
THEORY

Development of probabilistic ground motion maps using the concepts
outlined above involves three principal steps: (1) delineation of selsaic
source areas; (2) analysis of the statistical characteristics of historical
sarthquakes in each seismic source area; and (3) calculation and mappiag ot
the extreme cumulative probability Fo.. ¢ (a) of ground motion, a, for some
time, t. These steps are shown schematically in figure l. The general
technique used here is essentially the same as that presented by Cornell
(1958) with integrations replaced by discrete summations for flexibility in

the representation of attenuation functions and source areas.
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Three idealized seismic source areas are shown in figure lA. The
earthquake within each source zone can be modeled as: (1) point sources in
areas (used to represent earthquakes for which the fault rupture length is
small compared with the map scale being used); (2) finite rupture lengths; or
(3) as a mixed source, for example point sources for small earthquakes and
fault (two dimensional) sources for larger earthquakes. These source areas
are delineated on the basis of historical seismicity together with an
evaluation of available geological evidence related to earthquake activity by
methods to be detailed later.

After the zones are delineated, relationsﬁipn of the form:
log N = a-bM (1)
are determined for each source zone, where N is the number of earthqudkes in a

given magnitude range per unit time and a and b are constants to be

determined. M is takem as M. for shocks greater than or equal to 6.75 and is

taken to be M, for shocks less than 6.75. If the seisamicity of individual

source zones in a region is low, the b value (slope) in equation 1 is -
determined by considering the seismicity in an ensemble of source zones.

Research (Bender, 1982) has shown that for zones in which the total number of

earthquakes is less than about 40, significant errors in the computed b-values
occeur. The a-value for each source zone is determined by fitting a line with
slope b through the seismicity data for each zone. Generally a minimum chi

square regression was used for curve fitting although in the western portion
vf California a weighted least squares technigue wvas used (Thenhaus and

others, 1980). The two techniques yield equivalent results with earthquake

~d



sample sizes of about 40 or more. The distribution of earthquakes in each
source zone is then characterized by the parameters of equatiom l, up to some
maximum magnitude which is assigned for each zone.

The future spatial occurrence of earthquakes in each source zone is
assumed to be uniform throughout each source area. That is, if each seisamic
source area is divided into n small divisions (such as shown in fig. 1A) and
{f the number of earthquakes likely to occur in any magnitude range is N, then
the number of earthquakes likely to occur in this magnitude range in each

small division or block of a source area is
| (2)
n

1f seismicity is distributed along a fault of length L, the distribution of
earthquakes i{s somewhat more complicated. We have used the relationship

between fault rupture length (L) and magnitude (M) suggested by Mark (1977):

log (L) = 1.915 + 0.389 M (3)
where L is the average fault rupture length in meters and M is as already
defined. If there are N\1 - M earthquakes in the magnitude interval M,-M,

- 1
that have an average length of rupture (determined from equation 3) of L,.e

and we are modeling a fault of length X, the earthquakes are distributed at

the rate ot



earthquakes per unit of length along the fault. If one end of a fault is
located at X, and the other end at X,, the earthquake rupture centers are
assumed to occur uniformly

L

ave
and Xz - 3

between X & + ——e along the fault.

1 2

Once the distribution of earthquakes likely to occur in each small
division of the source or along a fault is decided upon, the effect at each
site due to the occurrence of earthquakes in each small division of the source
or for each fault can be computed using suitable ground motion attenuacion
curves such as those shown in Figure 1B. In practice, the distribution of
ground motion is computed for a number of sites located on an appropriate grid
pattern (fig. 1A).

From the distribution of ground motion at each site (part C of fig. 1) it
is possible to determine directly the expected number of times a particular
amplitude of ground motion is likely to occur in a given period of years at a
given site, and, thereby, the maximum amplitude of ground motion in a given
number of years corresponding to any level of probability. The relationship
between return period Ry(a). exposure time, T, and probability of exceedance
during that exposure time, K‘Fmax,t (a) is best explained by the following
ievelopment.

First, the distribution of the expected number of occurrences ot ground

sotion at each location is calculated. The peak ground motion, for exsmple,
the peak acceleration corresponding to some extreme prubability, 1s tien
calculated trom the distribution of the expected number of occurrences in the

following manner. Let the peak acceleration be a , then



F(a)=P(A<a | MOMyy ) (s)

is the probability that an observes acceleration A is less than or equal to
the value a, given that an earthquake with magnitude M, greater than some

minimum magnitude of interest, has occurred. The calculation at a given grid
point or along a fault is performed for every acceleration a of interest

using:

expected number of occurrences with A<a and H>Hm1n

Fla) = total expected number of occurrences (H>Hm1n)

A typical F(a) is shown in figure IC.

Assume N independent events with accompanying accelerations A;. The

cumulative discribution of the maximum accleration of the set of

accelerations is given by
Fpaxta)=P[The largest of the N accelerations is less than or equal to aj
=P[each of the N accelerations is less than or equal to aj

-PtALigl F[A:ig] ...P[Anggl, since the events are independent

"H.a)N. if the events are identically distributed (n)



1f N itself {8 a random variable
Pm(l)-l(l)o OP(N.O)”(.)I -P(*l)* ooo+'(‘)j CP(N-J) L T
F...(a3) i B
nax(®) = 350 F(a)” P(N=}) (7)

I1f N has a Poisson distribution with mean rate X,

Flax'® =i&g F(@)

3 =A b
1% o o (AF(a)) ° _ _ =A_AF(a)
P e 15 jl e e

3

- oA (1-F(a))
FB“ (a) = e (8)

Now if A = ¢t, where ¢ is mean rate of occurrence of earthquakes M> M, .

per year and t is number of years in a period of interest, then:

F (a) = ¢ YElI-Fa)] 9)
max, t

In the program, a table of accelerations (a) and F(a) is constructed. For a

particular exposure time t = T, F (a) is calculated, and the value of a

max,t

for a given extreme probability, say Fmax.t (a) =.90, is found by

interpolation.
It is convenient here to define the term return period as:

R(a) =

1-F(a)

11



where R(a) is the average number of events that must occur to get an

acceleration exceeding a. The return period in years is given approximately

by
4 R(a)
Ry(.) Expected number of events per year (xgynin) 4
We obtain from (10) and (11):
t
pt(l-F(a)) = NON (12)
y
thus,
from (9) and (12): Fuax,t (a) = Q-C/Ry(‘) (13)
t
and ln (Fm‘x'c(a)) . - Tf;(—a)— (14)
‘

For an extreme probability of .90 and an exposure time of t=10 years:

10
In (.90) = - el
y
10
or Ry(a) —1054 94.9 years

Thus, the average return period for the acceleratioas we have mapped is about
95 years. For the same extreme probability (.90), exposure times of 50 and

250 vears yield average return periods of 474.4 and 2371.9 years.

12



It may be useful to point out that using equation (13) and setting the

exposure time equal to the average return period l, (a); that is

t - l,(a).

-1
we have 'nax. t(a) e "=0.37. (15)
Thus the acceleration with a return period of R,(o)-t years has a probability

of

1 = F"x' ¢ (@) = 1 =0.37 = 0.63 or 632
of being exceeded in t years. The point is that acc-lerations (or any other
parameter) with a particular return period have .; 63-percent probability of
being exceeded during an exposure time equal to that rsturn period. Because
the acceleration with a return period of R years is often incorrectly
associated with zero probability of exceedance in less than R years, it is
preferable to explicitly state the probability of exceedance and exposure time
T associated with a particular ground motion. In addition the earthquakes

which produce the R-year return period ground motion at a site may have

recurrence intervals in the source region of one-third to one-tenth R,

depending on the area of the source zone. Avoiding the use cf return period
will hopefully avoid the identification of the return period of ground motion

with the recurrence interval of earthquakes.

13



Frequently, it is convenient to express the maximum ground motion in
terms of the annual probability of exceedance. Let rp(a) be the probability

of exceedance of ground motion a in T years; then

-T/R _(a)

'-.x. r(l)'l'rr(l)'C

and rr(a)-l-c'rlny(').

For T = one year, (l7) becomes

1

rr(;) s l-e Ry(a)

when R7 (a) is sufficiently large (say, greater then ten years),

1
rp (a) = R’(c)

DEVELOPMENT OF THE PROBABILISTIC MODEL
The development of a probabilistic wodel for earthquake hazard analysis
requires data and assumptions concerning parameters such as the earthquake
rupture length, the magnitude distribution and the sequence of occurrence in
time of the earthquakes, the geometry of the seismic source :zones and the
attenuation of seismic waves. The general concept and theory of the model

have already been discussed.



Earthquake Model

The earthquakes were modeled in a very simple way. The earthquakes are
all assumed to be shallow shocks similar to the California earthquakes used in
the development of the Schnabel and Seed (1973) acceleration curves, with the
exception of the intermediate focal depth shocks in the Puget Sound,
Washington, area. Eartiquakes were modeled as (a) point sources, or as (b)

line rupture sources, the length of faulting being obtained from equation (3).

Magnitude Distribution

The magnitude distribution was taken to be exponential and of the form
Ziven by equation 1. The earthquakes in each seismic source zone were
corrected for completeness using the technique suggested by Stepp (1973). As
previously discussed, b-values were determined éor groups of seismic source
zones where the historical seismicity was low in individual zones. The a-
valu:s for each zone were then obtained by a minimum chi-square it through
the earthquake data for each zone, holding the b-value constant. For seismic
source zones with high historical seismicity, b-values were often obtained for
each seismic source zone independently. The seismic source zones used in the
preparation of the maps are shown in Figures 2 and 3. The slope, b, and the
sumber of intensity V earthquakes per year in each zone are listed in Table
l. Earthquakes with magnitudes less than HL-A.C or intensities less than V
were not considered in the compuration of the ground motion. For each seismic
source zome the maximus magnitude was determined from a comsideration of (1)
the largest historical earthquake that ilad occurred (in zones with high rates

R

of activities); (2) the tectonic setting of any particular zone; (3) technical

opinions expressed at the workshep in which the source zone was onsidered;
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(4) and combinations of the above sources of information. The magnitudes used
in this paper have been obtained in two ways: (1) from earthquake catalogs
containing instrumentally determined magnitudes, and (2) by computing the
magnitude obtained from the maximum intensity I, using the relationship M =
1.3 + 0.6 I, (Gutenberg and Richter, 1942). The magnitudes used by Gutenberg
and Richter in deriving the above M - I, relationship were principally M, for
shocks with M, of about 6 3/4 or less and M for larger earthquakes. Since
instrumental magnitudes are not available for many important earthquakes,
extensive use was made of the M - I, relacionship. Thus, the maximum
magnitudes used for the seismic source zones are, in general, expressed as Mg
magnitudes. Table 1 lists pertinent information concerning the magnitude
distribution of earthquakes assumed for each seismic source zone. In the
Nevada seismic zone, the maximum magnitude was reduced to HL = 6,0 {n zones in
which large historical earthquakes had occurred (zones 022, 032 and 033 in
igure 3). The assumption is that in the Nevada seismic zone large
earthquakes are not likely to reoccur in the same zones where they have
already occurred historically, at least in the time period of interest of the
hazard maps (up co exposure times of 50 years). This assumption is consistent
4ith current thinking concerping the temporal and spatial distribution of
7: Ryall and

large shocks in western Nevada (Wallace, 1977a, 1978¢c; Ryall, 157

y

ythers, 19u6; Van Wormer and Ryall, 1980; Ryall and Van Wormer, 1980).

Historical earthquakes with magnitudes greater than 6.0 ia zones 022, 032 and

033 were distributed into the surrounding zone. For example, the earthquakes
vith magnitudes greater than 6.0 in zones 032 and 033 were distributed into

)31. The larger shocks in zone 022 were distributed into 020.



Occurrences of Earthquake in Time
The distribution of earthquakes in time is assumed to be Poissonian. The

southern California earthquake catalog, after removal of aftershocks, has been
shown to be Poissonian (Gardner and Knopoff, 1974). The important observation
{s that :he c-currence of large shocks tends to be Poissonian while small
shocks often are not. However, the ground motions associated with small
shocks are of only marginal interest in engineering applications (Cornell, -

1968).

Seismic Source Zones

The probabilistic ground motion calculations use as input a model of the
future seismicity. This model consists of source zones and their associated
rates of activity for earthquakes of various magnitudes up to the maximum
nagnitude 2ssumed for each zone. Within each source zone, which may be a
fault or an area, the seismicity is assumed to be uniformly distributed

spatially. The size of the source zone reflects the following:

(1) The amount and applicability of geological and seismological information

available.

(2) A reasonable generalization from the seismic history, based both on (1)
ind the period of interest for which the resulting probabilistic maps are
to apply.

(3) The scale of mapping. For a national-scale map, sowme of the detail

available for local or regional mapping would not be userul.



The seismic source zones ‘<ed for the national map (Figs. 2 and 3) are
the result of a concerted effort to introduce more seismotectonic information
{nto the developmeat of source zones (Thenhaus and others, 1982a). Figure &4
{ndicates areas considered in various workshops and other meetings concerned
with the presentation and discussion of seismotectonic data useful in the
developument of seismic source zones. The initial, new mapping effort was
focused on Alaska and tie offshore areas adjacent to the eastern and western
contiguous United States. Lfaison wase maintained with Survey geologists in
Menlo Park and Alaska during the development of the west coast (Perkins and
sthers, 1980; Thenhaus and others, 1980) and Alaska maps (Thenhaus and others,
1982). As a result, the seismotectonic hasis for the seismic source zones for
the new natiomal map in areas A and B of Figure 4 rely heavily on data
developed and discussions held with a number of U.S. Geological Survey
geologists and geophysicists during the preparation of the offshore hazard
maps.

As the work on the national map proceeded, a more formal series of
meetings evolved and five workshops were conducted to consider five additional
regions: (1) the Great Basin (area C, Figure 4); (2) the northern and central
Rockies (area D, Figure 4); (3) the southern Rockies and the southern Creat
Basin (area E, Figure 4); (4) the central interior (area G, Figure &), and (3)
the northeast (area H, Figure 4). The seismotectonics of the southeast United
States were discussed at two U.S. Geological Survey meetings conducted during

the preparation of eastern offshore hazard maps. The workshops held for areas

5 E. and G also considered some aspects of the selsmotectonics of area F

Jy Ky

(figure 4&).
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development of seismic source zones. See text for discussion of each lettered area.



The meetings were v.ry useful as a forum for outlining seismotectonic
ideas and for the presentation of new hypotheses for earthquake occurrence in
the various regions. Typically, the workshop participants took one or a
combinatior of several of the following approaches in outlining the
seismotectonics of a region. The approaches may be characterized (Thenhaus,
1982a) as (1) seismotectonic zoning on individual faults, or the areal extent
of faulting where the faults show late Quaternary or Holocene displacements,
or have a distirnct association with the historical seismicity; (2) zoning
pricarily on regional structural style; (3) zoning on the basis of the spatial
distribution of seismicity in the absence of any aspects of (1) and (2) that
could be used. The zones developed by the participants in these meetings or
workshops provided an invaluable source of information for the development of
the zones used to prepare the probabilistic ground motion maps. The zores
that were developed at the meetings could not always be used directly as
seismic source zones in the probabilistic model. For example, a number of
zones were outlined by the workshops which had little or no historical
seismicity or geologic data such as fault slip that could be used to establish
a rate of seismic activity for the zone, even though the zone might be
considered by the workshop participants to have earthquake potential. Thus,
many of the zones developed as a result of the meetings had to be altered or
divided in such a manner that {t was possible to develop rates of ca:fhcujk&‘
occurrence. As previously noted the final seismic source zones are shown i{n
Figures 2 and 3. The seismic source zones organized by area are discussad in

4

the following section to provide more detail concerning the techniques used.
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Coastal and Southern California (Area A, Figure 4): In coastal and southern

California (Figure 2) faults of regional extent are recognized as seisuic
source zones if they can be associated with historic seismicity or if they
show evidence of historic or Holocene surface rupture. Although fault
displacements are dated for much of coastal California area (Ziony and others,
1974; Buchanan-Banks and others, 1978; Pampeyan, 1979; Herd and Helley, 1976)
we made no attempt to zone segments of faults on the basis of age of latest
displacements. Instead, we assume that Holocene or historic rupture on any
segment of a fault or fault zone iudicates that the entire fault or fault zone
is active; we also assume that earthquakes are equally likely along the entire
fault length. We recognize major faults in the San Andreas fault system as
independent seismic source zones (Figure 2). Large earthquakes (M >6.75) are
modeled as ruptures of appropriate length on these faults. Small shocks
(ML<6.75) are modeled as point sources throughout a zone 10 km wide on e.ther
side of the fault. The faults are (1) San Andr2as fault (zone c24); (2)
southern San Andreas (zone c¢l6); (3) San Jacinto~Imperial Valley (zone c¢cl35);
(4) Elsinore (zone cl4); (5) Newport-Inglewood-Rose Canyon (zones cl3, cl2,
and cll); (6) San Clemente (zone c3); (7) Agua Blanca (zonme cl); (8) Santa
Monica, Cucamonga and associated faults of the southern margin of the Western
Transverse Ranges (zoues c23 and c41); (9) San Gabriel-Eastern San Fernande
(zone ¢26); and the far offshore (cl0) and the San Gregorio-Hosgri (zone

c32). Other zones which appear somewhat broader, contain parallel to sub-paraliel
arrangement of primary faults. These are (1) zone ¢33 containiag the 3Santa Ynez

Big Pine faults of the northern block of the Western Transverse Ranges; (l) zone

ro
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enclosing the west dargin of the Salinian Block and containing the Rinconada
and Nacimiento Faults; (3) zone c38 containing the Hayward and Calavaras
faults of the San Francisco Bay area; and (4) zone c39 containing the Maacama,
Rodgers Creek, and Green Valley faults north of the San Francisco Bay area.

The source zones of coastal California are described more fully by
Thenhaus and others (1980); however a few points will be reiterated here.

Some source zone boundaries in the coastal California region are based solely
on seismicity where historic seismicity shows a persistent nonuniform
distribution in an area of otherwise apparently homogeneous geologic
character. The best example is the Ventura Basin (zone c¢28) where historic
seismicity has been concentrated in the eastern portion of the Santa Barbara
Channel (Hamilton and others, 1969; Lee and Vedder, 1973). Other areas
showing like geologic character but distinguished by the nonuniform geographic
distribution of seismicity are the San Pedro Basin (zones c20 and c¢2l), the
Newport-Inglewood-Rose Canyon fault trend (zones cl3 and ¢l2), the margins of
the Salinian Block (zones c34 and ¢35) and the region from San Francisco Bay
to Clear Lake (zones c38 and c39).

This procedure of differentiating zones on the basis of distinctive rates
of seismicity was not followed for the San Andreas fault north of the
Transverse Ranges (zone 24). There are substantial differences in activity
rates and style of deformation along segments of the fault, and equally marked
ditferences in interpretation. On the one hand, Bakun and others (1980) argue
that the ceantral, creeping section of this fault cannot cause high
accelerations or large-magnitude events in the future. Omn the other hand, it
can be argued, on the basis of the similarity of creep behavior to f{ncipient

fracture in metals and rocks, that this region is a likely regioa for the next



large earthquake to occur (see for example, Stuart, 1979). Burford and Harsh
(1980) have addressed this question in terms of strain accumulation and have
concluded that between the two hypotheses, a correct choice based on physical
arguments is not possible at this time. Accordingly, we treat the entire San
Andreas fault as one zone, which implies that the creeping section is capable
of generating a large magnitude earthquake. This appears to be prudent in
light of the conflicting physical arguments.

Along the coast of central California, we have defined the San Cregorio-
Hosgri fault zone (zone 32) as a single seismic source zone. Historic
seismicity relocated by Gawthrop (1975) shows an association with the Hosgri
fault zone. Although there is considerable controversy about the possible
connection of the Hosgri and San Gregorio faults, Silver (1978a,b) concludes
that the faults are linked and that together they constitute the longest
subsidiary fault zone of the San Andreas system. More recent work (leslie,
1981) shows a probable connection between the Hosgri and San Simeon fault
zones that further supports a probable connection between the Hosgri and San
Gregorio faults. On the basis of this model, we have extended zone 32
northward to include the San Gregorio fault, which has both geomorphic
evidence and stratigraphic offset that indicate Holocene movement (Buchanam
Banks and others, 1978). This model produces more conservative ground motions

than one in which the faults are distinct.

Pacific Northwest (Area B, Figure 4): The mostly broad, generalized selsmic
source zones of the Pacific Northwest region shown in Figure 3 are in strong
contrast to the detailed seismic source zones of the coastal California

b
i

tregion. Whereas individual seismogenic faults and general Cenozoic tectonic



development are well known in coastal California on a regional scale, the
Pacific Northwest lacks a unifying regional tectonic model for Cenozoic
tectonism. If such a model were to become available, it could have
significant ramifications for defining future regional seismic source zones in
this region. Results of recent paleomagnetic studies indicate large post-
Eocene rotations of the Cascade-Coast Ranges block of Washingtca and Oregon
(Simpson and Cox, 1977; Magill and others, 1982). Also post-Miocene rotation
of the Coast Ranges is indicated with perhaps the Cascade Range acting as a
tectonic boundary between the Columbia Plateau area and the Coast Ranges block
(Magill and others, 1982). An important question related to the tectonic
development of the Pacific Northwest i{s the origin of intermediate depth
seismicity in the Puget Sound area. Two damazing earthquakes in recent times
had focal depths of 40 km or greatér with NNW oriented normal focal mechanisams
(Algermissen and Harding, 1965). Riddihough (1977, 1978), Riddihough and
Hyndman (1977), Kulm ard Fowler (1974), and Atwater (1970), among others,
provided geophysical, stratigraphic, or tectonic arguments as to why
subduction could be occurring in the northwest; however, other seismological
(Crosson, 1972; Hill, 1978), petrologic (White and McBirney, 1978), and
tectonic evidence (Stacey, 1973) can be used to argue against subduction.

[n lieu of a unifying regional tectonic model, observaticns on the
seographical distribution of seismicity as it relates to geological features
are useful. The youngest orogenic province in the region is the Cascade Range

P ¢l E
itsell,

which has large volumes of Quaternary volcanic rocks. The range
however, has no clear association with a regional seismicity trend (?erkins

and others, [980). The diffuse seismicity of the northern Basip and Range

province in southeastern Oregon also seems to characterize the southern



Cascade Range. The basin and range structure of southern Oregon and northern
California merges with the north-south structure of the 3outhern Cascade
Mountains (Hammond, 1979; an;ll and others, 1982; Lawrence, 1976). The
Eugene-Denio Zone and Mt. Mcloughlin Zone are regions of northwclc—:rcnding
right-lateral shear that extend from the northern Basin and Range province and
offset the Pleistocene~Holocene trend of the southern Cascades by about [0 to
20 km (Lawrence, 1976). The merging of the Quaternary structure of the BaQin
and Range province with the southern Cascades and the characteristically
diffuse seismicity across both provinces indicates that perhaps both are
within a similar seismotectonic regime. The two areas are combined into zone
035.

Perkins and others (1980) have noted that the geographic distribution of
seisamicity {s not continuous across the Northern Cascade Mountains of
Washington. The majority of the earthquake activity is along the extreme
western edge of the province and is probably related to the tectonisa of the
Puget Sound area. On the eastern flank of the Cascades (zone P0OQ4) seismicity
clusters around the Lake Chelan area. A distinctly different history of
Cenozoic tectonic development between the northern Cascades and the southern
Cascades across a boundary coincident with the Olympic-Wallowa lineament
(Hammond, 1979), along with a distinctly different geographic pattern of
historical seismicity, serve as bases for distinguishing zone POO4 from )35.

Within the Puget Sound area itself (zones POOL, POO2) zone boundaries are
based on selsmicity alone as there are no known dominant f{ulrs or known
specitic geologic structures that govern the spatial pattern of seismicity.
The Puget Sound zones are within a broad region that encloses the Puget Sound

Willamette Depression. A zone encloses the Portland, Jregon, area (zone PO3)
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and is based on a general northeast trend of seismicity through the area
(Perkins and others, 1980). West of the Puget Sound-Willamette Depression,
zone POl4 includes the western Coast Ranges and adjacent continental shelf
area. On the south, the Puget Sound-Hilla-nitc Depression terminates against
the Klamath Mountains (zone P008).

In northeastern Oregon and southeastern Washington, zone POOS has a
northwest trend sub-parallel to the Intermountain Seismic Belt in western
Montana (Smith and Sbar, 1974). Zone PO0QS5S represents a regional northwesterly
trend of seismicity (Io > V) noted by Perkins and others (1980) and also
appears to be only part of a more regional belt of moderate strain release
that extends to the southeast into the western Snake River Plain of Idaho
(Algermissern, 1969, Fig. 2). There is a strong northwest trending structural
control of the geologic features in the zone (Newcomb, 1970; Walker, 1377)
most significant of which are features of the Olympic-Wallowa lineamen:
(Skehan,.l965) and the Vail Zone (lLawrence, 1976). However, the control of
these northwest-trending structural zones on the regional distribution of
seismicity is not well understood. To date the most recent surface
deformation (probably by fault movement) noted on the Columbia Plateau is
Holocene in age and occurs on the flanks of the Toppenish Ridge anticline
(Campbell and Bentley, 1981); a member of the east-west family of anticlines
belcaging to the Yakima folds section of the Columbia Plateau (Thorabury,
1965). Also, the largest earthquake to occur in the Columbia Plateau, the
1936 Milton-Freewater earthquake (Mg = 5.75), has been relocated from a
location near the Olympic-Wallowa lineament to a location nearer the northeast

rending Hite fault system (Woodward-Clyde Consultants, 1980). Both the

Yakima folds section and the Hite fault system appear to have some structural



relationship, as yet undefined however, to the more regional northwest
structural grain. The east-west trends of the Yakima folds deflect to the
southeast along a broad northwest-southeast zone coincident with the Olympic-
Wallowa lineament. Southeast of the Hite fault system, numerous northwest
trending normal faults bounding the La Grande Graben align with the strikes of
faults of the extreme western Snake River Plain area. At the intersection
with the Hite fault system, normal faulting {s deflected north and then
northwest along the more northwesterly trend of the Olympic-Wallowa lineament
‘see Newcomb, 1970)., Because of the currently unclear nature of specific
seismogenic features, the area (zone PO05) has been modeled as a broad zone
that emphasizes only regional trends of geologic structure and seismicity.
Expression of more local structure is at variance with the overall trend pf
zone PO05, yet local structure either deflects, or is deflected by, the
overall northwest strike of the regional trends indicating genetic

relationships as yet undefined in a regional tectonic model.

Great Basin (Area C, Figure 4): The Nevada Seismic Zone (zone 031) has been
5 g

distinguished from a more regional zone generally characterized by Holocene
fault displacements (zone 34) (Wallace, 1977a,b; 1978a,b,c). Similarly, the

Southern Nevada Seismic Zone (zone 017) has been separated from a broad area

Oof the southern Great Basin characterized by late Quaternary fault
displacement (zones 017, 018 and 019). Zones 032 and 033 within the Nevada
S€lsmic zone are based on the aftershock zones of large surface rupturing

historic earchquakes.



Zones outlined at the seismic source zone meetings and defined only on
geologic criteria may divide tight clusters of seismicity. This is the case
in the Reno-Carson City-Lake Tahoe area of western Nevada. Boundaries of four
zones drawn at the seismic source zone meetings, based on fault information,
join in this area and segment the northern part of a regional seismicity trend
that follows the Sierra Nevada-Great Basin boundary zone (See Thenhaus and
Wwentworth, 1982). Distributing this seismicity into the zones defined at the
meeting would have resulted in zones of relatively low seismicity that extend
into northeastern California, western Nevada and the central Sierra Nevadas.
This would have resulted in a lower rate of earthquake occurrence in the
immediate Reno-Carson City-Lake Tahoe area. We have chosen to preserve the
influence of the Sierra Nevada-Great Basin boundary on seismicity in this
area. For this reason we have modified the source zones defined at the
meeting and extended zone 029 along the Sierra Nevada-Great Basin Boundary
Zone north to include the Reno-Carson City-Lake Tahoe area.

Zones 037, 038, 039 and 040 encompass and include the Wasatch fault zone
at the eastern margin of the Great Basin. The zones are based on studies of
ages of latest surface displacements along faults in this area as summarized
by Bucknam and others (1980). The zones have been generalized somewhat from
3ucknam 3snd others (1980) to reflect the regional geographic distribution ot
historical seismicity. Except for zone 039, which is characterized by late
Quaternary faulting, zones conterminous to, and including, the Wasatch fault

(zone 040) are characterized by faults having Holocene age displacements.

30



Northern Rocky Mountains (Area D, Figure 4): Seismic source zones of the

northern Rocky Mountains (Figure 3) were drawn to strongly reflect structural
sub-provinces of that region. This approach provides a reasonable
organization for historic seismicity in the region.

Zone 064 is an area of pre-late Pleistocene Basin and Range-type faulting
and includes the seismically active Flathead lLake area of Northwestern Montana
(Witkind, 1977; Sbar and others, 1972). The zone is bounded on the east b}
the north-northwest-striking imbricate thrust sheets of the Disturbed Belt of
western Montana (zone 065) (Mudge, 1970). Both zone 064 and 065 are bounded
on the south by the west-northwest trending St. Marys fault trend (zone
057). A broad zone of seismicity extending from Helena to the Flathead Lake
area (Stickney, 1978) is coincident with the overall west-northwest structural
trend in this area. South of the St. Marys trend, zone 057 is characterized
by mixed northeast, northwest and east-west trending faults. The
Intermountain Seismic Belt (Smith and Sbar, 1974) follows a broad northerly
trend through this area but historic seismicity appears to concegtrate in the
Three Forks Basin area (Qamar and Hawley, 1979).

Zone 055 is an east-west-trending zone that includes the historically

active areas of Hebgen Valley, Madison Valley and Centennial Valley of extreme

southwestern Montana (Smith and Sbar, 1974). Zone 056 is the volcano-tectonic
area of Yellowstone National Park.

The highly seismic areas included in zones 056 and 055 are in ~trong
contrast to the aseismic nature of the eastern Snake River Plain ( e 054).
Perhaps the warm, thin crust of the eastern Snake River Plain cann sture
encugh elastic strain to generate earthquakes. The cooler, thicker western

art of the Plain (included i{n zone 058) however, has had historic seisaic
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activity. An intensity VII was felt at Shoshone, Idaho, on the western part
of the Plain in 1905 (Greensfelder, 1976). Zone 058 includes an area of Basin
and Range-type extensional tectonics ncrth of the Snake River Plain and on the
western edge of the Idaho Batholith. Except for the Challis geothermal area
(zone 059), which i3 characterized by swarm activity, the Idaho Batholith
(zone 060) exhibits very little earthquake activity. Southeast of the Snake
River Plain, the Intermountain Seismic Belt crosses the Overthrust Belt of
southeastern Idaho and southwestern Wyoming (zone 052). Long normal faults

with probable Holocene movements (Thenhaus and Wentworth, 1982) are

earthquake focal mechanism in the Caribou Range of southeastern Idaho
indicates normal faulting generally on strike with mapped normal fanults in
this area (Sbar and others, 1972).

In the Central Rocky Mountains of Wyoming and northern Colorado,
:eismicity appears to be primarily associated with the faulted Laramide age
mountain uplifts (zone 045) whereas the Lar;mide age basins in the area show
very licttle seismic activity (Powder River Basin, zone 049; Big Horn 3asin,
zone 047; Wind River Basin, zone 048; Green River Basin, zone 051; and the
Washaki Basin, zone 046). Interpretations of a deep crustal seismic
reflection line from the Green River Basin, across the southern end of the
Wind River Mountains and into the Wind River Basin, indicate low angle
thrusting along a narrow zone extending through the entire crust to depths of
25 to 30 km. (Smithson and others, 1978). Significant deformation of the
basin sedimentary sequence occurs where the thrust overrides the basin,

superimposed on the older laramide age thrusts in the Overthrust Belt. An
however the central basin area shows no deformation of comparable scale.



Southern Rocky Mountains (Area E, Figure 4): In the southern Rocky Mountain

region, areas of Holocene fault displacement bound the Sangre De Cristo Range
of southern Colorado (Figure 3, zone 043) (Kirkham and Rodgers, 1981) and the
southern margin of the Albuquerque Basin on the La Jencia fault (Machette,
1978) (zone 007). Areas of possible Holocene age displacements are located in
the southern Rio Grande Rift (zone 002) and extreme southeastern Arizona (zone
004) just north of the 1877 Sonora earthquake area (zone 004). Sanford and
others (1979; 1981) consider the Rio Grande Rift (zones 042, 007 and 003) to
be the most seismically active area in New Mexico in historic times with the
majority of seismic activity occurring in the Albuquerque Basin (zone 007).
They also note the apparent association of seismicity with the Jemez Lineament
(zone 008). The northeast margin of the San Juan Basin, San Juan Volcanic
field and Uncompahgre uplift area (zone 04]1) exhibit a moderate level of
seismicity.

The structural continuity of the southwest margin of the Colorado Plateau
is broken by northeas}~trending, Precambrian faults which not only have
controlled the northeastern migration of volcanic activity in the San
Francisco Volcanic field, but also apparently influence the regional
distribution of seismicity (zone 014) (Shoemaker and others, 1978).

The central part of the Colorado Plateau (zone J16) exhibits

significantly less earthquake activity than {ts seismically active margins.

;reat Plains and Gulf Coast (Area F, Figure 4): In the northern Great Plains

there {s an apparent association between a northeast-striking trend of
seismicity through South Dakota and western Minnesota and the Colorado

Lineament as defined by Warner (1978) (Figure 3, zones 067, 068). In
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Minnesota, seismicity is associated with the Great Lakes Tectonic Zone (Simms
and others, 1980; Mooney and Morey, 1981). This zone is gencrally on strike
with the Colorado Lineament to the southwest. Elsewhere throughout the Great
Plains, seismicity tends to be associated with basement uighs such as the
Sioux Uplift, Souixana Arch, and Cambridge Arch (zone 070), central Kansas
Uplift (zone 073), Nemaha Ridge (zones 075 and north part of zone 076), the
Wichita Uplift (also known as the southern Oklahoma Aulacogen; southern area
of zone 076) and the Seminole Arch (southeast area of zone 076). Intervening
basin areas of the Forest City Basin (western part of :one 069), Salina Basin
(zone 074), Denver Basin (zone 071), and the Williston Basin (zone 097) show a
much lower rate of seismic activity. The Anadarko Basin (zome 072) is
somewhat of an exception having four I, > IV earthquakes.

Large seismic source zones enclose the Gulf Coast area (zones 078 and
098). The thick cover of Tertiary sediments in this region obscures the

association of seismicity with what perhaps are deeply buried structures.

Central Interior (Area G, Figure 4): A number of geological and geophysical

investigations have defined reactivated zones of faulting associated with an
ancient crustal rift in the northern Mississippi Embayment (Hildebrand and
others, 1977; Heyl and and McKeown, 1978; Russ, 1979, 1981; Hamilton and Russ
1981; Zoback and others, 1980) (Figure 3, zone 087). The great 131l and 1812
New Madrid earthquake series are located in this zone. Zone )82 extends
southwest from the New Madrid Zone. Regional gravity and magnetic studies
suggest that this area may be a possible continuation of the rift structure.
Another possible interpretation is that the seisamicity of zone 082 may be

associated with structures of the Ouachita Mountains where they are buriled



beneath Coastal Plain Tertiary sediments.

Zones 086 and 081, adjacent to the main zone of the Reelfoot Rift, are
based on the distribution of seismicity. Zone 086 contains a pronounced
northeast trend in seismicity that extends along the geologic contact of
Paleozoic strata of the Ozark Dome with Tertiary Coastal Plain sediments.

This seismicity trend has persisted for a long span of historic time (see
figures |-4 of Herrmann, 1981) but causative structures are unknown. The'
trend appears to be distinct from the main zone of faulting within the Rift in
zone 087. Zone 088 is a northwest trending, narrow zone having a relatively
high concentration of seismic activity. Zone 088 bounds the Ozark Dome on the
northeast and is central to the recently defined St. Louis arm of the Reelfoot
Rift (Braile and others, 1982). Zone 089 includes a large portion of the
Illinois Basin, the Wabash Valley Fault Zone and a possible continuation of
the Reelfoot Rift into Indiana (Braile and others, 1980; 1982). The zone has
been highly seismic historically.

The remaining zones of the central Interior follow the theme evident in
the Great Plains region: seismicity appears to be associated with high
basement features and margins of Paleozoic basins. anes 084, 090, 094 and
080 follow the trends of the Central Missouri High, Mississippi River Arch-
Wisconsin Arch, Cincinnati Arch and Nashville Dome respectively. Zones 092
and 095 are along the gently dipping margins of the Wisconsin Basin (zone 091)

and the Appalachian Basin (east part of zone 093).

Northeast United States (Area H, Figure 4): The most notable change in ti

seismic source zones in this region from the previous source zone zap

(Algermissen and Perkins, 1976) is the segmentation of the ditffuse northwest-
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trending zone of seismicity previously associated with the Boston-Ottawa trend
(Diment and others, 1972; Sbar and Sykes, 1973). An area of low seismic
activity (Figure 3, zone 106) about 100 km wide extending northward through
eastern Vermont and western New Hampshire serves to break the Boston-Ottawa
trend into two discrete segments. In eastern Massachusetts (zone 107),
seismicity has concentrated in the Boston area and offshore. This seismic
activity coincides with the eastern Massachusettes thrust province
characterized by northwest-over-southeast thrusting. The zone of thrusting 1is
near the western margin of the Avalonian Platform, an island arc assemblage '
accreted to the North American continent perhaps in late Precambrian time
(Rast, 1980). Zone 107 includes the thrust province but aiso extends into the
Avalonian Platform in eastern Massachusettes to include an area of moderate
seismicity around Narragansett Basin. It is interesting to note that in
northeastern Massachusetts the strike of the thrust province is normal to the
regional maximum compressive stress axis (Zoback and Zoback, 1980). These
faults may be reactivated in the current stress regime.

Earthquake activity in southern New Hampshire, previously considered part
of the Boston-Ottawa zone, is combined with seismicity in eastern Maine (zone
108). The zome follows the Merrimack Synclinorium which is a regional
tectonic feature of northeastern New England inherited from compressional
tectonism of the Acadian Orogeny (Moench, 1973).

Zones 105, 109 and 111 distinguish the seismically active regions of the
St. Lawrence River and the western Quebec-northern New York area. The zones
are generally similar to those of Basham and others (13979). Zone 113 encloses
a north-trending zone of seismicity peripherial to the Adirondack Mountains

zone 112) and along the Hudson River.
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The Clarendon-Linden fault and its possible northeastern extension across
Lake Ontario (Hutchinson and others, 1979) comprise zone 115. Small
earthquakes have occurred along the fault; some of these are due to solution
mining of salt but others appear to be of tectonic origin (Fletcher and Sykes,
1977). The 1929 intensity VIII Attica earthquake is included In this zone
although it is not entirely clear that the earthquake occurred on the
ClarendomLinden fault.

Zone 103 was drawn primarily on the distribution of historic seismicity
but includes the Connecticut Valley graben, Newark Basin and Gettysburg
8asin. The Ramapo fault (zone 104) has been shown to be a locus of seismic
activity in the region (Aggarwal and Sykes, 1978) although other faults
parallel in strike to the Ramapo may also be associated with seismicity /Yang

and Aggarwal, 1981).

Southeast United States (Area I, Figure 4): Seilsamic source zones in this area

generally follow those of Perkins and others (1979). The regional geologic
bases of zones are (1) the fold belt of the Appalachian Mountains (zone 096);
(2) the thrust faulted Appalachian trend (zone 100); and, (3) a broad zone
including the Piedmont and Coastal Plain (zone 099) that extends offshore to
the western margin of the large Jurassic basins of the Continental Shelf (:one
118). Zone 099 can be characterized as a Mesozoic extensional terrain

ontaining graben and half-graben of Triassic age that were superiaposcd on an

1

older compressional terrain during the incipient opening of the Atlantic
Ocean.

Wentworth and Mergner-Keefer (1981) have suggested that perhaps car'y
Mesozoic normal faults are reactivated in the current stress regime with high

angle reverse movement (as along the Ramapo fault) and are responsible for zhe

L
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COCORP reflection profiling (Cook and others, 1979; 1981). Recent

1982).

historical seismicity in the area.

Attenuation

(Figure 5). The modification of the Schnabel and Seed curves for the

>

and eastern United States is that proposed by Algermissen and Perkins

(1976). In the Puget Sound area for those earthquakes modelled at

greater depth of focus.

intermediate depths, the Schnabel and Seed curves were modified to reflect

however, Armbruster and Seeber (1981) suggest that the 1886 Charleston

decollement zone might have roots beneath the southern Appalachians and

therefore does not extend into the Coastal Plain (Inverson and Smithson,

The Schnabel and Seed acceleration was also used in a modified foram for

acceleration attenuation in the central and eastern part of the country

the zone. These northwest-trending zones are consistent with the trend of

Acceleration attenuation curves developed by Schnabel and Seed (1973)

were used in the western United States (from the Rocky Mountains westward)

-

The unresolved question of the origin of the Charleston earthquake has

led us to retain the northwest-trending zones (zone 101 and 102) as used in

zone (zone 101) has been narrowed to include only the larger size events in

>~

Mercalli Intensity X, Charlestom, South Carolina earthquake. Alternatively,

earthquake was the result of backslip on a low-angle detachment indicated by

reinterpretation of COCORP profiles in the region suggest, however, that the

the 1976 hazard map (Algermissen and Perkins, 1976), although the Charleston

ntral

4

present day seismicity along the eastern seaboard including the 1886, Modified
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The attenuation curves used for velocity were developed by D. M. Perkins,
S. T. Harding and S. C. Harmsen (Perkins, 1980) using the same general
techniques and a portion of the ensemble of strong motion records used by
Schnabel and Seed (1973) in their study of acceleration. Velozity attenuation
curves were developed fur the western United States (from the Rocky Mountains
westward) and for the central and eastern United States (Figure 6). The
velocity attenuation curves were developed such that they would satisfy three
principal requirements: (1) they should have magnitude dependent attenuation
shapes; (2) the magnitude dependence should be specified in terms of
magnitudes present in the historical catalogs, ML for earthquakes less than
6.75 and Mg for larger magnitudes; and (3) the velocity attenuation curves
should be compatible with the Schnabel and Seed (1973) acceleration
attenuation used for the acceleration hazard maps. That is, the curves should
be derived by a similar techaique for a similar set of earthquakes.

A computer program was lesigned to attenuate observed strong motion
records, taking into account both anelastic attenuation and geometric
attenuation of body waves in the manner similar to that of Schnabel and Seed.

For anelastic attenuation, the observed strong motion velocity record was
Fourier-analyzed into its constituent frequency components. The components

were adjusted to standard distances, Ri’ using the factor

-w
- (Ri- Ro)

a'™
where R, {s the distance from the fault rupture at which the strong motion was
recorded. Q is a regional characteristic of attenuation, as the frequency of
the Fourier component and v {s a shear wave velocity, At the =tandard
ilstances the adjusted components were inverse transformed to produce an
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adjusted strong motion record, from which an adjusted peak velocity cgald be
measured. Becsuse the ground motions due to different magnitudes have-
different predominant frequencies, this anelastic attenuation is {mplicity
magnitude dependent.

For geometric attenuatium, the adjusted peak velocities were further
adjusted by the factor

1
b ¢
[E(Ro)/E(Ri)l

where
E(r) = 2LW + 2nzW + 2nrl + Attz

E(r) represents the area of a surface at a distance r from a rectangular
rupture of length L and width W. This surface is a rectangular block whose
adges and corners are circularly rounded with radius r. This surface
represents a surface over which the ground motion energy is distributed. The
energy per unit surface decreases as the distance r increases. Because the
energy in a signal is proportional to the square of the amplitude, the ground
motion amplitude should derease with the square root of the energy and hence
in inverse proportion to the square root of the surface E(r).

The rupture length L, and to some extent the width W, are a Ifunc. ion ol
the earthquake magnitude, and hence the source size effect is magnitude-
dependent for distances of the same order as the rupture size. In the far-

tield, the size-effect factor reduces to Ro/Ri.



This dual-facror process yielded a suite uf curves that were smoothed to
produce average velocity attenustion curved. Attenuation curves for the
western United States were derived using Q = 250, For the eastera United
States the same source characteristics were us@d but the { was changed to
1200.

This process guarantées that the attenuation? %0r eastern and western
United States earthquakes will produce the same near-field ground motions for
the sane epicenttal intensitles.

Because th2 inverse transfarm procews yields reSulis that are less and
less like impulsive ea>*hjuake records the furlher the standard distance is
trom the recorded distance, MNeyoné 500 am rhe infividual earthquake curves
tended to behave unstably. Therefole, far-field attenuations were constrained
to have the same slopes. Thi8 required find<ig a slope in the far field
consistent with the smoothad behavior of ali the curves. To facilitate this,
far-field curves wera recalculated for polnt sources. The far-field slopes
found were -i.77 for the western United Statés attenuation and -!.46 faor tae
eastern United Stdtes attenuation.

The developmeut 9f the va216city attenuat’on curves is briefly lescribed

in Perkins (1980).
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DISCUSSION
A number of factors related to the development and computations of the
new national hazard maps were examined. The factors of mos¢ importance to be
discussed here are (1) the influence of several different fault modeling
techniques; (2) various attenuation factors; (3) variability i{n fault rupture
length-magnitude relationship; and (4) variability in attenuation functions.
Finally, the new maps are reviewed in order to point out significant

differences between the new maps and the Algermissen and Perkins (1976) map.

Faul ag

It .s 4 gova deal faster in the hacard mapping program to model the
affects af point sources than linear ruptures. Hence there is an advantage ia
modeling eartliquakes as point sources when the approximation does not greatly
distort the effective exceedance rates for the mapped accelerations.

Now, for a given acceleration, the rate of exceedance at an arbitrary
point in the source region is directly governed by the area over which that
acceleratior 's exceeded. Given a magnitude and an arbitrary source, the
attenuailon function gives the distance from the source within which a given
acceleratiOn is exceeded. When an earthquake is modeled as a point source,
the area ver whick that acceleration is exceeded is a circle. If that same
eaiihquake is mddeled instead as a rupture source, the area is given by two
halves 6% that point-sorrce circle joined by a rectangular section ot width
@qual to the didme’er of the circle and length equal to the rupture length.
Now whén the ruptures are saall, as with small magnitude earthquakes, or when
t#e radial distance {s lurge, as with small accelerations, the area given by a

. b =

poiu’ source can dpproxigite that given by the rupture source. On the other



hand, when accelerations are l«ile, as are tivise which are close to the
source, or whea ruptures are large, as for large magnitude ecrthquakes, the
area of exceedance may be many times larger for the rupture sourcs then for
the point source, the usual ratio is from ? to i0 times.

Accordingly, for sources having low seismiuity, for which the mapped
accelerations are low, we have used poin. souices up to magnitude 6.4, lor
very active sources, or for scurces with large saximum magnitudes, we have
used rupture sources for magnitudes over 35.0.

Rupture lengths were deteriudred using the equation developed by Mark
(1977). This equation depends heavily on California strike-sl‘p fault daca.

A number of investigators (for example, Evernden, 1975) have suggested that
the fault rupture lengths for earthquakes in the midwest and eastern United
States may be substantially shorter than fault rupture lengths in the west.

We examined the significance of assuming a shorter fault rupture length in Che
midwest and east as compared with the west by computing the 10, 25, and 250
year, 90-percent ext:reae probability accelerations at three cities in the
midwest (Charleston and St. Louis, Missouri, and Memphis, Tennessee) using (i)
Mark's (1977) equation; and (2) fault rupture iengths of one half the fault
rupture length in (1). In both cases above, the earthquékes in cone 087
(figure 3) were modeled as occurring on parallel fauits 5 km apart, filling
the zone. The model faults were given strikes parallel to the northwestern
boundary of zone (087 (figure 7). The results are shown in figure 3. The
largest difference (less than 15 percent) in acceleration resulting from the
two fault rupture length models occurs at Charleston, Missouri. Charleston is

on strike and near the northern end of seismic source zone 087 and could be

assumed to represent a site thac would receive the maximum change {n ground
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Figure 8 - Comparison of acceleration at Charleston and St. Louis,

Missouri, and Memphis, Tennessee, for various exposure times with

a 90-percent extreme probability. The solid lines indicate accelerations
resulting from fault rupture length modeling using the gelaticmship
jeveloped by Mark (1977). The dashed lines are the accelerations
resulting from modeling the faults using one-half the fault rupture
lengths given by Mark (1977). For accelerations at St. Louis, the solid
and dashed lines are approximately the same. See text for discussion.



motion as a result of the two models. At Memphis, the difference in the
acceleration produced by the two models is somewhat less, about ten percent.
The difference in acceleration resulting from the two models is very small at
St. louis, Missouri, about 190 km northwest of the northern boundary of
seismic source zone 087. The conclusion is, then, that in an area of moderate
seism .ity (but with a potential for very large earthquakes), reduction in the
fault rupture lengths as given by Mark (1977) (equation 3, this paper) of 50
percent results in a maximum decrease in acceleration of less than !5 percent
for exposure times greater than about 20 years. For shorter exposure times
the differences in acceleration resulting from the two models are very small
regardless of the site selected.

The effect of another possible variation in fault modeling is illustrated
in the Mississippi Valley again using seismic source zone 087. Recent studies
(Zoback and others, 1980) have shown that seismicity during the past few years
has been concentrated in a narrow zone within seismic source zone 087. Using
the recent seismicity as a guide, the fault zone within zone 087 was modeled
as two faults parallel to, and 2.5 km to either side of the dashed line shown
in figure 7, This 1s essentially a "single fault"™ model. The accelerations
for a range of exposure times at three cities, Charleston and St. Louis,
Missouri and Memphis, Tennessee resulting from the "single fault™ model are
compared with the accelerations computed at the same three citles using
multiple closely spaced faults throughout zone 087 having strikes parallel to
the northwestern side of zone 087. This second model 1is the "multiple fault”

aodel used to model the seismicity in zone 087 for the new national hazard

“ 3 =
aodel 1S

maps. The comparison between ~he "single fault” and "multiple fault

shown in Figure 9. As might ve expected, the largest differences in ground
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sotion between the two models occur for the largest exposure time considered,
250 years. Significant differences between the accelerations occur only at
Charleston, Missouri and Memphis, Tennessee. The accelerations over a fairly
wide range of exposure times is essentially the same at St. Loutis. The
differences between the accelerations generated by the two models at
Charleston and Memphis are interesting. Note that at Charleston, Missourti,
the acceleration resulting from the “"single fault™ model is larger than the
acceleration generated by the “multiple fault™ model by about 30 percent.

This result occurs because Charleston, Missouri is located at the north end of
the “single fault™ model. The “"multiple fault™ model disperses the seismicity
around Charleston resulting in a lower acceleration. Memphis, Tennessee is
near the eastern boundary of seismic source zone 087 such that for the
"multiple fault” model, some faults occur very near Memphis causing a higher
acceleration at Memphis than the “single fault™ model. Memphis is about 70 km
east of the "single fault” model and consequently the ground motion at Memphis
{2 less when the "single fault"” model is used.

As already mentioned, we used the "multiple fault” model to model the
seismicity in zone 087 for the national maps because there is, in our opinion,
{nsufficient evidence to postulate that future large earthquakes within the
time span of interest in this investigation (10 to 250 years) should bde
restricted to a single fault. From the above examples it is clear that the
“sultiple fault™ model is not conservative for all sites. These results show
the importance of refinement of seismic source zones through additional

geologic and geophysical research.



Attenuation

Attenuation of acceleration and velocity with distance is poorly known
for the central and eastern United States because cf the lack of recordings of
strong ground motion and the relatively poor quality of the available Modified
Mercalll isoseismal maps. The larger shocks in the central and eastern United
States occurred, for the most part, in the 19th century before the development
of instrumental seismclogy and before the careful, systematic examination of
earthquake effects. Consequently, differences im attenuation curves for these
4reas may be largé and it is of interest to examine the effects of these
differences. Figures 10 and 11 show selected acceleration and velocity
attenuation curves recently developed by Nuttli and Herrmana (1981) for the
aidwest and eastern United States. Also shown in Figure 10 and 11, for
comparison, are selected acceleration and velocity zttenuation curves used in
this study. The Nuttli and Herrmacn (1981) curves have been redrawn with
magnitudes appropriate for comparison with the attenuation curves used by
us. The national acceleration and velocity maps discussed here were
essentially complete before the Nuttli and Herrmann (1981) curves were
available. It (s therefore interesting to compare ground shaking at selected
points using the two sets of attenuation curves. Figures 12 and 1] show
comparisons between accelerations and velocities computed at St. Louis,
Missouri, and Memphis, Tennessee, using the attenuation curves adopted for
this study and using the curves of Nuttli and Herrmann (1981). The
accelerations computed at St. louis and Memphis using the two different
attenuation curves are considerably different for an ex#os;re time of 10
years, particularly at St. Louis. This effect is probably caused by the

contribution of small to moderate earthquakes to the acceleration at 5t. Louls
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and the appreciable difference in the attenuation curves for small to moderate
shocks. For longer exposure time (greater relative contribution to the ground
motion from larger shocks) the agreement between the accelerations is somewhat
closer. Velocity values for moderate exposure times (50 and 250 years)
computed using the two different attenuation surves differ by a factor of
about 1.5. For the l0-year expcsure time the agreement is somewhat closer.
This result comes from the fact that the two sets of attenuation curves are
quite similar at large distances. AL short return periods, a significant part
of the exceedances of the mapped ground motions comes from distant
earthquakes. At long return periods, high accelerations are mapped, these are
governed by the near-field ground motions of rare, high magnitude eveats. In
the near field, the attenuation functions differ strongly.

Another method of estimating uncertainty in the computed ground motions
is to include parameter variability in the probabilistic ground motion
calculation. Variances are not directly available for the Schnabel and Seed
(1973) acceleration curves Or tﬁe Perkins (1980) velocity attenuation
curves. McGuire (1978) has estimated the standard deviation o, for the
Schnabel and Seed curves as 0.50, and the standard deviation g of the Mark
(1977) fault rupture length relationship as 0.60. For purposes of
{1lustration, variances of 0.50 are assumed for the acceleration and velocity

curves used in this studv. A variance of 0.60 is assumed for the fault

rupture length relationship of Mark (1977). Figure 14 is a map showing the
location of representative profiles of velocity and acceleration computed two
<ays: (1) without variability in fault rupture length and attenuatlion; and

(2) including variability in fault rupture length and attenuation. The
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profiles are shown in Figures 15, 16, 17 and 18. Examination of the four
representative profiles indicates that accounting parameter variability using
this technique results in ground motion increases of from about 5 to 50

percent.

Review of the National Maps:

The main features of the new maps (Plates 1-6) will be reviewed by region
in the following sections together with a discussion of the differences
between the new set of maps and the Algermissen and Perkins (1976)

acceleration map.

Coastal and Southern California (Rglion A, Figure 4): The major differences

between the Algermissen and Perkins (1976) map and the new national maps
result from the greater detail of the seismic source zones used in the new
maps. Considerably more geological information was available for the
development of the new maps (Thenhaus and others, 1980) than was available in
the period 1972-1975 when the Algermissen and Perkins (1976) map was

prepared. This i{s particularly true in southern California and in the coastal
areas. Comparisoa of the 1976 mapped ground motion with the new maps shows
that the levels of ground motion along ~he major features such as the San
Andreas fault are approximately the same for the 1976 and the new national

maps. The levels of ground motion in the coastal area of southern California

are considerably higher on the new national maps than they are on the 1976

£

map; this results from the more extensive delineation of individual faults as
sources zone for the new maps. Additional details of technique ana of the
mapped ground motiom in coastal and southern California area are provided by

Thenhaus and others (1980).
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Pacific Northwest: Historically, significant seismic hazard in this region is

associated with the large (for example, M, = 7.1 in 1949) earthqrakes that
occur at depths of 50-60 ka in the Puget Sound Depression. In the 1976 map,
these earthquakes make the major contribution to the probabilistic ground
motion hazard. Since the preparation of the Algermissen and Perkins (1976)
map, the importance of the December 14, 1872 central Washington earthquake has
become established (Hopper and others, 1982). Also the possiblity of
significant surface faulting has been established. As a result of modeling
these new influences, the new national maps show significantly higher levels
of ground motion in the Puget Sound area than the 1976 acceleration values.
For example, the new 50-year exposure time, 90-percent extreme probability map
shows a maximum acceleration of 0.30 g in the Puget Sound area as compared
with a maximum of 0.15 g on the 1976 map.

These increases result from a change in the approach to modeling the
earthquakes in the Puget Sound area. Because of uncertainty regarding the
probability of occurrence of large shallow sarthquakes (P‘ls > 6.4, depths of
the order of 15 km) in the Puget Sound area, 25 percent of Xhe large
earthquakes were modeled as occurring at shzllow depth and 75 percent were
modeled as occurring at a depth of 50 km in the computation of the new
national maps. Earthquakes smaller than M = 6.4 were modeled at shallow
depth. In the computation of the 1976 acceleration map all of the large
sarthquakes were modeled as occurring at depths of 50 km. A more conservative
position was taken in the preparation of the new national maps because there
is sove svidence that the 1872 shock may have occurred at Sgallgw depths and
because of the magnitude of the 1872 shock (Mg ~ 7.0), Furthermore, there is

evidence of Holocene surface faulting in the western Puget Sound area GCower ,
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1978) which may indicate the occurrence of relatively large, shallow

earthquakes in the recent geologic past. Figure 19 shows the range of ground
motions possible in the central Fuget Sound area assuming various percentages
of earthquakes M, > 6.4 occur at shallow depth and modeling all earthquakes
smaller than M, = 6.4 at shallow depth.

A small increase in the level of ground motions in central Washington
resulted from the reevaluation of the 1872 earthquake data. The ground
motions in central Washington remain low, however, because of the generally

low level of historical seismicity per unit area.

Great Basin (Area C, Figure 4): The level of ground motion in western Nevada

is generally somewhat lower, but dispersed over a broader area than is shown
on the 1976 acceleration map. This result occurs for two reasons. First, the
greater geological input available for the new maps, particularly in the
western Nevada - eastern California area resulted in an entirely different
treatment of the source zones for the new maps in this area. Second, the
maximum wsagnitude in the areas outlined by the aftershock zones of the major
historical earthquakes in western Nevada were limited to M, = 6.0, while the
maximum magnitude of the surrounding zones was M, = 7.3. This approach was
taken because it is assumed that, for the exposure times considered, large
shocks are likely to occur in the Nevada Seismic Zone, but not in the areas
where major earthquakes have occurred historically. This view 1s consistent
with what is presently known concerning Holocene fault movement in western

Nevada.






Specifically, the maximum magnitudes of seismic source zones 022, 032 and
033 were limited te M- 6.0, because these seismic source zones are areas in
which large earthquakes (and their aftershocks) are known to have occurred
historically (Figure 3). The seismic source zones surrounding zones 022, 032
and 033, namely zones 020 and 031, are considered as more likely loci of
future large shocks (at least for the periods of interest for the hazard
mapping considered here). The maximum magnitudes for zones 020 and 031 vere
set at M_ = 7.3. The historical seismicity (for M2 6.0) is taken from zones
022, 032 and 033 and used in the development of magnitude distributions for
earthquakes in zones 020 and 031. The assumption is that large earthquakes
will occur in the future in the Nevada Seismic Zone with about the same
frequency as ian the recent past, but they will not occur in the areas where
large historical earthquakes have occurred. It is further assumed that they
are more likely in the seismic source zones surrounding the aftershock zones
of historical earthquakes (zones 020 and 031).

The modeling process and the resulting distribution of ground motion can
be more clearly seen in Figures 20 and 21 which shows a portion of the Nevada
Seismic Zone already discussed. Figure 20 shows seismic source zones 031, 032
and 033 together with the epicenters of large earthquakes that occurred in
1915, 1932, 1954 and 1959. The resulting 250-year exposure time, 90-percent
extreme probability, velocity is shown in Figure 21. In this type of
modeling, the area between seismic source zones 032 and 033 becomes a kind of

seismic gap with high expected ground motions in the future.
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Ground motion values along the Wasatch fault are higher on the new
national maps as compared with the 1976 acceleration map. Recent work on the
Wasatch fault that indicates recurrence rates of a few hundred years or less
for earthquakes in the magnitude seven range (Swan and others, 1980) has led
us to model the Wasatch fault as an individual source zone with fault rupture,
rather than as a broac zone of seismicity as in the 1976 map. Modeling the
Wasatch fault as a separate zone together with much improved geologic control
for the seismic source zone¢ surrounding the Wasatch fault has substantially
changed the orientat{on of the ground motion contours in central Utah on the

new maps.

Northern and Central Rocky Mountains (Area D, Figure 4): The general level of

ground motion throughout this area remains approximately the same as the 1976
map with some local exceptions. Considerable additional geological input was
available as a result of the workshop conducted on the s:ismotectonics of this
area. The resulting broadened seismic source zones and seismic activities in
each of the zones tended to reduce the expected ground motion in the Helena,

Montana area, a site of several historically damaging shocks and increase the
activity in the Flathead Lakes area (zone 064) a recently seismically active

region (maximum Modified Mercalli intensity Vil earthquakes in 1952 and 1969);

(Coffman and von Hake, 1973).

Southern Rocky Mountains and Southern Basin and Range (Area E, Figure 4):

Despite extensive revision of seismic source zones for this area for the new
national maps, the general level and pattern of ground moticn remains

approximately the same as for the 1976 map. Exceptions are a decrease (I{rom
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the 1976 ground motion levels) in the ground motion in the vicinity of
Socorro, New Mexico, and on the New Mexico-Arizona border near 33°N.

latitude. The decrease in expected ground motion in the Socorro area results
from a reevaluation of the constants a and b in equation i. The decrease in
expected ground motion on the Arizona-New Mexico border results from extensive

revision of the seismic source zones.

Great Plains and the Gulf Coast (Area F, Figure 4): The general pattern of

expected ground motions is much the same on the new national maps and the 1976
acceleration maps. The expected ground motion associated with the Nemaha
Ridge structure (eastern Kansas-Nebraska border area) is lower on the new maps
primarily because of a revision of the constants a and b in equation l. The
seismicity is low throughout area F and the value of tLe constant b in
equation ] was obtained by grouping the seismicity in a number of source zones
together to obtain a larger statistical sample (and more statistically
reliabie & value). The seismicity associated with the zones in the area was
not grouped together to obtain a single b value when the 1976 map was
developed and the b values in this area used in the computation of the 1976

map are probably less stable.

Central Interior (Area G, Figure 4): The expected levels of ground zotion

shown on the new national maps are similar to those on the 1976 acceleration
map with the exception of the higher expected ground motions in the vicinity
of seismic source zone 087 in the New Madrid, Missouri, region. The extensive
geological and geophysical investigations program that has been underway in

the southeast Missouri area for the past six years has made it possible to
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improve our delineation of the most important seismic source zone in the
central interior (zone 087). The significance of various earthquake modeling

techniques in zone 087 has already been discussed.

Northeast (Area H, Figure 4): The new national maps do not use the Boston-

Ottawa trend as a source zone as was the case for the 1976 acceleration map.
The Boston-Ottawa zone used in 1976 has been segmented into a number of
smaller zones and considerable additional detail has been addea to the :zones
in the Boston-New York City area. The net result for the Northeast or a
regional basis is that the expected levels of ground shaking have regained
approximately the same as those derived for the 1976 acceleration map, but the
general orientations of the contours is now northeas:—sOuthgest. More
detailed delineation of structures in the Boston area and northwestern New
York, and ths isolation of specific structures such as the Ramapo fault and
the Clarindon-Linden fault, have resulted in about a 30-percent increase in

expected ground motion in these areas.

Southeast (Area I, Figure 4): The levels of ground motion for the new

national maps are comparable to the levels of expected acceleration shown on
the 1976 acceleration map. The causative fault of the (886 Charleston, South
Carolina, earthquake has not been identified and consequently we have retained
the philoscphy of using historical seismicity to produce a scurce zone for
this area. The uniqueness of the "Charleston zone” (zone 101) as a source of
large earthquakes in the southeast United States is an unresolved issue. If,
however, the historical seismicity of zone 10! is distributed throughout all

of the other zones in the southeast United States, the levels of expected
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ground motion would be decréssed substantially for the "Charleston zone” but

would avt increase appreciably throughout the southeast area. The net result

of this approach is that, for moderate exposure times (10 to 100 years) of
interest for nOrmal cownercial comstruction, the expected ground motions
associated with ¢arthquakes wou'd be of only marginal interest. Whether or

not the expected ground mdtions for long exposure times using this

distribution of s2ismicity would be significant remains a largely unresolved
problem. The seismicity ~f the southeast United States is low and because
specific seismogenic struct&rcl have not been identified, we have chosen to
construct the seismic source zones largely on the basis of the spatial

distribution o historical seisasicity.

CONCLUSIONS

The completion of the six national earthquake hazard maps demonstrates
that interdisciplinary efforts with the objecti.e¢ of integrating geological
atid geophysical data, and interpretations of data, to produce improved
estimates of expected ground motion are possible. The level of geological
input into the preparation of these new maps is perhaps an order of magnitude
greater than was possible in the preparation of the Algermissen and Perkins
(1976) probabilistic acceleration map.

where new geological and geophysical data were available, these data
generally had a substantial impact on the ground motion maps. However, in
large areas of the United States, particularly in the enstn it has not been
possible to demonstrate clear relationships between specific structures and
earthquake occurrence. A major problem in the probabilistic mapping ot ground
motion, particularly in the central and eastern United 5States, is the paucity

of data available for the development of suitable attenuation curves.
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Statistical variability in che attenuation curves, and uncertainty as to which
curves best represent attenuation are the major sources of uncertainty in the
mapped ground motions.

The new maps represent an improvement in the application of probabilistic
ground motion to earthquake resistant desigr for two principal reasons: (1)
the development ot_ggsg acceleration and velocity maps makes possible the
estimation of a response spectrum at a site and comparison of response spectra
at any number of sites under consideration. The response spectrum is the
prin~ipal method of representing ground motion for earthquake resistant design
at the present time. The use of different attenuation relations in the
central-eastern U.S. and in the western U.S. properly takes into account, for
design purpose, the significant high amplitude-long period ground motion in
these parts of the country. (2) The change in earthquake hazard with exposure
time can be estimated at any site because ground motion estimates for three
exposure times--10, 50, and 250 years are available for every site in the
country. It is much easier to select an exposure time (and ground motion)
appropriate to the building usage (and cost amortization schedule where life
loss 1is not a factor) when ground-motion ertimates are available for a range
of exposure times. The probabilistic acceleration and velocity maps are
multiple-use maps that can not only be used in building code applications but
also for regional land use planning, emergency preparedness, insurance
analyses, and preliminary investigations of sites for critical facilities. A
siaple application of the data contained in the maps is shqun in Figure 22
where the maximum accelerations for various exposure times are compared for
three cities. Plots of this type facilitate rapid analysis of the relative

hazard at any number ot locations of interest.
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The present maps are the latest in a series beginning in 1969. Each new
version has been mctivated by (1) the need to represent hazard in a more
useful manner; (2) improvements in the model used to represent ground motion
from an earthquake source; and (3) increase in geological informaticn to
permit more detailed source zone descripctions.

The maps have not only met strongly voiced user needs, but have also
challenged the research community to develop information and techniques to
improve the input to maps of this sort. The Algermissen and Perkins (1976)
probabilistic acceleration map was crucial to the development of the Applied
Technology Council's seismic regulations for buildings (1978). Much of the
renewed interest in Holocene and Quaternary geology has been sustained and
justified by possible use in hazard maps.

Further improvements in this sort of hazard mapping will come from.
advances motivated, in part, by the present map. In some states other than
California, research in Holocene geology will soon make it possible to produce
regional maps at detai. approaching that cf the California hazard map
presented in this paper. A California map can today be begun at even greater
detail. Through careful geological investigations of recurrences of zajor
faults 1t should be possible within the next two years to provide hazard maps
which replace the Poisson assumption with time-dependent distributions for

which the hazard increases with time from the last large event or an event of

interest.



Table l.--Seismic parameters for source zones

No. of Modified

Zone Mercalli Maximum Maximum
No.* Intensity V's by Magnitude
per year e
p001 0.11010 -0.40 7.3
p002 0.43510 -0.40 T+3
p003 0.1 2440 =0.54, 7.3
P04 0.34840 ~0.62 7.3
p005 0.12390 -0.62 7.3
po06 0.02831 -0.62 7+3
p008 0.01642 -0.42 7.3
po09 0.20850 -0.28 7.9
p010 0.4 5200 -0.28 7.9
poli 0.96370 -0.28 1.9
po12 0.37090 -0.28 7.9
pol13 0.69020 -0.28 7.9
p0 14 0.10940 -0.42 143
P15 0.34480 -0.42 7.3
p016 0.04926 -0.42 73
poL7 0.87860 -0.28 1.9
pO18 , 0.18810 -0.54 7.3
pol19 0.04090 -0.54 7:3
c001 0.62770 -0.42 &3
02 0.15700 -0.42 T
c003 0.31960 -0.42 7.3
004 0.31960 -0.42 T3
c005 0.04843 -0.42 6.1
006 0.15700 -0.42 743
007 0.15700 ~0.42 £wd
008 0.04740 -0.42 6.1
c009 0.04843 -0.42 6.1
010 5.18190 -0.42 6.1
cOll 0.77010 -0.42 7.3
12 0.19050 -0.42 73
cO13 0.35840 =0.42 743
dlé 0.91990 -0.66 79
cOl5 1.49200 -0.45 19
dle 0.22560 <03 7 49
cOl7 0.02760 -0.48 73
018 1.09200 ~(0.49 P
c019 C.31980 -0.62 6.7
020 0.19280 Q.42 6.1
c021 0.10880 -0.42 h.l
22 0.02422 () A2 o |
c023 0.11650 =0:37 9
24 1.97000 -0.43 8.5
c025 0.0 5085 -0.59 7.3
26 0.09145 =) I3
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Table l.--Seismic parameters for source zones--continued

No. of Modified

Zone Mercalli Maximum Maximum
No.* Intensity V's by Magnitude

per year Mh*

c027 0.03437 -0.37 73
028 0.13010 -0.37 T
c029 0.02350 -0.37 y 5|
030 0.03630 -0.42 6.7
c031 0.47580 -0.51 6.7
032 0.55190 -0.45 7.9
c033 0.2 3070 -0.37 7.9
034 0.67120 -0.51 7.9
c035 0.02325 -0.60 7.3
36 0.35220 *(sd? 6.7
c037 0.81950 -0.51 6.1
038 0.82680 -0.54 7.9
c039 0.35810 -0.45 79
40 0.15820 . -0.42 6.1
c041l 0.08448 -0.37 7.9
001 0.22700 -0.73 F A
002 0.0 3600 -0.73 T3
003 0.08800 -0.7 h.l
004 0.22700 -0.54 7.3
005 0.09100 -0.73 s
006 0.13500 -0.73 T3
007 0.41900 -0.73 T
008 0.21100 -0.73 5.1
009 0.19400 -0.54 6.l
010 0.20800 -0.54 7.3
011 0.55100 -0.64 7.3
012 0.34900 -0.64 Y
013 0.05500 -0.54 73
014 0.49000 -0.73 7.3
0l5 0.01800 -0.73 0.7
0l6 0.14600 -0.73 6.1
017 0.69300 -0.59 Lvd
0138 0.26100 -0.54 e
| 019 0.11717 -0.54 7.3
| 020 1.84900 -0.64 .
| 022 1.19600 -0.04 t hel
023 Jol 3350 -0.54 fedd
024 0.27400 -0.64 Fowid
D25 0.16800 -0.64 ol
026 0.47700 -0.64 6,1l
027 0.11100 -0.64
029 1.31900 -0.64 4%
030 0.58800 -0.64 743
031 1.82685 -0.54 fad

~4
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Table l.~--Seismic parameters for source zones--continued

No. of Modified
Mercalli Maximum Maximum
Intensity V's Magnitude
per year Mh®

0.48114
0.08557
0.6 2380
0.20070
0.01800
0.05100
0.80600
0.12000
0.29100
0.24400
0.01800
0.04600
0.11300
0.45600
0.01274
0.00427
0.00329
0.01663
0.17000
0.01706
0.19000
0.03600
0.01800
0.67300
0.17700
0.66200
0.19800
0.19200
0.03600
0.08900
0.03600
0.12900
.34400
).15200
.01800
.07715
0.02894
0.00588
0.03552
0.01176
0.02026
0.02353
0.00270
0.06510
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Table l.-—Seismic parameters for source zones--continued

No. of Modified

Zone Mercalli Maximum Maximum
No.* Intensity V's by Magnitude
per year M %
076 0.14742 -0.46 6.1
077 0.03469 -0.46 6.1
078 0.04389 -0.46 6.1
079 0.03082 ~0.46 6.1
080 0.02987 -0.46 6.1
081 0.02044 =0.46 6.1
082 0.03552 -0.46 6.1
083 0.J0996 -0.46 6.1
084 0.04117 -0.46 6.1
085 0.03802 -0.46 6.1
086 0.04626 =-0.46 6.1
087 0.29865 -0.46 8.5
088 0.09703 -0.46 6.1
089 0.15689 -0.46 6.1
090 0.06103 -0.46 6.1
091 0.00644 -0.406 6.1
092 0.02661 -0.46 6.1
093 0.02680 -0.46 6.1 ¢
094 0.10835 -0.46 6.1
095 0.05901 -0.46 6.1
096 0.02675 ~-0.46 6.1
097 0.01156 -0.46 6.1
098 0.01215 -0.46 6.1
099 0.24830 -0.50 73
100 0.42290 ~-0.50 7.3
101 0.18720 -0.50 s
102 0.09532 -0.50 7.3
103 0.33150 =-0.50 703
104 0.05544 -0.50 7.3
106 0.01952 -0.50 6.l
107 0.19100 =0,30 743
108 0.29390 -0.50 8.7
109 0.10650 -0.50 7.9
110 0.30220 -0.50 1:9
111 0.32430 =0.50 7.9
112 0.01532 =0.50 6.7
i i3 0.07432 -0.50 6.7
114 0.00754 -0,50 b7
115 0.05834 -0.50 /3
116 0.06783 -0.50 6.7
117 0.03950 -0.50 7.3
ii8 0.01334 -0.50 Fed

*The zones are shown in Figures 2 & 3
**See text for definition of M
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20555

DISTRIBUTION FOR BOARD NOTIFICATION

RE: U.S.G.S. OPEN FILE REPORT ON PROBABILISTIC ESTIMATES OF MAXIMUM
ACCELERATION AND VELOCITY

Docket File -50-133 IN ROCK IN THE U.S.
NRC PDR (BOARD NOTIFICATION NO.
LPDR 82-123)
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