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ABSTRACT

Although large and damaging earthquakes occur in the cen-
tral and eastern United States (CEUS), no comprehensive
and scientifically sound physical models have proven to be
reliable indicarors of where furure large earthquakes are likely
to occur in this region. This situation forces seismologists
who are artempring to estimare the seismic hazard in CEUS
to rely heavilv on the observed record of seismiciey as an indi-
cator of where future large earthquakes are likely to occur. In
this study, the hypothesis that seismicity delineares arcas
where large carthquakes are likely to occur in CEUS (as well
as in other regions) is tested and sraristically analyzed. These
analyses are then used as a basis for quantifying and giving
statistical bounds for the percentage of large earthquakes in
CEUS rthat can be expected to occur in areas where previous
earthquakes have occurred. Based on the dara analyzed in this
study, I estimate that at least two thirds to three fourths of the
furure large earthquakes in CEUS will occur in zones delin-

eated by historical seismicity.

INTRODUCTION

Intraplate regions such as the ceneral and eastern United States
(CEUS) present a challenge to seismologists working on the
problem of characterizing the earthquake hazard. On the one
hand, large and damaging earthquakes occur in CEUS, but on
the other hand there are few (if any) cases in which well docu-
mented active faults were identified prior 1o these earth-
quakes. Furthermore, no comprehensive and scientifically
sound physical models have proven to be reliable indicators of
where future large earthquakes are likely to occur in this
region. This situation forces seismologists who are attempting
to estimate the hazard to rely heavily on the observed record of
seismicity as an indicator of where furure large earchquakes are
likely to occur in CEUS (e, Frankel, 1994; Frankel e al,
1996; Wheeler and Frankel, 2000). Thus, it behooves us
test the underlying hypothesis that furure earthquakes tend to
occur where past earthquakes have occurred.

The purpose of this study is to use carthquakes that have
already occurred, both in CEUS and elsewhere, to statistically
test the hypothesis thar seismicity delineares areas where
future large carthquakes are likely to occur. The primary
objective of this study is to investigate this hypothesis for
CEUS earthquakes, | also address this issue for other regions,
however, bath for comparison with CEUS and to gain more
general insight into the extent to which selsmicity can be used
as an indicator of where furure large earthquakes are likely o
QCCUr.

BACKGROUND

In spite of efforts over many years to understand the cause of
CEUS earthquakes, the models that have been proposed to
explain these earthquakes tend to be in the caregory of con-
jecture or interesting speculation awairing scientific hypothe-
sis testing, rather than scientifically sound theories. Most
models claiming to explain CEUS earthquakes are some vari-
ation on a “pre-existing zones of weakness” model (&g, Sykes,
1978). In this model, it is conjectured that preexisting faulrs
and/or other geological features which formed during ancient
geological episodes persist in the intraplate crust. By way of
analogy with plate-boundary seismicity, carthquakes then
supposedly occur when the present-day stress is released along
these zones of weakness, Much of the research on CEUS
earthquakes has, therefore, involved attempts to identify pre-
existing faults and other geological or geophysical fearures
that might be “reactivated” by the present-day scress held
(e.g., Aggarwal and Sykes, 1978; Talwani, 1982; Seeber and
Dawers, 1989; Kafka and Miller, 1996; Marshak and Taul-
son, 1997; Wheeler and Frankel, 2000).

While this concepr of reactivation of old zones of weak-
ness is commonly assumed to be valid, in reality the identifi-
cation of individual active geological features has proven to be
quite difficulr (eg, Kafka, 2000). Thus, the relationship
berween locations of earthquakes and Faults or other geologi-
cal/geophysical fearures in CEUS is, for all practical purposes,
still unknown.
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The CEUS portion of the 1996 National Seismic Hazard
Maps {developed by the U.5. Geological Survey) does not
rely very heavily on presumed correlations berween earth-
quakes and geological structures, Rather, it is heavily
weighred roward using the observed record of scismicity ta
characrerize the seismic hazard (Frankel, 1995; Frankel er af,
1996; Wheeler and Frankel, 2000). Following Wheeler and
Frankel (2000), I use the term “geology-based hypotheses™ as
shorthand for hypotheses based on informarcion about geo-
logic structures (including faults and fault zones) and tecron-
ics, and “seismicity hypothesis® as shorthand for the
hypothesis that seismicity delineares where future large earth-
quakes are likely to occur.

These owo types of hypotheses are, of course, not neces-
sarily murually exclusive. The actual occurrence of earth-
quakes in CEUS and elsewhere can probably be explained by
some combination of the two (plus perhaps some other as yet
unarticulated hypotheses). Thus, an important question
regarding carthquake hazard analysis in CEUS is, how do we
decide how much weight to assign o the various hypotheses?
The primary objective of this study is to shed light on the
question of how much weight o assign to the seismicity
hypathesis.

METHOD
Statistical Hypothesis Testing in Earthquake Studies

Statistical hypothesis testing is difficulr in earthquake studies,
While hypotheses should be tested on multiple independent
dara sets, in earthquake studies we often have only one
observed data set: the observed record of seismicity. (For
additional discussion of issues related to hypothesis resting in
earthquake studies, see Rhoades and Evison, 1989.) Despire
this constraine that is inherent to studies of this type, I use
multiple data sets thar are ro a large extent independent of
each orther to rest the seismicity hypothesis for CEUS. 1 do
this in three ways: First, I evaluate how well seismicity “ret-
rodicts™ CEUS earthquakes that have already occurred. Sec-
ond, I compare how well seismicity retrodicts earthquakes
across the entire CEUS with how well it rerrodicts earch-
quakes on smaller scales, specifically regional network scales
in subregions of CEUS. Finally, I evaluate how well seismicity
retrodicts earthquakes that have occurred in other regions
(including a variery of rectonic environments) and compare
the CEUS resules with results from other regions.

There is a conceprual difference berween testing the seis-
micity hypothesis versus testing geology-based hypotheses. In
the latrer case, the dara ser used to test the hypaothesis is often
the same data set that was used to formudate the hypothesis (or
is at least a dara ser thar is not independent of thar used o for-
mulare the hypothesis). Even if a later-occurring catalog of
seismicity is used to test a geology-based hypothesis, thar dara
set is likely to be dependent on the data used to formulare the
hypothesis because (1) the data ser may conrain aftershocks of
the earthquakes used to formulate the hypothesis, and/or (2)
the stress released by the earthquakes used to formulare the

hypothesis has changed the potendal for earthquake occur-
rence In the study region. In the case of the seismicity
hypothesis, however, the development of the hypothesis is
not based on any particular distribution of seismicity; rather,
it is based on an intuitive sense that it is reasonable to imagine
that furure carthquakes (whether they are aftershocks or
future mainshocks) will occur in areas where earthquakes
have accurred in the past. Such an hypothesis is, therefore,
formulated independently of the dara vsed o test the
hypothesis.

Testing the Seismicity Hypothesis

The physical model being tested here is simple and straighe-
forward: Within a given region, some areas are hypothesized
to be seismically active for a wide range of magnitude levels,
and some are not. The smaller, more frequent, earthquakes in
a region are assumed to be a staristical sample of areas thar are
prone to experience earthquakes. For each region analyzed, |
define a “small-earthquake catalog” as the catalog that
extends from the earliest time and smallest magnitude for
which the catalog is complete up to the year before the begin-
ning of a “large-earthquake caralog” for that region. The
objective, then, is to evaluare how well the areas delineared by
the small-earthquake catalog forecast the locations of the
“future” large carthquakes. The specific magnirude cutoffs for
“small” and "large” earthquakes depend on the level of mon-
itoring and the level of earthquake acrivity in the region.

The method used for this study is analogous to the con-
figuration of a cellular phone system. Circles of a given radius
are CDIIE[[FICth ELl"DIIl'.I.'I:I. I:'E.CI.'I. CPiCEHl'CI 1n a sma.ll-t':lnhqu:lkc
catalog, and the percentage of large carthquakes thar occurred
within the given radius of at least one previous small earth-
quake is systemarically investigated. This is a rather simple
method of characterizing the small-earthquake seismicity, but
we tried more complex approaches and found thar the resules
were not significantly different from what we obrained using
this “cellular” method (e.g., Kafka and Levin, 2000).

This method is illustrated in Figure 1 for the case of
CEUS. Circles of a given radius are constructed around each
cpicenter in the small-earthquake catalog (m= 3.0,
1924-1987), and the radius is varied so that the interiors of
the circles fll up a given percentage of the map area. Then the
earthquakes in the “future” large-earthquake canalog (m 2
4.5, 1988-2001) are analyzed to see whar percentage of them
occurred within thar given radius of at least one of the earth-
quakes in the small-earchquake caralog. In the case illustrared
in Figure 1, | have chosen the radius of the circles ro be large
enough so that their interiors fill 33% of the map area (off-
shore parts of the map are not included in the area calcula-
tion). If at least one previously occurring small earthquake is
within the specified distance of a given large earthquake, [ call
that a “hit.” In the case illustrared in Figure 1, che radius thar
is sufficient to All 33% of the area is 36.0 km, and for thar
tadius there are 91% hirs,

The zones created by using a radius large enough o hll
33% of the map area were chosen as an operational definition
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Central and Eastern United States

m = 3.0 (1924-1987)
m 2 4.5 (1988-2001)

91% Hits

A Figure 1. llustration of method used in this study. Green shading shows areas surrounding the 19241987 catalog of small earthquakes (m 2 3.!:#} in
CEUS, calculated using the cellular method describad in the text, Radii of circles surrounding the epicenters are chosen such that 33% of the map area is filled.
Red symbals indicate epicenters of large earthquakes (m = 4.5) that occurred in CEUS between 1988 and 2001,

of areas where the small-earthquake seismicity is concen-
rated, This arbitrary choice of one third of the map area is
used below only for the purpose of illustration. Figure 2
shows that choosing some other percentage of area for the
operational definition does not change the essenrial conclu-
sions of this aspect of the study. The graphs shown in Figure
2 are for CEUS, rthe northeastern United Seates (NEUS), and
southern California (SCA), as well as for a synthetic random
distribution of small and large carthquakes. For each case, the
graphs show the percentage of hits as a function of the per-
centage of map arca. For the three cases of real dara, the per-
centage of hits consistently exceeds the percentage of map
area; for the random case, the percentage of hits scarrers
around the percentage of map area. Based on these types of
results. it seems reasonable to conclude thar the large earth-
quakes do indeed seem to be preferentally occurring in areas
of previous seismicity (Kafka and Walcotr, 1998; Katka and
Levin, 2000). While this result is hardly surprising, Figure 2
suggests that is may be possible ro quanrify and thus staristi-

cally analyze the extent to which previous seismicity delin-
eates locations of future large earthquakes.

The idea behind using percentage of map area for the sta-
ristical analysis presented here is to base that analysis on a
dimensionless variable that captures the concept of zones
delineated by seismicity within a given region. We want this
variable to be dimensionless so that we can compare regions
of different sizes, and it should also capture a combination of
the characteristics of proximity to previous earthquakes and
discribution of seismicity, We also want to choose a variable
that is not overly dependent on the particular shape of the
acrive zones of seismiciry. The percentage of map area covered
by circles of a given radius surrounding the smaller earth-
quake seismicity is chosen as a variable thar, at least to some
extent, satisfies these criteria, One might envision that the
radius of the circles surrounding the epicenters might be a
better (and more fundamenral) variable to use for this pur-
pose because it is more directly related to the physics of the
carthquake process. Later in this paper | present an empirical
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A Figure 2, (Above) Percentage of hits as a function of percentage of map area surrounding the small-earthquake catalog for CEUS, NEUS, and SCA. Also
shown is Lhe same calculation for a tes of randomly distributed seismicity catalogs of karge and small earthquakes for a hypothetical region. In this case, both
the small- and large-garthquake catalog events are randomly distributed spatially over an arbitrary 10° » 107 region, (Below) lllustration of the relationship

betwsen rand £ for the statistical analyses discussed in this paper

analysis demonstrating that percentage n{:map area is a berter
variable than radius in terms of saﬁsﬁdng the criteria
described above.

Statistical Analysis

The next question I address is whether the concepr of
DI:FEETV'E[]. FCIU'EHTEEE U'.F ].'I.itE ﬁ]l’ i E:i."r"fl'.l. p::n;-::nt‘.lgr: U'.F IIIII.'IJ area
has any physical, or at least statistical, meaning, We begin by
imagining that we are investigating a region in which earth-
quakes occur but for which we are ignorant of the cause of
those ra.rthqualtt':i (this is quite a realistic assessment of the
situation for CEUS). In Figure 1, which shows the applica-

tion of the “cellular” method to the CEUS data, the green
shading shows areas surrounding the 1924-1987 small-earth-
quake caralog (m = 3.0}, and the red symbols indicare epicen-
ters of large earthquakes (m = 4.5) thar occurred berween
1988 and 2001. Thus, the question is, to what extent does
the green shading delincate areas where future large earth-
quakes (red symbols) are likely to occur? Let the logic of the
problem be defined as shown ar the bortom of Figure 2.

In Figure 2, the ratio r, is the percentage of map area cov-
ered by circles of a given radius surrounding the smaller-
earthquake seismicity, and 7 is the percentage of furure large
earthquakes that are observed to occur within thar given
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radius of at least one of the smaller earthquakes. Consider the
range of all possible values of 7 for a given value of . On
one end of the spectrum, we could imagine thar # could be
absolutely any value between 0 and 1, regardless of the infor-
mation content in the spadal discribution of smaller carth-
quake seismicity. On the other end of the spectrum, we could
imagine thar the narure of earthquake processes (eicher specif-
ically for CEUS or for carthquake processes in general) is
such that there is some more systemaric shape to the distribu-
tion of possible values of 7.

To gain additional insight into the narure of thae distribu-
tion, ler us nexr consider the sources of variation for 7. There
are a number of reasons why we would expect vaniation in the
observed percentage of hits. First, variation may be due to dif-
ferences in the earthquake processes in the regions as a resulcof
different selsmotectonic environments. Second, there may be
differences in the extent to which the specific small-earthquake
catalogs are representative “snapshots” of the longer-term seis-
micity in the regions (eg.. different small-magnirude curoffs,
different levels of catalog complereness, different lengths of
records of small-carthquake seismiciry). Finally, of course, there
is random variation due to having taken samples of the popu-
lation of all possible carthquakes that could occur in the region.

The approach that I take in the statistical analysis that
follows is to treat the observed percentages of hits ( 7 ) as sam-
ples of a random variable. Specifically, I ler the interior of the
33% area contour be an operational definition of areas “near”
previous small earthquakes, and I assume thar a random vari-
able (7) exists corresponding to the percentage of large earth-
quakes that tend to occur “near” previous small earthquakes.
The process of examining whether or not a given large earth-
quake occurs within the 33% area contour is treated as a
binomial experiment in which the binomial randem variable,
R cﬂrrcipc:nds to the prnbahilil:jr of “success” (i.e., within the
green shaded area) and 1-7 corresponds ro the probability of
“failure.” The statistical analyses presented below are based on
this formulation of the problem.

ESTIMATING THE DISTRIBUTION OF r VALUES
FOR CEUS

Having observed 91% hits for CEUS (with =, =0.33) is
encouraging in terms of supporting the idea of using seismic-
ity as an indicator of locations of future large carthquales.
However, this one observed value of 7 does not provide a
great deal of insight into the more general problem being
investigated here. Since it is only one observation, it is diffi-
cult to discern whether it is just a coincidence thar we
obtained such a high value for 7. What we really want to
know is what the distribution of v is, so that we can decide on
an appropriate estimate of » for CEUS (as well as statistical
bounds on that estimate). The only way to estimare what thar
distribution might look like is to conducr the same type of
investigation for other realizations of the same process.
Strictly speaking, we would have to wait several hundred
years to obrain the data necessary to estimarte the distriburion

of # for CEUS. We can, however, make a first step roward
estimaring thar distribution by applying the same method o
earthquake caralogs in other regions and at other scales. We
can then ask, is this tendency for a high percentage of large
carthquakes in CEUS to occur near previous known epicen-
ters a coincidence for this particular data set, period of time,
rectonic environment, and scale? Alrernatively, there may be
some peneral, fundamental measure of the tendency for
fueure large ecarthquakes to occur in areas where earthquakes
have occurred in the past, regardless of rectonic environment
and scale.

In the next two sections, | use dara from regional ner-
works within CEUS as well as data from regions in other rec-
tonic environments to obtain a rough cstimate of the
distribution of 7 for r, = 0.33. The statistical analysis pre-
sented below is only for #, = 0.33, bur we have conducred
similar analyses for other values of r, and have found char the
essence of the results does not depend on the specific choice
of the value for r,,

TESTING THE SEISMICITY HYPOTHESIS FOR
REGIONAL SCALES WITHIN THE CEUS

Within CEUS there are three regional caralogs that were ana-
lyzed in this study (Figure 3): NEUS, SEUS, and New
Madrid (NM). Figure 4 shows an example of the application
of the cellular method to one of these regions (MEUS). For
that case, the small-canhqu:lkt uat'.tlcrg consists of all earth-
quakes of magnitude 2.0 and greater during the rime period
1975-1987, and the large-earthquake catalog is for magni-
tude 4.0 and greater for 1988-2001,

The results for all three of these regions are shown in Fig-
ure 5 and Table 1. Also shown in Table 1 are the magnirude
curoffs for the small- and large-earthquake caralogs for each
region, as well as the radii that correspond o 33% of the map
arca for each case. The values of 7 for these regions range
from 0.60 to 0.89. Based on these results and the resules for
the entire CEUS, we would conclude that an estimate of the
range for the distribution of 7 would be 0.60 t 0.91.

The next question | address is whether there is any staris-
tically significant difference in the observed values of # when
the cellular method is applied to regions in different tectonic
environments.

TESTING THE SEISMICITY HYPOTHESIS IN OTHER
TECTONIC ENVIRONMENTS

As was done in the previous section for smaller regional scales
within CELS, here the method described above is applied w
earthquake catalogs in regions within different rectonic envi-
ronments (Figure 3). The specific regions analyzed are SCA,
northern California (NCA), Pacific Northwest (PNW), Tur-
key (TKY), and Israel (ISR). Figure 6 shows, as an example,
the derails of the results for SCA. In the case of SCA, the
small-earthquake caralog consists of all earthquakes of magni-
ude 3.0 and greater during the time period 1984-1987, and
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A Figure 3. Map indicating locations of all regions analyzed in this study. Regional network data are from nartheastern United Stales (NEUS), southeastern
Uniled States (SEUS), southern California (SCA), northern California (NCA), New Madrid (NM), Turkey (TKY), Isragd (ISR), and the Pacific Northwest (PNW).
For CEUS, | used the calalog that was developed for the 1996 National Seismic Hazard Maps.

Northeastern United States

aF-=--

m=2.0(1975-1987)
m = 4.0 (1988-2001)

78% Hits

A Figure 4. Green shading shows areas surrounding the 19751987 catalog of small earthquakes {(m = 2.0) in NEUS, calculated using the cellular method
described in the text, Radii of circles surrounding the epicenters are chosen such that 33% of the map area is fillad, Red symbols indicate epicenters of large
earthquakes (m = 4.0} that accurred in NEUS between 1988 and 2001,
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TABLE 1
Parcent Hits for 33% Area, 1986-2001
Number of
Region* Type Radius (km)** Earthquakes Number of Hits %Hits
CEUS (3.0, 4.5) IP 36.0 23 21 1%
ISR (4.0, 5.0) FB 48.0 55 46 84%
MCA (3.0, 5.0) FB 10.0 112 68 B1%
NELIS (2.0, 4.0) IP 15.5 37 29 78%
MM (2.2, 3.2) IP 13.5 37 33 89%
SCA (3.0, 5.00 PB 13.2 78 62 79%
SEUS (2.0, 3.5) IP 31.0 30 18 60%
TKY (4.3,5.3) FB 26.0 a7 29 62%
PNW (2.5, 3.5) PB 9.2 42 36 86%
All PR 334 241 2%
All 1P 127 101 B0%
7 (PB) = 72% z[fqPB}—fuP}] =-162 = pvalue=0.11
7 {IF) = 80% For G =0.71:
F=T74% Z2(f - ) =1.64 = pvalue=0.05

*Mumbers in parentheses are small- and large-magnitude cutoffs, respectively,
**Radius necessary to fill 33% of the map area.

PB = Plate Boundary
IP = Intraplate

Farthquake catalog data for these analyses have been obtained from Center for Earthquake Research and Information, Geophysical Institute of Israel,
Kandilli Observatory and Earthquake Research Institute, Lamont-Doherty Earth Observatory, Massachusetts Institute of Technology, Northern Cali-
fornia Earthquake Data Center, Pacific Northwest Seismograph Network, Southerm California Earthquake Center, U.S. Geological Survey, Virginia
Polytechnic Institute, and Weston Observatory,
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A Figure 6. Green shading shows areas surrounding the 1984-1987 catalog of small earthquakes (m = 3.0) in SCA, calculated using the cellular method
described in the text, Radii of circles surrounding the epicenters are chosen such that 33% of the map area is filled. Red symbaols indicale epicenters of large

earthquakes (m = 5.0) that occurred in SCA between 1388 and 2001.

the large-earthquake catalog is for magnitude 5.0 and greater
for 1988-2001. The results for those regions are shown in
Figure 5 and Table 1. The values of # for these regions range
from 0.61 to 0.86 (a range that is quite similar to that
obtained for the CEUS intraplare examples described above).

These results from other tectonic environments provide
an opportunity to address the question of whether the per-
centage of large earthquakes thar rend to occur near previous
small earthquakes depends on the tectonic environmenrt of
the region studied. 1 explored this question by testing the
hypothesis thar the propartion (#) of large earthquakes occur-
ring near previous small earthquakes is the same for plate-
boundary (PB) regions versus intraplate (IF) regions. For this
hypothesis test, the null hypothesis is that the percentage of
large earthquakes thar tend o occur near previous small
earthquakes is the same for IP versus PB regions. The alterna-
tive hypothesis is that the percentages are different for the two
types of regions.

Let APB) and AIP) be the proportions of large earth-
quakes thar tend to occur “near” previous small earthquakes
(r.e., within the 33% map area contours) in plate-boundary

and intraplate regions, respectively, and ler the observed per-
centages be 7 (PB) and # (IP). Also, let the population pro-
portion and observed proportion for all of the data lumped
together be rand 7, respectively. The hypotheses to be tested
are

Hy: nPB) = A(IP) and
H,: APB) # AI"), (1)
where H, is the null hyporhesis and H, is the alrernarive

hypothesis. The appropriate rest statistic for this binomial
experiment is (e.g., Weiss and Hasserr, 1982):

o F{PB};F{IP} 1 o
\”"{H} n{PBJ+n{IFJ]

where #(PB) and »(IP) are the numbers of large earthquakes
in the PB and IP regions, respectively.
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A Figure 7. Distribution of F based on the data analyzed in this study. The £ values shown here are calculated for r,= 0.33.

Considering ISR, NCA, 5CA, TKY, and PNW to be PB
regions, and CEUS, NEUS, NM, and SEUS to be IP regions,
we find thar # (PB) =0.72 and # (IP) = 0.80 (see Table 1).
This difference in observed percentages yields a z value of
~1.62, which corresponds to a statsrical p value of 0.11,
implying thar there is not sufficient evidence o reject the null
hypothesis ar the 90% level of statistical significance. Thus,
although there may be differences in r values berween plate-
boundary and intraplate regions, these observations do not
provide strong evidence of such differences. For the remain-
der of this paper, theretore, it will be assumed that the rvalues
tor all the regions shown in Figure 3 can be combined
together to estimare the distribution of 7 (Figure 7).

PERCENTAGE OF MAP AREA AS A VARIABLE THAT
CHARACTERIZES PROXIMITY TO PREVIOUS
EARTHQUAKES AND DISTRIBUTION OF
SEISMICITY

In this study, percentage of map area () is used as a dimen-
sionless variable thar is intended to capture the characteristics
of proximity to previous earthquakes and distribution of seis-
micity. The idea behind basing the statistical analysis on this
variable is to find a way to compare regions of different sizes
and different distributions of seismicity. One might envision
that the radius of the circles surrounding the epicenters mighe
be a berrer (and more fundamental) variable to use for this
purpose because it is more directly related to the physics of
the earthquake process. [ have found, however, that the per-
centage of hits for a given radius is more affected by the char-
acteristics of the specific region invesrigated than is the
percentage of hits for a given percentage of map area. Thus,
percentage of map area is a2 more useful variable than radius
for comparing the characreristics of seismicity for different
regions.

Figure 8 shows the percentage of hits as a funcrion of
radius and as a function of the percentage of map area for all
regions analyzed in this study. Also shown are histograms of
percentage of hits for selected examples of radius and percent-
age of map area. Choosing percentage of area rather than
radius results in a lower variance and also yields histograms
that are closer to being normally distributed. For a given
mean level of percentage of hits, the standard deviation of the
radius histograms is almost twice that of the area histograms.
In general, the percenrage of map area is seen o have more
desired characteristics as a variable for comparing regions and
for making staristical inferences regarding estimares and sta-
tistical bounds for r values,

WHAT IS AN APPROPRIATE ESTIMATE OF THE
r VALUE FOR THE CEUS?

Assuming that the distribution shown in Figure 7 can be
applied to CEUS, I next use thar distribution to address the
question of what might be an appropriate rvalue for CEUS
(given r, = 0.33). Since a reasonable objective would be o
choose the value of r thar forecasts the locations of as many
carthquakes as possible, an appropriate » value would be the
largest value of r thar is statistically acceprable given the
observed percentage of hits. Thus, the next hyporthesis to be
tested is thar 7 is greater than some crivical value (C) for
higher and higher values of C. The observed value of # ( 7 ) for
all of the dara lumped together is 0.74 (see Table 1), and the
hypotheses to be tested are

Hy:r=C and

H:r>C. (3]
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For this situanion, the test staristic is (e.g., Weiss and Hassetr, Based on this tesr staristic, we can raise the value of  as
1982) high as 71% and still reject the null hypothesis at the 95%
level of statistical significance. Conceprually, this means that
P at the 95% level of statistical significance, we can expect that
| (4) on average more than 71% of the large earthquakes in a
(1 _f_“}[ i] region will tend to occur near previous small earthquakes,
Thus, I conclude from this analysis that, o the extent that
these samples are representative of seismicity in general,
where # = #(PB) + #(IP). about two thirds or more of the large carthquakes in CEUS
(or any other region?) tend to occur in zones delineared by

previous selsmicity.
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DISCUSSION AND CONCLUSIONS

If there were no information content in the distribution of
seismicity that bears upon the question of whar the r value is
likely to be, then there would be no reason w base any com-
ponent of seismic hazard analysis on the distribution of his-
rorical seismicity. If that were the case, we would be left wich
the situation in which seismic hazard can be estimated based
only on knowledge of the seismotectonic processes in the
region. In that sicuation, given that we know so little abour
the seismotectonic processes in CEUS, we would be able to
conclude only that large earthquakes are equally likely any-
where in the region. The resules of chis study suggest that the
situation is not that hopeless.

The distribution of r values does appear to have a shape
thar is more complex than just being uniform berween 0 and
1, and the shape of that distribution can be estimated from
studies of this ype. Knowledge of the shape (and how it
might vary from one region to the next} would make it possi-
ble to estimate an appropriate # value for a given region, This
study is a first step toward estimating an appropriate » value
for CEUS.

One might argue that this rype of analysis does not say
anything abour our ability to forecast locations of truly large
carthquakes, those large enough o be of real concern. Since
in some of the regions the “large” earthquakes are only in the
magnitude 3.0 to 4.0 range, extrapolaring these results to
truly large earthquakes involves arbitrarily invoking some
rype of “self similarity” in the model. A preliminary way to
investigate this issue is to extrace the three largest earthquakes
in each region and apply the same method o those earth-
quakes as was used in the previous examples. Table 2 shows

TABLE 2
Largest Earthquakes 1 January 1988-12 December 2001
Magnitude  Numberof  Number of

Reglon Range Earthquakes* Hils
CEUS 5.2-58 4 3
ISR 6.2-6.9 3 2
NCA 7.0-74 3 2
MEUS 5.0-5.2 3 3
M 4.3-48 3 2
SCA 6.7-74 3 1
SEUS 4348 3 2
TKY 6.8-7.8 3 1
PNW h4-6.8 3 2
Total 28 18
Percent hits for 33% map area = 18/28 = 64%.
“For CEUS, two earthquakes were lied for the third largest magnitude.
Thus, there are four events listed for that region.

the results of that investigation. For cach large-earthquake
caralog, the three largest earthquakes were extracted. Qur ofa
total of 28 of the largest carthquakes in this rime period, 18
of them occurred in the areas where small carthquakes were
concentrated, i.e., in the areas defined by choosing the radii
of the circles such thar 33% of the map area is covered. Thus,
we have 64% hits in chis case (s.e., a value of 7 that is quite
consistent with the other values of 7 found in this study),
While this exercise does nor resolve the entire issue of
whether this type of analysis applies to tuly large earth-
quakes, we can at least conclude thart it does not vield evi-
dence against such an extrapolation.

It is intwitively reasonable to expect that the 7 values
would vary from one region to the next, bur the dara analyzed
in this study are not able to resolve such differences (if they
exist). In the absence of evidence to the contrary, I conclude
thar an appropriate r value for CEUS is 0.71. Alchough this
study is still “explorarory”, the resules do suggesr that it is pos-
sible to quantify the extent to which seismicity delineates
areas where future large earthquakes are likely to occur. H
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