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ABSTRACT

Our evolving tectonic understanding of the causes and locations
of earthquakes in the central and eastern U.S. (CEUS) has been
a challenge to probabilistic seismic hazard analyses (PSHA)
methodologies. We summarize some of the more significant
advances being made in characterizing the location, maximum
earthquake size, recurrence, and ground motions associated with
CEUS earthquakes. Seismic sources for PSHA in the CEUS have
typically been based on the pattern of historical seismicity,
but tectonic data including stress data are increasingly being
incorporated into source identification. Paleoseismic and
historical seismicity studies are evaluating the spatial
stationarity of source zones in the CEUS. Techniques have been
developed to use physical characteristics to quantitatively
diagnose source activity and to assess alternative tectonic
structures that might explain seismicity in a region. Assess-
ments of maximum magnitudes are difficult to make in the CEUS
and ongoing studies have extended the seismicity data base by
compiling information on large earthquakes that have occurred
within regions worldwide that are tectonically analogous to the
CEUS. The frequency of earthquake occurrence is typically
constrained by the historical seismicity record and extrapola-
tions thereof. Recent paleoseismic investigations suggest
pronounced spatial and temporal clustering that must be
accounted for in hazard analyses. In terms of ground motion
prediction, wave propagation studies have shown a pronounced
effect of crustal structure on ground motion at intermediate
distances. The wide range of interpretations of ground motion
attenuation based on empirical and numerical analyses have
underscored the necessity of considering alternative ground
motion models in PSHA.

INTRODUCTION States (CEUS) is especially difficult
because the area lies within a "stable

The assessment of earthquake hazards continental region" (SCR) away from tec-
within the central and eastern United tonic plate boundaries. In these areas,
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; uiuimiii-nt al aspects of the earthquake
probK-ii! are uncertain such as: stress
stale and raechani sins for crustal stress,
cau.sit.ivo faults and geologic struc-
tures, validity of the historical record
relative to the future location and size
of earthquakes, and attenuation of seis-
mic wave energy from seismic sources to
sites of interest. Despite these
issues, the historical occurrence of
large and damaging earthquakes in the
CEUS, such as that in 1811-1812 New
Madrid. Missouri, and 1886 Charleston,
South Carolina, as well as the large
concentration of population and engi-
neered structures demands that seismic
hazards be evaluated. Recent years have
seen the completion of very large proba-
bilistic seismic hazard analyses (PSHA)
tor commercial nuclear power plants in
the CEUS '1, 2). In conjunction with
these studies, as well as through
ongoing scientific research, our under-
standing, of the causes and locations of
CEUS earthquakes is increasing. We here
summarize some of these recent advances
and their implementation in PSHA.

The basic elements of a PSHA are: 1)
Definition of seismic sources that are
assessed to be the locations of future
earthquakes. Seismic sources may be
re-presented by areal source zones or by
faults depending on the level of
knowledge available, 2) Earthquake
recurrence relationships for each seis-
::. ic source that describe the frequency
of occurrence of various magnitude
earthquakes up to the maximum. Recur-
rence relationships may be developed
from one or a combination of seismicity
ar.d geologic data. The maximum magni-
tude that a source is capable of
generating is usually a difficult
parameter to assess because of its
raritv relative to the period of
historical observation, 'i) Ground motion
attenuation relationships that express
t':.•• rate- of decay of seismic wave energy
fro:?. th>- seismic source to the site as
•: '.\\~.' t: o;: of magnitude a: id distance.
'..< : ••i.'ilr.y, on the engineering purpose for
t:.-- ?SHA, attenuation relationships are-
•iv-ve loped for a variety of ground motion

parameters (e.g., peak ground acceler-
ation, spectral acceleration at various
frequencies;, etc. ) , h) Calculated KSHA
results ("hazard curves"), which express
the probability of exceeding various
levels of ground motion at a site,
usually in terms of annual probability.
The hazard calculation has a reasonable
physical basis in that it aggregates the
occurrence of earthquakes on various
sources, at various distances, having
various magnitudes and rates of recur-
rence. Efficient methods have been
developed for incorporating the uncer-
tainties in the PSHA elements into the
calculated hazard results [3].

The issues related to earthquake source
characterization are very different in
the eastern U.S. than the western U.S.
In the west (roughly that region lying
west of the Rocky Mountains), the issues
related to future location, maximum size,
and recurrence of earthquakes deal
largely with fault behavior (see Youngs
and Coppersmith, this volume). Eastern
North America is a "stable continental
region" (SCR) region away from plate
boundaries (see definition of SCR given
in [4]). Here the issues related to
earthquake source characteristics are in
some ways more fundamental than in the
West. What are the causes of crustal
stress? What are the mechanisms for
eastern earthquakes? (reactivation
processes, stress amplification, strain
localization?) Hov; much can we rely on
seismicity data to estimate future
earthquake locations, maximum size, and
recurrence rate? It is these issues
that we wish to address in this paper.

EARTHOUAKF SOURCE IDENTIFICATION

Historically, the guiding philosophy be-
hind estimating where earthquakes will
occur in the future in the CEL'S ('i.e. .
defining seismic sources; has been, in
essence, to let the spatial pattern of
historical seismicity represent the
pattern of future occurrences (i.e..
assume general spatial stationaritv;.
A principal reason for this is that the
general observed spatial distribution or
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seismicity in the East, which is remark-
ably non-uniform (Figure 1), has re-
mained relatively stable when the older
historical epicenters are compared with
the more recent instrumental locations.
This is particularly true for the re-
gions where large historical earthquakes
have occurred (see Figure 2). However,
most seismologists are fully aware that
the historical record in the CEUS may
not be sufficiently long to tell us
where we might expect all future earth-
quakes of engineering significance to
occur.

Figure 1. Epicenters of earthquakes mb
> 3 during the period 1500-1984 [1].

A promising approach to evaluating the
future locations of earthquakes is to
consider the geologic structures and
tectonic history of the region, in much
the same way that faults might be iden-
tified as potential seismic sources in
the West. Recent analyses of the stres-
ses in the upper crust in the CEUS (Fig-
ure 3) show that the stresses are com-
pressive and are remarkably uniform in
orientation from northeast-southwest to
east-west (e.g., [6, 7]). Adams [8] has
arrived at a similar result in eastern
Canada. This uniformity across various
geologic terranes and based on a variety
of stress measurement methods strongly
suggests that the primary stress mechan-
isms are far-field plate tectonic
mechanisms (e.g., ridge-push). Other
mechanisms such as glacial unloading or

sediment loading may be locally signifi-
cant but are secondary to the CEUS as a
whole;.
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Figure 2. Comparison of historical
seismicity with recent instrumental
seismicity in the New Madrid seismic
zone. The epicenters in 'A' are mb > 3
for period 1811 - June, 1974. In 'B',
the time period is July 1974 - June 1978.
Note that the pattern of more recent
instrumental seismicity data (through
1988) is very similar to that shown in
'B'. The comparison shows a clear
spatial concentration over the 167-year
period (from [b}).
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MAXIMUM HORIZONTAL
COMPRESSIVE STRESS

MECHANISM
IN SITU STRESS
GEOL
MIXED

Fit:, 11 re 3. Orientation of maximum
horizontal stress in the eastern U.S. as
determined from a variety of crustal
stress indicators (from [6]).

Basically, two alternative mechanisms
have been proposed for the generation of
earthquakes in the relatively uniform
conipressional stress environment in the
CEUS: 1) the reactivation of geologic
zones of "weakness" that are favorably
oriented relative to the contemporary
regional stress field, and 2) local
amplification of stresses leading to
earthquake stress release. These models
imply different manifestations and, in
turn, different methods to search for
future seismic sources. The reactiva-
tion hypothesis would suggest that we
identify tectonic features that are
oriented properly relative to regional
stresses. The stress amplification
hypothesis suggests that we identify
high stress regions or attempt to
identify geologic conditions where
stresses might be expected to be
amplified (e.g., areas of high rigidity
contract as along the margins of a
pluton). Of course, these models are
not necessarily mutually exclusive —
one might expect earthquakes where

candidate tectonic features exist as wall
as amplified stresses. However, the
consistency in stress orientation as well
as the spatial associations made between
seisraicity and profound crustal features
at New Madrid, the St. Lawrence rift, and
elsewhere around the world [9] have lent
more credibility to the "reactivation"
hypothesis, which appears to be favored
by the seismological community at the
present time. For example, in a major
study of the seismic hazards at nuclear
sites in the CEUS [1], a large group of
experts developed seismic source
interpretations by specifically consider-
ing the earthquake potential of tectonic
features. Criteria were identified for
assessing the probability that any par-
ticular feature was seismogenic and then
methodology allowed for a quantitative
analysis of this probability. The cri-
teria for activity included characteris-
tics such as the spatial association of
the feature with seismicity orientation
of the feature relative to the maximum
compressive stress direction, evidence
for Cenozoic brittle reactivation, and
the presence of intersecting features.

In conclusion, the identification of
seismic sources in the CEUS is based
largely on the emerging belief that the
maximum horizontal compressive stress
orientation is relatively consistent and
that earthquakes are the result of reac-
tivation of existing zones of "weakness"
or tectonic structures. Because ongoing
or historical seismicity is perhaps the
best indication of reactivation in the
present tectonic regime, seismicity data
strongly control the configuration of
CEUS seismic sources. However, consider-
ation of the tectonic features, their
orientation relative to the contemporary
stress field, and geologic evidence for
reactivation can also supplement the
historical seismicity data. Typically,
the resulting seismic source zones then
have configurations that reflect both the
locations of tectonic features as well as
the locations of seismicity (see, for
example, [1, 2] ) .
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MAXIMUM EARTHQUAKE MAGNITUDE

The estimation of the maximum magnitude
that a seismic source can generate is
very often difficult but is vitally
important to both probabilistic and
deterministic seismic hazards assess-
ments and probably best exemplifies the
differences in approaches to seismic
hazard assessment in the CEUS versus the
West. Because of the need for site-
specific hazard predictions, we attempt
to establish the expected largest event
that may be generated by each seismic
source of significance to the site
(i.e., the maximum magnitude is the
point of truncation of the recurrence
curve). The kinds of seismic sources
that are identified typically in the
central and eastern United States for
hazards assessments include tectonic
provinces, seismicity zones, and tec-
tonic features. Unlike the western
United States or other interplate
regions, rarely are the causative geo-
logic structures recognized active
faults. Therefore, approaches to esti-
mating maximum earthquakes that assume
a knowledge of the seismogenic fault or
details of its behavior (e.g., see
Youngs and Coppersmith, this volume)
will not be generally applicable in the
CEUS. Appropriate methods for the CEUS
must be based on the types of data that
are generally available for the eastern
seismic sources such as historical seis-
ir.icity, regional tectonics, etc.

Maximum earthquakes have been estimated
in the CEUS primarily from the seis-
micity record because seismicity data
are commonly available for identified
source zones—-not because of a general
acknowledgement that seismicity-based
methods are scientifically supportable.
These methods have been evaluated by
Coppersmith et al. [A, 10] and will not
be discussed further here. It is,
however, important to note that the most
significant limitation to all of the
methods is that the historical
seismicity record for an individual
seismic source usually cannot be shown

to bo statistically significant in
assessing the maximum earthquake
magnitude.

Methods Based On Global Data Base
The most common methods for esti-

mating maximum earthquakes in the central
and eastern United States have been based
on seismioity data, as discussed above.
The chief weakness of these approaches is
the generally short time period of his-
torical observation. One way to overcome
this problem is to substitute space for
time to make the historical record more
meaningful. To do this, one can expand
the region of data collection beyond the
central and eastern United States to
other parts of the world that are analo-
gous in terms of geologic and tectonic
characteristics important to the earth-
quake process. The logic is simple:
Although the likelihood of any given
seismic source having experienced its
maximum earthquake is low, the chances
are very good that a tectonically-similar
source somewhere in the world will have
had its maximum event. The largest ob-
served earthquake, then, for that "type"
of seismic source would provide a basis
for estimating a maximum magnitude for
our source of interest.

Drawing "tectonic analogies" in an infor-
mal way has been done for some time in
estimating a maximum magnitude. An on-
going major study for the Electric Power
Research Institute [4, 9, 11] builds on
this space-for-time substitution in a
more formal manner to allow utilization
of a global earthquake data base. The
focus is on the identification of factors
that control or limit the maximum size of
earthquakes within stable continental
regions (SCR) such as the CEUS. The
approach is first to delimit explicitly
the study regions and then to systemati-
cally examine the larger earthquakes that
have occurred within them.

Some of the preliminary conclusions
coming out of the EPRI study that are
germane to the maximum magnitude issue
include:
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• The rate of occurrence of large earth-
quakes within stable continental crust
is very low relative to plate boundary
(incerplate) regions, although the
area of stable crust is about three
time larger. Fewer than sixty earth-
quakes have occurred in the past 200
years having magnitude equal to or
greater than 6 and only eight events
of magnitude 7 or greater.

The seismic moment release rate in SCR
is less than 1% of the global total
rate. Expressed in terms of moment
magnitude per year, plate- boundary
regions generate one moment magnitude
8.6 per year and SCR regions generate
one 6.8 per year. About 64 years have
passed since the last M > 7 event
occurred in stable continental regions
worldwide and over a century and a
half since the last M a 8 event.

• Most (68%) locations of large events
appear to have occurred within the
location of prior seismicity. Far
fewer cases of no prior seismicity
(18%) are known and for many cases
(14%) no data are available. This
suggests that the occurrence of large
events away from recognized seismicity
is uncommon.

• Intra-continental rifts and passive
margins (formerly extended continental
crust) are important loci of SCR
earthquakes. Virtually all of these
tectonic features are under compres-
sion in the present tectonic stress
regime. About 75% of all SCR earth-
quakes (M > 5) are associated with
extended continental crust; 35% with
passive margins, 40% with imbedded
rifts. Rifts whose most recent exten-
sional activity occurred in Mesozoic
time appear to be the most seismically
active.

• From the standpoint of the occurrence
of large earthquakes, which is most
important to the maximum earthquake
problem, the presence of extended
crust appears to be highly
significant. 70% of the M > 6

earthquakes associated with known rifts,
margins, and extended curst. All, eight
M £ 7 events are associated with
extended continental crust.

EARTHQUAKE RECURRENCE

Probabilistic seismic hazard analyses
require the specification of the recur-
rence or frequency of occurrence of
earthquakes of various magnitudes. Stan-
dard practice in the CEUS has called for
heavy reliance on historical seismicity
data in assessing recurrence, mainly in
the absence of other types of data. Of
course, to do this, the assumption must
be made that both the location of zones
of seismicity in the historical record
and the observed rates of earthquake
occurrence will remain the same in the
future (i.e., spatial and temporal sta-
tionarity) . An obvious potential problem
is that the historical record may not be
sufficiently long to conclusively define
earthquake locations (discussed earlier)
or rates of recurrence. Few seismicity
zones in the CEUS have experienced more
than a single large-magnitude earthquake
— hardly enough to characterize the
recurrence of these events.

As discussed in an accompanying paper
(Youngs and Coppersmith, this volume),
the recurrence issue is addressed in the
western United States by relying on geo-
logic data — either recurrence intervals
derived from dating paleoseismic events
or fault slip rate. The problem of
applying these approaches to the CEUS is,
of course, our inability to recognize
causative faults.

So what are the problems with using seis-
micity data (or extrapolations thereof)
to estimate recurrence in the CEUS?
Arguments have been made that during the
100 to 300 year (depending on location)
historical period, the locations of zones
of seismicity have remained relatively
constant. It is concluded, therefore,
that one can expect these zones to remain
where they are in the short-term future
(e.g., 50 years) of engineering
significance. However, even if one
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argues for such spatial stationarity, it
is not clear that the race of earthquake
occurrence has been stable over the
historical period. For example, Arm-
bruster and Seeber [12] argue that in
the 19th century before the Charleston
earthquake, the seismicity in the meizo-
seismal area was relatively low, unlike
the distinctly high seismicity rate that
has occurred subsequently in this area.
Other issues are coming to light
regarding the stationarity issue.

Temporal And Spatial Clustering
Geologic (paleoseismic) studies at

Charleston [13, 14], New Madrid [15],
Charlevoix [16] and the Meers fault [17,
13] all show evidence for repeated large
magnitude earthquakes having recurrence
intervals of several hundred to a few
thousand years. Extrapolation of his-
torical seismicity recurrence curves
also suggest similar intervals (e.g.,
[19, 20]). Coppersmith [21] argues that
these high rates of recurrence cannot be
easily reconciled with the observed lack
of geologic evidence for Quaternary
deformation without calling on fairly
pronounced temporal and spatial cluster-
ing of earthquake activity. Such behav-
ior is being increasinly identified
within intraplate as well as plate-
boundary environments (e.g., [22]) and
appears to be especially significant in
SCR such as the CEUS. This suggests
that, at least for these zones and
possibly for others, the time period
over which the active cluster persists
is at least a few thousand years.

The implication of temporal clustering
to recurrence analysis is that one must
assess whether or not a given seismic
source is within an active "cluster"
period or between clusters. If it is
within a cluster (such as New Madrid or
Charleston), the appropriate recurrence
rates are probably those developed from
historical seismicity and the recent
geologic record. If the source is
between clusters, a "background" recur-
rence rate from the regional seismicity
data is probably more appropriate. For-
tunately, preliminary studies are

showing that temporal "clustering" last
for several seismic cycles over several
thousand years, and are not just a single
"surprise" event [21]. Likewise, the
spatial extent of the active areas is
being assessed from paleoseismic work on
the distribution of liquefaction
associated with prehistoric earthquakes
(e.g., [14]). Tentative conclusions for
the Charleston and New Madrid regions
suggest that the active clusters exist
within the regions that would be defined
by the present small-magnitude
seismicity. This is comforting because
seismic sources for hazard analysis are
usually assessed this way. Exceptions are
locations such as the Meers fault, which,
has not been associated with seismicity
and would require geologic recognition in
order to be identified as a potential
seismic source.

In conclusion, earthquake recurrence is
typically estimated for CEUS seismic
sources using the historical seismicity
record, which usually contains small-
magnitude events but very few or no
large-magnitude events. When using these
data, consideration should be given to
whether the seismic source is within an
active "cluster". Ongoing and future
paleoseismic studies will be developing
data to better define the long-term
recurrence behavior and stationarity of
seismic sources. Paleoseismic data,
which are few in the CEUS, are critical
for identifying potential seismic sources
such as the Meers fault in Oklahoma,
which displays abundant evidence of
geologically recent activity but has been
aseismic during the historical period.

GROUND MOTIONS

The lack of a large data base of CEUS
strong motion recordings has in the past
necessitated the use of macroseismic data
from historical earthquakes and analyses
of crustal wave propagation characteris-
tics to development of ground motion
attenuation relationships. These rela-
tionships (e.g., 23, 24) These relation-
ships show significant difference from
those developed from WUS strong motion
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data, particularly a much lower rate of
attenuation with distance. However,
within the past several years analyses
of newly gathered ground motion data
together with theoretical models of
strong ground motion attenuation have
suggested that scaling of CEUS ground
motions with magnitude and distance is
more nearly like WUS motions than had
been implied by the older attenuation
relationships [25, 26], These results
are complicated by wave propagation
studies that indicate crustal structure
can have a pronounced effect on ground
motions at intermediate distances [27],
Somervilie et al. (28] have suggested
that these wave propagation effects may
account for the relatively large ampli-
tudes of recorded motion at distances of
about 100 km from the 1988 Saguenay,
Quebec earthquake. The observed motions
are somewhat larger than would be pre-
dicted using the recently developed
attenuation relationships for the CEUS
[29],

Thus there is currently a much larger
level of uncertainty in predicting
ground motions in the CEUS than in the
VUS. Figure 4 contrasts predictions of
response spectra for the CEUS and WUS
made using recently developed attenua-
tion relationships. The top plot in
Figure 4 shows the response spectra for
a magnitude 6 earthquake predicted by
four attenuation relationships used in
studies of seismic hazards at CEUS
nuclear power plants [1, 2]. The bottom
plot shows similar estimates for an
earthquake in the WUS made using pub-
lished response spectral relationships.
The level of uncertainty in estimating
CEUS ground motions underscores the need
to include alterative ground motion
models in PSHA.
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Figure 4. Predicted response 5%-damped
spectra for magnitude -6 earthquakes
using attenuation relationships developed
for CEUS (bottom) and WUS (top)
earthquakes. Note greater variation in
predicted spectra for CEUS.
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CONCLUSION

While our understanding of the
earthquake generation process in the
CEUS is far from complete, significant
advances have bee*, made in m.-mv areas
that affect the assessment o£ seismic
hazards. We have described many of
these advances and have indicated how
they are being Jncorporated into PSHA.
It is also important to recognize that
there are uncertainties in applying
these new models. Modern PSHA should
incorporate the alternative hypotheses
and data interpretations that may affect
the computed results. In this manner,
a realistic assessment of the
uncertainty in the computed hazard can
be made to guide in the use of PSHA
results in design and safety evaluation.
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