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ABSTRACT

Seismic hazard at the Paducah Gaseous Diffusion Plant is evaluated
using a formulation that considers the rupture dimensions of poten-
tial large earthquakes in the New Madrid region. The New Madrid
source zone is modeled as a system of parallel faults. A characteristic-
magnitude model, based on historical seismicity and paleoseismic stud-
ies, describes seismicity in the New madrid source zone. The attenua-
tion functions reflect distance saturation caused by the rupture size of
large earthquakes.

Preliminary results from this seismic hazard analysis are presented and
compared to results obtained using the EPRI and LLNL methodolo-
gies.

INTRODUCTION
The Paducah Gaseous Diffusion Plant

(PGDP) is located near the north end of
Reelfoot Rift—a large crustal feature that is
associated with the large New Madrid earth-
quakes of 1811 and 1812. A study of seismic
hazard at the PGDP must consider the pos-
sibility of large-magnitude earthquakes (with
ruptures as long as 50 km), as required for
sites in California. In addition, the study must
consider large uncertainties in seismicity, max-
imum magnitudes, and ground-motion attenu-
ation, as required for other sites in the central
and eastern United States (CEUS).

* This work was performed for Martin Marietta
Energy Systems, under Contract 41K-VD559V.

This paper summarizes the seismic-hazard
study for the PGDP. This study is being per-
formed as part of an effort to upgrade the ex-
isting Final Safety Analysis Report (FSAR) in
accordance with current DOE guidelines and
requirements.

The EPRI and LLNL seismic-hazard anal-
ysis methodologies are not applicable to the
PGDP site because of the possibility of earth-
quakes with large ruptures. These method-
ologies were applied to the PGDP in order
to quantify the relative contributions of the
New Madrid and other sources. The EPRI
and LLNL studies were also used as the basis
to develop the source geometries and seismic-
ity parameters for the extended-source seismic-
hazard hazard analysis.
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In the extended-source seismic-hazard
analysis, the New Madrid seismic zone is mod-
eled as a system of parallel faults running in
a NNE direction. The northern termination
of the New Madrid zone is considered uncer-
tain. Five alternative geometries are consid-
ered, based on the range of interpretations in
the EPRI and LLNL seismic hazard studies for
CEUS and on other geological and geophysi-
cal information. The characteristic magnitude-
recurrence law is developed, based on histor-
ical seismicity and paleoseismicity. An area
source is used to represent seismicity in western
Kentucky, southern Indiana, and southern Illi-
nois. Multiple values of maximum magnitude
are considered, based on the values used in the
EPRI and LLNL studies.

The three ground-motion attenuation func-
tions used in the EPRI methodology were mod-
ified to include a magnitude-saturation term as-
sociated with the long ruptures of large earth-
quakes.

All results presented here apply to rock
conditions. Site amplification is quantified
in a separate, site-specific site amplification
study [1, this volume]. Results from the site-
amplification study will be used to modify the
rock-site seismic-hazard results.

TECTONIC AND SEISMICITY
INTERPRETATIONS

SEISMIC ZONATION
To represent earthquake occurrences in

the central Mississippi valley region, the seis-
mic zonations developed during the EPRI and
LLNL studies were used to derive a set of zones
that span the range of current interpretations
in the region.

The EPRI and LLNL interpretations vary
widely in their assumptions about the geo-
graphic extent of the New Madrid source zone.
For the extended-source seismic-hazard analy-

sis, the New Madrid source zone is represented
by a system of parallel faults that cover the
Reelfoot Rift. The northern extent of the New
Madrid source is critical to the calculated seis-
mic hazard at the PGDP and is treated as an
uncertain parameter. Based on the EPRI and
LLNL interpretations, we define four equally
likely geometries for the New madrid faults,
where the faults terminate as follows: (A) 10
km north of the site, (B) 10 km south of the
site, (C) 20 km south of the site, and (D) 40
km south of the site. We have also consid-
ered a fifth interpretation (E), in which the New
Madrid source contains the site and extends 50
km north of the site. This interpretation repre-
sents the unlikely hypothesis that the Reelfoot
Ridge extends further to the north, as hinted
by the geophysical observations of Hildebrand
et al. [2]. Interpretations A through D are each
given a weight of 23.75 %; interpretation E is
give a weight of 5%.

These five representations of the New
Madrid source are shown in Figure 1. The
faults have a spacing of 2.5 km near the site
and 20 km at the western boundary of the
Reelfoot Rift to obtain better precision on the
distances of earthquakes close to the site. Ac-
tivity rates are assigned in proportion to the
spacing between faults. In other words, earth-
quakes are modeled as equally-likely in space
anywhere within the New Madrid source region,
but a closer spacing of faults is used near the
site to obtain better precision in the calcula-
tions.

Also shown in Figure 1 is a source encom-
passing parts of southern Illinois, southwest-
ern Indiana, southeastern Missouri, and west-
ern Kentucky. This represents the local seis-
micity north of the New Madrid region This
region was drawn to include most of the histor-
ical seismicity north of the Mississippi embay-
ment. Because the seismic hazard at Paducah
is dominated by potential large earthquakes in
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Figure 1: Alternative Geometries for the New Madrid seismic source. Also shown are the Southern Illinois seismic
source and the seismicity in the EPRI catalog (1627-1984).
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Figure 1 (continued)

the Reelfoot Rift, the exact representation of
the boundaries of this host source is not criti-
cal. In particular it is unnecessary to break the
region into several sources, each with its own
set of parameters.

The historical seismicity shown in Figure 1
is taken from the catalog of earthquakes devel-
oped during the EPRI study. Main events with
magnitudes above m& > 3.3 are shown. In the
EPRI catalog only one of the 1811-1812 earth-
quakes is considered a main event, so only one
is shown in the figures. The exact treatment of
large earthquakes using the characteristic mag-
nitude model is described below.

SEISMICITY PARAMETERS
To derive seismicity parameters for the

sources in Figure 1, we performed two sets of
calculations using the EPRI catalog. The first
set of calculations corresponds to a standard
analysis in which one picks periods over which

each magnitude range is considered complete,
obtains the observed seismicity in those time
periods, and calculates the corresponding rate
v and b- value using the maximum likelihood
technique. The second set of calculations uses
the EPRI-derived equivalent periods of com-
pleteness, and derives maximum-likelihood es-
timates of v and b that incorporate more data.
The two sets of calculations yield similar re-
sults.

Figure 2 shows the New Madrid seismic-
ity data and the fitted magnitude-recurrence
model. Three fits to the data are shown: an
exponential model, a characteristic model that
assumes an average rate of occurrence of large
events of 1 in 500 years, and a characteristic
model that assumes an average rate of occur-
rence of large events of 1 in 700 years. These
rates for the characteristic model were chosen
to represent a range of recurrence intervals es-
timated for large events in the New Madrid re-
gion (approximately 600 years, as reported by
Russ [3]). For this analysis a large event is
taken to be one with m& > 7.0, and in the
figures an observed rate of 1/600 is used for
the 1811-1812 earthquakes. The exponential
model underestimates the rate of occurrence of
the large events; as a result only the character-
istic magnitude model (with the two rates for
the large events) is used in calculations.

The analysis of seismicity for the southern
Illinois area source is shown in Figure 3. For
this source the exponential magnitude modeled
is used, as is conventional for area sources in
the CEUS 14].

The calculation of seismicity parameters
described above was performed twice, consid-
ering two sets of geometries. The first set of
geometries represents the the assumption that
the New Madrid source extends near or past
the site (assumptions A, B, C, and E); the sec-
ond set represents the assumption that the New
Madrid source ends 50 km south of the site (as-
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Figure 2: Observed and modeled seismicity for the
New Madrid seismic source.
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Figure 3: Observed and modeled seismicity for South-
ern Illinois source.

sumption C). Figures 2 and 3 correspond to the
first set of geometries.

Maximum magnitudes for the sources were
selected to represent the range of interpreta-
tions specified by the EPRI teams and LLNL
experts. These are as follows. For the New
Madrid source, values of maximum magnitude
of 7.2, 7.5, and 7.8 were assigned weights of 0.2,
0.6, and 0.2, respectively. For the host source,
values of 6.2, 6.5, and 6.8 were assigned weights
of 0.2, 0.6, and 0.2, respectively.

OTHER PARAMETERS
To estimate rupture length RL, the follow-

ing equation was used:

RL = io - 2 l 8 + a 5 1 m » (1)

This equation was fitted to the rupture lengths
predicted by Nuttli et al. [5] for magnitudes 6.6
and 7.6. It predicts a rupture length of 8 km
for mb 6, and a rupture length of 44 km for m*
7.5.

Depths of earthquakes in the New Madrid
sources were taken to range between 2 and
20 km, with a uniform distribution. This re-
flects the possibility that large earthquakes may
occur at relatively large depths in CEUS (al-
though they may also occur at shallow depths).
For the host source a constant depth of 10 km
was used; the small contribution of this source
to seismic hazard at Paducah makes a more de-
tailed unnecessary unnecessary.

ATTENUATION FUNCTIONS
FOR EXTENDED RUPTURES

Attenuation functions that predict magni-
tude saturation at small distances due to ex-
tended ruptures have become standard in Cal-
ifornia. The EPRI/SOG and LLNL attenua-
tion functions do not include saturation effects
because no commercial nuclear plants in the
CEUS are located near faults capable of gen-
erating large earthquakes.

The EPRI/SOG attenuation functions
were selected as a starting point for the devel-
opment of rock-site attenuation functions for
use in this study. Experience from other sites
[6, Appendix A] indicates that the EPRI/SOG
attenuation functions are roughly equivalent
(in their central predictions and their uncer-
tainty bands) to the LLNL attenuation func-
tions without ground-motion Expert 5.

Comparison of the attenuation functions
by Nuttli [7] to predictions that use Nuttli's

Third DOE Natural Phenomena Hazards Mitigation Conference - 1991

161



[8,5] source scaling assumptions but use other
methods to predict peak amplitudes [9,10, for
example] indicates that the Nuttli attenuation
function predicts much higher ground motions
for large earthquakes. The Nuttli attenuation
functions are based on scientifically defensible
source-scaling assumptions, but Nuttli's pro-
cess to obtain peak time-domain amplitudes
from spectra is very rudimentary in compari-
son to methods in current use.

As a result, the Nuttli attenuation func-
tions were replaced by attenuation functions de-
veloped using the source scaling model of Nuttli
et al. [5]. The mathematics used to obtain peak
time-domain values, and other model parame-
ters, are identical to those used in [9]; only the
scales assumptions are changed. The resulting
attenuation functions are identified as "Modi-
fied Nuttli Scaling."

In order to quantify the effect of extended
ruptures on near-fault ground-motion satura-
tion, we generated synthetic high-frequency
ground motions from an extended rupture. We
used assumptions based on the ground-motion
simulation method of Jost [11] and Nuttli et al.
[5]. We replaced the deterministic source pulse
with a stochastic pulse with the same spectrum
(to improve results at high frequencies) and as-
sumed \}R geometric spreading for each sub-
event. Using the simulation results for mig 6.6
and 7.6, we obtained a magnitude saturation
term of the form

oc 0.006emi»] (2)

where V represents ground-motion amplitude
(e.g., PGA) and R represents the closest dis-
tance to the rupture.

The magnitude-dependent tern in the
above equation (i.e., the magnitude-saturation
term) is equal to 4.4 km for rnig 6.6 and 12 km
for mis 7.6. This model predicts lower sat-
uration than models for California, because
the underlying source scaling model assumes

smaller ruptures for CEUS earthquakes than for
California earthquakes of the same magnitude.
For instance, Campbell's [12] attenuation func-
tions, predict a magnitude-saturation term of
21 km for Ms 8.4, which corresponds to to
7.6.

PGA a n , T.S PCA s M ro

i o * i o 1 i o * T o * l u io* lo1 io« to*
FAULT DBTAKCE (km) FAULT DISTANCE (km)

Figure 4: Ground motions models used for the New
Madrid source in the extended-source seismic-hazard
calculations: predictions for peak ground acceleration.

The three sets of attenuation functions—
namely, Boore and Atkinson [13], McGuire et
al. [9], and Modified Nuttli Scaling—are mod-
ified by introducing the saturation term of
Equation 2. The resulting attenuation func-
tions are given equal weights in the seismic-
hazard calculations. Figures 4 and 5 show the
ground-motion amplitudes predicted by these
three models for peak acceleration and 1-Hz
spectral velocity. In some panels of figures 4
and 5, the predictions by the Modified Nuttli
scaling are not visible because the stress drop
for small earthquakes was increased to 100 bars,
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Figure 5: Ground motions models used for the New
Madrid source in the extended-source seismic-hazard
calculations: predictions for 1-Hz spectral velocity.
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Figure 6: Peak ground acceleration hazard curves for
Paducah (for rock site conditions) computed from the
extended-source hazard analysis.

causing these predictions to coincide with those
by McGuire et al.

The same three sets of attenuation func-
tions, without the magnitude-saturation term,
are used in computing the hazard from the
southern Illinois source zone. We do not include
the magnitude-saturation term for earthquakes
in southern Illinois because these earthquakes
are modeled as point sources.

RESULTS

Seismic hazard calculations were performed
for peak acceleration and for spectral velocities
at 6 frequencies (0.5 to 25 Hz). Preliminary re-
sults for rock conditions are summarized here
in the form of hazard curves for peak accelera-
tion and 1-Hz spectral velocity (figures 6 and 7)
and median uniform hazard spectra for selected
exceedance probabilities (figuie 8).

PADUCAH (ROCK)
EXTENDED-SOURCE HAZARD RESULTS - 1 Hz PSV

10"
0,85 fmetile
0.50 fr«Ul«
0.15 CracUlc
mun

0. 25. 50. 75.
1 Hz Spectral Velocity (cm/sec)

100.

Figure 7: 1-Hz spectral velocity hazard curves for Pa-
ducah (for rock site conditions) computed from the
extended-source hazard analysis.
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Figure 8: Seismic hazard at Paducah (5 % damp-
ing; rock site conditions) computed from the extended-
source hazard analysis. Results shown as uniform haz-
ard spectra for three values of the annual probability of
exceedance.

We also calculate the average magnitudes
and distances associated with a certain ground-
motion amplitude (which in turn correspond
to a certain median non-exceedance probabil-
ity). These quantities provide information on
the kinds of earthquakes that dominate seismic
hazard at the site and the associated duration
and spectral shape. Table 1 shows the aver-
age magnitudes and distances for 1-Hz spectral
velocity and selected exceedance probabilities.
These results indicate that large earthquakes in
the New Madrid area dominate the hazard for
1-Hz spectral velocity and for the exceedance
probabilities of interest.

Table 2 compares the results from the
extended-source seismic-hazard analysis to re-
sults obtained using the EPRI and LLNL
methodologies [14,15], and to the results from
combining the EPRI and LLNL results using
equal weights.

Median Exceedance
Probability (p)

Dominant
Magnitude (Mp)

Dominant
Distance

2x 1(P>
1 x lO"3

2 x 10-*

7.1 65
7.3 52
7.3 38
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