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An Update of Seismic
Monitoring and Research
in the Vicinity of the
Paducah Gaseous Diffusion Plant:

January 2018-December 2019

Zhenming Wang, N. Seth Carpenter, and
Edward W. Woolery

Abstract

From January 2018 to December 2019, the Kentucky Geological Survey monitored
earthquakes and conducted research on seismic hazards in the vicinity of the Paducah
Gaseous Diffusion Plant, a former uranium enrichment facility, in McCracken County,
western Kentucky. Six hundred forty-four earthquakes with magnitude between 0.5 and
3.7 were recorded in the area during this period. Research focused on the influence of
the thick sediments on earthquake ground motion, the so-called site response, through
theoretical and data analysis of borehole seismic records. Our research has shown that
the National Earthquake Hazards Reduction Program site classification, which is based
on V 30, and correction factors currently being used in earthquake engineering design
and other safety evaluations are not appropriate to account for site response in the area.

Introduction

As part of a Phase III project supported by the
U.S. Department of Energy under award number
DE-EM0004146 through the Kentucky Research
Consortium for Energy and Environment, the Ken-
tucky Geological Survey is monitoring the seismic-
ity and conducting research on seismic hazards
in the area surrounding the plant. Phase I of the
project was from 2003-2007 and Phase II from
2009-2012. Phase I results are presented in Wang
(2003, 2005, 2006, 2007, 2008), Wang and oth-
ers (2003), Wang and Ormsbee (2005), Wang and
Woolery (2006, 2008), and Woolery and others
(2008). Phase II results are in Wang (2010, 2011),
Wang and Lu (2011), Wang and Cobb (2012), Wang
and others (2012), and Wang and Woolery (2013).
The most significant outcomes from the first two
phases are summarized in Wang and others (2019).

This report summarizes the efforts from Janu-
ary 2018-December 2019.

Seismic and Strong-Motion

Network Operation and Data

The Kentucky Geological Survey operates the
Kentucky Seismic and Strong-Motion Network
in the vicinity of the Paducah Gaseous Diffusion
Plant. Figure 1 shows the current station and in-
strumentation configuration, which focuses on
monitoring the New Madrid Seismic Zone. Seven
of the stations operate seismometers for detect-
ing weak seismic events, and 10 stations operate
at least one strong-motion accelerometer to record
on-scale strong ground motions in the event of a
nearby large earthquake. Recordings from five of
the stations are telemetered to KGS over the inter-
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Figure 1. Seismic and strong-motion stations operated in the vicinity of the Paducah Gaseous Diffusion Plant, the location of
which coincides with station VSAP. Also shown is seismicity that occurred from January 2018 through December 2019.

net; the remaining stations are stand-alone, and are
visited approximately every other month to down-
load recordings. The network stations, particularly
the weak-motion ones, record earthquakes on lo-
cal and global scales. The real-time recordings are
shared with the neighboring seismic monitoring
network operated by the University of Memphis.
Figure 1 also shows the locations and magnitudes
of earthquakes that occurred in the area between
January 2018 and December 2019.

Ground-Motion Site Response
Ground motion can be significantly modified
by near-surface, low-velocity materials in terms of
spectral content, amplitude, and duration: the so-
called site response or site effect. Site response is
a great concern in earthquake engineering. For ex-

ample, the resonance of soft lake sediments caused
significant damage to buildings of five to 16 stories
in Mexico City during the 1985 Michoacan earth-
quake (M 8.0) (Seed and others, 1988). Site response
has also been observed worldwide during strong
earthquakes, as in 1989 in Loma Prieta, California
(M6.9) (Borcherdt and Glassmoyer, 1992), in 1994
in Northridge, California (M 6.7) (Hartzell and oth-
ers, 1996), in 2008 in Wenchuan, China (M 8.0) (Lu
and others, 2010), and in 2015 in Gorkha, Nepal
(M7.8) (Asimaki and others, 2017). Site response is
also a concern in Kentucky because many commu-
nities, such as Owensboro and Paducah, are under-
lain by soft sediments overlying hard bedrock. As
shown by Woolery and others (2008), site response
caused by soft sediments over hard bedrock result-
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ed in significant damage in Maysville, Kentucky,
during the 1980 Sharpsburg earthquake (M 5.3).

Figure 2 shows the depth to bedrock in the
New Madrid Seismic Zone, Upper Mississippi Em-
bayment, and Jackson Purchase Region of western
Kentucky. The Jackson Purchase Region is under-
lain by thick unlithified sediments, ranging from
Om in the east and north to about 600m to the
southwest, over Paleozoic bedrock. Figure 3 illus-
trates the simplified 3-D stratigraphy of Cretaceous
to Holocene sediments of the Jackson Purchase.

In the early 1990s, Harris (1992) and Har-
ris and others (1994) studied site response in the
Paducah area. They obtained shear-wave velocity
profiles at many sites throughout the Upper Mis-
sissippi Embayment, including the Jackson Pur-
chase Region, using seismic reflection/refraction

methods (Street and others, 1997a, ¢, 2001). The
first borehole strong-motion array, VSAP (Figs.
1, 4), was installed at the gaseous diffusion plant
in early 1990 and obtained its first strong-motion
recordings from the Feb. 5, 1994, earthquake (4.2
m,, ) in southern Illinois (Street and others, 1997b)
(Fig. 5). The second borehole array, the Central U.S.
Seismic Observatory (Figs. 1, 4), was installed in
2009 in Sassafras Ridge, Fulton County, Kentucky
(Woolery and others, 2016a, b). Figure 6 shows
waveforms recorded on the full CUSSO array from
the Feb. 28,2011, M4.7 Arkansas earthquake. Thus,
a significant database has been accumulated and
provides an opportunity for a systematic study of
site response in the central United States, the Jack-
son Purchase Region in particular.

Figure 2. Locations of vertical seismic arrays CUSSO and VSAP in the Upper Mississippi Embayment, New Madrid Seismic
Zone, and Jackson Purchase Region of western Kentucky (depth to bedrock contours in meters). Seismicity in red.
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Figure 3. General stratigraphy of Cretaceous to Holocene consolidated and unconsolidated sediments in the northern part of the
Mississippi Embayment. Modified from Olive (1972).

Site-Response Assessments
Site response is a complex 3-D wave-propa-
gation phenomenon (Fig. 7a). There are two broad
categories of approaches for assessing site re-
sponse: empirical and theoretical. The traditional
empirical method is the soil-to-rock spectral ratio
(Borcherdt, 1970): A
S
SSR —A—R 1)
where A, and A, are the Fourier spectral ampli-
tudes of ground motion on soil and reference rock
sites (Fig. 7b), respectively. This empirical method
has been widely used in assessing site response.
The main limitations of this approach are lack of
observations and difficulty selecting the reference
site.

As shown in Figure 7b, site response can also
be empirically assessed by determining borehole
ground motions as the ratio of the amplitude spec-
trum of the surface horizontal S-wave (H,) to that
in the bedrock (H,):

TF =

: @
Equation 2 is the empirical SH-wave transfer func-
tion. Carpenter and others (2018) derived this
function at VSAP and CUSSO from borehole data
(Fig. 8).

Another empirical method for assessing site
response is the horizontal-to-vertical spectral ra-
tio of earthquake S-wave recordings at a single
station (Carpenter and others, 2018, 2020). Lermo
and Chavez-Garcia (1993) were the first to dem-

[T
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9 shows the corrected
S-wave HVSR curves
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1385 M| saikia and others (2006),
Macpherson and oth-
ers (2010), and Ramirez-

Vs30=204 m/s (D)

Guzman and others
(2015); they conducted

Figure 4. Shear-wave velocity structures at stations VSAP and CUSSO.

onstrate that single-station spectral ratios formed
by the ratio of the horizontal-component S-wave
spectrum to that of the vertical component could
be used to estimate site response in the Mexico
City area. Zhao and others (2006) used S-wave
HVSR observations from Japan for site classifica-
tions and demonstrated that these spectral ratios
revealed the fundamental frequencies at more than
600 K-net stations in Japan. Woolery and others
(2008) and Zandieh and Pezeshk (2011) analyzed

3-D ground-motion mod-
eling to explore site re-
sponses in the New Mad-
rid Seismic Zone.

As computational power has dramatically
increased in recent decades, 3-D ground-motion
modeling has also advanced greatly. Rodgers and
others (2019) used the supercomputer at the Law-
rence Berkeley National Laboratory to simulate
ground motions with frequencies up to 5Hz and
sediment shear-wave velocities down to 500m/s.

Although 3-D modeling is widespread, its
application in site-response quantification for en-
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Figure 5. Accelerograms recorded at station VSAP for the southern lllinois earthquake of Feb. 5, 1994.

gineering purposes is still limited, particularly by
inaccurate basin models, low earth-model resolu-
tion, low maximum frequencies that can be mod-
eled, and an inability to properly account for the
effects of soil nonlinearity. Therefore, 1-D model-
ing, using the equivalent linear approach —in par-
ticular, SHAKE91 by Idriss and Sun (1992) —is still
predominantly used to estimate site response for
engineering applications.

For a linear 1-D layered model (Fig. 7b), hori-
zontally polarized S-wave (i.e., SH-mode) propa-
gation can be quantified using Thomson-Haskell
propagator matrices (Haskell, 1953, 1960). For a
single sediment layer over bedrock, the fundamen-
tal site period (T) or frequency (f) can be calcu-
lated:

4H

I=v

SS

©)

where V. and H are shear-wave velocity and thick-
ness of sediment, respectively. The peak amplifica-
tion at T, can be calculated:

1%
or ﬁ)=4_IiIS

1
=psV
A=l e 1h )
pRVSR 2

where p. and ¢ are the density and damping ratio
of sediment, respectively, and V., and p, are shear-
wave velocity and density of bedrock, respectively.

Schnabel and others (1972) developed a com-
puter program, SHAKE, to perform 1-D linear site-
response analysis using Thomson-Haskell propa-
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Figure 6. Waveforms recorded on the full CUSSO array from the Feb. 28, 2011, M4.7 Arkansas earthquake.

gator matrices. As shown by Hardin and Drnevich
(1972), soils are nonlinear materials; consequently,
Idriss and Sun (1992) modified SHAKE to create
SHAKE91 and used it to account for the nonlin-
ear behavior of soils, using an equivalent linear
iterative procedure. Figure 10 shows the spectral
amplifications of linear and equivalent linear site-
response analyses for the shear-wave velocity
structures at stations VSAP and CUSSO (Fig. 4).
The equivalent linear analyses were performed for
the input motions scaled to 0.20g and 0.40g PGA,
respectively, using STRATA (Kottke and Rathje,
2009). As shown in Figure 10, soil nonlinearity sig-
nificantly affects site response: It lowers the reso-

nance frequencies and dampens the higher-mode
amplitudes with increasing input PGA.

Figure 11 compares the site response from 1-D
linear analysis with the empirical transfer functions
and corrected HVSR curves for stations VSAP and
CUSSO. The figure shows that the base-mode fre-
quencies (i.e., the fundamental site frequencies) are
similar to the empirical transfer functions, and the
associated peak amplifications are slightly differ-
ent from the empirical transfer functions. In other
words, site response can be assessed by empirical
and 1-D theoretical methods. Also, soil nonlinear-
ity significantly damped higher-mode amplitudes
(Fig. 10). Thus, for engineering applications (i.e.,
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Figure 7. Schematic seismic-wave propagation in 3-D earth (a) and a simplified 1-D model for soil and reference rock sites (b).

the strong ground motions with PGA greater than
0.05g), site response can be quantified by two pa-
rameters: the fundamental site frequency (f,) or pe-
riod (T) and its peak amplification (A,).

National Earthquake
Hazards Reduction

Program Site Classification
and Correction Factors

The time-averaged shear-wave velocity for
the top 30m of soils and rocks, V 30, has been used
as the primary parameter to account for site re-

sponse in engineering seismic design in the United
States (Table 1) (Building Seismic Safety Council,
1995, 2015). The time-averaged shear-wave veloc-
ity is defined as:

Yic1d,

V30= = ©)

=1 oi
! lvei

where d. is the thickness of any layer between 0
and 30m and v, is the shear-wave velocity in m/s.
The site correction factors (Tables 2-3), based on
V 30 and input ground-motion level, have been de-
veloped and used for engineering design, such as
those by the American Society of Civil Engineers
(2010) and the International Code Council (2011).
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Table 1. National Earthquake Hazards Reduction Program site classification sys-
tem for seismic design.
Site Class Soil/Rock Description V.30 (m/s)

A Hard rock >1,500

B Rock 760-1,500

C Very dense soil/soft rock 360-760

D Stiff soil 180-360

E Soft soil <180

F Special soils requiring site-specific analysis

Table 2. Short-period (0.2 s) site coefficient, F_.

Mapped Risk-Targeted Maximum Considered Earthquake Spectral Response Acceleration
Site Class Parameter at Short Period (0.2s)
S,50.25¢g S,=0.5g S,=0.75¢g S,=1.0g S,21.25g

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 2.4 1.6 1.4 1.2 1.0
E 2.5 1.7 1.2 0.9 0.9
F Special soils requiring site-specific analysis

Note: Use straight-line interpolation for intermediate values of S¢

Table 3. 1.0 s period site coefficient, F,

Mapped Risk-Targeted Maximum Considered Earthquake Spectral Response Acceleration
Site Class Parameter at 1.0 s Period
S,20.25¢g S,=0.5g S,=0.75¢g S,=1.0g S,21.25g

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 2.4
F Special soils requiring site-specific analysis

Note: Use straight-line interpolation for intermediate values of S,

The V 30 at stations VSAP and CUSSO (Fig.4)
are 291m/s and 204 m/s, respectively, which clas-
sifies both as site class D according to Table 1. In
other words, stations VSAP and CUSSO should
have the same site response according to the
NEHRP site classification. But, as shown in Fig-
ures 8-11, the site responses are different at the two
stations, particularly the fundamental site frequen-
cies: 1.1 Hz at station VSAP versus 0.3 Hz at station

CUSSO. Thus, V 30 may not be an appropriate pa-
rameter for capturing site response.

Figure 12a shows three shear-wave structures:
one single layer, one two layers, and one gradient
layer over a half space with shear-wave velocity
of 800m/s. All three velocity structures have the
same V30 of 430m/s. Figure 12b shows spectral
amplifications for the three velocity structures us-
ing Thomson-Haskell propagator matrices. Even
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though the different velocity structures have the
same V 30 (Fig. 12a), they each generate a different
site response: resonances with fundamental peri-
ods of 0.28s and 0.22s and peak amplifications of
1.91 and 2.11, respectively, for the structures with
velocity contrasts, and amplification at shorter
periods with a peak amplitude of 2.23 at a period
of 0.17s and no clear resonance for the gradient
structure. Figure 12 demonstrates that the site re-
sponses (i.e., spectral amplifications) are uniquely
determined by the velocity structures, but not V 30.
Thus, Figure 12 further demonstrates that V 30 is
not an appropriate parameter for capturing site
response because there is no physical relationship
between V 30 and site response.

Therefore, the V 30-based site correction fac-
tors (Tables 2-3) are not appropriate to use for ac-
counting for site response in engineering design.

Mapping Fundamental Site
Period and Peak Amplification

As discussed earlier, site response is quanti-
fied by two parameters: the fundamental site fre-
quency (fy) or period (T) and peak amplification
(A,). Harris (1992) derived the thickness and aver-
age shear-wave velocity of the sediments for the
Paducah metropolitan area from seismic-refrac-
tion/reflection profiles and produced a map of the
linear (i.e., low-strain) fundamental site periods us-
ing equation 3 (Fig. 13). Street and others (1997a)
derived site dynamic periods (Fig. 14) for the Jack-
son Purchase Region from measured shear-wave
velocity profiles using 1-D equivalent-linear analy-
sis—SHAKE91 (Idriss and Sun, 1992). No associ-
ated peak amplification was derived, however.

1

20,000 feet

1

Figure 13. Linear fundamental site periods for the Paducah metropolitan area. Modified from Harris (1992). Used with permis-

sion.
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Figure 14. Linear fundamental site periods for the Jackson Purchase Region. Modified from Street and others (1997a). Used

with permission.

We derived the linear fundamental site peri-
ods and peak amplifications for the Jackson Pur-
chase Region using 1-D linear analysis —STRATA
(Kottke and Rathje, 2009)—and the shear-wave
velocity database accumulated at the University of
Kentucky. The densities and damping ratios for the
velocity profiles at each site were calculated from
the shear-wave velocities based on the statistical
relationships of Boore (2016) and Wang and oth-
ers (1994). Figures 15 and 16 are contour maps of
the fundamental site period and peak amplifica-
tion for the Jackson Purchase Region derived from
this study. Figure 15 shows that the fundamental
site periods increase to the southwest or with an
increase of sediment thickness (Fig. 2). The peak
amplifications vary in the range of 4.0 to 8.0 in the
region (Fig. 16).

Summary

From January 2018 to December 2019, KGS
monitored earthquakes and conducted research on
seismic hazards, site response in particular, in the
vicinity of the Paducah Gaseous Diffusion Plant.
We gained a better understanding of ground-mo-
tion site response, particularly by the thick sedi-
ments, using data accumulated at the University of
Kentucky. Our study has shown that the NEHRP
site classification, which is based on V 30, and cor-
rection factors are not appropriate to account for
site response in engineering applications in the
central United States. Our efforts have contributed
to the development of a sound scientific basis for
the seismic design parameters for buildings and fa-
cilities at the gaseous diffusion plant and for west-
ern Kentucky in general.
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