
Estimates of Shear-Wave Q and κ0 for Unconsolidated and

Semiconsolidated Sediments in Eastern North America

by Kenneth W. Campbell

Abstract Measured and calculated values of the effective quality factorQef and the
site attenuation parameter κ0 for unconsolidated and semiconsolidated sediments in
eastern North America (ENA) indicate that the latter is strongly dependent on sediment
thickness. Estimates of κ0 for National Earthquake Hazard Reduction Program
(NEHRP) BC site profiles (sediment plus hard rock) in the Mississippi Embayment
and the Atlantic Coastal Plain were found to increase from about 9 to 31 msec for sedi-
ment thicknesses ranging from 116 to 600 m. Stochastic simulations using the 175 m
thick hypothetical NEHRP BC site profile used to estimate ENA ground motions in the
national seismic hazardmaps by the U.S. Geological Survey (USGS) indicate that κ0 �
20 msec provides a smaller estimate of amplification that agrees more closely with the
low-strain short-period site coefficients in the NEHRP Recommended Provisions for
Seismic Regulations for New Buildings and Other Structures (NEHRP Provisions) than
the 10msec value used by the USGS. A linear regression of the κ0 estimates compiled in
this study indicates that κ0 � 20 msec corresponds to a relatively thick BC sediment
thickness of 460 � 116 m. These same stochastic simulations indicate that the rela-
tively shallowUSGS site profile provides estimates of amplification that are smaller than
the low-strain long-period site coefficients in theNEHRPProvisions. The dependence of
both site attenuation and site amplificationon sediment thickness suggests that the useof
a single reference site condition for hazard mapping might not be appropriate. Instead,
these results imply that either a regional set of reference site profiles shouldbedeveloped
or that a more uniform site condition such as hard rock should be used to define a more
stable reference site condition in ENA.

Introduction

The U.S. Geological Survey (USGS) defines the refer-
ence site condition used in the development of the national
seismic hazard maps as the boundary between the National
Earthquake Hazard Reduction Program (NEHRP) site classes
B and C (Frankel et al., 1996, 2002; Petersen et al., 2008).
The USGS refers to this site condition as either firm rock or
the NEHRP BC boundary. It corresponds to a site with a time-
averaged shear-wave (S-wave) velocity VS30 of 760 m=sec
in the top 30 m of the site. The Building Seismic Safety
Council (BSSC) uses the USGS hazard maps as the basis
for developing seismic design maps in the NEHRP Recom-
mended Provisions for Seismic Regulations for New Build-
ings and Other Structures (Building Seismic Safety Council
[BSSC], 2004), which are subsequently adopted for use in
engineering practice by the American Society of Civil
Engineers (ASCE, 2006) and in the International Building
Code of the International Code Committee (ICC, 2006).
Ground motions on other site conditions are estimated by
multiplying the mapped BC ground motions that are conser-
vatively assumed to represent NEHRP B site conditions in

these codes, by site coefficients that represent the following
five site classes defined primarily in terms of S-wave velo-
city: A, VS30 > 1500 m=sec; B, VS30 � 760–1500 m=sec;
C, VS30 � 360–760 m=sec; D, VS30 � 180–360 m=sec;
and E, VS30 < 180 m=sec. As a result, it is crucial that
the mapped ground motions in eastern North America (ENA)
represent a BC site profile that has site-response character-
istics that are consistent with those used to develop the
NEHRP site coefficients, notwithstanding the fact that they
are based on ground-motion data and site conditions typical
of western North America (WNA) or more specifically, of
California (Borcherdt, 1994; Dobry et al., 2000).

Most of the contemporary ground-motion prediction
equations (also known as attenuation relationships or
ground-motion models) that are used to estimate peak
ground-motion parameters and response spectra in ENA have
been developed for hard-rock site conditions (Atkinson
and Boore, 1995, 1997; Toro et al., 1997; Somerville et al.,
2001; Toro, 2002; Campbell, 2003; Silva et al., 2003
Campbell, 2004; Electrical Power Research Institute [EPRI],
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2004; Tavakoli and Pezeshk, 2005). These estimates are then
often adjusted to BC site conditions using site amplification
factors developed by the USGS for use in the national seismic
hazard maps (Frankel et al., 1996, 2002; Petersen et al.,
2008). Only a few ground-motion prediction equations have
been developed directly for BC site conditions (Atkinson and
Boore, 2006; Campbell, 2007; unpublished manuscript,
2009). In either case, stochastic simulations were used to cal-
culate the period-dependent BC amplification factors using
the quarter-wavelength method of Joyner et al. (1981) and
Boore (2003) and the hypothetical S-wave velocity and den-
sity BC site profile proposed by Frankel et al. (1996). The
only difference is that the USGS used a site attenuation pa-
rameter κ0 of 10 msec to adjust the hard-rock ground mo-
tions to BC site conditions; whereas, Atkinson and Boore
(2006) and Campbell (2007; unpublished manuscript, 2009)
used 20 msec in the development of their BC ground-motion
prediction equations. Figure 1 demonstrates the impact that
different values of κ0 can have on Fourier spectral site am-
plifications predicted using the quarter-wavelength method.

In this article, I develop relationships between the effec-
tive S-wave quality factorQef and S-wave velocity of uncon-
solidated and semiconsolidated sediments in ENA and use
these relationships to estimate κ0 as a function of sediment
depth for representative soil and NEHRP BC sites in the
Mississippi Embayment and the Atlantic Coastal Plain. I also
show that the low-strain short-period site coefficients in the
NEHRP Provisions are consistent with a κ0 of 20 msec when
the USGS hypothetical BC site profile is used to estimate site
amplification factors between hard rock and BC site condi-
tions. In order to avoid confusion in what is meant by the
terms used to describe the various parts of the site profile
in this article, it is useful to define these terms in advance.
The term geological profile is used to refer to the total
geological structure from the ground surface to a depth

corresponding to the earthquake source region (typically
5–10 km). This is often referred to as the crustal profile in
stochastic simulation models (Boore, 2003). The term
sedimentary column is used to refer to those deposits that
overlie the hard-rock section of the geological profile, where
the term hard rock is defined as any material having an
S-wave velocity exceeding 2000 m=sec (Atkinson and
Boore, 2006). The phrase, BC section of the sedimentary col-
umn, is used to refer to that part of the sedimentary column
that corresponds to VS30 ≥ 760 m=sec. The combined BC
and hard-rock sections of the geological profile are referred
to as the BC site profile. Figure 2 gives a graphical descrip-
tion of these terms using a typical S-wave velocity profile for
the city of Memphis, Tennessee.

Background

Seismologists have long recognized that the amplitude
decay of seismic waves within the Earth’s crust, defined
herein as the effective attenuation of shear (S) waves (Lay
and Wallace, 1995; Sato et al., 2002), can be approximated
by an equation of the form (e.g., Futterman, 1962; Knopoff,
1964)

A�r; f� � A0 exp��πfr=QefVS�; (1)

where r is distance, f is frequency, Qef is the effective seis-
mic quality factor of S waves (inverse of seismic attenua-
tion), and VS is the S-wave velocity of the medium.
Seismic attenuation can be thought of as either the fractional
loss of energy per cycle of oscillation (e.g., Lay and Wallace,
1995) or the exponential decrease in amplitude with time or
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Figure 1. Site amplification of Fourier amplitude spectra for the
WNA generic-rock profile of Boore and Joyner (1997) and the
hypothetical ENA BC site-profile of Frankel et al. (1996). Site
factors were calculated using the quarter-wavelength method
(Joyner et al., 1981; Boore, 2003). The different curves show
the effect of the site attenuation parameter κ0�in sec�.
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Figure 2. S-wave velocity profile for Memphis, Tennessee,
showing the definitions of the site-profile terms used in this study.
The velocities for the sedimentary column were taken from
Gomberg et al. (2003) and Cramer et al. (2004) and are listed in
Table 1. The velocities for the hard-rock section of the geological
profile were taken from Andrews et al. (1985).
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distance (Frankel and Wennerberg, 1987). It is usually
divided into two components: a frequency-independent
component commonly referred to as intrinsic attenuation
or anelasticity (Q�1

in ), resulting from friction or internal
damping, and a frequency-dependent component commonly
referred to as scattering attenuation (Q�1

sc ), resulting from
heterogeneities (scatterers) along the travel path (Aki,
1980). Dainty (1981) showed that the effective attenuation
can be thought of as the sum of these two attenuation com-
ponents, given by the equation

Q�1
ef � Q�1

in �Q�1
sc : (2)

Therefore, if Qsc is frequency-dependent and significantly
contributes to the effective attenuation, then Qef also will
be frequency-dependent. Although this attenuation paradigm
was developed from surface recordings and applied to at-
tenuation in the lithosphere, Abercrombie (1998) and
Kinoshita (2008) have shown that it also applies to borehole
recordings. As I will show later, this paradigm leads to esti-
mates of Qsc that are generally equal to or greater than Qin in
the thick saturated unconsolidated and semiconsolidated sed-
iments of the Mississippi Embayment and Atlantic Coastal
Plain.

Recently, Morozov (2008, 2009) has questioned the
Qsc�f� �Qef�f� paradigm. He suggests that the distinction
between a frequency-independent Qin and a frequency-
dependent Qsc�f� is confusing and misleading, especially
in the context of equation (1). He proposes a geometrical
attenuation model that is an alternative to the conventional
frequency-dependent attenuation law Q�f� � Q0�f=f0�η.
The new model provides a straightforward differentiation
between geometrical and effective attenuation, with the tra-
ditional scattering attenuation interpreted in terms of a gen-
erally frequency-independent component of geometrical
attenuation and an effective attenuation, which he calls Qe

(not to be confused with the effective attenuationQef defined
in this study) that incorporates the frequency-independent
component of intrinsic attenuation and small-scale scatter-
ing. Unlike the �Q0; η� description, the inversion procedure
uses only the spectral amplitude data and does not rely on
elaborate theoretical models or restrictive assumptions. Data
from over 40 reported studies were transformed to this new
parameterization. The levels of geometrical attenuation were
found to strongly correlate with crustal tectonic types and
decrease with tectonic age. The corrected values of Qe were
found to be frequency-independent and generally signifi-
cantly higher than Q0 and showed no significant correlation
with tectonic age. Several case studies were revisited in de-
tail, including one involving the deep borehole data of
Kinoshita (2008) with significant changes in the interpreta-
tions. Because Morozov’s (2008, 2009) conclusions have not
yet been fully vetted by the seismological community, I con-
tinue to make the conventional distinction between these
two attenuation mechanisms in this article. However, like
Morozov (2008, 2009), I interpret the combined intrinsic

and scattering attenuation data in terms of a single frequency-
independent quality factor Qef.

It was not until the early 1980s with the refinement of
the stochastic ground-motion simulation method (see Boore
[1983] and references therein) that it was recognized that
whole-path attenuation within the crust could not completely
explain the decay of high-frequency acceleration spectra be-
yond the source corner frequency, where the acceleration
spectrum should be flat according to the commonly accepted
ω-square source displacement spectrum (Brune, 1970, 1971).
Hanks (1982) suggested that this observed cutoff frequen-
cy that he called fmax was likely due to site attenuation.
Papageorgiou and Aki (1983) suggested that it was primarily
a source effect. Without judging which interpretation was
correct, Boore (1983) included the effect of this cutoff fre-
quency in his generalization of the stochastic ground-motion
simulation method proposed by Hanks and McGuire (1981)
by including a high-cut filter in his model of the Fourier
acceleration spectrum given by the equation

D�f� � �1� �f=fmax�8��1=2: (3)

Around the same time that Hanks (1982) and Papageor-
giou and Aki (1983) were debating whether fmax was a site
attenuation parameter or a source parameter, Cormier (1982)
proposed a model in which seismic attenuation could be de-
fined by the rate of the high-frequency decay of the displace-
ment spectrum for frequencies above the corner frequency as
the multiplication of two terms: the decay due to the source
spectrum f�n and an exponential decay factor exp��πt	f�.
In this model, t	 represents the path-integrated effect of
the inverse of the quality factor as defined by the integral
(Kanamori, 1967)

t	 �
Z
path

Qef�r��1VS�r��1 dr: (4)

Cormier also noted that experimental measures of t	 typi-
cally lump scattering effects together with intrinsic anelas-
ticity and combined frequency-dependent attenuation
mechanisms together with frequency-independent attenua-
tion mechanisms. Therefore, t	 provides a measure of Qef

rather than Qin or Qsc.
After studying the high-frequency decay of accelero-

grams recorded in California, Anderson and Hough (1984)
suggested that the shape of the acceleration spectrum at high
frequencies could be described by an equation similar to
Cormier’s (1982) that they define as

A�f� � A0 exp��πκf�; f > fE; (5)

where the amplitude A0 depends on factors such as source
properties and propagation distance, κ is a spectral decay
parameter, and fE is a frequency beyond which the fall-
off of the spectrum is approximately linear on a plot of
the logarithm of A�f� versus f (Fig. 3). According to this
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equation, the slope of the spectral decay d lnA�f�=df is
�πκ. Anderson and Hough (1984) noted that if Qef�r�
and thus t	 is independent of frequency, the effect of attenua-
tion on a Brune (1970, 1971) source displacement spectrum,
for which the high-frequency decay is proportional to f�2,
will yield the spectral shape given by both Cormier
(1982) and equation (5). These authors further found that
κ was dependent on distance with a nonzero intercept that
they interpreted to be the attenuation due to the propagation
of S waves through the subsurface geological structure and a
slope that they interpreted to be the incremental attenuation
due to the horizontal propagation of S waves through the
crust. They also showed that the spectral decay of the loga-
rithm of the Fourier acceleration spectrum with frequency,
assuming an ω-square source spectrum, is flat (i.e., κ � 0)
when Qef � ∞ and Qef ∝ f and is negative (i.e., κ > 0)
when Qef � Q0 and Qef ∝ fη�η < 1�. However, only when
Qef � Q0 (a constant) is the spectral decay described exactly
by equation (5). Fitting equation (5) to a model with a frac-
tional frequency dependence ofQef will yield a smaller value
of κ than a model in which Qef is assumed to be constant,
which emphasizes the importance of the standard assumption

that Qef is independent of frequency when interpreting κ
as a site parameter. Otherwise, the true value of Qef will be
underestimated.

Hough et al. (1988) and Hough and Anderson (1988)
performed a thorough study of κ using the recordings of
small earthquakes from the Anza seismic array in southern
California. Based on this analysis, Hough and Anderson
(1988) proposed a general model for κ given by the equation

κ�r� �
Z
path

Qi�z��1VS�z��1dr; (6)

where Qi is the frequency-independent component of Qef at
depth z within the profile. They used this model to infer the
attenuation structure at Anza from a regional crustal velocity
model. They noted that their proposed model for κ�r� was
the same as that given by Cormier (1982) for t	 in equa-
tion (4), except that it used only the frequency-independent
component of Qef . Hough et al. (1988) concluded that the
similarity of the distance-dependence of κ�r� in the Anza
and Imperial Valley regions of southern California, areas
in which the intercepts at r � 0 were very different presum-
ably due to the vastly different subsurface geology, supported
the earlier assumption by Anderson and Hough (1984) that
the intercept of κ�r� represents the attenuation of seismic
waves within the geological structure beneath the site and
that the distance-dependence of κ�r� represents the attenua-
tion due to the horizontal propagation of seismic waves with-
in the crust. Hough et al. (1988) referred to this site com-
ponent of κ�r� as κ0. Anderson (1991) generalized the linear
κ�r� model of Hough and Anderson (1988) and Hough et al.
(1988) by proposing a mathematical formulation of the ob-
served behavior of κ that regarded this parameter to be an
arbitrary function of distance that he defined by the equation

κ�r� � κ0 � ~κ�r�; (7)

where κ0 is the intercept at r � 0.
Since being introduced, κ0 has become the preferred

parameter for incorporating site attenuation in the calculation
of amplification factors using the quarter-wavelength method
of Joyner et al. (1981). A summary of κ0 estimates for a vari-
ety of geological conditions throughout the United States has
been compiled by Anderson (1986, 1991) and Silva and
Darragh (1995). Even Halldorsson and Papageorgiou (2005)
have adopted it as their high-frequency filter parameter in the
revision of the specific barrier model of the earthquake
source (Papageorgiou and Aki, 1983) because of its better
fit to strong-motion data. However, these latter authors con-
tinue to suggest that it could be a source parameter rather
than a site parameter.

In the quarter-wavelength method, the site amplification
of the Fourier amplitude spectrumof acceleration is calculated
from the equation (Boore, 2003)

Amp�f� � �ρSβS=�ρ �β�1=2 exp��πκ0f�; (8)

Figure 3. Fourier amplitude spectrum of the N85° E component
of ground acceleration recorded at Cucapah during the Mexicali
Valley earthquake of 9 June 1980 (ML 6.2). The accelerograph
was a digital recorder that samples at a rate of 200=sec. (A) log-
log axes; (B) linear-log axes (after Anderson and Hough, 1984).
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whereρS andβS are thedensity andS-wavevelocity at thebase
of the geological profile, and �ρ and �β are the time-averaged
density and S-wave velocity over a depth equivalent to the
quarter-wavelength of a seismic wave of frequency f propa-
gating vertically through the profile. All of the ENA ground-
motion estimates used in the 2008 update of the national
seismic hazard maps (Petersen et al., 2008) have either been
directly or indirectly adjusted to BC site conditions using this
equation. Therefore, the discussion of Qef and κ0 presented
in the remainder of this article is restricted to their use in
the quarter-wavelength method. As I will show later, conclu-
sions regarding these attenuation parameters could be quite
different in the context of other more complex site amplifica-
tion methods.

The site amplification factors used by the USGS to esti-
mate BC ground motions from those on hard rock were
developed from the quarter-wavelength method using a hy-
pothetical BC site profile with κ0 � 10 msec (Frankel et al.,
1996). These authors reportedly based this value on a study
of borehole recordings by Fletcher (1995). However,
Fletcher does not provide specific information regarding
the lithology or S-wave velocities of these sediments. As a
result, the value of κ0 (more accurately t	) determined by
Fletcher for this site could not be confirmed as representative
of a BC site profile (see the USGS Hypothetical BC Site-
Profile section). Atkinson and Boore (2006) used the
same velocity and density profile proposed by Frankel et al.
(1996), except with a κ0 of 20 msec, to develop their new
finite-source stochastic ground-motion prediction equation
for ENA; however, they did not explain why they used that
particular value in lieu of the original value proposed by
Frankel et al. (1996). Following Atkinson and Boore
(2006), Campbell (2007) also adopted this larger value for
κ0 in a preliminary update of his hybrid-empirical ground-
motion prediction equation for ENA. A. Frankel (personal
comm., 2007) suggested that, in his opinion, the limited data
on κ0 for BC sites in ENA could not rule out either value as
being correct. In the discussion that follows, I will show that
κ0 is strongly dependent on the thickness of the sediments
beneath the site and will provide evidence to suggest that the
20 msec value is more appropriate for estimating low-strain
short-period ground motions in ENA using the hypothetical
USGS BC site profile. I also postulate that the value of κ0 for
the geological structure that underlies a site can be separated
into two principal components: one due to the sedimentary
column and one due to the hard-rock section of the geolog-
ical profile that underlies these sediments.

Site Attenuation of Hard-Rock Sites

Hard-Rock Sites in ENA

Silva and Darragh (1995) used a spectral-fitting tech-
nique together with the point-source stochastic simulation
method to derive empirical estimates of κ0 for 16 strong-
motion recordings on sites described as granitic plutons, car-

bonates, and Precambrian rock of the Canadian Shield. They
found a median κ0 of 7 msec for these sites with individual
estimates that ranged between 4 and 16 msec. An earlier ver-
sion of this study was used by Electrical Power Research
Institute (EPRI, 1993) and Toro et al. (1997) to select a
median κ0 of 6 msec to use in the development of an ENA
hard-rock ground-motion prediction equation using the
point-source stochastic simulation method. Atkinson
(1996) proposed an upperbound value of 4 msec for the
Canadian Shield based on the spectral decay of Fourier ac-
celeration spectra over frequencies of 4–30 Hz from small
earthquakes recorded on the Eastern Canadian Telemetered
Network (ECTN). Based in part on the study by Atkinson
(1996), Beresnev and Atkinson (1999) used a median κ0
of 2 msec in their estimation of hard-rock ground motions
using a finite-source stochastic simulation model. However,
these authors also used a site amplification factor of unity
and a subevent stress drop of 50 bars, consistently smaller
than contemporary estimates of these parameters in ENA
(e.g., Atkinson and Boore, 2006), which likely compensated
for the use of a relatively small κ0 value.

Close inspection of Atkinson’s (1996) figure 7 suggests
that κ0 could be as high as 7 msec over the 12–22 Hz fre-
quency range for which the observed spectral decay appears
to be less impacted by possible high-frequency noise and
low-frequency source and site effects. It is also possible that
the ECTN sites in the Canadian Shield, which are sited di-
rectly on hard, glacially scoured Precambrian rock (Beresnev
and Atkinson, 1997), are underlain by higher quality rock
than the average hard-rock site used by Silva and Darragh
(1995). Anderson and Hough (1984), Anderson (1986,
1991), and Anderson et al. (1996) show that rock quality can
have a significant impact on the value of κ0. Barton (2007)
gives similar evidence for the quality factor. A specific ex-
ample for ENA is given by Atkinson (1996) who found
relatively large κ0 values of 20–40 msec for ECTN sites in
the Charlevoix and Sudbury areas of southeastern Canada
that are reported to be located on fractured Precambrian rock
within an ancient meteor impact crater. Similarly, Silva and
Darragh (1995) found a κ0 of 25 msec from strong-motion
recordings of the 1988 Nahanni earthquake sequence on
sheared rock. These later results are also consistent with
the results of laboratory experiments on hard rock that have
shown that the more fractured a rock is, the lower the quality
factor (e.g., Johnston et al., 1979; Johnston and Toksoz,
1980b; Barton, 2007).

Chapman et al. (2003) analyzed the spectral decay of 25
recordings located approximately 10 km from a swarmof very
shallow (0.1–2.4 km deep) microearthquakes at Monticello
Reservoir, South Carolina, in an attempt to estimate κ. The
earthquakes and the recording site were located within a
complex metamorphic terrane intruded by plutons of granite
and granodiorite composition. They used a spectral-fitting
technique similar to that of Silva and Darragh (1995) to deter-
mine a median κ that ranged from �4 to 18 msec for upper
frequency limits from 15 to 40 Hz (the high-frequency limit
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of the data). They attributed the higher values of κ to a bias
caused by the relatively low (15–25 Hz) spectral corner fre-
quencies of the recordings and concluded that the true
value of κ was too small to be resolvable from the data
(i.e., κ ≤ 10 msec). Silva and Darragh (1995) interpreted sev-
eral microearthquake recordings at Monticello Reservoir at
epicentral distances of 1–8 km and found a κ0 of 13–16 msec.

Atkinson and Boore (2006) made a careful examination
of the Fourier acceleration spectra compiled by Atkinson
(2004) and found that these data were consistent with indi-
vidual estimates of κ0 that ranged from 0 (no attenuation) to
10 msec with a median value of 5 msec. The database con-
sisted of 1700 digital seismograms from 186 earthquakes
(mN 2.5–5.6) that occurred in southeastern Canada and
northeastern United States from 1990 to 2003. These data
were recorded on short-period ECTN seismographs and on
broadband seismographs of the Canadian National Seismo-
graphic Network and the U.S. National Seismic Network
on hard-rock sites that were reported to have near-surface
S-wave velocities in excess of 2000 m=sec. (e.g., Beresnev
and Atkinson, 1997).

Hard-Rock Sites at Anza

In order to show that the small values of κ0 reported for
ENA hard rock in the preceding section are not unrealistic, it is
useful to compare themwith estimates froma regionnearAnza
that some seismologists consider might be a WNA anal-
ogy to the hard-rock environment of ENA (e.g., Silva et al.,
1999b). The Anza seismic array is located within the
southern California batholith, a region of massive granitic
rock within the peninsular ranges of southern California.
Twoof these sites, thePiñonFlatObservatory (PFO) andKeen-
wild (KNW), are located on granitic plutons away from any
active traces of the San Jacinto fault zone. Deep boreholes
drilled near PFO and KNW have respective S-wave velocities
in excess of 1600 and 1900 m=sec (nearly equal to hard rock)
at depths below15and20mandS-wavevelocities of 2600and
3000 m=sec at depths below 50 m (Fletcher et al., 1990). The
more highly weathered rock above depths of 15 and 20 m for
PFO-BH (borehole sites from the nearby array sites) andKNW-
BH has a much lower velocity of approximately 800 m=sec.
The array instrument at PFO is located on a pier in a buried
vault, and the KNW array instrument is located on a concrete
pad on an outcrop of competent rock. Therefore, the array
stations can be considered to be less impacted by the weath-
ered zone and can be used to estimate the response of hard rock
for purposes of this study.

Using the spectral decay method, Anderson (1991) cal-
culated a κ0 of 2 msec for KNW and 4 msec for PFO based
on the distance-dependence ofκ�r� that he interpreted in terms
of equation (7). Silva and Darragh (1995) calculated a κ0 of
6 msec for these two sites directly from the recorded spectra
using a spectral-fitting technique. Based on data given in
Anderson (1991), I calculated an average κ0 of 7 msec for
the six sites of the Anza array where hard rock was encoun-

tered at relatively shallow depths. These values are similar to
κ0 values found for hard-rock sites in ENA. Fletcher et al.
(1990) used vertical seismic profiling (VSP) to estimate a t	

of 4 msec ( �Qef � 8) for KNW-BH and 3 msec ( �Qef � 11)
for PFO-BH over the top 50 m, although they note that their
results could be contaminated by near-surface attenuation
and interference effects. Aster and Shearer (1991) inverted
uphole–downhole spectral ratios in the 2–100 Hz frequency
band using generalized reflection–transmission modeling to
estimateQef � 9 over depths of 0–150 m and 27 over depths
of 150–300 m from 20 small earthquakes recorded at KNW-
BH. Their comparison of spectral ratios between the surface
instrument at KNW and the 300 m deep instrument at KNW-
BHyielded t	 � 11 m sec in the top300matKNW.This value
is more than double what others have estimated at KNWusing
the spectral decay method.

Aster and Shearer (1991) noted that the P-wave quality
factor was less than or equal to the S-wave quality factor in
the upper 300 m at KNW-BH, which they interpreted to be an
indication that near-surface scattering attenuation is at least
as significant as intrinsic attenuation (e.g., Anderson et al.,
1965; Kang and McMechan, 1994). Vernon et al. (1998)
came to the same conclusion from analysis of data recorded
by a dense seismic array deployed in the vicinity of PFO-BH
that they attributed to strong scattering of incident body-
wave signals into a complex mishmash of body-wave and
surface-wave modes within the near-surface zone of weath-
ered rock. Dainty (1981) assumed that Qin was independent
of frequency and that Qsc was proportional to frequency for
frequencies above 1 Hz, and others have followed his exam-
ple (e.g., Pulli, 1984; Fehler et al., 1988; Kang and
McMechan, 1994). These assumptions are typically made
in efforts to interpret coda-Q measurements for which the
variation of coda-Q with frequency is thought to reflect scat-
tering effects (e.g., Aki and Chouet, 1975; Morozov, 2008).
If Qsc is indeed proportional to frequency, it will not con-
tribute to the value of κ0 calculated from the spectral decay
method (Anderson and Hough, 1984), and the resulting κ0
will represent only intrinsic attenuation. This could explain
the discrepancy between the larger value of t	 found by Aster
and Shearer (1991) at KNW compared to the κ0 values found
by Anderson (1991) and Silva and Darragh (1995), both of
which used the spectral decay method proposed by Anderson
and Hough (1984). If this is the case, these latter estimates
might be a measure of intrinsic rather than effective attenua-
tion. The same is true for other estimates of site attenuation
using the spectral decay method. However, if Morozov
(2008, 2009) is correct, then the value of κ0 derived from
the spectral decay method will give a true estimate of effec-
tive attenuation.

Hard-Rock κ0 in ENA

Based on the results presented in the preceding sections,
I selected 5 msec as the value of κ0 to use for the hard-rock
component of site attenuation. This value is consistent with
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the median value found by Atkinson and Boore (2006) for
southeastern Canada and the northeastern United States and
falls in the middle of the range of hard-rock values presented
in the previous sections. In order to justify adding this hard-
rock κ0 to that of the overlying sediments, I assume that it
corresponds to a geological or BC site profile that is much
thicker than the overlying sediments. Hough and Anderson
(1988) estimated this thickness to be at least 5 km, based on
the results of their inferred Qi structure at Anza. However,
there are two issues that remain before this 5 msec value can
be used as an estimate of hard-rock κ0 at depth: (1) the po-
tential contamination of near-surface scattering effects and
(2) the potential impact of the overburden.

Laboratory and field measurements suggest that the at-
tenuation in near-surface rocks where hydrostatic pressures
are relatively low is not simply dependent on rock type but is
dominated by an increase in fracture content and other het-
erogeneities that can lead to wave scattering (Abercrombie,
1997, 1998). However, the sites used by Atkinson and Boore
(2006) to estimate κ0 are underlain by hard, glacially scoured
rock of the Canadian Shield with near-surface S-wave veloc-
ities generally exceeding 2000 m=sec. These sites are not
likely to be contaminated by significant fracturing and scat-
tering effects that might otherwise be attributable to near-
surface weathered or highly-fractured rock. Furthermore,
if Qsc is proportional to frequency, as some seismologists
have proposed, estimates of κ0 at hard-rock sites in ENA,
all of which have been calculated using the spectral decay
method, will not include scattering effects (Anderson and
Hough, 1984). This might have been the cause of the con-
flicting results at Anza where use of the spectral decay meth-
od yielded κ0 values that ranged between 3 and 6 msec for
the entire geological profiles underlying PFO and KNW;
whereas, the spectral-ratio method, which includes intrinsic
and scattering attenuation, yielded a value of 11 msec for the
upper 300 m at KNW alone. Some seismologists have devel-
oped theories or alternative means of data analysis that pre-
dict both intrinsic and scattering attenuation are independent
of frequency, at least up to frequencies of engineering interest
(Frankel and Clayton, 1986; Wennerberg and Frankel, 1989;
Morozov, 2008, 2009). Frankel and Wennerberg (1987) pro-
posed an energy-flux model that predicts the quality factor
determined from the decay rate of the coda is more sensitive
to intrinsic attenuation than to scattering attenuation, which
contradicts the basic assumption of most scattering models.
If this is true, the only consequences to the present study are
that the hard-rock estimates of κ0 based on the spectral decay
method might incorporate near-surface scattering effects as
well as intrinsic anelasticity, which could cause an overesti-
mate of the effective attenuation at depth. However, earth-
quake and laboratory studies indicate that this is not likely
to be the case.

Earthquake and laboratory studies have shown that the
relatively shallow depths of overburden typically found
in ENA do not have a large influence on attenuation. Labora-
tory experiments conducted by Johnston et al. (1979) and

Johnston and Toksoz (1980a) found that the quality factor
and the seismic velocity of hard sandstone and limestone
with VS > 2000 m=sec increased with confining pressure
up to about 500–1000 bars, after which they became rela-
tively independent of pressure. Assuming depths of overbur-
den less than 1000 m in ENA, the hydrostatic pressure at
the bottom of the sedimentary column is no greater than
about 150 bars. This represents confining pressures where
Johnston and Toksoz (1980a) found the smallest quality fac-
tors. The increase of the quality factor with hydrostatic pres-
sure has also been found to be larger for dry rocks than for
saturated rocks (e.g., Gardner et al., 1964; Johnston and
Toksoz, 1980a), which has implications for the attenuation
in saturated sediments such as those found in the Mississippi
Embayment and the Atlantic Coastal Plain. The increase in
the quality factor with confining pressure has been inter-
preted as resulting from the closure of fractures. Johnston
et al. (1979) and Johnston and Toksoz (1980a, 1980b) also
found that at relatively low confining pressures, friction at
fractures is the most probable dominant mechanism of intrin-
sic attenuation in laboratory specimens. Fractures are also
major scatterers of seismic energy at wavelengths smaller
than the dimensions of the fractures, which suggests that
high-frequency scattering will also decrease with increas-
ing hydrostatic pressure as the fractures are closed (e.g.,
Johnston and Toksoz, 1980b). This has been shown to be
the case for earthquake recordings. For example, Mori and
Frankel (1991) observed a significant decrease in scattering
attenuation below about 5 km (hydrostatic pressure of
∼1000 bars) in southern California, the same depth where
Hough and Anderson (1988) found the quality factor to reach
its maximum value at Anza. Moos and Zoback (1983) also
found that the seismic velocity (rock quality) of crystalline
rocks in deep boreholes at the Monticello Reservoir and the
California Mojave Desert decreased with increasing fracture
density.

Proposed Method of Estimating Site Attenuation

There are very few direct measurements of κ0 at sedi-
mentary sites in ENA. Liu et al. (1994) analyzed high-quality,
three-component digital seismograms recorded at 27 Missis-
sippi Embayment stations of the Portable Array for Numer-
ical Data Acquisition (PANDA) seismic array located at
epicentral distances of 0–100 km from 94 earthquakes with
magnitudes of mLg 1.3–3.6. They determined κ at each sta-
tion from the spectral decay of the Fourier amplitude spectra
for the 5–25 Hz frequency band by fitting the linear equation
(Anderson and Hough, 1984)

κij�r� � κ0i � κ1rij; (9)

where κij�r� and rij are the observed spectral decay param-
eter and epicentral distance at station i from event j, κ0 is the
intercept corresponding to the site attenuation parameter for
station i, and κ1 is the slope of the regression equation
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corresponding to the dependence of attenuation on distance.
They found κ0 values for the sedimentary column that ranged
from 21.3 to 48.3 msec for sites with sediment thicknesses of
463 to 715 m.

Silva and Darragh (1995) analyzed three ENA strong-
motion recordings using the spectral-fitting technique at sites
described as sandstone and claystone and found a median κ0

of 17 msec with individual estimates that ranged between 15
and 18 msec. They described these sites as “ENA soft rock”
but considered them to represent NEHRP BC site conditions
according to the site classes defined in the NEHRP Provisions
(BSSC, 2004). Based on these estimates and a relationship
between κ0 and VS30 developed from WNA data, Silva et al.
(1999b) concluded that κ0 � 20 msec was a realistic value
to use for relatively deep BC sites typical of sandstones of the
Gulf Coast region and mudstones, claystones, and siltstones
of South Carolina and the Colorado Denver Basin. They sug-
gested that the 10 msec value recommended by Frankel et al.
(1996) for characterizing BC sites in the national seismic
hazard maps is probably too low unless these sites are under-
lain by very hard-rock (VS > 2500 m=sec) at very shallow
depths (≤91 m).

Chapman et al. (2003) found a κ0 of 49 msec for a
775 m thick sedimentary column centered near Summerville,
South Carolina, using weak-motion recordings at four sta-
tions located in the Middleton Place—Summerville seismic
zone from 26 earthquakes with magnitudes ranging from 0.9
to 2.4. The area is located in the Atlantic Coastal Plain ap-
proximately 25 km northwest of Charleston. The sediments
had an average S-wave velocity of 700 m=sec. Two of the
seismometers were located in boreholes at depths of 62 and
83 m. These authors used the average time intervals between
the direct S and the surface-reflected S at these two stations
to estimate average S-wave velocities of 564 and 535 m=sec
for the overlying sediments. Estimates of κ0 were estimated
from the direct S and Sp converted phases using the spectral-
fitting technique for frequencies ranging from 1 to 30 Hz and
from 10 to 25 Hz with virtually identical results. The travel
time of S waves through the sediments was estimated to be
1.10 sec, yielding �Qef � 22:4 from equation (12). The esti-
mated quality factor for P-waves was less than this value,
inferring that scattering attenuation was at least as great as
intrinsic attenuation.

All of the remaining estimates of κ0 for sedimentary and
BC sites presented in this article were calculated from the
following relationship modified from Hough and Anderson
(1988) and Chapman et al. (2003):

κ0 �
Z

z

0

Qef�z��1VS�z��1dz; (10)

where Qef�z� and VS�z� are the effective quality factor and
S-wave velocity at a depth z within the profile. This relation-
ship is consistent with equation (6), except that it isolates the
contribution due to the sediments. By stripping off those sed-
iments in the upper part of the sedimentary column that have

VS30 < 760 m=sec, this relationship also can be used to es-
timate the value of κ0 for the BC section of the sedimentary
column. Equation (10) implicitly assumes that the value of
Qef�z� within the sedimentary column is independent of fre-
quency, which is also a basic assumption of all site-response
methodologies (e.g., Kramer, 1996). There is evidence to
support the assumption of frequency-independent attenua-
tion in sediments. Anderson and Hough (1984), Hough et al.
(1988), and Morozov (2008) give seismological evidence to
suggest that Qef�z� at high frequencies is approximately in-
dependent of frequency in the shallow crust. Wennerberg
and Frankel (1989) showed theoretically that a frequency-
dependent mechanism of attenuation within a sedimentary
sequence that extends from the surface to a depth of several
kilometers can result in a quality factor that is approximately
constant with frequency between 0.2 and 200 Hz. Wang et al.
(1994) showed that estimates of the quality factor from cri-
tically refracted pulses generated using a plank and hammer
were independent of frequency for frequencies of 10–70 Hz.
Gibbs et al. (1994) found a similar result from spectral ratios
of synthetic VSP and weak-motion data. Abercrombie (1997)
found that borehole recordings at depths of 0–2900 m were
consistent with a quality factor that was independent of fre-
quency over the 3–100 Hz useable bandwidth of the data.
Although it is commonly accepted that attenuation in sedi-
ments is generally independent of frequency, Abercrombie
(1997) and Kinoshita (2008) have interpreted deep borehole
recordings in California and Japan as having a frequency-
dependent Qef�z�. However, Morozov (2008) has shown that
the Japan data can be reinterpreted as having a frequency-
independent Qef�z�. Regardless of whether attenuation in
sediments is frequency-dependent or frequency-independent,
as discussed previously, any frequency-dependent attenua-
tion effects that might be present are neglected in the appli-
cation of equation (10).

It is useful to quantify the path-averaged value of Qef�z�
that corresponds to a specified value of κ0 in order to com-
pare it with values obtained from other studies. For a sedi-
mentary profile of a given thickness, equation (10) can be
expressed as (Boore, 2003)

κ0 � H= �Qef
�VS; (11)

where H is the thickness, �Qef is the average effective quality
factor, �VS � H=tr is the time-averaged S-wave velocity of
the sediments, and tr is the vertical travel time of the Swaves
of the sediments. Substituting the expression for �VS into
equation (11) and solving for �Qef, results in the following
equation for the average quality factor:

�Qef � H=κ0 �VS � tr=κ0: (12)

The proposed method of estimating κ0 from equa-
tion (10) is demonstrated using a representative sedimentary
column for the Memphis area developed from data provided
in Gomberg et al. (2003) and Cramer et al. (2004). These
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investigators used in situ S-wave velocity measurements to
estimate the average velocity for the major geologic units that
underlie Memphis and the surrounding region of Shelby
County. They used these estimates to construct a grid of
sedimentary columns that they used, together with 1D
equivalent-linear site-response analyses, to incorporate site
effects in the development of a regional probabilistic seismic
hazard map. Table 1 gives a typical 960 m sedimentary col-
umn for downtown Memphis (uplands area) that I derived
from data used in these studies. The thickness of each of
the geologic units was taken as the average of the range
of thicknesses given in Gomberg et al. (2003). The estimates

of S-wave velocity were taken from Cramer et al. (2004)
and are generally similar to the average values given in
Gomberg et al. (2003). The resulting value of κ0 calculated
from equation (10) using estimates of Qef reported by
Cramer et al. (2004) is 48.2 msec ( �Qef � 29:1) for the
960 m sedimentary column. The value for the geological pro-
file is estimated to be 53.2 msec after adding the inferred
value of 5 msec for the hard-rock section of the geological
profile. The corresponding values of κ0 for the 564 m BC
section of the sedimentary column, and the corresponding
BC site profiles are 11.9 msec ( �Qef � 49:5) and 16.9 msec,
respectively. The results are summarized in Table 1.

Table 1
Site Attenuation Parameters for a Representative Geological Profile in Downtown Memphis*

Cramer Boore and Joyner Intermediate

Unit/Formation (Age) Description
Depth
(m)

Thickness
(m) VS�m=sec� Qef κ0�msec� Qef κ0�msec� Qef κ0�msec�

Loess (Pleistocene) Eolian, unconsolidated,
poorly stratified glacial
silts and sands

0 12 191 10 6.28 10 6.28 10 6.28

- 0 0 0 0

Lafayette formation
(Pleistocene and
Pliocene)

Indurated clay, silt, sand,
gravel and cobbles,
locally cemented

12 12 268 25 1.79 10 4.48 15 2.99

- 0 0 0 0

Upper Claiborne group
(Eocene)

Dense clays, silts, and
fine sands with
organic fragments

24 56 360 25 6.22 10 15.56 20 7.78

- 0 0 0 0

Memphis sand
(Eocene)

Fine to coarse sands,
interbedded with
silt and clay

80 240 550 25 17.45 10 43.64 20 21.82

- 0 0 0 0

Flour Island formation
(Paleocene)

Dense clays, with
fine-grained sands
and lignite

320 80 675 25 4.74 10 11.85 20 5.93

0 4 0.24 0.59 0.30

Fort Pillow sand
(Paleocene)

Well-sorted sands with
minor silt, clay,
and lignite horizons

400 70 775 50 1.81 20 4.52 30 3.01

4 70 1.81 4.52 3.01

Old Breastworks formation
(Paleocene)

Dense clays and silts,
with some sands
and organic layers

470 240 850 50 5.65 50 5.65 50 5.65

74 240 5.65 5.65 5.65

Sedimentary rock
(Cretaceous)

Undifferentiated
sediments

710 250 1175 50 4.26 50 4.26 50 4.26

314 250 4.26 4.26 4.26

Hard rock (Paleozoic
and older)

Limestone and
crystalline rock

960 5–10 km 3400 - 5.0 - 5.0 - 5.0

564

Sedimentary column - - 960 - 29.2 48.2 14.6 96.2 24.3 57.7
564 49.4 11.9 39.4 15.0 44.8 13.2

Geological profile - - 5–10 km - - 53.2 - 101.2 - 62.7
16.9 20.0 18.2

*Note: Values in italics represent the BC section of the sedimentary column. The values forQef were taken from data provided by Cramer et al. (2004) and
Boore and Joyner (1991); all other data were taken from Gomberg et al. (2003) and Cramer et al. (2004). IntermediateQef values are intermediate to those
of Cramer and Boore and Joyner. The values of κ0 for each layer were calculated from equation (10).
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Although the S-wave velocities assigned to each of the
geologic units in the Memphis site profile are relatively well
constrained by actual measurements, the values ofQef are not.
The only justification that Cramer et al. (2004) give for their
specific selection of quality factors is that site amplification is
not very sensitive toQef ≥ 10 and that the values ofQef in the
region have been determined to be no less than 20 to 40 by
Pujol et al. (2002). In order to test the sensitivity of the calcu-
lated value of κ0 to the assumed Qef profile, I repeated the
calculation using the Qef values that Boore and Joyner
(1991) assigned to a deep-soil profile in ENA based on
ground-motion recordings in the Mississippi Embayment.
The resulting κ0 values are 96.2 msec ( �Qef � 14:6) for the
sedimentary column and 101.2msec for the geological profile
(Table 1). These latter estimates are nearly a factor of 2 higher
than those based on the Qef profile of Cramer et al. (2004).
However, most of this difference comes from the differences
in Qef assigned to the softer soil deposits. The κ0 values
calculated for the BC section of the sedimentary column
and the corresponding BC site profile using the Qef values
given by Boore and Joyner (1991) are 15.0 msec ( �Qef �
39:4) and 20.0 msec, respectively. These values are only
20%–25%higher than theBCvalues derived from theQef pro-
file used by Cramer et al. (2004).

Wen and Wu (2001) report a κ0 of 63 msec for the sed-
imentary column beneath Memphis that C. Wu (personal
comm., 2008) attributes to the following relationship be-
tween Qef and depth developed by R. Herrmann and
A. Akinci (see Data and Resources section) from ground-
motion measurements in the Mississippi Embayment:

Qef�z� � 6z0:24: (13)

This value of κ0 falls between the estimates derived from the
two Qef profiles described in the previous paragraph. In fact,
the value of κ0 reported by Wen and Wu (2001) is closely
matched by simply using Qef values that are intermediate
between those of Boore and Joyner (1991) and Cramer et al.
(2004) for sediments of similar S-wave velocity. Using this
intermediate Qef profile, I obtained a κ0 of 57.7 msec ( �Qef �
24:3) for the sedimentary column and 62.7 msec for the geo-
logical profile (Table 1). The κ0 values for the 564 m
BC section of the sedimentary column and the correspond-
ing BC site profile are 13.2 msec ( �Qef � 44:8) and
18.2 msec, respectively. Additional support for using the in-
termediate Qef profile comes from earthquake studies that
have found a path-averaged Qef for the entire Mississippi
Embayment sedimentary column that ranges between 20
and 36 (Wuenscher et al., 1991; Chen et al., 1994; Liu et al.,
1994; Langston, 2003b). Similar values have also been found
for other sedimentary basins located both inside and outside
of the United States (Hauksson et al., 1987; Clouser and
Langston, 1991; Chapman et al., 2003; Langston, 2003a,b;
Kinoshita, 2008).

The similarity in the three estimates of κ0 for the
Memphis BC site profile is due largely to the agreement

in the value of the quality factor (Qef � 50) for the deeper
sediments. Other earthquake and laboratory studies have
found that low-strain values of Qef and Qin range anywhere
from 20 to as large as 100 for semiconsolidated sediments
similar to those in the deeper parts of the Mississippi Embay-
ment (Johnston et al., 1979; Johnston and Toksoz, 1980a,b;
Chang et al., 1992; Liu et al., 1994; Lay and Wallace, 1995;
Chapman et al., 2003; Langston et al., 2005; Assimaki et al.,
2008). In order to test the sensitivity of κ0 to this value,
I repeated the calculation for the Memphis profile substitut-
ing Qef values of 25 and 100 in place of 50 for the deeper
sediments. These calculations indicate that κ0 for the BC site
profile varies by about �25% to �55% for this factor of 2
difference in Qef . There is also uncertainty associated with
layer thicknesses and S-wave velocities. However, these
parameters are taken from profiles provided by individual
investigators, and their uncertainty is assumed to be ade-
quately captured by these investigations.

Estimates of Qef for Sedimentary Deposits

Models Used to Estimate Qef

Because of the relatively large sensitivity of κ0 to the
Qef profile, I chose to include uncertainty in Qef by propos-
ing four models that are intended to capture its variability
at both low S-wave velocities (shallow depths) and high
S-wave velocities (large depths). Model 1 is based on Qef

values that are intermediate to the profiles proposed by Boore
and Joyner (1991) and Cramer et al. (2004). As shown in the
previous section, the values from these investigators appear
to serve as reasonable end members of an intermediate Qef

profile that results in a κ0 for the Memphis sedimentary col-
umn that agrees with a relationship developed from actual
measurements (R. Herrmann and A. Akinci, see Data
Resources section). An eyeball fit of these Qef values on
S-wave velocity resulted in the equation

Qef � 7:17� 0:0276 VS; (14)

where VS is S-wave velocity in m=sec. Model 2 uses this
same equation except that it constrains Qef to 50 when VS >
800 m=sec in order to be consistent with the same constraints
imposed by Boore and Joyner (1991) and Cramer et al.
(2004).

Model 3 is based on the empirical Qef and VS versus
depth relationships developed by R. Herrmann and A. Akinci
(see Data and Resources section). Their model for VS is giv-
en by the equation

VS � 250z0:18; (15)

where z is depth in meters. In order to make this relationship
more generally applicable to other site profiles, I combined it
with theQef relationship in equation (13) developed by these
same investigators (R. Herrmann and A. Akinci, see Data
and Resources section) to derive the equation
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Qef �
�
10 VS ≤ 366 m= sec
0:00382 V1:333

S VS > 366 m= sec
: (16)

A minimum value of 10 was used with this equation to be
consistent with the minimum values proposed by Boore and
Joyner (1991) and Cramer et al. (2004) and with the earth-
quake weak motion, shallow seismic survey, and laboratory
data described in the next section. Model 4 uses this same
equation except that it constrains Qef to 50 when VS >
800 m=sec to be consistent with Model 2.

The four Qef models are compared in Figure 4. This fig-
ure shows that Models 1 and 2 predict larger values of Qef

than Models 3 and 4 for VS < 800 m=sec. Model 3 predicts
larger values of Qef than Model 1 for VS > 800 m=sec.
Models 2 and 4, which constrain the quality factor to Qef �
50 when VS > 800 m=sec, predict larger values of Qef

than Models 1 and 3 for velocities between 800 and 1200–
1600 m=sec and smaller values ofQef for larger velocities. In
no case is the predicted value of Qef allowed to be less than
30 when VS > 800 m=sec, even though some earthquake
and laboratory studies have indicated that such small values
are possible. Values are allowed to exceed 50 for VS >
1200 m=sec and can reach values as large as 60–100 at ve-
locities approaching those of hard rock.

Although the four Qef models proposed in this study
are loosely based on earthquake weak-motion data, they
are primarily the product of the expert opinions of a few seis-
mologists (Boore and Joyner, 1991; Cramer et al., 2004;
R. Herrmann and A. Akinci, see Data and Resources sec-
tion). These seismologists give no tangible data that can
be used to verify their proposedQef profiles, so these profiles
cannot be validated. There is, however, a body of weak mo-
tion, seismic survey, and laboratory data in the Mississippi
Embayment, Atlantic Coastal Plain, and other sedimentary
basins in California, Japan, and Uzbekistan that can be used
to check whether these models are reasonable.

Weak-Motion Data

There have been several attenuation studies using weak-
motion recordings in the Mississippi Embayment and the
Atlantic Coastal Plain that can be used to estimate a path-
averaged Qef for the sedimentary column (for details see
Dependence of Attenuation on Sediment Thickness section).
Two of these estimates were obtained from κ0 values derived
using the spectral-decay method (Liu et al., 1994) and the
spectral-fitting method (Chapman et al., 2003). I provide
an alternate estimate of �Qef to that of Liu et al. (1994) after
correcting their data for a bias inferred from the data of
Chen et al. (1994). Two other Qef values were estimated
from the ratio of the S to the converted S to P (Sp) phases
(Wuenscher et al., 1991; Chen et al., 1994). Clouser and
Langston (1991) used this latter method to derive an estimate
of �Qef for the Gazli region of Uzbekistan. Figure 4 shows that
these estimates, plotted as solid gray circles, are generally
consistent with the predictions from Models 1–4. In order
to show that such profile averages are a valid means of val-
idating the Qef models, I have also plotted the values of �Qef

that I estimated from the sedimentary columns compiled in
this study based on Qef profiles predicted from Models 1–4.
These estimates also show reasonable agreement with the
Qef models.

Weak-motion recordings of small earthquakes from
borehole seismometer arrays can provide a direct observation
of attenuation in the surrounding geologic materials if anal-
yzed properly. However, I am not aware of any deep bore-
hole attenuation measurements in ENA. In the absence of
such measurements, I suggest that borehole recordings in
California can be used as a proxy in order to gain some
insight into the attenuation characteristics of similar geo-
logic materials in ENA. There are four such studies in
California. Hauksson et al. (1987) estimated Qef from the

0 500 1000 1500 2000

VS (m/sec)

Q
u

al
it

y 
Fa

ct
o

r

0

20

40

60

80

100

Models 1 & 2
Models 3 & 4

Models 2 & 4

Model 3

Model 1

L05

KM94 (Qin)

KM94 (Qef)

Figure 4. Comparison of the models used in this study to es-
timate the seismic effective quality factor Qef from the S-wave ve-
locity VS for sedimentary deposits (black solid and dashed lines)
with values derived from earthquake weak motion, seismic survey,
and laboratory data (see text): (gray solid lines) correlations derived
by Assimaki et al. (2008) from weak-motion recordings in Japan for
depth ranges of 0–30 m (VS < 500 m= sec) and 30–100 m
(VS ≥ 500 m= sec); (black solid circles) profile averages for ENA
sedimentary profiles used to develop equations (20) and (22); (gray
solid circles) profile averages for sedimentary profiles in ENA and
Uzbekistan derived from weak-motion recordings; (gray solid
squares) averages over depth intervals derived from weak-motion
recordings from boreholes in California; (gray open squares)
averages derived from seismic survey measurements in the Missis-
sippi Embayment for (a) near-surface unconsolidated soils (VS <
500 m= sec) and (b) the entire sedimentary column ( �VS �
600 m= sec); (gray open circles) averages derived from seismic sur-
vey measurements in California for near-surface unconsolidated
soils; (gray dashed line) relationship developed for the Mississippi
Embayment from shallow refraction studies; (gray open diamonds)
averages from laboratory measurements on specimens of (a) uncon-
solidated sediments from the Mississippi Embayment tested at con-
fining pressures consistent with depths ranging from 2 to 30 m and
(b) hard sandstone from the western United States. One standard
deviation error bars are indicated when available. The error
in S-wave velocity is typically smaller than the size of the
symbol and is not shown. KM94, Kang and McMechan (1994);
L05, Langston et al. (2005).
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uphole–downhole ratios of Fourier amplitude spectra
(3–30 Hz) from recordings of a small earthquake that oc-
curred directly beneath a deep borehole site located in the
Baldwin Hills of the Los Angeles Basin. Interpreting the dif-
ferences in the high-frequency slopes as due to attenuation,
they estimated Qef values of 108 and 25 over depths of
0–420 m and 420–1500 m, respectively. They noted that
the shallow estimates may have been overestimated due to
the narrow frequency band of the data and the impact of
near-surface amplification and interference. The deeper de-
posits were composed of upper Tertiary oil-bearing sand-
stones with an estimated average S-wave velocity of
1400 m=sec. Jongmans and Malin (1995) performed a simi-
lar study of Fourier spectra (2–40 Hz) using six small earth-
quakes located near a borehole site at Parkfield. They found
Qef values of 8, 10, 65, and 37 over depths of 0–298 m,
298–572 m, 572–938 m, and 0–938 m, respectively. The
two shallowest values were considered to be unreliable
because of the location of the 298 m instrument in a low-
velocity zone. The borehole sediments are composed of a
mixture of Tertiary claystone, siltstone, sandstone, and con-
glomerate with average estimated S-wave velocities of
1450 m=sec for the entire borehole and 1750 m=sec for
the lower section of the borehole, according to the average
S-wave travel times given in Daley and McEvilly (1990).
Abercrombie (1997) performed a similar study of Fourier
spectra (3–30 Hz) from 17 small earthquakes located near
a borehole site at Cajon Pass in the San Bernardino Moun-
tains. She found Qef values and average S-wave velocities
(in parentheses) of 17 (660 m=sec), 24 (2240 m=sec),
52 (3420 m=sec), and 25 (2090 m=sec) over depths of
0–300 m, 300–1500 m, 1500–2900 m, and 0–2900 m,
respectively. The upper 300 m section of the borehole is
composed of Tertiary sandstone that overlies 200 m of
Tertiary sandstone and 2400 m of crystalline rock. Bonilla
et al. (2002) used synthetic and recorded seismograms
(0–10 Hz) from a small nearby earthquake in a borehole
in Garner Valley (near Anza) to calibrate a near-surface ve-
locity and damping profile that had been estimated from geo-
technical data and shallow seismic surveys. Their calibration
yielded Qef values and average S-wave velocities of 10
(220 m=sec), 15 (590 m=sec), 30 (1630 m=sec), and 50
(3000 m=sec) over depths of 0–22 m (Quaternary alluvium),
22–87 m (weathered granite), 87–219 m (granite), and
219–500 m (granite), respectively. The values for the sedi-
mentary deposits and the weathered granite obtained from
these borehole studies are plotted in Figure 4 (gray solid
squares), where they are compared to the four Qef models
proposed in this study. All of the values fall at or below
the values predicted by the four models. Although not
plotted, the same observation would be true for the hard-rock
values. In fact, after reviewing the quality factors found by
several deep borehole studies of weak-motion recordings in
the frequency range of 1 to 10 Hz in California, Abercrombie
(1998) concluded that these values are generally independent

of rock type and have typical values corresponding to Qef ≈
10 in the upper 100 m and Qef ≤ 30 in the upper 500 m.

Assimaki et al. (2008) developed Qef versus VS correla-
tions from an inversion of uphole and downhole weak-
motion geotechnical array recordings at 38 stations of the
Japanese KiK-Net strong-motion network (Aoi et al.,
2000) from aftershocks of the 2003 M 7.0 Miyagi-oki earth-
quake. They used a seismic waveform optimization algo-
rithm to derive high-resolution, low-strain estimates of Qef

and VS at the 38 KiK-Net sites from 14 aftershocks
(M 4.0–4.8) located at hypocentral depths of approximately
70 km. They developed separate correlations for layers lying
between sediment depths of 0–30 m and 30–100 m. The cor-
relations for both depth ranges clearly show a near-linear
relationship between Qef and VS similar to that found in this
study. Because they did not fit curves through these correla-
tions, I estimated these curves by eye and have plotted them
in Figure 4 (gray solid lines). Although there are layers be-
low 30 m that have VS > 500 m=sec, I limited the relation-
ship to this velocity because Qef becomes relatively constant
at 10� 5 for the higher-velocity layers, possibly reflecting a
natural limit to Qef at such shallow depths. There were no
layer velocities less than 500 m=sec for the 30–100 m depth
range; however, I limited the upper range of the relationship
to VS < 1100 m=sec to be consistent with the deepest
estimated velocities for the Mississippi Embayment and be-
cause, like for the shallower depths,Qef decreases to become
relatively constant at about 35� 25 above this velocity,
again possibly reflecting a natural limit for Qef in this depth
range. Figure 4 shows that the two curves are generally sim-
ilar to Model 3 of this study, which I derived from the Qef

and VS versus depth relationships developed for the Missis-
sippi Embayment by R. Herrmann and A. Akinci (see Data
and Resources section). The relatively small mean effective
quality factors ( �Qef < 10) that were found for the soft shal-
low deposits are not unprecedented. Similarly small values
have been found by Kudo and Shima (1970), Gibbs and Roth
(1989), and Jongmans and Malin (1995).

Wald and Mori (2000) found that Qef values similar
to those found by Assimaki et al. (2008) for Japan and
Abercrombie (1998) in California could explain weak-
motion site amplification data in the Los Angeles Basin.
The amplification data were estimated by Hartzell et al.
(1996, 1998) based on aftershocks of the 1994M 6.7 North-
ridge earthquake. These empirical site amplifications were
compared with those calculated using the propagator-matrix
method of Haskell (1960) and the quarter-wavelength meth-
od of Joyner et al. (1981) and Boore (2003). Comparisons
were made for Fourier amplitude spectra in the 1–7 Hz fre-
quency band at 33 borehole sites where in situ S-wave ve-
locity measurements were available. The shallow borehole
data were merged with a 3D velocity model developed by
Magistrale et al. (1996) to extend the profiles to a depth
of 5 km. Wald and Mori found that the site amplifications
from the weak-motion data were reasonably consistent with
the site amplifications calculated from the two site-response
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methods when Qef values of 10 and 30 were assigned to the
depth ranges 1–100 and 100–1000 m, respectively. Although
S-wave profiles were not presented, based on tabulated
values of VS30 and a deep S-wave velocity profile presented
in their paper, VS appears to range between a few hundred
meters per second near the surface to around 2000 m=sec at a
depth of 1000 m. Without specific S-wave velocities, these
values cannot be plotted in Figure 4. However, it is clear that
they are similar to the other earthquake weak-motion esti-
mates in this plot and would fall below the predictions from
Models 1–4.

Seismic Survey Data

There have been several seismic surveys in shallow un-
consolidated deposits in the Mississippi Embayment that im-
ply that the quality factors of these deposits might be larger
than is estimated by Models 1–4. These surveys were con-
ducted using three methods: vertical seismic profiling (VSP),
spectral analysis of surface waves (SASW), and seismic re-
fraction. Pujol et al. (2002) and Ge et al. (2009) used VSP
measurements from a compressed-air-driven hammer to es-
timate S-wave attenuation in seven shallow (approximately
60 m deep) boreholes located in the region around Memphis.
Quality factors were estimated for the 10–50 Hz frequency
band from the slopes of the uphole–downhole Fourier spec-
tral ratios. Lai et al. (2002) used SASW to determine the spa-
tial attenuation of Rayleigh waves produced using a vertical
harmonic wave generator at a site on Mud Island near down-
town Memphis. Quality factors were estimated for frequen-
cies in the 5–70 Hz frequency band from the simultaneous
inversion of surface-wave dispersion and attenuation data.
Wang et al. (1994) used shallow refraction measurements
produced with a plank and hammer at 20 sites to estimate
S-wave attenuation in the region around Paducah, Kentucky.
They estimated the quality factors of individual soil layers
for frequencies of 0 to 40–60 Hz from critical refractions
using the pulse-broadening technique. These estimates that
ranged between 8 and 58 were used to develop a relationship
between Qef and VS given by the equation

Qin � 0:08 VS � 6:99 (17)

for S-wave velocities ranging between 175 and 610 m=sec.
The standard error of estimate of this relationship is 12.10.
The inferred quality factors are assumed to represent intrinsic
attenuation for reasons presented later in this section. Only
the upper 30 m of the sediments investigated by Wang et al.
(1994), representing S-wave velocities of 175–260 m=sec,
are Quaternary in age (Harris and Street, 1997). The deeper
and higher-velocity sediments represent Eocene or older stra-
ta. According to figure 9 of Wang et al. (1994), the quality
factors within the Quaternary sediments range between 8 and
28, with most falling between 16 and 28. These values are
similar to those found from the VSP measurements in similar
age deposits. All of these estimates are plotted in Figure 4

(gray open squares and gray dashed line), where they can be
compared with the predictions from Models 1–4.

Similar results to those found in the Mississippi Embay-
ment have also been found in California using the VSP and
SASW methods. Rix et al. (2000) applied the same surface-
wave technique that Lai et al. (2002) used in Memphis to
estimate the damping ratio ξ � 1=2Qin of soil layers down
to a depth of 12.5 m at the Treasure Island National Geotech-
nical Experimentation Site in San Francisco Bay. Their
damping ratios, corresponding to �Qin � 49 for fill and soft
bay mud with �VS � 145 m=sec, were found to be similar to
those derived from low-strain resonant column and torsional
shear tests on homogenous soil specimens from a nearby
borehole. The consistency between the SASW and low-strain
laboratory measurements indicates that the SASW method
measures primarily internal or intrinsic damping. Boore et al.
(2003) used VSP measurements to estimate an average damp-
ing ratio of 0.012 ( �Qin � 42) in the upper 220 m of a bore-
hole with �VS � 446 m=sec located at the site of the I10
La Cienega Boulevard Bridge collapse during the 1994
Northridge earthquake. They calibrated synthetic seismo-
grams with the observed uphole–downhole Fourier spectral
ratios in order to account for the nonintrinsic attenuation re-
sulting from geometrical attenuation, interlayer reflections
and reverberations, and changes in S-wave impedance. As
a result, their estimate of attenuation likely corresponds to
Qin rather than Qef . They also noted that this damping ratio
was somewhat low compared to those that had been obtained
using the same method at other shallow (10–70 m deep)
borehole sites in California with comparable velocities and
fine-grained soils that range between 0.014 and 0.020
( �Qin � 25 to 36). These latter Qin values along with sev-
eral others that sample coarse-grained soils and soft rock
(D. Boore, see Data and Resources section) are plotted along
with those of Rix et al. (2000) and Boore et al. (2003) in
Figure 4 (gray open circles). These values are found to fall
in the same range as those in the Mississippi Embayment,
and both are generally larger than those determined from
weak-motion recordings. The seismic survey measurements
on stiff soils and rock are the exception. These values are
inexplicably smaller than those derived from weak-motion
recordings for VS > 450 m=sec.

The comparisons in Figure 4 show that the estimates of
the quality factors in the Mississippi Embayment that were
obtained from shallow seismic surveys are larger than those
that were derived from earthquake weak-motion data. This is
true for the predictions from Models 1–4 as well as estimates
that have been derived for the entire sedimentary column
(Clouser and Langston, 1991; Wuenscher et al., 1991; Chen
et al., 1994; Liu et al., 1994; Chapman et al., 2003; see also
Dependence of Attenuation on Sediment Thickness section)
and from borehole observations presented in the previous
section. Although this could imply that the earthquake
estimates are too low, there is evidence to suggest that
this discrepancy might instead be due to the predominant
attenuation mechanism and shear-strain amplitude of the
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measurements. The spectral-ratio methods that were used to
derive the earthquake estimates potentially measure a com-
bination of intrinsic and scattering attenuation. On the other
hand, the seismic survey estimates in the Mississippi Embay-
ment appear to represent primarily intrinsic attenuation be-
cause of the generation and spectral analysis of simple pulses
rather than complex waveforms. For example, Barker and
Stevens (1983) generated fundamental mode Rayleigh waves
using a 1 ton soil compactor and the amplitude decay with
distance to estimate the Qin structure at three sites in the Im-
perial Valley. The S-wave velocity structure was found by
simultaneously inverting the phase and group velocities.
They found that Qin increased from about 15–30 near the
surface to 60–120 at a depth of 70 m for unconsolidated se-
diments with S-wave velocities ranging from 150 to
350–m=sec. These values are similar to those calculated
by Wang et al. (1994) from the distance decay of direct ar-
rivals of critically refracted waves. Ge et al. (2009) used a
synthetic wave-propagation algorithm that included rever-
berations within layers, dispersion effects, and anelastic
(intrinsic) attenuation to confirm that the estimates of atten-
uation that they obtained from the spectral-ratio method
using VSP measurements were consistent with intrinsic at-
tenuation. They found that they could match the amplitudes
of the synthetics using their measured quality factors as esti-
mates of Qin, suggesting that scattering effects are not a sig-
nificant contributor to their estimates of attenuation and, by
analogy, to those of Pujol et al. (2002). They suggested that
scattering effects are minimized because of the relatively
thick layers (i.e., weak heterogeneities) within the upper
60 m of the sites that they investigated.

Langston et al. (2005) used the SASW method to esti-
mate an average Qin of 100 in the entire sedimentary section
of the Mississippi Embayment from an analysis of the group
velocity and amplitude–distance decay of band-pass-filtered
explosion-generated Rayleigh waves. They interpreted the
attenuation to be independent of depth and frequency in
the 0.6–4 Hz frequency band. Three shallow chemical explo-
sions of 23, 1134, and 2268 kg were used to generate Raleigh
waves out to distances as far as 130 km. Basic assumptions
of the analysis were that the dominating pulses in each of the
band-pass waveforms represented fundamental mode Ray-
leigh waves that propagated with r�1=2 geometrical spread-
ing and that intrinsic attenuation could be represented by a
temporal rather than a spatial formulation. These assump-
tions were verified using synthetics. The lack of any signifi-
cant contamination of the intrinsic attenuation estimates from
scattering effects is also suggested by the larger value of
P-wave Qin (Anderson et al., 1965; Kang and McMechan,
1994) that was found to be twice that of the S-wave value.
Langston et al. noted that their estimate of Qin is more than
three times higher than the estimates of 10–30 obtained in
previous investigations in the Mississippi Embayment and
hypothesized that unconsolidated and semiconsolidated sedi-
ments of the embayment might not significantly attenuate
low-strain earthquake ground motions, consistent with the

earlier conclusions of Langston (2003b). This value is large
even for intrinsic attenuation and, if verified in future studies,
could have a large impact on the estimated seismic hazard
in the Mississippi Embayment. Morozov (2008) found a sim-
ilar value of Qin in unconsolidated and semiconsolidated
sediments of 1.5 to 2 km thickness in the Kanto Plain near
Tokyo from weak-motion borehole recordings reported by
Kinoshita (2008).

Kang and McMechan (1994) used seismograms re-
corded at distances of 6 to 10 km from the shot point of a
wide-aperture refraction experiment in the Mississippi
Embayment in an attempt to estimate bothQin andQsc. They
used the common assumption that Qin is relatively indepen-
dent of frequency and that Qsc is dependent on frequency in
the frequency range of interest. They also assumed that the
maximum scattering attenuation occurs at wavelengths near
the dominant scatterer size that in this case was estimated to
be 100 m. Simultaneous inversion of both direct P- and
S-wave parameters yielded Qin � 68 and Qsc ≈ 60 (the lat-
ter scaled from their figure 7) for the 0.8–6 Hz frequency
band that gives Qef � 32 based on equation (2). The near
equality of intrinsic and scattering attenuation demonstrates
the importance of scattering effects over the 6–10 km hori-
zontal distance used for the inversion. The value of Qef , if it
represents attenuation within the entire sedimentary column,
is near the upper bound of earthquake estimates within the
Mississippi Embayment and the other sedimentary basins
described previously. However, Langston et al. (2005) noted
that the primary S-wave arrivals at these distances appear to
represent the attenuation due to that portion of the travel path
that exists within the basement rock rather than in the sedi-
ments. However, if this were the case, I would have expected
the quality factors, especially Qin, to be much larger. The
Kang and McMechan (1994) and Langston et al. (2005)
quality factors are plotted in Figure 4 (gray open squares),
assuming �VS ≈ 600 m=sec for the sedimentary column in
the Mississippi Embayment (Andrews et al., 1985).

Laboratory Data

Chang et al. (1992) performed resonant column tests on
35 soil specimens collected from local government agencies
and engineering consulting companies in the upper Missis-
sippi Embayment. They used these tests to estimate the low-
strain and high-strain shear modulus and damping ratio for
each of the specimens. Shear modulus is related to S-wave
velocity through the relationship G � ρV2

S, where ρ is the
density of the soil. The low-strain tests were conducted at
shear-strain amplitudes of 10�5 and less. Tests were done
at confining pressures simulating depths of a few meters
up to 30 m. Soil specimens were divided into six groups de-
pending on their soil type: A1, alluvial sand (SP-SM); A2,
terrace sand and gravel (SP-SW-SM-SC-GP); A3, Jackson
fine sand (SP); B1, silty to sandy clay (CL); B2, Jackson clay
(CL-CH); and C, loess (fine silt). The letters in parentheses
represent the soil classification based on the Unified Soil
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Classification system. The tests yielded individual low-strain
estimates of S-wave velocity that ranged between 100 and
480 m=sec and individual low-strain estimates of Qin that
ranged between 6 and 280. Although individual estimates
ofQin were found to vary by almost two orders of magnitude,
the large number of tests provided stable mean values. These
mean values along with their standard errors are plotted in
Figure 4 (gray open diamonds). They generally plot in the
middle of the values determined from the shallow seismic
surveys and very close to the relationship derived by Wang
et al. (1994). The exception is Jackson clay, which with
�VS � 150 m=sec and �Qin � 11, had the lowest mean effec-
tive quality factor of any of the soil groups tested. This qual-
ity factor was consistent with the predictions from Models
1–4 even though it represents an estimate of intrinsic
damping.

Whitman and Richart (1967) list typical values of inter-
nal (intrinsic) damping in soils from laboratory tests run at
relatively small strain amplitudes (∼10�4) normally encoun-
tered in foundation vibration problems and at confining pres-
sures appropriate for near-surface soils. These values vary
between 0.01 and 0.10 (Qin � 5 to 50) with a median value
of approximately 20. Clay and silty sands had the lowest
values of Qin, consistent with the Mississippi Embayment
soil specimens, and dry and saturated sands and gravels
had the highest. Although not reported, the S-wave velocities
associated with these soil specimens are likely around
200 m=sec, which makes these values consistent with the
laboratory values of Chang et al. (1992) and the values de-
rived from shallow seismic surveys plotted in Figure 4.

Laboratory measurements of attenuation for homoge-
nous rock typical of embayment lithology (e.g., Gomberg
et al., 2003) that were performed at relatively low confining
pressures consistent with sediment depths in the Mississippi
Embayment and the Atlantic Coastal Plain are reported to be
about 10 for shale and 20–30 for sandstone for frequencies in
the 20–125 Hz range (Knopoff, 1964; Lay and Wallace,
1995). Johnston and Toksoz (1980a,b) made laboratory mea-
surements of intrinsic attenuation of S and P waves in hard
sandstone (VS > 2000 m=sec) at frequencies of 10–20 kHz
under both low-strain and high-strain conditions. At such
high frequencies, strain amplitudes are relatively high, and
attenuation is increased by scattering from microfractures
within the specimens. Therefore, these results are more likely
a measure of Qef rather than Qin. The test results of Johnston
and Toksoz (1980b) for shear-strain amplitudes of 10�6–
10�5 correspond to inferred S-wave quality factors of
approximately 30–70 for dry specimens of hard sandstone,
assuming that P-wave and S-wave quality factors are
approximately equal (Johnston and Toksoz, 1980a). High-
strain measurements of S-wave attenuation on these same
specimens at large confining pressures (500–1000 bars) that
presumably replicate low-strain conditions (Johnston and
Toksoz, 1980a) yielded quality factors of around 30 for sa-
turated sandstone and around 100 for dry sandstone. The
range of inferred low-strain quality factors for the dry and

saturated sandstone specimens is plotted in Figure 4 (gray
open diamonds connected by a gray dashed line) at an
S-wave velocity of 1900 m=sec. These laboratory values
are found to bracket the predictions from Models 1–4, as-
suming that they represent an estimate of effective rather than
intrinsic attenuation. The relatively high attenuation that has
been found for saturated sandstone might help to explain the
relatively low quality factors that have been estimated for
Mississippi Embayment and Atlantic Coastal Plain sedi-
ments from weak-motion data.

Effect of Shear-Strain Amplitude

What is referred to as low-strain shear-strain amplitude
will vary depending on the method used to conduct the at-
tenuation measurements and on the stiffness of the sedi-
ments. The low-strain asymptote of damping versus shear-
strain curves from laboratory test data generally have
shear-strain amplitudes of 10�6 and less. Low-strain seismic
survey tests can induce shear-strain amplitudes as high as
10�5. Low-strain weak-motion data can generate shear-strain
amplitudes as high as 10�4. Internal damping versus shear-
strain curves from laboratory test data (e.g., Chang et al.,
1992; EPRI, 1993) indicate that damping can increase signif-
icantly over this range of shear-strain amplitude. For exam-
ple, the EPRI curves for confining pressures consistent with
depths of 0–36 m predict an increase of the damping ratio
from about 0.01 at 10�6 shear strain to about 0.03 at 10�4

shear strain. This corresponds to a decrease of 70% in Qin

from 50 to 15. Drnevich and Richart (1970) provide a spe-
cific example based on laboratory tests on virgin specimens
of dry Ottawa sand that were compacted to confining pres-
sures consistent with depths of 6 m or less. They found
damping ratios on the order of 0.005 (Qin � 100) and
0.015 (Qin � 30) at shear-strain amplitudes of 10�5 and
10�4, respectively. Damping ratios were found to increase
by about a factor of 2 (i.e., Qin was found to decrease by
a factor of 2) when the sand was subjected to a million cycles
of prestrain at a shear-strain amplitude of 6 × 10�4. These
prestrained estimates are similar to those predicted by the
EPRI curves for the same shear-strain amplitudes. Laboratory
experiments by Johnston and Toksoz (1980b) at frequencies
of 10–20 kHz provide an example of the strain-dependence
of attenuation in hard rock. They found that values of P-
waveQin decreased from about 60–75 at 10�6 compressional
strain to about 30 at 10�5 compressional strain for two speci-
mens of dry, hard sandstone. Silva et al. (1999b) also noted
that stiffer materials, including rock, are just as sensitive to
shear-strain amplitude as softer materials. However, because
these materials are harder, higher ground-motion amplitudes
are required to generate the same shear-strain amplitude. Ad-
ditional discussion of the inconsistency between quality fac-
tors obtained from low-strain laboratory data and earthquake
weak-motion data can be found in the Discussion and Con-
clusions section.
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Discussion

The site attenuation parameter κ0, when used in con-
junction with the quarter-wavelength method of site ampli-
fication defined in equation (8), must account for all
attenuation mechanisms, whether they are due to intrinsic
anelasticity or to scattering effects. The reason for this is that
the quarter-wavelength method is based on the nonresonant
amplification produced as a result of energy conservation of
waves propagating through materials of gradually changing
velocity (Joyner et al., 1981) that ignores geometrical damp-
ing mechanisms such as geometrical attenuation, phase con-
versions, and scattering from reverberations between layers
and from heterogeneities within the sediments. Therefore, it
is altogether appropriate to estimate κ0 using the lower
values of low-strain Qef that are obtained from weak-motion
data because they include the effects of both intrinsic and
scattering attenuation. It also should be noted that observa-
tions of weak-motion data represent generally larger shear-
strain amplitudes (up to 10�4) with a correspondingly smal-
ler Qef (possibly by a factor of 2) than low-strain seismic
survey and laboratory measurements, as evidenced by the
studies presented in the previous section. These higher shear-
strain amplitudes are also consistent with the low-strain
NEHRP site coefficients for site classes C, D, and E that attain
their highest values at a relatively high peak acceleration of
0.1 g for site class B. Therefore, low strain in the context of
this study refers to shear-strain amplitudes that are consistent
with those induced by weak-motion recordings. Figure 4 in-
dicates that the four Qef models proposed in this study are
generally consistent with Qef values derived from weak mo-
tions. Therefore, I conclude that these models are appropriate
for estimating κ0 of sedimentary deposits for this study.

The impact of the uncertainty inherent in the four Qef

models proposed in this study is demonstrated by using them
to estimate κ0 for the Memphis site profile described pre-
viously. Equation (10) yields κ0 values of 59.1, 54.4, 74.0,
and 70.2 msec for the Memphis sedimentary column using
Models 1–4, respectively. These values correspond to aver-
age Qef values of 23.8, 25.8, 19.0, and 20.0. The κ0 values
bracket the value calculated from the intermediateQef profile
in Table 1 and reasonably represent the uncertainty corre-
sponding to the Boore and Joyner (1991) and Cramer (2004)
Qef profiles. Corresponding κ0 values for the BC section of
the sedimentary column are 18.0, 13.3, 17.3, and 13.5 msec
for Models 1–4, respectively, yielding average Qef values of
32.9, 44.5, 34.2, and 43.8. In this case, the estimated values
of κ0 do not bracket the value calculated from the intermedi-
ateQef profile because both the Boore and Joyner (1991) and
Cramer (2004) profiles assume that Qef � 50 at the larger
S-wave velocities; whereas, I used estimates as low as 30 for
two of the Qef models. The lower estimate is consistent with
many of the borehole measurements described in the pre-
vious section for unconsolidated and semiconsolidated de-
posits of similar or larger S-wave velocity. There is some
evidence that suggests that Qin might be as high as 100 in

sediments of the Mississippi Embayment (e.g., Langston
et al., 2005), but as I mentioned previously, it is Qef (com-
bined intrinsic and scattering attenuation) that is relevant to
the calculation of κ0. Therefore, for the estimates of κ0 pre-
sented in the next section, I used Models 1–4 to estimate Qef

from VS in addition to any quality factors that were recom-
mended by the investigator. I believe that these models ade-
quately represent the uncertainty inherent in Qef estimates
according to values reported in the literature for similar types
of deposits.

Estimates of κ0 for Sedimentary Deposits

In this section I augment the previously summarized
measured values of κ0 for sedimentary and BC sites in ENA
(Table 2) with calculations using equation (10). The calcula-
tions use site profiles obtained from studies reported in the
literature in order to gain an understanding of what an appro-
priate value or range of values might be for sedimentary and
BC site profiles in ENA. The S-wave velocity and Qef pro-
files used for the calculations are plotted in Figures 5 and 6.
The results are listed in Table 2. Following is a brief descrip-
tion of the studies that were used in these calculations.

Boore and Joyner (1991) developed a generic 650 m
deep sedimentary column for ENA from in situ measure-
ments of S-wave velocity summarized by Bernreuter et al.
(1985) andQef values inferred from weak-motion recordings
in the Mississippi Embayment. The BC section of this sedi-
mentary column is 565 m thick. Using equation (10), I cal-
culated a κ0 of 29.7 msec ( �Qeff � 27:5) for this sedimentary
column using the inferred Qef profile that agrees with the
30 msec value given in the paper. As seen in Table 2, the
values of κ0 and �Qef from the inferred Qef profile fall near
the high and low range, respectively, of the values calculated
from the four Qef models proposed in this study. This is con-
sistent with their assignment of �Qef � 50 over a substantial
thickness of the profile, which I used to represent one end
member of the �Qef models proposed in this study.

Wen and Wu (2001) developed generic S-wave velocity
profiles for the cities of Memphis, Tennessee; Carbondale,
Illinois; and St. Louis, Missouri, for which the depths to hard
rock (VS > 2000 m=sec) were estimated to be 1000, 165,
and 16 m, respectively. They reported κ0 values of 63,
43, and 7.6 msec for these three sedimentary columns that
they calculated using equation (13) (C. Wu, personal comm.,
2008). The sediments beneath Carbondale and St. Louis have
S-wave velocities no greater than 310 m=sec and directly
overly Paleozoic limestone with VS � 2900 m=sec that
makes them very shallow soil sites. Such sites are subject
to strong resonance effects and, as a result, are unsuitable
for estimating κ0 for purposes of this study. Therefore, I lim-
ited my calculations to the Memphis sedimentary column.
The BC section of this column is 600 m thick.

Park and Hashash (2004) used weak-motions recorded
in the Mississippi Embayment at distances of 149–307 km
from the 4 May 2001 (M 4.5) Enola, Arkansas, earthquake to
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back calculate a low-strain damping profile for the embay-
ment. The recording sites were located in the lowlands
(alluvium) and uplands (loess) regions of the embayment
with depths to Paleozoic bedrock (hard rock) between 250
and 720 m. They used the 1010 m deep lowlands and uplands
S-wave velocity profiles developed by Romero and Rix
(2001) to define the low-strain shear modulus. The back-
calculations were performed by comparing the recorded
ground motions with those calculated from nonlinear site-
response analyses using bedrock motions developed using
the point-source stochastic simulation method. The modulus
and damping curves developed by EPRI (1993) were modi-
fied to use the low-strain damping values from the back cal-

culations. As seen in Table 2, the values of κ0 and �Qef for the
sedimentary column that were estimated using the Park and
Hashish back-calculated Qef profile fall within the range of
values calculated from the four Qef models proposed in this
study. However, the values for the BC section of the sedi-
mentary column fall well outside of the range calculated
from these four models as a result of their relatively large
estimate of Qef � 125 for the deeper part of the profile.
Additional discussion of this back-calculated Qef profile is
presented later in the paper.

Chapman et al. (2006) used velocity measurements,
shallow geotechnical studies, and geological investigations
conducted by various investigators to develop 52 detailed
830 m thick S-wave velocity profiles in the Charleston area.
The BC section of the sedimentary column for all of these
profiles is 327 m thick. The profiles are underlain by
Mesozoic and Paleozoic basement rocks of high S-wave
velocity (hard rock). These authors performed site-response
analyses for each of the profiles using the 1D equivalent-
linear method with modulus and damping curves that were
developed from laboratory measurements. Basement-rock
ground motions were estimated using the point-source sto-
chastic simulation method. They found that many of the
laboratory measurements predicted very small low-strain
damping ratios (in some cases equivalent to Qin > 1000).
As a result, they constrained the low-strain value of Qin to
be no larger than 100 for the sediments below a depth of
100 m, noting that even these values are high when viewed
in comparison with most published studies of attenuation
using weak-motion data from earthquakes that report values
typically less than 50. For example, using a shear-strain am-
plitude of 10�6 for a typical site in downtown Charleston, the
Qin values assumed by Chapman et al. (2006) resulted in a
site attenuation parameter and average quality factor of κ0 �
15 m sec and �Qin � 85 over the 830 m thick sedimentary
column that they noted is inconsistent with the κ0 �
49 m sec that Chapman et al. (2003) calculated from weak-
motion recordings for the nearby shallower Summerville
profile. As seen in Table 2, the relatively small value of κ0
inferred by Chapman et al. (2006) for the Charleston profile
is outside of the range of values from the four Qef models
proposed in this study. However, their use of the larger Qin

values is mitigated to some extent by their use of a site-
response algorithm that includes wave-propagation effects.
Furthermore, the purpose of their study was to estimate site
amplifications for large ground motions that are controlled
by the high-strain parts of the modulus and damping curves
that are unaffected by the low-strain damping values. The
larger κ0 values calculated in this study for the Charleston
profile as compared to the Summerville profile is due to the
softer sediments that are present in downtown Charleston,
where average S-wave velocities in the upper 62–83 m of
the sedimentary column range from 265–310 m=sec, or
nearly a factor of 2 less than those in the Summerville area
(Chapman et al., 2003).
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Figure 5. S-wave velocity profiles for the sedimentary columns
(left) and the BC section (right) of the sedimentary columns com-
piled in this study (Table 2). Each profile terminates at hard rock
(VS ≥ 2000 m=sec). H&A, the generic S-wave velocity profile
for the Mississippi Embayment developed by R. Herrmann and
A. Akinci (see Data and Resources section); USGS, the hypothe-
tical BC site profile of Frankel et al. (1996).
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Figure 6. Qef profiles for the sedimentary columns (left) and
the BC section (right) of the sedimentary columns compiled in this
study (Table 2). Each profile terminates at hard rock
(VS ≥ 2000 m=sec). The original Park and Hashash (2004) profile
extends beyond the right boundary of the plots to a value of 125.
H&A, the generic Qef profile for the Mississippi Embayment de-
veloped by R. Herrmann and A. Akinci (see Data and Resources
section); USGS, the hypothetical BC site profile of Frankel et al.
(1996) with Qef values estimated from Models 1–4 proposed in
this study.
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USGS Hypothetical BC Site Profile

The hypothetical ENA BC site profile used by Frankel
et al. (1996, 2002) and Petersen et al. (2008) to calculate BC
ground motions for the national seismic hazard maps has a
shallower depth to hard rock and a steeper S-wave velocity
gradient than the relatively deeper BC site profiles described
in the previous section (Fig. 5). According to Frankel et al.
(1996), the relatively steep velocity gradient was intended to
be steeper than that for a typical WNA rock site. A less steep
gradient was imposed below 200 m where velocities ap-
proached those corresponding to hard rock at depth. The ve-
locities and densities were chosen with consideration given
to the gross differences in the lithology and age of the rocks
in ENA as compared to coastal California, where much of the
borehole data comes from that can be used to constrain ve-
locity-depth relationships. Their expectation was that ENA
rocks should have higher velocities and densities than rocks
in coastal California at any given depth below the surface.

Frankel et al. (1996) adopted a κ0 of 10 msec to use with
this hypothetical BC site profile that they attribute to studies
of S waves recorded at various levels in a 300 m borehole at
the U.S. Department of Energy Savannah River Site (SRS) in
Aiken, Georgia (Fletcher, 1995). Fletcher did not provide
any information regarding the lithology or S-wave velocity
of this borehole. However, an interpretation by R. Lee (see
Data and Resources section) of the S-wave velocity measure-
ments obtained in a borehole at this same location (Lee et al.,
1997, 2007) yields VS30 � 310 m=sec at this site. This
S-wave velocity places the SRS profile in site class D accord-
ing to the NEHRP Provisions (BSSC, 2004). The BC section
of the sedimentary column has a thickness of 116 m once
the sediments with VS30 < 760 m=sec are stripped away.
Fletcher (1995) determined a total path t	 from recordings
at the surface and at a depth of 91 m in this borehole (the
basement-rock instrument was not working) from four shal-
low earthquakes (M 1.8–3.6) located at distances of
19–141 km from the SRS. According to the interpreted ve-
locity log provided by R. Lee (see Data and Resources sec-
tion), the S-wave velocity at the 91 m depth is estimated to be
420 m=sec, representing the lower range of NEHRP site class
C, which is still significantly less than that corresponding to
BC site conditions. Assuming κ � t	, Fletcher (1995) inter-
preted the observed systematic increase in t	 with distance in
terms of equation (7) and found a κ0 of 6 msec for both the
surface and downhole recordings. In contrast, he calculated a
t	 of 14 msec from the high-frequency fall-off of the spectral
ratio (surface=325 m downhole) of ground motions recorded
from a blast set off near the borehole site. The similarity of
the surface and downhole estimates of κ0 from the earth-
quake recordings and their discrepancy with respect to the
t	 inferred from the blast data lead Fletcher (1995) to dismiss
the κ0 estimates from the earthquake recordings as mostly
random error.

The hypothetical USGS profile attains an S-wave veloc-
ity in excess of 2000 m=sec (hard rock) at a depth of 175 m.

The Memphis, Mississippi Embayment, and Charleston BC
site profiles compiled in this study reach this velocity at
depths ranging from 327 to 600 m (Table 2). The Carbondale
profile of Wen and Wu (2001) has about the same depth to
hard rock as the hypothetical USGS profile, but it is com-
posed of much softer deposits in the upper 30 m and as a
result has a substantially higher κ0 of 43 msec. Without
having a reasonable in situ analog for the hypothetical USGS
BC site profile, I decided to derive an independent estimate
of κ0 using the same method I used to estimate κ0 for the
other BC site profiles analyzed in this study. The results
are summarized in Table 2. The calculated values of κ0 from
the four Qef models proposed in this study were found to
range between 3.4 and 4.0 msec ( �Qef � 37:3 to 43.1) for
the BC section of the sedimentary column and between
8.4 and 9.0 msec for the entire BC site profile. These values
are somewhat less than the 5 msec value ( �Qef � 29:7) for the
sediments and the 10 msec value for the BC site profile
assumed by Frankel et al. (1996).

Additional support for the relatively small κ0 used by
the USGS comes from an independent evaluation of the
SRS seismic survey data. The SRS site is located northwest
of Charleston where the Atlantic Coastal Plain sediments are
much thinner than at Charleston or Memphis. The interpreted
S-wave velocity profile for the site provided by R. Lee (see
Data and Resources section) and described in Lee et al.
(1997, 2007) indicates a depth of 294 m to hard rock.
The BC section of this profile is 116 m thick, less than that
assumed in the USGS profile. The range of κ0 values for
the SRS sedimentary column determined in this study
(25.6–36.2 msec) is larger than the t	 � 14 m sec deter-
mined by Fletcher (1995) from blast data, possibly reflecting
the larger shear-strain amplitudes associated with the earth-
quake-based Qef models proposed in this study. The values
of κ0 for the BC site profile at SRS were found to range from
9.4 to 10.1 msec (Table 2). Therefore, it appears that
although there is an equivocal basis for the original value
of κ0 used to characterize site attenuation in the hypothetical
USGS BC site profile (Fletcher, 1995), the selected value is
relatively consistent with estimates determined from an in-
dependent assessment of κ0 using the approach proposed
in this study. Nevertheless, the issue, discussed in detail later
in the article, is whether such a shallow BC site profile
should be used to represent a generic BC site in ENA for
hazard mapping and other seismological and engineering
applications.

Dependence of Attenuation on Sediment Thickness

The estimates of κ0 determined in this study are sum-
marized in Table 2. The estimates for the geological and
BC site profiles listed in this table are clearly dependent
on the thickness of the sediments. As noted previously,
Liu et al. (1994) also found κ0 to be dependent on sediment
thickness in the upper Mississippi Embayment. Their derived
dependence of κ0 on sediment thickness, after adding the
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5 msec attributable to the hard-rock section of the geological
profile, is given by the equation (Liu et al., 1994)

κ0 � 5:0� 0:0499HSed; (18)

where κ0 is the site attenuation parameter for the geological
profile (msec), and HSed is the thickness of the sedimentary
column (m). The standard error of regression is 6.2 msec, and
the standard error of the slope is 0:0019 msec=m.

Interpreting the sediments as a uniform layer over a half-
space following the approach of Hough et al. (1988),
Liu et al. (1994) noted that the average quality factor for
these sediments could be calculated from the expression

�Qef � b�1 �V�1
S ; (19)

where b is the slope of the relationship between κ0 andHSed,
and �VS is the time-averaged S-wave velocity of the sedi-
ments. Combining this expression with equation (11), these
authors calculated �Qef � 36, from which I calculated κ0 �
32 msec using their estimates of �VS � 560 m=sec and
�HSed � 650 m for the PANDA stations. These latter values
were derived from the difference between the S and the con-
verted S-to-P (Sp) phase travel times and sediment thick-
nesses beneath each of the stations, assuming that the
converted phases were generated at the base of the embay-
ment sediments. They also calculated the differential values
of the κ0 of S and P waves from the slopes of the logarithmic
Sp-to-S Fourier spectral ratios for the 4–25 Hz frequency
band following the approach of Clouser and Langston
(1991). They concluded that these differential values were
consistent with the differences calculated using the indepen-
dently derived S- and P-wave κ0 values obtained from the
spectral decay method. However, close inspection of their
Figure 7 indicates that the κ0 differences from the Sp=S
ratios are systematically larger by ∼10 msec for κ0 <
25 msec, owing to the presence of several very small or
negative differences derived from the spectral decay method.
A similar discrepancy was found in the values calculated
using Sp=S ratios by Chen et al. (1994) as discussed in
the following paragraph. Liu et al. (1994) also applied the
technique of Anderson and Humphrey (1991) to simulta-
neously derive both κ and the corner frequency of the ω-
square source spectrum for five S-wave spectra recorded
at hypocentral distances of 10–18 km from one of the events.
Because of the short distances, they found that the κ values
calculated from these spectra using the spectral decay meth-
od were similar to the κ0 values obtained for the same sta-
tions using the same method. They further found that the κ
values were similar between the spectral decay and spectral-
fitting methods, providing additional confidence in the for-
mer, although this comparison is too limited to be considered
a formal validation of the results.

Chen et al. (1994) analyzed more than 260 earthquakes
recorded at the same PANDA stations analyzed by Liu et al.
(1994) to estimate QP �QS relations for the upper Missis-

sippi Embayment, where QP and QS are the frequency-
independent quality factors of P and S waves, respectively.
The relations were derived using Sp=S spectral ratios for a
fixed frequency range of 2–25 Hz. They interpreted their
average QP �QS relation to infer a QS ( �Qef ) of 25 to 30,
based on the assumption that QS falls between 0:53QP

and 1:79QP as suggested by Wuenscher et al. (1991). The
�Qef � 36 found by Liu et al. (1994) using the spectral decay
method is 31% higher than the �Qef � 27:5 determined by
Chen et al. (1994) using the Sp=S spectral-ratio method.
This difference corresponds to an equivalent difference in
the estimated value of κ0 according to equation (11), assum-
ing all remaining parameters are held constant. Liu et al.
(1994) attributed this difference to the use by Chen et al.
(1994) of a fixed lower-bound frequency of 2 Hz, which they
claim is below the corner frequency of many of the smaller
events used in the analysis and, therefore, can lead to a po-
tential underestimate of the spectral slopes and resulting dif-
ferential κ0 values. However, according to the methodology
used by Chen et al. (1994), a smaller differential κ0 corre-
sponds to a larger QS=QP ratio that in turn leads to a larger
value of QS according to their figure 8. Therefore, I suggest
that Chen et al. (1994) might have actually overestimated
QS. This conclusion is also supported by the �Qef of 22 de-
termined for the upper 600 m of upper Mississippi Embay-
ment sediments byWuenscher et al. (1991) using the spectral
decay technique of Anderson and Hough (1984).

Following Liu et al. (1994), I used the κ0 values listed in
Table 2 to develop a linear relationship between κ0 andHSed.
I augmented these values with those reported by Liu et al.
(1994) after making an adjustment to remove the apparent
bias in their estimated values of �Qef based on the results of
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Figure 7. Relationship between sediment thickness and the site
attenuation parameter κ0 for the geological and BC site profiles
compiled in this study (Table 2). The values of κ0 for the sedimen-
tary sections of these profiles can be determined by subtracting
5 msec from the value of κ0 obtained from the plot. R. Herrmann
and A. Akinci (H&A) (see Data and Resources section); L94, es-
timates from Liu et al. (1994) after adjusting for an apparent bias in
κ0 (see text).
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Chen et al. (1994) that suggest the κ0 values reported by Liu
et al. (1994) might be underestimated by a factor of about 1.3
(the ratio between �Qef values of 36.0 and 27.5, the average of
the range reported by Chen et al. (1994)). A similar bias of
about 1.5 was reported by Liu et al. (1994) between their
estimates and those from low-amplitude recordings at two
strong-motion stations for which an independent estimate
of κ0 was derived by spectral fitting. I also updated the sedi-
ment thicknesses of the PANDA stations with those interpo-
lated from well logs by Chen et al. (1996). A least-squares
regression on these two parameters yielded the equations

κ0 � 5:0� 0:0605HSed; (20)

HSed � 15:8 �κ0 � 5:0�; (21)

where κ0 is the site attenuation parameter of the geological
profile (msec) and HSed is the thickness of the sedimentary
column (m). The standard error of regression, R-square
value, and standard error of the slope is 10.0 msec, 0.96,
and 0:0017 msec=m for equation (20) and 161 m, 0.96,
and 0:5 m=msec for equation (21). I used the average values
of κ0 andHSed for the two Park and Hashash (2004) site pro-
files so as not to give them undue weight in the analysis.
Equation (19) yields �Qef � 25:7 for b � 0:0605 msec=m
and �VS � 642 m=sec, the time-averaged estimate of S-wave
velocity calculated from the data used in the regression. This
value is virtually identical to the �Qef � 25:0 obtained by
averaging the observed values of Q�1

ef . The estimates of
κ0 from both equations (18) and (20) should be decreased
by 5 msec to represent the site attenuation corresponding
to the sedimentary column. The median predictions from
equations (18) and (20) are plotted in Figure 7, where they
are compared with the relationship between κ0 and HSed in-
ferred from equations (13) and (15) (R. Herrmann and A.
Akinci, see Data and Resources section). This figure indi-
cates that the adjusted values of κ0 from Liu et al. (1994)
are in general agreement with the depth-dependence of the
κ0 values estimated in this study.

I developed a similar relationship between site attenua-
tion and sediment thickness for the BC site data in Table 2. A
least-squares regression between these two parameters
yielded the equations

κ0 � 5:0� 0:0304HBC; (22)

HBC � 30:8 �κ0 � 5:0�; (23)

where κ0 is the site attenuation parameter for the BC site
profile (msec), and HBC is the thickness of the BC section
of the sedimentary column (m). The standard error of regres-
sion, R-square value, and standard error of the slope is
3.7 msec, 0.96, and 0:0014 msec=m for equation (22) and
116 m, 0.94, and 1:4 m=msec for equation (23). I used only
one set of values for κ0 and HBC for the two Park and

Hashash (2004) site profiles so as not to give them undue
weight in the analysis. Equation (19) yields �Qef � 37:5
for b � 0:0304 msec=m and �VS � 878 m=sec, the time-
averaged estimate of S-wave velocity calculated from the
data used in the regression. This value is virtually identical
to the �Qef � 36:8 obtained by averaging the observed values
of Q�1

ef . The estimates of κ0 from equation (22) should be
decreased by 5 msec to represent the site attenuation
corresponding to the BC section of the sedimentary column.
The median prediction from equation (22) is plotted in
Figure 7.

Interpretation of Results

All of the κ0 values for the BC site profiles listed in
Table 2 fall within the two standard-error bounds of equa-
tion (22) except those estimated from the Park and Hashash
(2004) site profiles using Qef values back-calculated from
weak-motion data. The reason for this discrepancy is their
relatively large average quality factor ( �Qef � 74:2) that is
nearly a factor of 2 higher than the estimates of 27.3–48.5
found for the other profiles compiled in this study. This is
due to their estimate of Qef � 125 for depths below
665 m (VS > 850 m=sec), which is significantly larger than
the maximum value of 50 used in this study for deposits of
similar S-wave velocity. In fact, it is even larger than the low-
strain (< 10�6 shear-strain) value of 83 that was determined
for these same depths from laboratory tests (EPRI, 1993).
Despite the relatively high value of �Qef found for the BC
section of the sedimentary column, the Park and Hashash
κ0 and �Qef estimates for the sedimentary column are gener-
ally consistent with those for the other sedimentary columns
compiled in this study. This is due to their lower estimates of
Qef at intermediate depths within the sedimentary column as
compared to the four Qef models proposed in this study.
There is likely to be a trade-off between the values of Qef

at intermediate depths and those at greater depths that are
not easily resolved from surface recordings (Y. Hashash, per-
sonal comm., 2008). Because the back-calculated damping
ratios were derived from 1D site-response analyses, it is also
possible that the damping ratios at large depths within the
profile were not well constrained considering that overall site
response is most sensitive to amplification and attenuation in
the upper 100 m of the profile (e.g., EPRI, 1993; Kramer,
1996; Silva et al., 1999a,b; Langston, 2003a). This points
out an important source of uncertainty in the estimates of κ0
summarized in Table 2.

Another issue brought up by the Park and Hashash
(2004) study is the discrepancy between the low-strain
damping ratios back-calculated from weak-motion record-
ings and the low-strain damping ratios obtained from labora-
tory tests. These authors found that the back-calculated
values of the damping ratio at shallow-to-intermediate depths
within their profile were significantly larger than the low-
strain damping ratios estimated from the depth-adjusted
laboratory damping curves (EPRI, 1993). The low-strain
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(<10�6 shear-strain) laboratory measurements infer a Qin

value of 36 in the relatively soft near-surface sediments.
The laboratory based values then increase rapidly to 50 at
a depth of 14 m and 83 at a depth of 155 m. These values
are substantially larger than those derived from weak-motion
data for sediments of similar S-wave velocity in the Missis-
sippi Embayment as well as elsewhere in the United States,
Uzbekistan, and Japan (Hauksson et al., 1987; Clouser and
Langston, 1991; Wuenscher et al., 1991; Chen et al., 1994;
Liu et al., 1994; Abercrombie, 1997; Chapman et al., 2003;
Langston, 2003a,b; Assimaki et al., 2008; see also the com-
pilations in Abercrombie, 1997; Langston et al., 2005). As
noted previously, the likely reason for these differences are
the scattering effects and the larger shear-strain amplitudes
associated with the weak-motion recordings. Chapman et al.
(2006) found a similar discrepancy in the Charleston geo-
technical data and chose to restrict the low-strain values
of Qin obtained from laboratory tests to 100 at depths below
100 m after they found that some of these values exceeded
1000, which they considered to be inconsistent with earth-
quake observations. Assimaki et al. (2008) found a similar
discrepancy between low-strain damping ratios obtained
from published laboratory tests (corresponding to Qin �
15 to 50) and those obtained from downhole recordings
of the 2003 M 7.0 Miyagi-oki aftershock sequence at depths
less than 30 m (corresponding toQef � 5 to 20). I also found
a similar discrepancy in the low-strain damping ratios ob-
tained from laboratory tests of soil specimens from the
SRS borehole (Lee et al., 1997, 2007). The laboratory mea-
surements infer Qin values that range between 40 and 80 in
the relatively soft near-surface sediments above 100 m and
values that range between 50 and 100 for the stiffer sedi-
ments at depths between 100–300 m. On the other hand, ef-
fective quality factors at SRS estimated from the Qef models
proposed in this study were found to range from 16–25 for
the shallower depths and 17–50 for the larger depths.

The discrepancy between estimates ofQin obtained from
laboratory tests and the quality factors derived from earth-
quake recordings has long been recognized (e.g., Redpath
et al., 1982; Redpath and Lee, 1986). Redpath and Lee
(1986) found a frequency-independent Qef of 13 from Fou-
rier spectral ratios of low-strain earthquake data between
depths of 15.7 and 43.7 m in a borehole in soft bay mud near
Richmond, California, for which �VS � 290 m=sec. In con-
trast,Qin was found to be 20 from laboratory tests on two soil
specimens from this same borehole. The spectral ratios using
the surface recordings gave conflicting results, possibly due
to noise contamination or a poor constraint on the amount of
attenuation in the upper 6.1 m.

As noted previously, Langston et al. (2005) found a fre-
quency and depth-independent Qin of 100 in the Mississippi
Embayment based on an analysis of the group velocity
and amplitude-distance-decay of blast-generated Rayleigh
waves. Morozov (2008) found a similar value using weak-
motion recordings from a borehole in sediments several
kilometers thick in Japan. Although this estimate represents

intrinsic rather than effective attenuation, it is useful to show
what impact this larger value would have on κ0. Assuming
Qef � Qin � 100 with the embayment sediment thicknesses
and S-wave velocity profiles given in Boore and Joyner
(1991), Romero and Rix (2001), and Cramer et al. (2004),
I calculated a κ0 that ranged between 8 and 15 msec, sub-
stantially lower than the 21–74 msec values calculated from
the Qef models proposed in this study. Langston (2003a,b)
showed that the Sp=S spectral-ratio method, the basis of
many of the previous Qef estimates in the embayment (Chen
et al., 1994; Liu et al., 1994), is insensitive to intrinsic at-
tenuation (anelasticity) because of significant near-surface
site resonance effects that can amplify rather than attenuate
low-strain high-frequency ground motion through the em-
bayment sediments. However, Langston (2003b) notes that
wave scattering in the embayment sedimentary column can
produce a general spectral fall-off with frequency (Qef ) that
mimics the spectral fall-off associated with low values ofQin.
Assimaki et al. (2008) also found that attenuation due to scat-
tering was a significant part of the total attenuation in their
analysis of the 2003 M 7.0 Miyagi-oki aftershock record-
ings, which they suggested might be one of the causes of
the discrepancy between their low-strain earthquake and
laboratory damping values.

As discussed previously, the site attenuation parameter
κ0, when used in conjunction with site amplification factors
based on the quarter-wavelength method given by equa-
tion (8), must account for all attenuation mechanisms,
whether they are due to intrinsic anelasticity or scattering ef-
fects. Therefore, it is entirely appropriate to use the lower
values of Qef that include the effects of both intrinsic ane-
lasticity and scattering effects when estimating κ0 for pur-
poses of incorporating site amplification and site attenua-
tion in the stochastic simulation of ground motion using the
quarter-wavelength method.

Discussion and Conclusions

The estimates of κ0 calculated for the sedimentary sites
in this study (Table 2) were generally found to increase lin-
early with the thickness of the sediments with κ0 values for
the sedimentary column ranging from as low as 8 msec for a
16 m thick column to as high as 74 msec for a 960 m thick
column and values for the BC section of the sedimentary col-
umn ranging from as low as 4 msec for a 116 m thick column
to as high as 26 msec for a 600 m thick column. Path-aver-
aged estimates of Qef were found to range from 19 to 40 for
the sedimentary column and from 28 to 74 for the BC section
of the sedimentary column. The corresponding values of κ0
for the BC site-profile, which include the 5 msec contribution
from the hard-rock (VS ≥ 2000 m=sec) section of the profile
that underlies the sediments, were found to range from 13 to
79 msec for the sedimentary column and from 9 to 31 msec
for the BC section of the sedimentary column. These esti-
mates are based on measurements of weak-motion record-
ings at sedimentary and NEHRP BC sites in ENA and on
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calculations from S-wave velocity and Qef profiles that are
based on weak-motion recordings in the Mississippi Embay-
ment and the Atlantic Coastal Plain. The 17 msec value of κ0

that was found by Silva and Darragh (1995) for deep soft-
rock sites in ENA and the 20 msec value that was recom-
mended by Silva et al. (1999b) for a generic deep BC site
in ENA correspond to BC sediment thicknesses of about
370 � 116 m and 460 � 116 m, respectively, based on
equation (23). This and a similar depth dependence found
for the entire sedimentary column is consistent with the re-
sults of Liu et al. (1994), Silva et al. (1999b), and Wen and
Wu (2001), who found that thinner sedimentary deposits cor-
respond to smaller values of κ0.

The strong dependence of κ0 on sediment thickness sug-
gests that it might be necessary to use more than one BC site
profile for seismic hazard mapping and other seismological
and engineering applications that are intended to provide
ground motions for a generic reference BC site condition.
Silva et al. (1999a,b) came to a similar conclusion after con-
ducting site-response analyses for typical site profiles of
varying depths in ENA and WNA. The single ENA BC site
profile currently being used by the USGS for this purpose
is relatively shallow with a site attenuation parameter that
falls toward the lower end of the values estimated in this
study. Adopting such a regional approach to defining vari-
able reference site conditions would likely require a similar
regionalization of the low-strain NEHRP site coefficients be-
cause site amplification has also been shown to be strongly
dependent on sediment thickness (Kanai, 1983; Savy et al.,
1987; EPRI, 1993; Kramer, 1996; Silva et al., 1999a,b).
An alternative approach would be to use hard rock as the
reference site condition in ENA and develop a set of low-
strain site coefficients that take into account the variability
of sediment thickness and VS30 throughout the region.

Until a regionalized site-response model is developed,
the hypothetical USGS BC site profile remains the only pub-
licly available profile that one can use to estimate ground
motions for BC site conditions in ENA. It also continues

to be the basis for the reference site condition in the 2008
national seismic hazard maps (Petersen et al., 2008). The
issue then becomes what value of κ0 should be used with
this profile. The most common use of the USGS profile is
to provide an estimate of BC ground motions to use in con-
junction with the NEHRP site coefficients (e.g., BSSC, 2004;
ASCE, 2006; ICC, 2006). Therefore, one way of choosing an
appropriate value for κ0 is to compare the amplification fac-
tors predicted from the USGS profile using candidate values
of κ0 with the low-strain BC site coefficients used in the
building codes. I did this by first calculating Fourier spectra
amplification factors from equation (8) using the USGS BC
site profile and alternative κ0 values of 10 and 20 msec with
the computer program, SITE_AMP (Boore, 1996). Using
these amplification factors, I then calculated 5% damped re-
sponse spectral acceleration using the stochastic ground-
motion simulation computer program, FAS_DRVR (Boore,
1996). This is the same method that Frankel et al. (1996)
used to develop the amplification factors used by the USGS
to estimate ground motions for BC site conditions from those
on hard rock. Table 3 compares these estimates with the low-
strain NEHRP short-period site coefficient Fa and the low-
strain NEHRP long-period site coefficient Fv. Also listed
in this table are the low-strain amplification factors used
by the USGS (Frankel et al., 1996, 2002; Petersen et al.,
2008) and those developed by Hwang et al. (1997) and Silva
et al. (1999b) for typical site profiles in ENA. The NEHRP site
coefficients, the amplification factors of Silva et al. (1999b),
and one set of the amplification factors estimated in this
study are an average over periods of 0.1–0.5 sec (short-
period factor) and 0.4–2.0 sec (long-period factor). The other
amplification factors in Table 3 were derived for periods of
0.2 and 1.0 sec to represent the short-period and long-period
spectral ranges, respectively. The NEHRP BC site coefficients
and the amplification factors reported for Hwang et al.
(1997) and Silva et al. (1999b) are the geometric mean of
the factors for NEHRP site classes B and C.

Table 3
Comparison of Low-Strain Site Amplification Factors for BC Site Profiles in ENA*

Source Profile Depth (m) Short-Period Factor (0.1–0.5 sec) Long-Period Factor (0.4–2.0 sec)

NEHRP (BSSC, 2004)† - 1.37 1.63
USGS (Frankel et al., 1996)‡ 175 1.53 1.34
Hwang et al. (1997)‡ 300–400 1.48 (1.35, 1.63) 1.48 (1.35, 1.63)
Silva et al. (1999b)† 30–300 1.50 (1.36, 1.65) 1.39 (1.26, 1.53)
This study (κ0 � 10 msec)† 175 1.52 (1.38, 1.67) 1.38 (1.25, 1.52)
This study (κ0 � 20 msec)† 175 1.32 (1.20, 1.45) 1.32 (1.20, 1.45)
This study (κ0 � 10 msec)‡ 175 1.53 (1.39, 1.68) 1.33 (1.21, 1.46)
This study (κ0 � 20 msec)‡ 175 1.32 (1.20, 1.45) 1.38 (1.25, 1.52)

*Note: Amplification factors are calculated with respect to ENA hard rock (NEHRP site class A).
Amplification factors estimated by the USGS and in this study were calculated directly for BC site
conditions; all other estimates represent the geometric mean amplification factors for NEHRP B and
NEHRP C site conditions. The values given in parentheses represent a 10% uncertainty in the mean
estimate, which is the estimated standard deviation of this estimate (Silva et al., 1999b).

†Amplification factors are an average over periods of 0.1–0.5 sec (short period) and 0.4–2.0 sec (long period).
‡Amplification factors are for individual periods of 0.2 sec (short period) and 1.0 sec (long period).
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The results in Table 3 indicate that the low-strain NEHRP
short-period site coefficients are similar to the low-strain
BC amplification factors calculated in this study using
κ0 � 20 msec. As expected, the USGS short-period amplifi-
cation factor is more consistent with the amplification factor
calculated in this study for an individual period of 0.2 sec and
κ0 � 10 msec. The Hwang et al. (1997) and Silva et al.
(1999b) short-period amplification factors are larger than
those in this study, consistent with the larger depths to hard
rock and the larger impedance contrast at the base of the
sediments in their NEHRP site class B and C site profiles
as compared to the USGS profile (Table 3). I conclude from
these results that the low-strain NEHRP short-period site
coefficients are most consistent with the amplification factors
calculated from the USGS BC site profile when site ampli-
fication is calculated with the quarter-wavelength method
using κ0 � 20 m sec.

The results in Table 3 indicate that the low-strain NEHRP
long-period site coefficients are larger than all of the other
amplification factors listed in this table. As expected, the
USGS amplification factor is found to be consistent with
the amplification factor calculated in this study for an indi-
vidual period of 1.0 sec and κ0 � 10 msec. The discrepancy
between the low-strain NEHRP site coefficients and the other
long-period amplification factors suggests that there might
be a systematic bias in the site coefficients when compared
to the amplification factors derived from site profiles more
typical of unconsolidated and semiconsolidated sites in
ENA. This bias is not likely to be caused by differences in
site attenuation because the value of κ0 does not have a large
influence on the one-second spectral acceleration or the
Fourier amplitude spectrum as demonstrated in Table 3
and Figure 1. Instead, it likely corresponds to a WNA BC
site profile that is generally thicker with a lower velocity gra-
dient than the typical BC site profile in ENA (e.g., Boore and
Joyner, 1997). I also note that the two sets of amplification
factors that are the closest to the low-strain NEHRP long-
period site coefficients are those that are based on the thickest
site profiles (Hwang et al., 1997; Silva et al., 1999b), which
are substantially thicker than the 175 m thick USGS profile.
Because of the large disparity amongst the long-period am-
plification factors in Table 3, the apparent bias associated
with the low-strain NEHRP long-period site coefficients
and the relative insensitivity of the long-period amplification
factors to the value of κ0, I conclude that the long-period
results given in Table 3 cannot be used as a basis for selecting
one value of κ0 over another. These results also suggest that
the low-strain NEHRP long-period site coefficients are not
consistent with the expected amplification from the relatively
shallow USGS BC site profile regardless of whether a κ0 of
10 or 20 msec is used to define site attenuation.

Based on the results of this study and the discussion pre-
sented in the previous paragraphs, I conclude that it is more
reasonable to use a site attenuation parameter or κ0 of
20 msec rather than 10 msec with the relatively shallow
hypothetical USGS BC site profile of Frankel et al. (1996)

for purposes of estimating ground motions that are intended
to be consistent with the reference site conditions used in the
national seismic hazard maps and the short-period low-strain
site coefficients in the NEHRP Provisions. Although there is a
large degree of uncertainty in this estimate, it is consistent
with the value recommended by Silva et al. (1999b) for a
generic NEHRP BC site in ENA and with both measured
and calculated values of κ0 for BC sites located in the
Mississippi Embayment, the Atlantic Coastal Plain, the Gulf
Coast region, and the Denver Basin (this study; Silva et al.,
1999b). This conclusion should not be interpreted to imply
that the smaller κ0 value used by the USGS is inappropriate
for their relatively shallow site profile (in fact the results of
this study suggest otherwise). It implies only that the use of
the larger value of κ0 provides site amplification factors that
are more consistent with the low-strain NEHRP short-period
site coefficients that are often used to adjust BC ground mo-
tions to site conditions representing NEHRP site classes A
through E (Borcherdt, 1994; Dobry et al., 2000; ASCE,
2006; BSSC, 2004; ICC, 2006). However, neither of these
κ0 values produce amplification factors that are consistent
with the low-strain NEHRP long-period site coefficients,
suggesting that a thicker profile would be needed in addition
to a higher value of κ0 in order to match both the short-
period and long-period site coefficients.

The studies of Hwang et al. (1997) and Silva et al.
(1999b) suggest that site amplification factors are likely to
be different for sites with the same generic NEHRP site class
in ENA and WNA due to systematic differences in lithology
and tectonic environment. Furthermore, there are large areas
in ENA (and to a lesser extent in WNA) where there are
relatively shallow soft sediments directly overlying bedrock,
corresponding to a large impedance contrast, and relatively
shallow weathered rock over hard rock, corresponding to a
strong velocity gradient, that do not fit easily into one of the
generic NEHRP site classes defined in the building codes.
These problematic site conditions require special study
and further indicate that a one-type-fits-all site coefficient
might not be a reasonable means of incorporating local site
conditions in the development of design ground motions.

The limited review of attenuation studies presented in
this article has shown that there is a large degree of uncer-
tainty and confusion that exists with regard to the low-strain
attenuation characteristics of unconsolidated and semiconso-
lidated sediments in ENA. This is caused by a general lack of
consensus regarding the dependence of attenuation on such
factors as the attenuation mechanism, sediment thickness,
degree of sediment saturation, wave frequency, shear-strain
amplitude, measurement methods, and calculation methods.
All of these issues are being addressed in a 5 yr (2008–2012)
study managed by the Pacific Earthquake Engineering Re-
search Center, University of California, Berkeley, titled Next
Generation Attenuation Models for Central and Eastern
North America. This study should go a long way in starting
a dialogue with the ultimate goal of developing a scientific
consensus regarding these important issues.
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Data and Resources

The quality factor and S-wave velocity versus depth re-
lationships for the Mississippi Embayment attributed to
R. Herrmann and A. Akinci were obtained from the Mid-
America Ground-Motion Models Web page, Department
of Earth and Atmospheric Sciences, St. Louis University,
Missouri, at www.eas.slu.edu/People/RBHerrmann/MAEC/
maecgnd.html (last accessed December 2008). An unpub-
lished compilation of quality factors and S-wave velocities
from shallow seismic surveys in California by James Gibbs,
David Boore, and William Joyner was provided by David
Boore of the U.S. Geological Survey (USGS), Menlo Park,
California. A digital version of the S-wave velocity log for
the Savannah River Site (SRS) was provided by Richard Lee
of the Los Alamos National Laboratory, Los Alamos, New
Mexico. A digital version of the S-wave velocity and damp-
ing logs for the Mississippi Embayment was provided by
Youssef Hashash of the Department of Civil and Environ-
mental Engineering, University of Illinois, Urbana-
Champaign.
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