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ABSTRACT

We characterize shear-wave velocity versus depth (Vs profile) at 16 portable seis-
mograph sites through the epicentral region of the 2011 M 5.8 Mineral (Virginia,
USA) earthquake to investigate ground-motion site effects in the area. We used a
multimethod acquisition and analysis approach, where active-source horizontal shear
(SH) wave reflection and refraction as well as active-source multichannel analysis of
surface waves (MASW) and passive-source refraction microtremor (ReMi) Rayleigh
wave dispersion were interpreted separately. The time-averaged shear-wave velocity
to a depth of 30 m (Vs30), interpreted bedrock depth, and site resonant frequency
were estimated from the best-fit Vs profile of each method at each location for anal-
ysis. Using the median Vs30 value (270-715 m/s) as representative of a given site,
we estimate that all 16 sites are National Earthquake Hazards Reduction Program
(NEHRP) site class C or D. Based on a comparison of simplified mapped surface
geology to median Vs30 at our sites, we do not see clear evidence for using surface
geologic units as a proxy for Vs30 in the epicentral region, although this may pri-
marily be because the units are similar in age (Paleozoic) and may have similar bulk
seismic properties. We compare resonant frequencies calculated from ambient noise
horizontal:vertical spectral ratios (HVSR) at available sites to predicted site frequen-
cies (generally between 1.9 and 7.6 Hz) derived from the median bedrock depth and
average Vs to bedrock. Robust linear regression of HVSR to both site frequency and
Vs30 demonstrate moderate correlation to each, and thus both appear to be gener-
ally representative of site response in this region. Based on Kendall tau rank cor-
relation testing, we find that Vs30 and the site frequency calculated from average Vs
to median interpreted bedrock depth can both be considered reliable predictors of
weak-motion site effects in the epicentral region.
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INTRODUCTION

Moderate earthquakes in the eastern United States are rare,
but their societal impact can be extensive (Horton and Williams,
2012). The 2011 M_ 5.8 Mineral (Virginia, USA) earthquake
highlighted important regional ground effects that contributed to
this impact, including a northeast-trending expanded felt region
(as observed in U.S. Geological Survey “Did You Feel It?”
website responses; http://earthquake.usgs.gov/earthquakes/dyfi/,
anisotropic wave propagation patterns along prevailing tectonic
fabric (McNamara et al., 2014a), low ground-motion attenuation
(e.g., McNamara et al., 2014b), and extensive wide-ranging rock-
falls at distances to three times as great as would be predicted from
western U.S. earthquake observations (Jibson and Harp, 2012).

Hough (2012) ascribed differences in the U.S. Geological
Survey website “Did You Feel It?” intensity units and peak ground
accelerations of as much as 1.5 and 3, respectively, to variability
in site response. As governed by localized geology and site soil
properties, site response can be a major contributor to observed
ground motion and to variations in ground shaking intensity
(Aki, 1988; Borcherdt and Glassmoyer, 1992; Harmsen, 1997).
Shear-wave velocity (V) of the shallow geologic column is a key
geophysical parameter used for assessing site response in seis-
mic ground-motion investigations because of its impact on near-
surface wavefield propagation (e.g., Borcherdt, 1970; Joyner et
al., 1981; Cramer et al., 2004; Boore, 2004; Frankel et al., 2009).

The time-averaged shear-wave velocity to a depth of 30 m
(Vs30) is used extensively in building design codes (e.g., Inter-
national Code Council, 2006), earthquake-engineering appli-
cations (Borcherdt, 1994; Kramer, 1996; Boore et al., 1997,
Wills and Silva, 1998; Dobry et al., 2000), and ground-motion
prediction-equation relationships (Zhao and Xu, 2013). Proxies
for Vs30, including surface geology—, slope-, and terrain-based
methods have been developed to predict Vs30 where direct mea-
surements are sparse (Wills et al., 2000; Wald and Allen, 2007;
Yong et al., 2012). However, these methods are not always reli-
able, prompting both Thompson and Wald (2012) and Yong et
al. (2012) to suggest that expansion of ground-truth V_ measure-
ment databases is a key component for improving the predictive
capabilities of proxy methods. Vs site characterization data in
regions not commonly exposed to earthquakes are very limited.
The 2011 Mineral earthquake has offered a unique opportunity
to expand the number of Vs observations in a region that has few
large earthquakes.

Site response can be broadly defined as the modification of
seismic waves as they propagate to Earth’s surface (Thompson et
al., 2009). There have been many ways proposed to quantify this
phenomenon (Boore, 2004). One such measure that has gained
in popularity because of its relative ease is the horizontal:vertical
spectral ratio (HVSR) of ambient seismic noise (Nogoshi and
Igarashi, 1971). Numerous studies have demonstrated that site
resonant frequency, a key parameter of site response, can be well
defined by HVSR (Bard, 1999). Site amplification as observed in
earthquake response spectra tends to be less resolvable through

HVSR relative to methods that compare across multiple stations
(see Bard (1999) and references therein).

We use a multimethod surface acquisition approach to char-
acterize Vs versus depth (Vs profiles) at 16 portable seismograph
sites deployed as part of aftershock investigations following the
August 2011 Mineral earthquake (e.g., McNamara et al., this vol-
ume; Chapman, 2013). We acquire horizontal shear (SH) body-
wave reflection and refraction data, active-source multichannel
analysis of surface-wave data, and passive refraction micro-
tremor (ReMi) data to investigate Vs of the shallow subsurface
to bedrock depth and to explore the applicability of several proxy
methods for estimating site effects (such as the relationships
between Vs30, surface geology, HVSR, and site frequency).
From the 45 deployed portable seismograph stations, we selected
our sites based primarily on: (1) mapped surface geologic units,
(2) areal distribution around the main shock epicentral location,
and (3) the availability of information from observed HVSR
results (see McNamara et al., this volume) for comparison to site
effects predicted from the multimethod modeling results.

GENERALIZED SURFACE GEOLOGY

The regional surface geology of the Central Virginia seis-
mic zone and the 2011 M 5.8 Mineral earthquake epicentral
region consists of Proterozoic—Paleozoic metamorphic rocks
that can be broadly categorized into three mapped units for pur-
poses of site characterization. From east to west (Fig. 1), these
units include the Goochland terrane, the Chopawamsic Forma-
tion, and the Mine Run Complex (e.g., Bailey and Owens, 2012;
Hughes et al., 2013). The Goochland terrane consists primarily
of Proterozoic—Paleozoic felsic gneiss and associated units, the
Chopawamsic Formation consists of Paleozoic metavolcanics
and metasediments, and the Mine Run Complex is composed pri-
marily of Paleozoic mélange. The regional northeast-southwest
tectonic fabric is generally evident in the unit contacts.

Although all three units are similar in composition and age,
each are likely exposed to locally variable surface weathering
that can cause variable soil-site conditions. Five of our Vs sites
were acquired on deposits of the Goochland terrane, nine were
on deposits of the Chopawamsic Formation, and two were on
deposits of the Mine Run Complex (Fig. 1). The geology of the
study area is complex in both the overarching lithologic char-
acter and in postdepositional alteration through episodic periods
of metamorphic and tectonic processes (e.g., Coruh et al., 1988;
Hatcher et al., 1988; Pratt et al., 1988; Lampshire et al., 1994),
and weathering processes that likely caused the development of
saprolitic deposits (e.g., Odum et al., 2013).

Vs SITE CHARACTERIZATION DATA ACQUISITION
AND ANALYSES

Our multimethod Vs characterization approach requires
the acquisition of both body-wave and surface-wave data to
characterize the subsurface at each site. A key advantage of this
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approach is that it captures independent wavefield propagation
effects that can potentially yield a more robust estimate of the
shallow subsurface. We acquired active-source data on 72-sensor
linear arrays of both vertical (P-wave reflection and refraction,
multichannel analysis of surface waves, or MASW, and ReMi)
and SH single-component (SH-wave reflection/refraction)
4.5 Hz resonant-frequency geophones. The vertical and horizon-
tal geophones were colocated at stations spaced at 1.5 m, giv-
ing an array aperture of 106.5 m per record. We used a 4.5 kg
sledgehammer to impact (1) a steel plate for P-wave energy, and
(2) both ends of a horizontal wood timber for SH-wave genera-
tion. Data were stacked in the field with generally four impacts
recorded at each source location. We also acquired passive linear-
array data on the vertical-component sensors, nominally record-
ing 10 30 s records per site. Representative SH-wave field records
and frequency-slowness plots of ReMi and MASW records are
shown in Figure 2.

Vs from Rayleigh Wave Dispersion Methods

Both MASW and ReMi data were preprocessed with (1) a
trace-equalization gain correction to balance trace-to-trace ampli-
tudes, and (2) a centering correction to mitigate high-amplitude
noise bursts. The centering function averaged out any deviations
or spikes in the data, thus preventing high-amplitude near-offset
traces from dominating the spectra. Both the MASW and ReMi
techniques as implemented here relied on forward modeling of
the dispersion data using proprietary software (SeisOpt-ReMi
software by Optim Software, Incorporated) to obtain a best-
estimate Vs profile.

ReMi

Louie (2001) introduced the ReMi technique for obtaining
Vs from ambient noise surface-wave dispersion obtained on a
linear array. The method is popular in site characterization stud-
ies because of its simplicity and general effectiveness in compari-
son to downhole and linear-array active-source methods (Asten
and Boore, 2005; Moss, 2008). The analysis of ReMi data relies
on the assumption that the propagating surface-wave energy from
ambient noise is isotropic and omnidirectional. Louie (2001) and
Mulargia and Castellaro (2008) described how these assumptions
do not adversely affect results when approximately met. How-
ever, at sites where this ambient surface-wave energy does not
propagate onto the array omnidirectionally, the result can be an
overestimate of the true average site Vs (Zywicki, 2007; Rosen-
blad and Li, 2009; Strobbia and Cassiani, 2011). For cases where
there is a single dominant noise source, the linear sensor array
must be in line with and analyzed like an active-source (MASW)
data set for the derived apparent velocity to be representative
of the true subsurface velocity. In our investigation, sites were
selected in part to avoid obvious dominant noise sources, for
example, air conditioners and construction sites.

As recommended by Louie (2001), we picked ReMi disper-
sion data in the slowness-frequency (p-f) domain at the lowest
reasonable velocity points, where the p-f spectrum exhibits an
observable increase in amplitude out of background noise (Fig.
2A). At each picked frequency we selected three dispersion
points to bound an acceptable slowness range to help mitigate
picking uncertainty. The picked dispersion data were then for-
ward modeled to obtain one-dimensional (1-D) Vs profiles at
each site. The preferred model was obtained through empirical
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Figure 1. Map of the epicentral region
for the 2011 M 5.8 Mineral, Virginia,
earthquake with locations of 16 por-
table aftershock stations investigated for
site characterization. Contacts between
three primary surface geologic units
(Mine Run Complex, Chopawamsic
Formation, and Goochland terrane) are
shown by heavy gray lines (modified
from map of R. Harrison, U.S. Geologi-
cal Survey, 2012, personal commun.).
Gray star is epicentral location. Inset:
Regional setting for study area. Heavy
black rectangle outlines perimeter of in-
vestigated region. Generalized physio-
graphic provinces (Bingham, 1991) are
shown in gray: ACP—Atlantic coastal
plain, AP—Appalachian  Plateau,
VnR—Valley and Ridge. Focal mecha-
nism for Mineral earthquake is shown.
W.V.—West Virginia, D.C.—District
of Columbia, N.C.—North Carolina,
Vir.—Virginia, Md.—Maryland.
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Figure 2 (Continued on facing page). Six representative examples of site characterization data. (A) ReMi (refraction microtremor)
frequency-slowness plots analyzed for sites PTRD, SPRD, LD01, NP9985, IPO1, and I[PO4. (B) MASW (multichannel analysis of
surface waves) frequency slowness for same sites. Frequency-slowness dispersion picked on A and B are shown by white squares.
(C) Comparison of ReMi and MASW picks in frequency-phase velocity domain. MASW picks are black squares and ReMi picks
are gray circles. (D) SH (horizontal shear) body-wave field records (traces at common offsets with opposite polarities are overlain
for interpretation). Distance from source to end of array in meters is shown on the horizontal axis. Source locations are at 0 m
marks on each end of the seismic record display. The first arrival traveltime picks are shown along white line tracks.
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sensitivity testing of the model parameters. Model uncertain-
ties were commonly £10% at the surface increasing to gener-
ally £20% at the maximum depth of investigation (commonly
the bedrock surface).

MASW

The MASW surface acquisition technique was introduced
by Park et al. (1999) for obtaining Vs from surface-wave disper-
sion analysis. The method has been proven to be effective for Vs
site characterization when compared against downhole Vs log-
ging (Xia et al., 2002; Stephenson et al., 2005; Foti et al., 2011).
MASW is an active source technique, which by definition relies
on an external source, in our case a sledgehammer, to generate
the surface waves (most commonly Rayleigh waves) for anal-
ysis. Passive-source MASW (e.g., Park and Miller, 2008), and
interferometric MASW (O’Connell and Turner, 2011) are more
recent extensions of the traditional MASW technique.

We acquired MASW data with the identical receiver array
used to obtain data for ReMi analysis. We acquired data with
source impacts at every third station, nominally, for detailed
Rayleigh-wave analysis. It is interesting that the optimal field
records selected for MASW analysis were consistently from
mid-array source locations. These yielded the best-quality p-f
domain records for analysis (Fig. 2B). This may indicate a lack
of source power from the sledgehammer and/or a high degree of
multidimensional variability of the subsurface. In addition, we
analyzed all offsets from maximum aperture (to 54 m) to as small
as 1.5 m; this is not standard practice because of the likely pres-
ence of surface-wave near-source propagation effects (e.g., Park
et al., 1999). However, we ensured minimal impact from these
near-source effects by limiting the frequency band used in the
analysis (e.g., Foti et al., 2011).

The p-f domain analysis conducted on the MASW data was
similar to that of ReMi, except that the dispersion picks followed
the peaks of the p-f spectral image (Figs. 2A, 2B). Because the
source of the surface-wave energy was known, the fundamental-
mode amplitude peak was assumed to be the correct dispersion
curve location. The sledgehammer source generated higher fre-
quency surface-wave energy than was generally observed in the
ambient noise data; this is evident from comparison of the phase
velocity plots in Figure 2C above ~20 Hz. Both the ReMi and
MASW data lacked low-frequency signal below ~4 Hz, although
this did not adversely affect the depth of investigation for this
study because bedrock was typically shallow.

Vs from SH Body-Wave Traveltimes

We manually picked first arrival traveltimes from the SH
body-wave data for each of the 16 sites after applying a trace
amplitude correction; no additional preprocessing such as band-
pass filtering was necessary (see representative records in Fig.
2D). No distinct SH-wave reflections were identified in these
data except at site UoM2, where the reflector was used to con-
strain bedrock depth at 55 m. No velocity inversions were evident
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Figure 3. (A) Shear-wave velocity versus depth (Vs) profiles for the three surface acquisition methods interpreted at each of the 16
investigated sites. Profiles represent best-fit parsimonious solutions, with the minimum number of Vs layers needed to fit the respective
data set. Uncertainties are typically £10% for the upper 10 m and +20% at maximum depth of investigation. The gray line is the ReMi
(refraction microtremor) model, the solid black line is the MASW (multichannel analysis of surface waves) model, and the dashed black
line is the SH (horizontal shear) body-wave model. All plots have common Vs scales except for site PTRD. (Continued on facing page).
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(e.g., Williams et al., 2003), and thus the picked traveltimes were
interpreted as direct arrival and refraction phases. We devel-
oped models with the fewest layers that give an optimal fit to
the observed data (parsimonious solution). We first developed an
initial 1-D Vs model using a conventional slope-intercept anal-
ysis (e.g., Mooney, 1984) incorporating a robust linear regres-
sion for estimating layer velocities and intercept times (robust
regression analysis was performed using the MATLAB function
robustfit; www.mathworks.com/). This initial model was next
refined through the RAYINVR two-dimensional ray tracing and
damped least-squares inversion process of Zelt and Smith (1992).
Although this second-stage modeling was 2-D, we constrain the
model to be a best-fit 1-D approximation from the SH body-wave
data. With the exception of site UoM2 these data suggest shallow
(<40 m) bedrock sites with increasing Vs with depth (Fig. 3).

Modeling Procedures
While published studies have demonstrated varying degrees

of success on the joint modeling of multimethod data sets for
site characterization (Ivanov et al., 2006; Dal Moro and Pipan,

2007; Chang et al., 2011; Odum et al., 2013), there are significant
impediments to obtaining such a solution. In recent years Bayes-
ian and Monte-Carlo inverse modeling approaches for obtaining
Vs have gained popularity (e.g., Dal Moro and Pipan, 2007; Mol-
nar et al., 2010; Socco et al., 2010), but a standardized model-
ing approach for multimethod data sets with multiple wavefield
components is currently lacking. In addition to methodological
uncertainties in imaging the subsurface, as discussed previously,
propagation effects such as seismic anisotropy, where wave
speed differs by propagation direction (e.g., propagating seismic
energy may experience anisotropic effects in two horizontal as
well as vertical directions) can play a role in estimating Vs and
therefore in jointly modeling horizontally propagating (SH body
wave, Love wave) and Rayleigh wave (ReMi, MASW) data sets.
Measured variation in shear-wave anisotropy is commonly as
high as 5% between fast and slow directions (e.g., Crampin and
Lovell, 1991), with values as high as 12% reported in the upper
30 m (Harris, 2005). Clearly, wavespeed variations in this range
can adversely affect modeling results with multimethod data sets.

For this investigation we interpreted and modeled data sets
from each of the three methods independently, then we compared

1 T T T T T T T T
+*
: : * :
* : * 3 : * : : ; :
ogb.... .. ® e e 93 IS S R
™
R . | | ¢ ° .
= 07}  u e S I |
Q : : : "
5 : :
= 06L.... @ e B . i
s 08 : ° ° ° .
o . : -
O *
S 0.5 :
= Figure 3 (Continued). (B) Kendall tau
% 04 <o~ correlation coefficients between SH
= L 4 body-wave and ReMi models, SH body-
8 0.3 : wave and MASW models, and ReMi
D I | and MASW models.
0.2 b i *
0.1 b |
0 1 1 1 1 1 1 1 1
RO 0O 0 00 N Qq/ N Qb‘ Qb Q'\ ) cg-’ N9
SFEELEL T EEEE N S
€ SH - ReMi

* ReMi- MASW
s SH - MASW



http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on October 7, 2014

Stephenson et al.

the best-fit Vs models, Vs30, interpreted bedrock depth, and
estimated site frequency for each site. As described herein, the
surface-wave dispersion data were modeled using proprietary
forward-modeling software, while SH body-wave data were
both forward and inverse-modeled with open-source codes.
During forward modeling, both layer depth and layer Vs were
varied to optimize the best-fit solution. We emphasize that we
did not interpret these data blind relative to each other; however,
we objectively assessed goodness of model fits for each data set
independent of model parameters from other data sets. The best-
fit model for each method at each site is listed in the Appendix.

COMPARISON OF Vs PROFILES

Defining seismic bedrock (henceforth bedrock) as the first
model layer with Vs > 760 m/s (e.g., Building Seismic Safety
Council, 2000), bedrock depths qualitatively have good agree-
ment at seven sites (BUPP, CVRD, SPFD, 1PO1, IP04, IP0O5, and
LDO01), as shown in Figure 3A. At the remaining sites either the
interpreted bedrock depths differ by as much as 60% from the
median value or seismic bedrock depth was not reached. Bedrock
Vs is consistently interpreted between 1000 m/s and 1800 m/s,
which is a reasonable range for the igneous intrusive, metasedi-
mentary, and metavolcanic rocks underlying the region at shal-
low depth (<100 m). At some sites poor constraint on bedrock Vs
is primarily caused by lack of sufficiently far-offset traveltimes in
the SH body-wave data and by a lack of sufficiently long wave-
lengths in the surface-wave data sets.

Overall, based on visual inspection the three Vs profiles gen-
erally agree at eight of the sites (IPO1, IP03, P04, 1P05, LDOI,
LDO05, NP9985, PTRD). At the remaining sites at least one of the
profiles diverges from the general trend of Vs versus depth to the
interpreted bedrock interface. Vs of the overburden varies from
~200 m/s at the ground surface to ~600 m/s at the depth of the
bedrock surface. At site SPFD surface-wave methods suggest a
velocity inversion between ~5 and 15 m depth that is not resolved
in the body-wave model; however, bedrock depth is common
among all three methods. This site is notable because it was the
most urbanized of our sites and was affected by significant traffic
and cultural noise, which affected signal quality on all data sets
and made interpretation of the active-source methods the most
difficult of any sites presented here.

To obtain a more quantitative assessment of the similarity
between the preferred models at each site we conducted a Kend-
all tau rank correlation test (e.g., Kendall, 1970), which is a non-
parametric measure that gives an estimate of statistical depen-
dence between two variables. Values of this parameter range
between —1 (perfect inverse correlation) to 0 (no correlation) to 1
(perfect correlation). To conduct this coefficient estimation each
Vs profile was discretized at 1 m intervals to the maximum depth
of interpretation for the shallowest profile at a given site. The
correlation values (Fig. 3B) suggest that profiles at only five sites
have interprofile pairs below 0.6, which suggests good correla-
tion, or similarity, between the derived model results. The site

with the lowest overall similarity is site UoM2, while the highest
correlation coefficient (most similar) was between the ReMi and
MASW models at site IPO5.

Vs30, BEDROCK DEPTH, SITE FREQUENCY, AND
OBSERVED HVSR

In addition to the interpreted bedrock depth, we estimated
Vs30 and site frequency for each of the preferred Vs profiles, to
be used as measures for comparison to observed HVSR and sur-
face geology. We calculated Vs30 using the equation:

_ Xiz1d;
Vo= S5 vy M

where d, and Vs, are the layer thickness (in meters) and shear-
wave velocity of the i™ layer, respectively, and z is the depth of
averaging (Building Seismic Safety Council, 2000). Although
site-specific seismic amplification is often too complex to be
solely predicted from Vs30 (Harmsen, 1997; Wald and Mori,
2000; Frankel et al., 2002; Castellaro et al., 2008), this parameter
is widely used to account for site conditions by the earthquake
engineering community and to estimate potential earthquake
ground motions at building sites (International Code Council,
2006). Because Vs30 is a ubiquitous parameter used for site char-
acterization, we used it for comparative purposes even in cases
where bedrock depth was shallower than 30 m.

Using our definition of bedrock depth as the layer boundary
below which Vs is 760 m/s or greater, we interpreted the bed-
rock contact at all sites but PTRD. Bedrock depth at site UoM2
is estimated from only the SH body-wave interpretation. Site
period has been discussed as a better proxy for site effects than
Vs30 (e.g., Zhao and Xu, 2013). Thus, in addition to calculat-
ing Vs30, we calculated site frequency (inverse of site period)
by: (1) setting z in Equation 1 to interpreted bedrock depth,
(2) calculating the average velocity to depth z, and (3) divid-
ing the resultant Vsz by four (i.e., one-quarter wavelength; see
Joyner et al., 1981) to obtain the estimate. Site frequency is the
effective spectral value at which site resonance should occur
based on the interpreted bedrock depth and time-averaged Vs
of the overlying soil column. An alternative site response mod-
eling approach to this one-quarter wavelength approximation
would be calculation of the SH transfer function through the
Vs profile (e.g., Odum et al., 2013). The fundamental reso-
nance frequency obtained through transfer-function modeling
is generally equivalent to the frequency obtained through site
frequency calculation (for an overview and comparison of the
one-quarter wavelength and SH transfer-function modeling
approaches, see Boore and Brown, 1998).

Vs30 Compared to Surface Geology

The Vs30 values from each of the three surface-seismic
methods are calculated for each site and categorized by the
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three principle surface-geologic units (Fig. 4; Table 1). With the
exception of one measurement, at site UoM 1, all Vs30 values are
within the NEHRP site classes C and D; median values tend to
be site class C. Vs30 of the SH body-wave and ReMi data were
highest and lowest, respectively, at 10 of the sites. Among the
surface geologic units the three methods matched most closely
on the Mine Run Complex, although we acquired data at only
two sites for this unit.

Based on visual inspection, Vs30 measurements on the
Chopawamsic Formation are somewhat higher across the epicen-
tral region; however, the limited number of sites does not allow
for a definitive correlation. The greatest overall variation between
V30 values was for sites on the Chopawamsic Formation, where
Vs30 derived from SH body-wave analysis was highest on six of
the nine sites and was the median value at the remaining three.
Vs30 acquired on the Goochland terrane sites tended to be lower,
with three of the five sites being site class D. Overall, no clear
correlation between Vs30 and geology can be discerned from
these data; this is consistent with the common age and composi-
tion of the surface geologic units and with exposure to similar
weathering effects. Thus, given how the surface geologic units

NW

are defined herein, these data suggest that using surface geology
as a proxy for Vs30 or for site effects would not be a reliable
approach across the Mineral earthquake epicentral region.

Bedrock Depth and Site Frequency Compared to
Surface Geology

Similar to variations observed in Vs30 across the region, the
interpreted depth to bedrock does not vary substantially across
the epicentral region, based on mapped surface geology (Fig.
5). Interpreted bedrock depth varied from 3 m to 55 m; median
values ranged from 11 m to 34 m. With the exception of site
UoM2, where only a single method was interpreted as reaching
bedrock (although both surface-wave methods also suggest that
bedrock is 35 m or deeper), the majority of the interpreted bed-
rock depths are between 10 m and 40 m. The lack of variability
in the interpreted bedrock depth might be related to the common
Paleozoic age of all surface units and a probably similar weath-
ering history.

In Figure 6, we plot observed HVSR calculated from ambi-
ent noise at nearby portable seismograph sites versus median
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TABLE 1. Vs30 CALCULATED FOR THREE METHOD INTERPRETATIONS AT 16 SITES IN VIRGINIA

Site Latitude Longitude SH body ReMi MASW Median site ~ Distance to station
(°N) (°W) (m/s) (m/s) (m/s) class (m)
BUPP 37.935001 77.914545 508 397 368 C 35
CVRD 38.067870 77.807805 396 297 287 D 83
ORRD 38.043912 77.790218 637 472 478 C 56
PTRD 38.119908 77.622937 280 254 271 D 41
SPFD 38.135464 77.521247 522 397 430 C 8
SPRD 38.022860 77.879688 624 536 554 C 71
IPO1 37.956321 77.911358 643 457 488 C 25
IP0O2 37.899217 77.840705 327 357 357 D 55
IPO3 38.020878 78.014543 411 376 488 C 35
IPO4 38.091381 78.093652 425 435 424 C 102
IPO5 37.830480 77.756429 387 366 362 C 70
LDO1 37.954878 77.933288 536 547 504 C 40
LD05 37.986336 77.921549 474 471 518 C 23
NP9985 38.010084 77.908152 409 336 444 C 63
UoMH1 37.971620 77.895993 968 703 715 C 85
UoM2 37.846773 77.871070 484 238 283 D 240

Note: Median Vs30 (shear-wave velocity to a depth of 30 m) in bold. Site class based on median Vs30. Distance to station is approximate
distance from surface array midpoint to portable seismograph station. SH—horizontal shear wave; ReMi—refraction microtremor; MASW—

multichannel analysis of surface waves.
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Figure 5. Interpreted bedrock depth
grouped by generalized surface geolog-
ic units. Sites are shown by approximate
projection onto northwest-southeast
transect through epicenter (from left to
right). Heavy black dashed vertical lines
are boundaries of the surface geologic
units. Interpreted bedrock depth from
SH (horizontal shear) body wave, ReMi
(refraction microtremor), and MASW
(multichannel analysis of surface waves)
are shown; median values at each site
are connected by the thin dashed line
(queried to site UoM2 because only one
bedrock depth interpreted at this site).
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Figure 6. Site frequencies calculated for
each site grouped by generalized surface
geologic units. Sites are shown by ap-
proximate projection onto northwest-
southeast transect through epicenter
(from left to right). Site frequency cal-
culated from SH (horizontal shear) body
wave, ReMi (refraction microtremor),
and MASW (multichannel analysis of
surface waves) are shown; median val-
ues at each site are connected by the thin
dashed line. HVSR (horizontal:vertical
spectral ratios) resonant frequencies ob-
served at 13 of the portable seismograph
sites are shown.
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site frequency calculated from average Vs for the interpreted
bedrock depth at the 15 sites where we interpret bedrock based
on Vs > 760 m/s (Table 2). HVSR peak resonant frequencies at
13 of these 15 sites have been calculated (McNamara et al., this
volume). The observed frequencies tend to be between 4 and
5 Hz over the northwesternmost four sites, showing minimal
correlation with the surface geologic unit. Observed HVSR
resonant frequencies over the southeasternmost six sites were
between 2 and 4 Hz. Median site frequencies generally were
between 3 and 7 Hz. While ideally we want HVSR and site fre-
quency to match, many features between these data match quali-
tatively, including the rise in frequency between sites CVRD and
BUPP, and nominal range and flatness in resonance to the north-
west (sites P03 and 1P04).

Vs30 Compared to HVSR

We next compare Vs30 to observed HVSR at the 13 sites
where there are reliable HVSR calculations from ambient noise
recorded at nearby portable seismographs. We can make only
limited determinations about correlation between Vs30 and
HVSR because this is a data set with limited number of observa-

%
)

2,

¢ QO

%
D
7

¢ SH body wave
+ MASW

x ReMi

O Observed HVSR

tions; however, inspection reveals a general linear relationship,
as shown in Figure 7. This linear relationship, as determined
through a robust linear regression, suggests a standard error of
~58 m/s, which in practice could mean a large uncertainty in
assigning site classification based on observed HVSR resonant
frequencies; however, the calculated Vs30 is within 5% of the
predicted value at seven of the sites.

Bedrock Depth and Site Frequency Compared to HVSR

As shown in Figure 8, a distinct negative slope to the
regression of the median bedrock depths and HVSR values
was observed at the 12 usable sites for this analysis. Such a
negative correlation is consistent with higher HVSR frequen-
cies correlating with shallower bedrock. However, three sites
with interpreted median bedrock depths between 10 and 13 m
and HVSR resonant frequencies between 3 and 5 Hz are at
depths more than 50% shallower than the regression line
through this frequency range. Thus, using our site character-
ization regression model, bedrock depth would be overpre-
dicted and Vsz underpredicted, possibly causing bias in site
class estimation.
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TABLE 2. INTERPRETED BEDROCK DEPTH AND SITE FREQUENCY CALCULATED FOR THREE METHOD INTERPRETATIONS
AT 15 SITES IN VIRGINIA

Site Bedrock Z SH body Bedrock Z ReMi Bedrock Z MASW  Fs SH body Fs ReMi Fs MASW Observed HVSR
(m) (m) (m) (Hz) (Hz) (Hz) (Hz)

BUPP 31.8 31 30.3 4.24 3.24 3.05 2.7
CVRD 28 30 30 34 25 2.4 25
ORRD 17.5 24 21 8.4 4.2 4.5 8
PTRD 1.5
SPFD 15 15 16 6.8 4.3 6.6 3
SPRD 6.3 11.5 13 15.1 6.6 6.4 4
IPO1 12.5 11.3 10.8 7.8 5 5.5 4.5
IPO2 34 28.5 35.5 25 3 2.6 25
IPO3 27 24.8 41 3.5 3.2 3.1 4
P04 33 30.5 32.7 3.6 3.6 3.3 4
IP0O5 23.5 18.5 19.1 3.6 3.4 3.5 2.8
LDO1 22.2 21.9 21.3 4.8 4.6 4.6
LD05 27.2 23.3 24 4.2 41 4.3
NP9985 36 32 30 3 2.6 3.3
UoM1 3.3 13 13.3 21.1 7.6 7.5 9
UoM2 55 - - 1.9 - 2.5

Note: Median bedrock depth (Z) and site frequency (Fs) in bold. Observed HVSR (horizontal:vertical spectral ratios) at 13 sites where ambient
noise analysis available. SH—horizontal shear wave; ReMi—refraction microtremor; MASW—multichannel analysis of surface waves. Dashes
indicate no value is interpreted (or calculated) for a given site-method pair.

Ideally there should be a strong correlation between calcu-
lated site frequency and observed HVSR. We use the Vs profile
with the median interpreted bedrock depth at each site for calcula-
tion of the preferred site frequency. At seven of 12 sites the method
with median bedrock depth also gives the median site frequency,
but at five sites the median site frequency differs from the value
used in this analysis (Table 2). Although our analysis is limited to

12 data points, we observe a moderate correlation between these
parameters (Fig. 9). The best-fit robust linear regression trends
through these data with a slope that is gentler than unity. This
regression line has a zero intercept of 1.5 Hz and a sigma error
of 1.26. While the regression spans the frequency band of interest
in most site response analyses (between 0 and 10 Hz), we lack
information between 0 and 2 Hz as well as between 5 and 8 Hz
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Figure 8. Bedrock depth versus ob-
served HVSR (horizontal:vertical spec-
tral ratios) peak frequencies at 12 sites.
A distinct negative slope to regression is
consistent with higher HVSR frequen-
cies correlating with shallower bedrock.

Figure 9. Site frequency (frq) versus
observed HVSR (horizontal:vertical
spectral ratios) at 12 sites where both
interpreted bedrock depth and HVSR
resonant frequencies are available.
Solid black line is unity (perfect match
between site frequency and observed
HVSR). Gray circles are the preferred
site frequencies calculated from Vs
(shear-wave velocity versus depth) pro-
files with median bedrock depth; x val-
ues are median site frequencies, which
differ from preferred values at five
sites. Robust linear regression shown by
dashed line and is best fit with standard
error of 1.26 Hz.
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that could critically constrain the dependence between observed
HVSR and calculated site frequency across the epicentral region.

As a further test of the regional correlation between site fre-
quency and Vs30 versus observed HVSR, we calculate Kendall
tau coefficients for site frequency and Vs30 of 0.76 and 0.80,
respectively; this suggests that both parameters are moderately
correlated to HVSR and that Vs30 is marginally more corre-
lated than site frequency for these data. When tested against a
null hypothesis (no correlation with HVSR, or tau = 0) through
permutation testing, both site frequency and Vs30 showed sta-
tistically significant correlation to observed HVSR over the null
hypothesis (0.0013 and 0.0003, respectively).

DISCUSSION

We believe that results from this study have implications for
Central Virginia seismic zone and eastern U.S. ground motions.
Analysis of our Vs profiles including regressions with observed
HVSR gives us some confidence to their application as site effect
predictors in the central Virginia epicentral region; however, our
regression analysis may not yield reliable site effects estimates
outside the Central Virginia seismic zone or when extrapolating
site classification onto surface geologic lithologies dissimilar to
those encountered across the epicentral area. NEHRP site classes
C and D may be prevalent throughout central Virginia external to
the Atlantic coastal plain (Fig. 1).

Uncertainties in Vs for Surface Acquisition Methods

Site location can introduce inherent uncertainties in develop-
ing 1-D Vs profiles. The active- and passive-source acquisition
methods used here required 106.5 m of linear distance for the
sensor arrays and at least 1.5 m off each end for the active-source
locations. Although the seismic data propagate through and are
affected by a large volume of subsurface material, we approxi-
mate a 1-D velocity structure during modeling. This assumption
becomes less valid with both lateral subsurface geologic and
geophysical heterogeneity and with topographic variations (e.g.,
Socco et al., 2010). Finding an ~130-m-long acquisition site
(sufficient space for the array and source equipment operation)
at each portable seismograph site was often difficult because of
logistical constraints caused by topography and site accessibility.
At times, we were required to utilize hummocky pastureland or
to acquire our surface data at distances >100 m from the seis-
mograph station (see Table 1; note that these distances are to the
array midpoint and that some sensors were commonly closer
to the seismograph). Given a choice between acquisition sites,
we gave highest priority to those closest to the seismograph sta-
tions. At four of the 16 sites, station elevations differed by at least
4 m along the profile. Given a depth of investigation of typically
<40 m, this topographic variation can introduce additional uncer-
tainty in developing an average 1-D Vs versus depth model.

Each surface method also has inherent uncertainties, including
those caused by (1) limitations in spectral bandwidth of the source,

a problem for both active and passive methods, (2) limitations
in resolution, (3) errors introduced in data analysis due to signal
quality and interpretation inaccuracy, and (4) the nonuniqueness
of the model solution. Although assessing model uncertainty is
often site specific and difficult to accomplish, surface methods
typically have empirically estimated uncertainty of ~10% at
shallow depth, with uncertainty increasing with depth (e.g., Ste-
phenson et al., 2005; Odum et al., 2013). Blind comparisons of
downhole Vs logs to both active- and passive-source site charac-
terization methods commonly demonstrate that the average Vs30
values for all methodologies are consistently within 15% of the
logged Vs (Xia et al., 2002; Asten and Boore, 2005).

Despite the range of uncertainties encountered in site charac-
terization studies with noninvasive surface acquisition methods,
we believe a multimethod approach such as the three-method
analysis we conduct provides an important opportunity to further
mitigate possible error. Using a multimethod approach, estimates
of site response can be obtained through straightforward calcula-
tions, such as the use of median Vs30 and resonant frequency
in our comparisons, which can potentially reveal bias and/or
systematic errors of a single method. Furthermore, as shown
in Figure 6 predicted site frequencies for an individual method,
although rare, differed from the observed HVSR by as much as
a factor of 3.8, whereas the multimethod median site frequency
was commonly within 25% of the observed; this result is a com-
pelling reason to use a multimethod approach as advocated here.

Predicting Site Response from Vs

Boore (2004) presented arguments for the difficulty in predict-
ing site response given the current state of practice in estimating
site effects through Vs studies; he noted that site response is diffi-
cult to predict because of the inherently large variability in ground
motions from earthquake to earthquake, and thus suggested that
site response may not be predicable because of large uncertainties
in earthquake source effects, path effects, and the indistinct line
often encountered in defining a path versus a site effect. However,
Boore (2004) also concluded that site classification generally can
be useful in distinguishing between site amplifications of different
deposits and that using a mean site response for a class of sites,
given enough sites and earthquakes, is likely a tractable approach.
In our investigation, given the limited number of sites, the median
Vs30 value at each site suggests that NEHRP site classifications
are consistently C or D across the three tested geologic units (Fig.
4). The ages of units suggest that variations across the Central Vir-
ginia seismic zone region are likely due to differential weathering
of the soil and shallow bedrock at the investigated sites, rather than
unique properties of the mapped geologic units.

Site Response and Proxy Methods
Defining uncertainties in the relationship between site

response and near-surface geology continues to be difficult
(e.g., Wald and Mori, 2000; Wills et al., 2000; Tinsley et al.,
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2004). Similar studies exploring uncertainties in the applica-
tion of proxy methods for site characterization have shown
large variability (Wills et al., 2000; Allen and Wald, 2009; Yong
et al., 2012). As noted by Hough (2012), many studies to date
suggest significant systematics (in essence, how we go about
classifying a given site) in obtaining empirical estimates of
site response. While our error analysis was nonexhaustive, we
estimate error in the 10%—-20% range of average Vs in our site
characterization modeling.

Debate over the utility of Vs30 in predicting site response is
ongoing (e.g., Castellaro et al., 2008; Yong et al., 2012; Zhao and
Xu, 2013). Based on reanalysis of the Borcherdt (1994) horizon-
tal amplification data set from the 1989 Loma Prieta earthquake,
which helped establish Vs30 as a predictor of site response, Cas-
tellaro et al. (2008) concluded that Vs30 appears to be, in fact,
a weak proxy for site amplification. Comparison of Vs30 to
HVSR from our data suggests a moderate correlation between
the observed site effect and the Vs30 parameter.

CONCLUSIONS

We characterize the median Vs30 values between 270 m/s
and 715 m/s at 16 sites through the epicentral region of the 2011
M_ 5.8 Mineral earthquake. All of these sites would thus be cat-
egorized as NEHRP site class C or D. While we cannot preclude
using mapped surface geology as a proxy for site response, we
see no compelling evidence for associating different site effect
levels with the geologic units as differentiated in this study across
the epicentral region: because the units are all Paleozoic in age
and have likely had similar weathering histories, their seismic
propagation parameters might be expected to be similar. Using

resonant frequencies calculated from ambient noise HVSR as
representing an observed fundamental site response parameter,
we compare against calculated site frequencies derived from
seismic bedrock depth and overlying average versus robust linear
regression of HVSR with both site frequency and Vs30 demon-
strate moderate correlation to each, and thus both appear to be
somewhat representative of site response in this region. Kendall
tau non-parametric statistical testing suggests that the site fre-
quency calculated from average Vs to interpreted bedrock depth
is a moderately good predictor of site response in this region, as
is Vs30, which is consistent with a significant number of sites
having bedrock depth in the 30 m range.
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APPENDIX.Vs VERSUS DEPTH PROFILES FOR THREE METHODS EMPLOYED
AT EACH OF 16 PORTABLE SEISMOGRAPH STATIONS

Site SH body wave ReMi MASW
Vs Depth Vs Depth Vs Depth
(m/s) (m) (m/s) (m) (m/s) (m)
BUPP 350 0 255 0 289 0
350 7.6 255 12 289 8.75
650 7.6 633 12 415 8.75
650 31.8 633 31 415 30.25
1425 31.8 1333 31 1252 30.25
1425 35 1333 35 1252 35
CVRD 376 0 207 0 214 0
376 28 207 7.5 214 9.25
1620 28 233 7.5 339 9.25
1620 36 233 15.5 339 30
476 15.5 1263 30
476 30 1263 45
1235 30
1235 45
ORRD 256 0 255 0 245 0
256 1.2 255 5.75 245 4
448 1.2 503 5.75 356 4
448 4.5 503 24 356 8
730 4.5 1129 24 461 8
730 17.5 1129 35 461 21
990 17.5 1148 21
990 30 1148 35

(Continued)
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APPENDIX.Vs VERSUS DEPTH PROFILES FOR THREE METHODS EMPLOYED
AT EACH OF 16 PORTABLE SEISMOGRAPH STATIONS (Continued)

Site SH body wave ReMi MASW
Vs Depth Vs Depth Vs Depth
(m/s) (m) (m/s) (m) (m/s) (m)
PTRD 217 0 164 0 232 0
217 0.7 164 7.5 232 9.75
240 0.7 217 7.5 246 9.75
240 22.7 217 23.5 246 24.5
610 22.7 608 23.5 575 24.5
610 37 608 30 575 35
SPFD 350 0 290 0 371 0
350 3 290 2 371 4.8
430 3 323 2 268 4.8
430 15 323 71 268 16
980 15 221 71 932 16
980 36 221 15 932 35
873 15
873 30
SPRD 144 0 291 0 241 0
144 0.6 291 6 241 2.1
462 0.6 322 6 343 2.1
462 6.3 322 115 343 4.5
763 6.3 1015 11.5 384 4.5
763 30 1015 35 384 9.1
400 9.1
400 13
1019 13
1019 30
IPO1 218 0 155 0 171 0
218 1.5 155 4 171 3.9
441 1.5 250 4 302 3.9
441 12.5 250 6.6 302 10.75
1180 12,5 347 6.6 1183 10.75
1180 35 347 11.25 1183 30
1130 11.25
1130 35
IP02 146 0 247 0 213 0
146 1.1 247 11 213 3
301 1.1 461 11 313 3
301 4.1 461 28.5 313 18.5
349 4.1 1725 28.5 545 18.5
349 34 1725 35 545 35.5
1773 34 666 35.5
1773 40 666 40
IPO3 228 0 234 0 377 0
228 6 234 7.6 377 7
476 6 394 7.6 514 7
476 27 394 24.8 514 22
1200 27 1142 24.8 579 22
1200 36 1142 35 579 41
1102 41
1102 50
IPO4 278 0 271 0 278 0
278 1.6 271 13.5 278 7.8
379 1.6 833 13.5 458 7.8
379 12.2 833 30.5 458 16.8
606 12.2 1938 30.5 567 16.8
606 33 1938 40 567 32.7
1977 33 1660 32.7
1977 35 1660 35
IPO5 334 0 198 0 198 0
334 23.6 198 5 198 5
940 23.5 241 5 257 5
940 30 241 10.2 257 10.2
321 10.2 341 10.2
321 18.5 341 191
1096 18.5 980 191
1096 35 980 35

(Continued)
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APPENDIX.Vs VERSUS DEPTH PROFILES FOR THREE METHODS EMPLOYED
AT EACH OF 16 PORTABLE SEISMOGRAPH STATIONS (Continued)

Site SH body wave ReMi MASW
Vs Depth Vs Depth Vs Depth
(m/s) (m) (m/s) (m) (m/s) (m)
LDO1 175 0 278 0 331 0
175 1.2 278 8 331 5.25
408 1.2 531 8 385 5.25
408 5.6 531 21.25 385 14
482 5.6 1999 21.25 466 14
482 22.2 1999 30 466 22.25
2060 22.2 1991 22.25
2060 36 1991 30
LDO5 163 0 290 0 315 0
163 0.7 290 7.3 315 4.4
250 0.7 387 7.3 354 4.4
250 2.7 387 16.9 354 13.7
403 2.7 580 16.9 580 13.7
403 15.2 580 23.3 580 24
748 15.2 1400 23.3 1039 24
748 27.2 1400 35 1039 35
1000 27.2
1000 30
NP9985 329 0 246 0 277 0
329 19 246 4.75 277 5.5
707 19 317 4.75 374 5.5
707 35 317 15.5 374 16.75
399 15.5 500 16.75
399 32 500 30
894 32 752 30
894 35 752 35
UoMH1 279 0 327 0 208 0
279 3.3 327 1.4 208 2.25
880 3.3 403 1.4 398 2.25
880 13 403 13 398 6.1
1930 13 1899 13 551 6.1
1930 30 1899 35 551 13.25
1899 13.25
1899 35
UoM2 250 0 200 0 243 0
250 1.6 200 17.5 243 6.75
415 1.6 312 17.5 259 6.75
415 55 312 32 259 14.5
1000 55 664 32 306 14.5
664 35 306 35.4
560 35.4
560 40

Note: SH—horizontal shear wave; Vs—shear-wave velocity; ReMi—refraction microtremor; MASW—multichannel analysis of surface waves.
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