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ABSTRACT

The MS5.8 23 August 2011 Mineral, Virginia, earthquake was felt over nearly the
entire eastern United States and was recorded by a wide array of seismic broadband
instruments. The earthquake occurred ~200 km southeast of the boundary between
two distinct geologic belts, the Piedmont and Blue Ridge terranes to the southeast and
the Valley and Ridge Province to the northwest. At a dominant period of 3 s, coherent
postcritical P-wave (i.e., direct longitudinal waves trapped in the crustal waveguide)
arrivals persist to a much greater distance for propagation paths toward the north-
west quadrant than toward other directions; this is probably related to the relatively
high crustal thickness beneath and west of the Appalachian Mountains. The seismic
surface-wave arrivals comprise two distinct classes: those with weakly dispersed
Rayleigh waves and those with strongly dispersed Rayleigh waves. We attribute the
character of Rayleigh wave arrivals in the first class to wave propagation through
a predominantly crystalline crust (Blue Ridge Mountains and Piedmont terranes)
with a relatively thin veneer of sedimentary rock, whereas the temporal extent of
the Rayleigh wave arrivals in the second class are well explained as the effect of the
thick sedimentary cover of the Valley and Ridge Province and adjacent Appalachian
Plateau province to its northwest. Broadband surface-wave ground velocity is ampli-
fied along both north-northwest and northeast azimuths from the Mineral, Virginia,
source. The former may arise from lateral focusing effects arising from locally thick
sedimentary cover in the Appalachian Basin, and the latter may result from directiv-
ity effects due to a northeast rupture propagation along the finite fault plane.

INTRODUCTION

The M5.8 23 August 2011 Mineral (Virginia, USA) earthquake
is the largest event to have struck Virginia since 1897. The seismic
waves generated by the event were felt as far away as New York and
Montreal and were recorded by regional broadband instruments

(Fig. 1). Observations of broadband seismic waveforms as much as
900 km from the epicenter complement observations of felt intensi-
ties (Hough, 2012) and provide a unique opportunity to characterize
the regional seismic-wave propagation, test current models of the
seismic structure, and better understand the factors that lead to vari-
able seismic-wave amplitude and duration.
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Figure 1. Seismic stations (triangles)
with three-component seismograms
analyzed in this study. The beachball
symbol indicates the epicenter and fo-
cal mechanism of the 2011 Virginia
earthquake taken from the USGS/SLU
(U.S. Geological Survey/Saint Louis
University) Regional Moment Solution.
The regional physiographic provinces
are superimposed.
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The earthquake involved high-angle reverse slip on an
~10-km long, 45° east-southeast—dipping fault between 2.5 and
8 km depth. It occurred in the eastern Piedmont thrust sheet
within a belt of Triassic basins. Thrust faulting in such a pas-
sive continental margin is often thought to represent reactiva-
tion of ancient structures associated with continental collision
or rifting (e.g., Cloetingh et al., 2008; Bailey and Owens, 2012).
Delineation of the fault plane through precise aftershock loca-
tions suggests that the causative fault dips more steeply than
known thrust structures and therefore did not reactivate a Paleo-
zoic thrust (Ellsworth et al., 2011). Rather, the rupture may
have occurred at the contact between the Paleozoic Goochland
(Glover et al., 1982; Farrar, 1984; Farrar and Owens, 2001)
and Chopawamsic terranes (Pavlides, 1981; Coler et al., 2000),

Piedmont

which are divided by the Spotsylvania zone, a steeply dipping
high-strain zone (Neuschel, 1970).

The seismic structure in the epicentral area is defined by the
igneous and metasedimentary rocks that make up the Piedmont
and Blue Ridge terranes (Fig. 1), which are characterized by a
modest sedimentary cover of <~1 km. Further west, this struc-
ture transitions to that defined by the Paleozoic depositional ter-
ranes typical of the Valley and Ridge and Appalachian Plateau
provinces (Fig. 1) (Rodgers, 1970), which have a much thicker
sedimentary cover (Muehlberger et al., 1967). The character of
the regional seismic-wave propagation is expected to be affected
by passage through these contrasting terranes.

The purpose of this study is to present observations of the
regional seismic wavefield generated by the Virginia earthquake
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and to characterize aspects of eastern U.S. crustal structure. This
is done through modeling the regional seismic-wave propaga-
tion through one-dimensional (1D; radially varying) structures
appropriate for the Piedmont-Blue Ridge and Valley and Ridge—
Appalachian Plateau provinces. Modeling of the regional seis-
mograms with synthetic seismograms on a spherically symmet-
ric Earth structure shows that the observed seismic wavefield
generated by the Mineral earthquake in the eastern United States
is determined primarily by wave propagation through a crustal
waveguide, with the thickness of shallow sedimentary rocks
playing a chief role in determining the amplitude and dispersion
of the surface waves.

DATA SET

We assembled three-component seismic records from 61
stations belonging to various regional networks within 900 km of
the M5.8 23 August 2011 main shock (Fig. 1). Three-component
seismic records for several of these stations are presented (as red
traces) in Figures 2 and 3. Record sections for the vertical com-
ponent are presented in Figures 4 and 5. These alternative record
sections use different gain factors to focus on different parts of
the seismograms: a gain factor of A> (where A is angular propa-
gation distance) is used in Figure 4 to correct for expected geo-
metrical spreading of the surface waves, and a gain factor of A is
used in Figure 5 to correct for the expected distance dependence
of head waves (Aki and Richards, 1980).

In this study the seismograms are low-pass filtered at a cor-
ner period of 3 s in order to focus on the regional seismic-wave
propagation. This permits the identification of regional phases, as
the longer period wave propagation is not complicated by strong
scattering or site effects. At the same time, the periods consid-
ered are short enough to be sensitive to strong ground motion and
dynamic rupture effects such as directivity.

The observed waveforms exhibit typical regional seismic
phases, e.g., Pn, P, Sn, S, Rayleigh waves, and Love waves. Beyond
a critical distance of A ~230 km, direct P and S separate from the
head waves Pn and Sn, respectively. The head waves are coherent
out to ~900 km for all source-receiver azimuths. Direct P is clearly
visible out to more than 500 km offset for propagation paths to
the northwest quadrant (Fig. SA), but is indiscernible at other azi-
muths (Fig. 5B), suggesting possible disruption of the lower crustal
waveguide. Direct S, however, is observed with high amplitude at
all distances and azimuths. The observed Pn and Sn moveouts, at
all azimuths, are ~8.2 and 4.7 km/s, respectively, which provides
estimates of the average uppermost mantle seismic velocities.

A noteworthy property of the regional seismograms is the
presence of relatively high amplitude and dispersed wavetrains
following direct S for source-receiver azimuths ¢ (measured
positive clockwise from due north) ranging from due west to
north-northeast (-90° < ¢ < 30° in Fig. 4A), replotted for all
three components for selected stations (e.g., BINY, WVNY, and
ASCO) in Figure 3. These are highly dispersed surface waves
that generally arrive with group velocity slower than 3.0 km/s.

The surface waves are much less dispersed at other source-
receiver azimuths (30° < ¢ < 270° in Fig. 4B), replotted for all
three components for selected stations (e.g., PANJ, CNNC, and
GOGA in Fig. 2), and they generally arrive with group velocity
faster than 3.0 km/s. The presence or absence of highly dispersed
surface waves is diagnostic of the different crustal structures
traversed by the propagating seismic waves. The observation of
relatively high amplitude and dispersed surface wavetrains, when
they exist, on the radial and vertical components, rather than the
transverse component, suggests that the regional crustal structure
affects primarily the Rayleigh waves, rather than the Love waves.
This interpretation is supported by modeling of synthetic seismo-
grams discussed in the following.

As noted by Hough (2012), the U.S. Geological Survey
(USGS) community shakemap (http://earthquake.usgs.gov/
earthquakes/shakemap/global/shake/082311a/) for the Mineral
event (Fig. 6) indicates maximum felt intensities to the north-
east of the rupture. These intensities are qualitatively comparable
with maximum instrumentally recorded ground velocity. The
maximum vertical-component velocities at regional broadband
stations at 3 s period are shown in Figure 7. The pattern in Figure
7A is consistent with the tendency in the community shakemap
for felt intensities to be largest to the northeast. The pattern cor-
rected for geometrical spreading of the surface waves in Figure
7B, however, suggests that recorded seismic-wave energy is larg-
est in two directions, to the north-northwest and northeast. The
amplification at north-northwest azimuths is also seen in indi-
vidual recordings (e.g., O56A in Fig. 3).

METHODS

In order to better understand the observations of regional
seismic-wave propagation, we explore models of wave propa-
gation through appropriate spherically symmetric models of the
seismic structure. Synthetic seismograms are generated using
the direct Green’s function (DGF) method of Friederich and
Dalkolmo (1995). This method synthesizes the seismic wavefield
for a spherically layered structure of seismic velocities Vp (com-
pressional wave) and Vs (shear wave), density p, and attenuation
factors Qx and QP in the 1 — ® domain, where 1 denotes spheri-
cal harmonic degree and m angular frequency. It is the spherical
equivalent of the frequency-wave number method employed for
flat-layered structures (e.g., Zhu and Rivera, 2002). It was coded
by one of us (Pollitz, personal data) and validated against analytic
solutions, including those for elastic-wave propagation in a full
space for both isotropic and shear sources (equation 4.29 of Aki
and Richards, 1980) and in a half-space, e.g., Lamb’s problem
(Kuhn, 1985), as well as the independent numerical solutions
AXITRA (Bouchon, 1981) and f-k (frequency—wave number)
method (Zhu and Rivera, 2002).

In order to synthesize seismic-wave propagation through
laterally varying models, we use the spectral element method
(SEM) (e.g., Komatitsch and Vilotte, 1998; Komatitsch and
Tromp, 1999, 2002). We simulate 2.5D wave propagation (3D
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Figure 3 (Continued on facing page).
Red lines show three-component seis-
mograms at selected stations (locations
shown in Fig. 1), all corresponding to
paths with —90° < ¢ < 30°, where @ is
the source-receiver azimuth measured
positive clockwise from due north, i.e.,
wave propagation through predominant-
ly the Piedmont, Blue Ridge, and coast-
al plain provinces. Black lines show
corresponding synthetic seismograms
in model 2 (see Fig. 8B). Both observed
and synthetic seismograms have been
low-pass filtered at a corner period of
3 s. The epicentral distance and azimuth
to each station are indicated.
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Figure 4. Record section of vertical-component seismograms, low-pass filtered at a corner period of 3 s. A gain factor proportional to A has
been applied in order to correct for the geometrical spreading expected for the surface waves. Seismograms are edited according to source-
receiver azimuths, where @ is the source-receiver azimuth measured positive clockwise from due north. Gray lines delineate arrival times of noted
phases. Pn, Sn—Ilongitudinal and transverse waves (head waves); P—direct longitudinal wave; SV—transverse wave with motion in a vertical

plane parallel to the propagation direction. (A) —90° < ¢ < 30°. (B) 30° < ¢ < 270°.

wave propagation through a 2D model) by adapting the SEM
formulation of Sinclair et al. (2007) to a spherical geometry.
We assume that the seismic structure is azimuthally symmet-
ric about a prescribed Euler pole. The seismic source may be
placed anywhere within the model domain; the model domain
does not include the pole of symmetry, which distinguishes the
application here from that of Nissen-Meyer et al. (2007). Wave-
fields are simulated in the frequency domain using a spatial
and temporal Fourier decomposition of the seismic wavefield.
A double spatial and temporal inverse Fourier transform then
yields time domain results.

REGIONAL WAVE PROPAGATION
Laterally Homogeneous Sedimentary Cover Thickness

The DGF method is applied to the Virginia earthquake source
in two spherically layered structures given in Figure 8 and Table
1. The first structure (model 1; Fig. 8A) is a typical eastern U.S.
crustal structure and is based on Taylor (1989); it has a 1-km-
thick sedimentary cover. The second structure (model 2; Fig. 8B)
is modified from the first to have a 3-km-thick sedimentary cover,
based on basin sedimentary rock thicknesses (Muehlberger et al.,

1967). Both models have a Moho thickness of 40 km, which is
consistent with other regional crustal studies (Li et al., 2003; Vie-
gas et al., 2010). We find that these two end-member models are
sufficient to replicate the main features of the observed seismic
waveforms for most of the seismograms we have analyzed. The
objective of exploring these models is to qualitatively match the
arrival times of body-wave phases and the amplitude and dura-
tion of the surface waves. We do not attempt quantitative wave-
form comparisons.

We fixed the epicenter of the event based on the USGS/SLU
(Saint Louis University) Regional Moment Solution (37.936°N,
77.933°W; strike 26°, dip 55°, rake 108°, seismic moment =
4.6 x 10" N m), which is close to the epicenter and focal mecha-
nism determinations of Chapman (2013). We variably explored
source depths ranging from 5 to 12 km, which spans the range of
source depths reported by various agencies. Through visual com-
parison of observed and synthetic seismograms we determined
that a depth of 6 km yields the best agreement between these sets
of waveforms.

To illustrate the regional wave propagation we calculated
record sections of three-component displacement on a fictitious
array of surface seismometers extending 1000 km from the epi-
center. Record sections in model 1 are shown in Figures 9 and
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Figure 5. Record section of vertical-component seismograms, replotted from Figure 4 for propagation velocity >3.4 km/s (to remove surface-
wave arrivals). A gain factor proportional to A? has been applied in order to correct for the distance dependence of amplitude expected for the
head waves Pn and Sn (longitudinal and transverse waves). P—direct longitudinal wave; SV—transverse wave with motion in a vertical plane
parallel to the propagation direction. Seismograms are edited according to source-receiver azimuths, where @ is the source-receiver azimuth
measured positive clockwise from due north. (A) —90° < ¢ < 30°. (B) 30° < ¢ < 270°.

10A using different gain factors. Corresponding record sections
for model 2 are shown in Figures 11 and 10B. The main wave
types generated in the synthetics are P, SV (transverse wave with
motion in a vertical plane parallel to the propagation direction),
and Rayleigh waves. Though SH (transverse wave with horizon-
tal motion perpendicular to the propagation direction) and Love
waves are generated at other source-receiver azimuths, the con-
figuration used here, given the focal mechanism, generates rela-
tively little energy on the transverse component. For both models,
direct P is of highest amplitude at subcritical distance (<~230 km)
but persists out to ~500 km, mimicking the observed range of
direct P at least for propagation paths to the northwest quadrant
(Fig. 5A). However, the head waves Pn and Sn are discernible
out to 1000 km distance, mimicking the large range of observed

head waves (Fig. 5). The moveout velocity of synthetic Pn and
Sn are 8.18 and 4.72 km/s, respectively, in agreement with the
moveout velocity of the observed phases (Fig. 5). This and the
agreement of synthetic and observed arrival times of these waves
(as a function of distance from the source) indicate that both the
Moho depth and uppermost mantle velocity are well represented
by the reference velocity structure.

In model 1 the Rayleigh and Love waves are relatively little
dispersed, and there is little separation of the SH and Love wave
arrivals on the transverse component. Surface waves are more
highly dispersed in model 2 (Figs. 11 and 10B). Comparing
Figures 9 and 11, this greater dispersion is most apparent for the
Rayleigh waves, but it also disperses the Love waves enough
to produce noticeable separation between SH and Love waves.
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Figure 6. Community intensity map aggregated by U.S. Postal Service ZIP code for the 2011 Mineral, Virginia, earthquake from http://
earthquake.usgs.gov/earthquakes/dyfi/events/se/082311a/us/index.html.

This highlights the effect of the higher sedimentary rock thick-
ness in model 2.

Comparing observed seismograms with synthetic seismo-
grams generated on the two velocity structures (Fig. 8), we find
that observed waveforms at stations that do not exhibit the highly
dispersed waves are well described to first order by synthetic
seismograms in model 1 (Fig. 2), whereas observed waveforms
that exhibit the relatively large amplitude wavetrains are well
described by synthetic seismograms in model 2 (Fig. 3). The

observed amplitudes of observed Rayleigh waves are matched
by the synthetics at most, but not all, stations in Figure 2 and
3. Model 1 overestimates the observed Rayleigh wave ampli-
tude at several stations that involve propagation paths that par-
tially sample the Valley and Ridge Province (e.g., BLA, TZTN,
GOGA); these propagation paths are better described as interme-
diate between model 1 and model 2. The very different durations
of the surface wavetrains are generally well captured by the two
elastic-structure models.
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Figure 7. Maximum vertical-component velocity recorded on regional broadband seismograms filtered at 3 s period. (A) No gain factor is ap-
plied, and symbol size plotted at a seismic station is proportional to velocity. The largest circle corresponds to a velocity of 0.6 cm/s. (B) A gain
factor of A is applied in order to correct for geometrical spreading expected for seismic surface waves. The earthquake focal mechanism and

radiation pattern for a 3 s period fundamental-mode Rayleigh wave in model 1 are superimposed.

Laterally Heterogeneous Sedimentary Cover Thickness

We investigate 3D synthetic wave propagation through a
simple 2D model of seismic structure. The eastern United States
is idealized as consisting of model 2 structure within a band of
width 3.12 geocentric degrees (347 km), indicated in gray in Fig-
ure 12, flanked by model 1 structure (with original Moho depth
of 40 km) to its west and model 1 structure with modified Moho
depth of 34 km to its east. The model 2 band is meant to rep-
resent the greater thickness of sedimentary cover in the Valley
and Ridge and Appalachian Plateau regions approximately with
a 2D structure. The reduced crustal thickness east of this band
is consistent with crustal structure determinations (e.g., fig. 4 of
Mooney and Kaban, 2010).

The symmetry axis of the structure depicted in Figure 12 is a
Euler pole at 55°N, 132°W, and the model 2 domain is bounded
by small circles centered on this pole (~36° away). The earth-
quake is implemented as a point source using the USGS/SLU
solution used for the synthetics presented herein.

Figure 12 shows snapshots of the east component seismic
velocity at selected times. It reveals that the seismic wavefield is
profoundly modified as it enters the model 2 region on northward
to westward paths from the source, leading to higher dispersion

in the Rayleigh wavetrain at a dominant period of 3 s. The waves
that propagate to the northeast and southwest, i.e., that remain in
the model 1 domain, do not undergo such alteration in the disper-
sion. This is seen alternatively in snapshots of horizontal veloc-
ity in a depth slice along a northwest-southeast profile (Fig. 13),
where the Rayleigh wave becomes highly dispersed as it enters
the model 2 region.

The 2.5D synthetics are similar to the DGF synthetics for
paths that traverse predominately areas prescribed by model 1
structure, e.g., BLA, PANJ, or KMSC in Figure 14, which are
close to the corresponding DFG synthetics in Figure 2. Differ-
ences arise from the different Moho depths east of the Valley and
Ridge Province assigned in the two models: 34 km in the 2.5D
synthetics versus 40 km in the DGF synthetics. For other paths,
the 2.5D synthetics yield a hybrid character to those synthetics
generated in models 1 and 2. Surface wavetrains for such paths
are slightly less dispersed and of higher amplitude than the DGF
synthetics in model 2 (Fig. 3). For O56A, WVNY, and TZTN,
this hybrid character of the 2.5D synthetics produces a good
qualitative agreement with observed seismograms (Fig. 14). The
TZTN synthetics have the same highly dispersive character as,
but much greater amplitude than, the observed seismograms,
suggesting strong defocusing not accounted for by the employed
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Depth p Vp Vs Qp* Qx* and Langston, 2009), crustal thickness, surface topography, and
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Note: Structure is density common to model 1 and model 2
(see text Fig. 6) except where indicated. Vp—compressional
wave velocity; Vs—shear wave velocity; p—density.

*Qp, Qx are attenuation factors.

"Model 1.

SModel 2.

which is 1 km in model 1 and 3 km in model 2. Given the source
depth of 6 km, Rayleigh waves of ~3 s period are expected to
be well excited on either model, but they are highly dispersed
in model 2. We propose a grouping of stations as having affin-
ity with model 1 or model 2 based on the modeling with these
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Figure 9. Synthetic record sections of velocity calculated in model 1 along a fictitious array of surface stations extending
1000 km from the Virginia earthquake epicenter (inset). (A) Radial component. P—compressional wave. SV—transverse
wave with motion in a vertical plane parallel to the propagation direction. (B) Transverse component. SH—transverse
wave with horizontal motion perpendicular to the propagation direction. (C) Vertical component. Gray lines delineate
arrival times of noted phases. Other abbreviations as in Figure 5.
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Figure 10. Synthetic record sections of vertical-component velocity replotted from Figures 9 and 11 for propagation ve-
locity >3.4 km/s (to remove surface-wave arrivals). A gain factor proportional to A? has been applied in order to correct
for the distance dependence of amplitude expected for the head waves Pn and Sn. (A) Model 1. (B) Model 2. Gray lines
delineate arrival times of noted phases. Abbreviations as in Figure 5.

laterally homogeneous structures. This grouping is illustrated in
Figure 15 and follows the grouping of record sections of observed
seismograms in Figure 4.

The Piedmont and Blue Ridge provinces constitute the
“crystalline Appalachians”; together with the central and north-
ern Appalachians they have modest (<~1 km) sedimentary cover.
The Valley and Ridge Province and Appalachian Plateau consti-
tute the “sedimentary Appalachians,” which have a sedimentary
cover thickness of 1.5-7.5 km (Muehlberger et al., 1967). Large
sedimentary cover thickness persists to the north and northwest
of the Appalachian Plateau (fig. 4 of Mooney and Kaban, 2010),
e.g., the llinois Basin. The stations in the two groups identified
in Figure 15 are spatially clustered: one group exhibits strongly
dispersive Rayleigh waves having crustal propagation paths that
pass through the sedimentary Appalachians; the other group cor-
responds to propagation paths that pass through the crystalline
Appalachians or the coastal plain.

At a 3 s period, the effect of sedimentary cover thickness
on the length of the Rayleigh surface wavetrain is found to be
considerable for a thickness of ~3 km, about one-third the wave-
length of the Rayleigh wave. A similar dependence of surface-
wave duration on the thickness of a low-velocity surface layer
is seen in the basin response to incident Rayleigh waves (e.g.,
Kawase and Aki, 1989). The fact that Love waves are less sensi-
tive to sediment thickness, both observationally (the transverse-
component seismograms in Figs. 2 and 3) and in the synthetics

(the transverse-component seismograms in Figs. 2, 3,9, and 11),
is attributable to the greater wavelength of Love waves and cor-
respondingly smaller ratio of sediment thickness to wavelength.
The proposed grouping, while providing an explanation for
observed surface-wave duration, may only partially explain the
tendency for observed maximum ground velocity to be largest
along north-northwest and northeast azimuths from the source
epicenter (Fig. 7). The 2.5D simulations of the seismic wavefield
presented in Figure 12 indicate that these areas of large amplitude
are anomalous, i.e., not explicable with purely 2D structural vari-
ations or expected variations in the surface-wave radiation pat-
tern with azimuth. For paths to the north-northwest, comparison
of calculated record sections (Figs. 9 and 11) indicate that a mod-
est increase in sediment thickness to 3 km from a reference value
of 1 km tends to increase dispersion while reducing group ampli-
tudes, and so does not produce the anomalously large amplitudes
to the north-northwest. We suggest that the high-amplitude lobe
toward western Pennsylvania may arise from locally large sedi-
ment thickness (locally exceeding 8 km) in the northern Valley
and Ridge Province (Frezon et al., 1983). This would amplify
Rayleigh wave group arrivals through lateral focusing. The
northeast lobe may arise from source directivity. This is sup-
ported by the strong asymmetry in maximum velocity between
areas to the northeast and southwest of the epicenter (Fig. 7B). It
is also suggested by the modeling of felt intensities in figure 4 of
Hough (2012). Chapman (2013, figs. 16 and 17 therein) inferred
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Figure 12. Snapshots of the east compo-
nent seismic velocity at Earth’s surface
generated by 2.5 dimensional synthetics.
Upper left shows A-B depth section; red
triangles are seismic stations. Seismic
structure is prescribed by model 2 (see
Fig. 8) in the gray region, with adjacent
regions to the west and east assigned
as, respectively, model 1 structure with
original Moho depth of 40 km and model
1 structure with modified Moho depth of
34 km. Both observed and synthetic seis-
mograms have been low-pass filtered at
a corner period of 3 s.
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Figure 13. Snapshots of the east-compo-
nent seismic velocity generated by 2.5
dimensional synthetics along the depth
section A-B (shown in the upper left of
Fig. 12). Thin black line in each snap-
shot indicates the Moho discontinuity.
Triangles are the projection of the 2011
hypocenter along the profile.
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Figure 14 (Continued on facing page).
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2.5D synthetics. Epicentral distance and
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Figure 15. Summary of paths to selected stations that either exhibit strongly dispersive Rayleigh waves (black minor arcs)

or weakly dispersive Rayleigh waves (white minor arcs).

northward rupture propagation based on waveform modeling,
consistent with the observed asymmetry. A possible additional
factor is anisotropic wave propagation arising from the regional
northeast-trending tectonic fabric (Hough, 2012).

CONCLUSIONS

Seismic waves traversing the eastern United States follow-
ing the M5.8 2011 Mineral, Virginia, earthquake were shaped by
path effects through a laterally variable crustal structure. The path
effects primarily depend on whether the propagation path passes
through the Valley and Ridge and Appalachian Plateau provinces

or is restricted to the Piedmont, Blue Ridge, and Coastal Plain
provinces. The exceptionally thick sequences of metasedimen-
tary rocks in the Valley and Ridge and the Appalachian Plateau
affect the Rayleigh waves by profoundly increasing their disper-
sion, resulting in a lengthening of the arriving surface wavetrains.

Regional body-wave propagation is dominated by direct P
and S, which are confined to a lower crustal waveguide and are
consistent with a reference eastern U.S. structure that has con-
stant crustal thickness of 40 km. Systematic differences exist in
the sharpness of the direct P arrival with distance, with observed
direct P amplitudes in the —90° < ¢ < 30° source-receiver azi-
muth range being larger than those observed at other azimuths.
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This suggests corresponding lateral variations in the continu-
ity of the lower crust (e.g., less scattering at northwest to north
azimuths) and/or systematic variations in crustal thickness (e.g.,
Braile et al., 1989; Mooney and Kaban, 2010; Abt et al., 2010).

Peak ground velocity is relatively large to northeast azi-
muths from felt intensities at ~1 Hz, as well as northern azimuths
from broadband recordings at longer period. This pattern is not
explicable with the source radiation pattern, which predicts maxi-
mum Rayleigh wave amplitudes to the northwest, or 2D lateral
variation parallel to the Appalachian Mountains. The observa-
tions imply that directivity effects combined with focusing and/
or defocusing effects from regional 3D structure are important
in determining the peak ground motions. The origins of the
anomalously high radiated seismic-wave energy are important
for understanding the variability in ground motions expected for
an earthquake in the eastern United States (e.g., Somerville et al.,
2001; Hines et al., 2010), and they merit further study.
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